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A novel hybrid self-assembly process for synthesising stratified polyethyleneorganoclay films

This study reports the first effort to synthesize a new type of PE-organoclay multilayer film by starting from an uncharged apolar polymer substrate and successively depositing apolar organoclay and uncharged apolar polyethylene (PE) layers with subsequent repeating depositions. The alternate variation of contact angle (85° average for organoclay and 107° for PE layers) confirmed the profilometry and the scanning electron microscopy results as well as the linear growth pattern, i.e. the successful highly stratified assembly of repetitive bilayers comprised of 450 nm organoclays and 2.25 µm PE layers. The selfassembly of organoclays on PE surfaces was driven by solvophobic molecular construction involving hydrophobic interactions between the organic parts of the organoclay tactoids dispersed in an organic solvent and the PE hydrophobic surface. The deposition of PE molecules on the organoclay layers was the result of a dip-coating process involving physical sorption of a highly viscous PE solution on the surface of the organoclay layers.

Introduction

The attractive properties and potential usages of nano-enabled composite materials are growing extensively. 1 Combining nanoparticles (NPs) with compatible polymers, aims to design composites with enhanced functional properties such as improved mechanical strength, 2 enhanced thermal stability, 3 increased electrical conductivity, 4 enhanced flame retardancy 5 and/or improved barrier properties. 6 In the extensive field of nano-materials, food packaging, which primarily aims to facilitate food preservation and safety, is one of the most promising and advanced areas in terms of R&D and commercial applications. 7 A wide variety of NPs (organic/mineral nano-spheres, -tubes or -clays) is the key aspect in the development of innovative packaging materials. Many reviews present the latest advances in elaboration strategies of nano-enabled composites and the resulting functional properties, mainly mechanical 1,8,9 and barrier properties, [10][11][12][13][14][15] with a very special challenge for ecofriendly bio-based plastics. 16,17 The development strategy of engineered nano-materials aims also to endow materials with innovative functionalities such as antimicrobial, gas permselectivity, nano-bio-sensing etc. These innovative functions partake in the advent of active and intelligent packaging that are able to contribute to the prevention of the waste and losses of perishable products, such as food or other bio-products. 18 For example, polyethylene (PE)/organoclay composites are one of the most studied nano-enabled composite packaging materials because of their improved barrier properties at very low loading levels compared with conventional filler composite. 19,20 The production of these composite blends have been widely investigated by 3 different approaches; melt blending and processing, 15 liquid dispersion and solution casting 9 and in situ polymerization. 8 Highly exfoliated impermeable MMT platelets make the diffusion length longer by creating a tortuous path, expected to improve the barrier performance of the composite. 21 One of the main challenges for expressing the unique properties of NPs (such as mechanical, barrier, and fire retardant properties) deals with the achievement of a sufficient exfoliation of NPs in the polymeric matrix. Partially exfoliated and intercalated structure is frequently observed. 22,23 To enhance the dispersion of the particles into a polymer matrix, addition of a compatibilizer and/or chemical modification of the particle surface with the aim to match the polymer matrix polarity, is often carried out. 9,11 For instance, in the case of clay platelets, cationic exchange of the inorganic interlayer cations by organic ones, such as alkylammonium surfactants, is one of the most commonly used techniques. However, the possible level of nano-clay incorporation remains low, generally between 1 and 5 up to 10% wt%. 24 Therefore, it is important to note that such a low maximal NPs loading is due to the difficult dispersion of NPs in a polymer matrix and therefore the advantage of nano reinforcement is de facto autolimited. 25 In a composite material, the properties of each constituent can be better expressed when these constituents are structured into multilayered structures rather than homogeneous blends. 21,[START_REF] Schirmer | An Investigation of Multilayer Nanocomposite Polypropylene Film for Food Packaging Applications[END_REF][START_REF] Li | [END_REF][28] In this way, alternating regular polymers and NPs layers enables to design nanoenabled composite layered structures, containing higher NP% and showing innovative properties related to NPs layers. Different processing techniques are used to fabricate multilayer nano-enabled composite, such as spin-coating, thermal deposition, chemical selfassembly etc. 29,30 Layer-by-Layer (LbL) self-assembly is one of the most promising techniques that offers to achieve a layered structuring and stands out due its ability to finely control nanomaterial dispersion and interfacial interactions leading to a wide range of applications. [START_REF] Decher | Multilayer Thin Films: Sequential Assembly of Nanocomposite Materials[END_REF][START_REF] Michel | [END_REF] It can be effectively applied to the coating of planar substrates and curved surfaces regardless of shape and size. The architecture can be designed with nanometer precision to meet different requirements such as thickness, controlled permeability, conductivity, etc. [START_REF] Decher | Multilayer Thin Films: Sequential Assembly of Nanocomposite Materials[END_REF] LbL multilayer nano-enabled composite show improved properties compared to conventional blends and enable to reveal the proper properties of each layer, especially the NPs barrier properties. 21,[START_REF] Schirmer | An Investigation of Multilayer Nanocomposite Polypropylene Film for Food Packaging Applications[END_REF] Conventional polymers, petro-polymers but also promising bio-polymers that are commonly used as packaging materials, are uncharged polymers and LbL assembly cannot apply without sophisticated strategy such as ultrasonic, plasma and UV/ozone treatment of the substrate, 33,34 which however, do not allow further successive deposition of uncharged substances layers. Therefore alternative technology for multilayer structuration of uncharged constituents is required to produce multilayer nano-enabled composite films using conventional packaging polymers. With the advancement in the LbL technique and the requirement of different properties and functions for multilayer films which are not achievable by the use of charged components, non-electrostatic interactions have gained great attention and deserve important future development to unlock LbL potentialities. In recent years, hydrophobic interaction and hydrogen bond, 35 charge transfer interactions, 36 host-guest interactions 37 and metal-ligand coordination 38 have been successfully investigated for LbL multilayer deposition. Inspired by the concept of traditional LbL assembly and driven by the lack of similar processes applicable to conventional uncharged and water resistant polymers, which are available for large applications such as food packaging, the present study aims to demonstrate the feasibility of developing a stratified structure based on uncharged polymer and NPs selfassembly. Such nano-enabled multi-layered structure are expected to open large applications in the area of barrier, active or intelligent multilayers films able to improve food preservation and reduce food and packaging wastes and losses. This study investigates a method of hybrid non-ionic assembling of a system composed of repetitive bilayers of two building blocks: polyethylene and organoclays. PE was selected as one building block because it is one of the most widely used and studied polymers for food packaging, 39 in particular for PE/organoclays nano-composites development to improve its barrier properties. 13,20 Organoclays were selected as a second building block because they were previously demonstrated to be compatible with PE in the development of nano-composites. 40,41 Regarding the good balance of optical and mechanical properties of the PE and the good barrier properties of the organoclay (OMMT) already widely demonstrated in literature, widespread potential applications can be anticipated for the targeted multilayer film such as in agricultural and packaging films, automobile manufacturing, and construction. 13,20 In this study, the assembly and film architecture was investigated with required technics, i.e. using profilometry to investigate the repeatability and regularity of layer growth, scanning electron microscopy to confirm layer growth and deepen layers' and interface structure knowledge and contact angle (surface properties) measurements to prove the nature of each layer material.

Experimental

Materials

Linear low density polyethylene pellets (LLDPE, LL 1002YB, density 0.918 g⋅cm -3 , melt flow index (MFI), 2.0 g/10 min at 190°C and 2.16 kg) were supplied by Exxon Mobil Chemical. Organoclay (Cloisite®20A -a natural montmorillonite modified with dimethyl-ditallow quaternary ammonium salt with a CEC of 95 meq./100 g clay mineral and a basal distance value d001 = 2.65 nm) was purchased from BYK additives & instruments (density: 1.77 g⋅cm -3 , moisture: <3%, typical dry particle size: <10 µm (d50)). Single-side-polished (100) silicon wafers (Si-Mat Silicon Materials, Germany) with a thickness of 0.5 mm were cleaved and cut in 60 mm × 20 mm rectangular pieces and used as substrate for film growth characterized by profilometry. Toluene (SIGMA-ALDRICH, USA) with a purity ≥ 99.7% was used as solvent. All other chemicals are analytical grade and used as received.

Substrate film preparation

LLPDE substrate films were prepared by extrusion using a corotating twin screw extruder (Thermo Scientific™ EuroLab 16) with a L/D ratio of 40 and a screw diameter of 16 mm, at a screw speed of 200 rpm and a feeding rate of 1.0 kg⋅h -1 . The temperature profile of the extruder from feeder to the die was 160, 165, 165, 170, 170, 175, 175, 180 and 180 °C. The extruder was equipped with a plate die and was connected to calendaring system leading to films 160 µm thick and 10 mm wide.

Multilayer build-up

A LLDPE solution (2%; w/v) was prepared by dissolving 2 g of LLDPE pellets (previously ground) in 100 mL of toluene at 120 °C for 3 hours under stirring. [START_REF] Wong | Presented in part at the 4th International Graduate Conference on Engineering Science & Humanity[END_REF] The temperature of the solution was then decreased to 80 °C prior to the layer deposition. Organoclay powder was also dispersed in toluene (2%; w/v) at ambient temperature for 60 minutes under stirring. The solubility of both solutions was checked through visual and/or microscopic (clear solutions with no visible non solubilized particles) observation of the solutions. For deposition onto LLDPE substrates, the pieces of film (100 mm × 20 mm) were rinsed with deionized water, methanol and again with deionized water before thorough hot air drying. For deposition onto silicon wafers, all the substrates were cleaned before layers deposition by immersing firstly in a mixed solution of methanol and hydrochloric acid (1 : 1, v/v) for 30 min and then stored in a concentrated sulfuric acid solution for at least 12 hours. All the wafers were then extensively rinsed using Milli-Q water and used within a few hours for the deposition of multilayer films. Each substrate was then dipped in the organoclay dispersion for 2 s, taken out, thoroughly rinsed with toluene, and dried with hot air. The same procedure was then applied using the LLDPE solution instead of the organoclay dispersion. After this initial bilayer was deposited, the same deposition procedure was repeated until reaching the desired number of bilayers. A scheme of the self-assembly deposition technique and 3D cross sectional illustration of the resulting multilayer nanostructure are shown in Fig. 1.

Fig. 1. Schematic of the Self-assembly deposition technique and 3D cross sectional illustration of the resulting multilayer nanostructure.

Material characterization

After each layer deposition, the multilayer growth was monitored using a stylus profilometer (Veeco Dektak 150). The film thickness was deduced from the step formed between the layer and the uncovered substrate. The morphology of the multilayer surface and cross-section was examined using a scanning electron microscope (SEM S-4500, Hitachi, Japan) at an accelerating voltage of 2 kV. Samples were cryo-fractured under liquid nitrogen before being mounted and gold/palladium coated by ion sputtering. The surface properties of the multilayer films were investigated by the sessile drop method using a goniometer equipped with a CCD camera (25 frames per s) (Digidrop, GBX, France). The contact angle measurements were made at equilibrium after deposition of a 3 µL pure water droplet at the surface of each film. Measurements were performed in duplicate on three different areas of each sample at room temperature and relative humidity.

Results & discussion

Building blocks and layer deposition process

A novel multilayer self-assembly driven by non-ionic interactions at liquid-solid interfaces was investigated. The multilayer build-up started here from an uncharged polymer substrate and consisted in successively depositing uncharged an organoclay layer and uncharged polymer layer with subsequent repeating depositions. For the successful construction of these self-assembled multilayers, a hypothesis was set up that apolar building blocks should be first solubilized or dispersed in an adequate solvent. Then, in the presence of this solvent, these two initially soluble constituents should be able to form an insoluble structure by setting up multiple intermolecular interactions, leading to the formation of a repetitive layered structure in controlled environmental conditions. As for conventional ionic LbL assembly, which depends on a set of control parameters such as adsorption times and temperatures, rinsing times, pH, concentration, [START_REF] Decher | Multilayer Thin Films: Sequential Assembly of Nanocomposite Materials[END_REF][START_REF] Shafir | [END_REF] the processing conditions of the self-assembly developed in the present study required to be first explored. Considering that hydrophobic interaction between such apolar building blocks is entropydriven and thus essentially sensitive to environmental conditions such as temperature, pressure and/ or the presence of various molecules, 44 the identification of processing parameters enabling to achieve a stable and homogeneous multilayer structure had to be first investigated, based on the characteristics and properties of each building block. For this purpose, different parameters identified as influential on the multilayer build-up have been explored such as the conditions of dipping bath and rinsing steps (solvent nature, time, temperature) as well as drying step (temperature, time). The first building block is an organically modified montmorillonite (MMT) nanoclay, so-called "organoclay". In order to increase the affinity of MMT with the hydrophobic polymer, MMT nanoclays are modified with quaternary alkyl ammonium salts to increase both the basal spacing and the effective interaction (and therefore exfoliation) of layered silicate with the surrounding apolar media such as a melted hydrocarbon polymer. 19,45,46 Hydrophobic dimethyl-bis (hydrogenate tallow) ammonium was reported to be the most suitable MMT modifier to develop PE based nanocomposites. 19,47,48 For the production of the organoclay used in this study, the hydrogenated tallow added during the organic modification was derived from a natural product with a carbon average of 17 (Cloisite 20A). The selected organoclay is one of the most hydrophobic organically modified MMT clays, with densely organized alkyl chains and a surface energy similar to paraffin. 49 Organoclay powder was dispersed at 20 °C in toluene solvent to obtain a transparent dispersion. Toluene is a dispersive solvent that is expected to develop interactions with the tallow's alkyl group and insert between the intergallery regions leading to more efficiently swelling the intercalated organic chains. It was reported to be the best solvent used for solution intercalation of organoclays such as the one used in the present study. [49][50][51][52] Toluene is also expected to contribute to opening the internal space between the stacked layers and making the organic modifier parts more accessible for interacting with the hydrophobic PE surface. Atfirst, the PE film substrate was dipped at 20 °C in the organoclay dispersion. These initially well-dispersed organoclays were expected to form an insoluble structure with the PE substrate surface by setting up multiple intermolecular interactions with the PE molecules. Then a short rinsing step using toluene at 20 °C instead of water was demonstrated to reduce the variability of the thickness of the organoclay layers by removing uniquely the loosely attached materials. The organoclay-PE aggregation mechanism was hypothesized to be related to a higher affinity of organoclays with PE than with the solvent. The organoclay-coated film substrate was then dipped in the solution of the second building block, which is PE. PE is a nonpolar, saturated, high molecular weight hydrocarbon, with a relatively straight polymer chain on which short side chains can be branched. 53 The polyethylene (LLDPE) used in this study is a substantially linear polymer displaying numerous short branchings, made by copolymerizing ethylene with a short chain alpha-olefin (1-butene) and has a complete hydrophobic structure. A PE building block is soluble in hydrocarbons or chlorinated hydrocarbons (e.g. toluene, xylene, trichloroethylene) above its melting temperature54 and remains soluble at temperatures equal or above 80 °C. PE materials were solubilized using toluene at 120 °C. The same solvent was chosen on purpose for both building blocks in order to avoid the problem of cross-contamination of the following deposition solution by solvent adhering on the surface of, or residual solvent inside, the previous layer as observed in LbL assembly. [START_REF] Decher | Multilayer Thin Films: Sequential Assembly of Nanocomposite Materials[END_REF] During the deposition step of the PE layer, special attention had to be paid to keep the integrity of the PE film substrate and subsequent deposited PE layers by limiting the temperature of the solvent and the duration of the dipping step. The dipping temperature had to be decreased to 80 °C and the dipping time limited to 2 s in order to avoid PE swelling by solvent absorption leading to further substrate bending or PE substance being desorbed leading to an inhomogeneous or even discontinuous PE layer. After dipping in the PE solution, the film was rinsed with toluene at 20 °C and dried with hot air to reduce the initial high variability of the thickness of the PE layer. It is recognized in literature [START_REF] Wong | Presented in part at the 4th International Graduate Conference on Engineering Science & Humanity[END_REF][START_REF] Voronova | [END_REF] and it was fully verified in the present study that solution of PE in toluene is converted into a white gel when the temperature decreased below 60 °C due to interactive entanglements between solubilized PE chains. Considering that the organoclay-coated film substrate is at 20 °C when dipped in the 80 °C PE-toluene solution, a superficial PE-toluene gel is likely to be formed at the surface of the dipped film, leading to the physical adhesion of a micro-layer of gelified PE solution. The rinsing step here helped the cooling of the deposited PE layer while eliminating the weakly attached PE chains. The drying step enabled the solvent to evaporate rapidly. These cooling and evaporation steps were necessary to stabilize the PE layer, which in turn, stabilized the organoclay layer, which is therefore sandwiched between the polymer layer and the film substrate. This procedure was repeated subsequently to achieve the desired number of layers.

Film growth and layer surface property

The most explicit property of an individual layer is its thickness, which is mostly dependent on the deposition conditions and the nature of the underlying surface. [START_REF] Decher | Multilayer Thin Films: Sequential Assembly of Nanocomposite Materials[END_REF] The thickness of the deposited layers versus the number of deposition cycles was measured by profilometry and the growth profile of the multilayer structure is shown in Fig. 2. Samples with an even number of layers exhibited PE building block as the outermost layer, whereas samples with an odd number of layers exhibited organoclay building blocks as the outermost layer, except the neat PE substrate numbered as layer zero.

Fig. 2. Thickness of the deposited layers (profilometry and SEM measurements) and water contact angles on the surfaces of LLDPE substrate film and organoclay/LLDPE multilayer films with different layer numbers. The solid shapes present layers exhibited PE building block as the outermost layer, whereas hollow shapes present layers exhibited organoclay building blocks as the outermost layer. The error bars show the standard deviation.

The measured film thickness for deposited layers increased linearly with the number of deposition cycles. The thickness growth profile of LbL multi-layer films typically proceeds either linearly or exponentially. 56,57 The linearly and exponentially growing LbL films display rather specific different structure and properties. [START_REF] Michel | [END_REF] Film growth increases linearly based on the attractive intermolecular interactions occurring between the dispersed building block and the exposed deposition surface. The layer's growth occurs until the possible intermolecular interactions of the exposed surface are saturated, resulting in a stratified internal structure. 58 Exponentially growing films have a homogeneous internal structure that results from the diffusion of dispersed building blocks into the multilayer film, after having interacted with the exposed surface. 59 In the present study, the film is likely to be highly stratified based on the linear growth pattern exhibited in Fig. 2. Such a linear grown film suggests that none of the two building blocks are able to diffuse significantly throughout the film. The high steric hindrance of the organoclay building block (the unit thickness is ∼1 nm, while the lateral dimensions of the clay platelets are from ∼100 nm to ∼1000 nm up to 2 mm), [START_REF] Auerbach | Handbook of Layered Materials[END_REF][START_REF] Powrie | Soil mechanics: concepts and applications[END_REF] is expected to prevent Fickian's diffusion in the PE layers. Indeed, Šimon et al. (2008) predicted that any significant diffusion of nanoparticles in low dynamic viscosity polyolefine such as PE can be expected only in the case of very small iso-dimensional nanoparticles (sphere with a radius in the order of 1 nm) and without interaction between the polymer and the nanoparticles. [START_REF] Šimon | [END_REF] PE is the most potentially mobile molecular species able to diffuse, reptate or interdigitate into the bulk. It has been previously demonstrated that MMT clays, despite their well-known barrier function, do not prevent exponential growth of LbL films due to a fast diffusion and/or reptation of polymer such as PEI/PAA in layered structures. 63 On the contrary, the linear growth behavior obtained in the present study demonstrated that PE molecules are not able to significantly diffuse into the film. The impermeability of the deposited organoclay layers to PE molecules could be related to their sufficiently stacked organization that would be efficient to prevent the diffusion of PE molecules between the clays, and/or an immobilizing effect of PE chains due to PE-organoclay interactions and/or to the rapid gelation of the PE layers. Further information regarding the structural arrangement of the multilayer film was provided by water contact angle values of each building block layer as also shown in Fig. 2. The repetitive high water contact angles (WCA) values (105.1-108.8°) obtained for the even number layers and the substrate PE layer number 0 (105°) are consistent with the high WCA value expected for PE as reported in previous studies.64,65 It confirms the nature and the surface integrity of each deposited PE layer. It could be noted that the small increasing trend of WCA observed for the PE layers when compared to the PE substrate (layer 0) could be related to either a slight modification of the crystallinity of PE caused by its dissolution as previously reported66 or more likely, to an increase in surface roughness as discussed below. Odd number layers clearly exhibited repetitive lower water contact angles (82.6-87.5°) than PE (Fig. 2) therefore confirming the different surface properties of the organoclay layers. These WCA values are in between the average values of 95° ± 2° and 67° ± 3°, previously reported for the same organoclays of static advancing contact angle measured on compacted powder clays and on vibration-induced equilibrium contact angle respectively. 67 Indeed the measurement of the surface properties of clay powder is a difficult task due to liquid absorption during the experiments but also interfacial tension or surface roughness. 67,68 The measurement obtained in the present study suggested that WCA of a continuous layer of Cloisite 20A, although not an ideal surface, is in the large range of values previously measured on powder using different techniques. The alternate variation of contact angle confirmed the profilometry results, i.e. the successful stratified assembly of no-charged organoclays and PE building blocks into multilayer films starting from a simple PE substrate.

Film morphology

The morphology (surface and cross-sectional) of multilayer films is a very important characteristic as it ultimately determines many properties of the materials. 69,70 Fig. 3 and4 show a selection of electron scanning micrographs of the outer surfaces and cross-sections of the multilayers, respectively. Significant differences can be observed comparing the neat surface of the PE substrate and the surface of the multilayer films. As can be seen in Fig. 3, the surfaces of the multilayer films are much less smooth and homogeneous than the PE substrate, although they represent a continuous matrix without any pores or cracks suggesting a good structural integrity. The incorporation of organoclay nanoparticles is likely to be the cause of such a surface morphology comprising closely spaced micron-and submicron-sized protrusions. It was previously predicted that a better layer separation can be attained through incorporation of the nanoparticles into multi-layered films, but then a higher film roughness is also expected. 71 While increasing the number of deposited bilayers, the surface of the multilayered coating exhibited an increasingly pronounced roughness with higher irregularities confirming the multilayer formation and growth by the novel self-assembly technique. The structure and surface roughness of self-assembled multilayer films depends a lot on their underlying surface. [START_REF] Decher | Multilayer Thin Films: Sequential Assembly of Nanocomposite Materials[END_REF] Similar results were reported by Pinheiro et al. 72 on LbL films made by depositing kcarrageenan and chitosan layers on aminolyzed/charged PET. Similar increases in surface roughness and special surface morphology were also reported by Zhang et al. 73 who used high temperature to fabricate LLDPE superhydrophobic film. Surface roughness increase could also be responsible for the slight WCA angle increase with the number of deposited layers as evidenced in Fig. 2. Char et al. (2008) concluded that while grainy films were formed using dipassisted assembly, smoother films were formed by spin-assisted deposition. For the rougher morphology of the dip-assisted films, the contact angle increased as the number of layers increased; conversely, it was independent of the film thickness for the more uniform spincoated films .74

Fig. 3. Surface morphologies of the multilayers: PE substrate (A), 2× (OMMT/PE) (B), 4× (OMMT/PE) (C).

Fig. 4. Cross section images of the multilayers: 2× (OMMT/PE) (A), 4× (OMMT/PE) (B), OMMT layer (C).

The formation of the multilayered coating on the PE film surface can be clearly visualized in the cross-section images of the different samples (resembling the schematic images in Fig. 1), corroborating the stratified repetitive structure discussed from profilometric and WCA results. Individual clay platelets can be distinguished between the PE layers at the highest magnification (Fig. 4C). A distinct structure of alternate flaky and compact layers can be seen in the multilayers deposited on the PE film substrate (Fig. 4); the layered structure seems more close-packed for films prepared by depositing more than two bilayers. The presence of occasional, sparsely distributed open voids between two adjacent layers in the cross-section images of one and two bilayers (Fig. 4A) was probably caused by a retraction phenomenon occurring during the film cryofracture prior to the SEM analysis. This might be related to more cohesive structures due to stronger interactions for multilayers made with a higher number of bilayers, as frequently observed in LbL assembly. [START_REF] Michel | [END_REF]75,76 Thus, the densely packed structures seen in the images of more than two layers suggested a good adhesion between the PE and organoclay. At high magnification, some cross-connecting strands that can be observed between the layers (Fig. 4C) might arise as a result of the localized adhesion between the polymer chains of PE and the organoclay layers occurring at the interfaces during the selfassembly process leading to the multilayered structure.

Film layer thicknesses

Through linear regression, the average film growth rate of deposited bilayers is ∼2.7 µm per cycle with an approximately 450 nm clay layer and 2.25 µm PE layer forming each bilayer (Fig. 2). The resulting material could be qualified as a "micrometric self-assembled multilayer structure". The two independent thickness measurements deduced from profilometry and SEM cross-section images gave consistent thickness values for each investigated sample (Fig. 2). As already mentioned, the thickness increase is proportional to the nominal number of deposited bilayers, clearly indicating a stable and replicable growth process. The average thickness measured for films made of 10 layers (5 bilayers consecutively deposited) is 13.4 ± 0.3 µm (Fig. 2). The high PE thickness clearly evidences the formation of a polymer network and therefore the involvement of physical interaction between the surface of the organoclay layer and a sufficient quantity of entangled polymer chains in solution. PE solution is therefore supposed to become highly viscous or even gelified when it comes in contact with the organoclay surface. The temperature decreases of a thin layer of PE solution in contact with the solid surface would be accountable for increasing intermolecular PE interactions to the detriment of interactions with the aromatic ring of toluene. The thickness of one monolayer of exfoliated organoclays should be about 1 nm. 77,78 The basal spacing related to the hydrocarbon tallow was evaluated to be higher than 2.5 nm in the case of Cloisite 20A, 40,41,[START_REF] Nwabunma | Polyolefin composites[END_REF][START_REF] Soares | [END_REF] without considering the swelling effect of the solvent. Therefore, individual exfoliated organoclay is expected to display a thickness of about 4 to 5 nm. The organoclay layer thickness measured in the present study suggested that a high number of clay platelets are deposited per cycle. Theoretically, there should be around one hundred stacked individual organoclays in one layer. However the microscopic observation of the organoclay layer (Fig. 4C) revealed that the layer is not an ideally planar deposition of organoclay entities and that their number seems to be much less important than calculated. Although the obtained organoclay-toluene solution was perfectly transparent, a nonexfoliated form of organoclay was previously demonstrated 52 in the same organoclay-toluene solution, at the same temperature and percentage. Organoclay platelets aggregate to make particles of an estimated dimension up to 50 nm. It is likely that the entities visible on the microscopic observation of the organoclay layers are these stacked platelets named tactoids and that a set of about ten of them, far from being perfectly horizontally aligned, constitute the organoclay layer thickness. This observation clearly demonstrated that the organoclay layer was not limited to one monolayer of the organoclay entity (tactoid) present in the solvent and could grow further, which suggested the involvement of a solvophobic-like effect and hydrophobic interactions in the self-assembly mechanism. It should be noted that, in conventional LbL assembly, a high number of deposition cycles is required to achieve a satisfactory multilayer compact structure (100 nm/ca. 70 deposition cycles) and thickness. 35 Such a tedious and time consuming process leads to efforts for reducing the number of deposition cycles. Strategies like electric field enhanced 81 or pressure enhanced (dynamic deposition)82 procedures have been developed to increase the thickness and compactness of deposited layers, in order to reduce the deposition cycles to less than 10. In the present study, the spontaneous formation of thicker layers of both organoclay and PE with a linear growth of bilayer thickness remarkably reduced the required deposition cycles without introducing any external forces, thus greatly simplifying the multilayer film fabrication procedure.

Self-assembly process and underlying mechanisms

PE is a highly hydrophobic hydrocarbon chain, which is not electrostatically charged. An organoclay platelet is likely to be charged on the edge of the platelet, while highly hydrophobic hydrocarbon chains occupy its surface. Organoclay and PE do not have any functional groups exerting attractive interactions with each other. 83,84 As a consequence, it was assumed that the self-assembly of organoclays on PE surfaces was driven by solvophobic molecular construction involving hydrophobic interactions between the organic parts of the organoclay tactoids dispersed in an organic solvent and the PE hydrophobic surface (Fig. 5). The hydrophobic association of apolar molecules in aqueous solution demonstrates the intrinsic role that a solvent can play in driving self-assembly processes. [85][86][87] The general manifestation of this phenomenon in other solvents is called the solvophobic effect. 88 Minimizing the exposure of apolar surface to the solvent more generally arises from the change of the balance between solvent-solute interactions and cohesive solute-solute interactions, in favour of these last interactions. 89 When applied to liquid chromatography (LC), solvophobic theory apprehends the retention of solutes on the stationary phase partly to the rejection of solute molecules by the solvent, and partly to the attraction of the solute molecules by the stationary phase. [START_REF] Ahuja | Selectivity and detectability optimizations in HPLC[END_REF] Even though the concept of solvophobic effect is mostly studied for apolar solutes in aqueous media, an analogous effect was demonstrated to take place in organic solvents. [START_REF] Sinanoglu | Molecular Association in Biology[END_REF][START_REF] Penfold | [END_REF][93] Recently, Sedov et al. 94 evidenced that the solvophobic effect was indeed related to the selfassociation of solvent molecules without necessarily the presence of solvent-solvent hydrogen bonds. Akashi et al. 95 reported an solvophobic effect to explain the building up of a LbL layered structure made of poly(vinyl alcohol) (PVA) and poly(methyl methacrylate) (PMMA). Linear apolar hydrocarbon molecules with the greatest number of carbons are known to make the strongest and most dense interaction zones, 96 the culminating state of strength and density being the crystallized areas. The significant role played by the hydrophobic interactions in the traditional LbL assembly was highlighted by Kotov. [START_REF] Kotov | [END_REF] He showed several examples of multilayers building up in which strong electrostatic attraction of opposite charges located on a substrate and on a substance to be assembled did not guarantee the formation of multilayers and reported that driving forces such as hydrophobic interactions have to be considered as the layer-by-layer adsorption forces for the preparation of LbL films of proteins, alumosilicates, dyes, polymers and nanoparticles. Later, other research showed the possibility to use hydrophobic interactions along hydrogen bonds as the main forces for successful LbL assembly instead of the traditional ionic ones. 35 To the best of our knowledge, the closest study to the present one was conducted by Sabapathy et al. 98 who evidenced hydrophobic attractive interactions as the only driven force for the synthesis of patchy particles through a simple dip coating method. They formed a silica particle monolayer with polymer patches on the surfaces of the particles and revealed that the hydrophobic interaction between patch-patch regions of single and multipatch particles lead to the formations of finite sized clusters. In the present study, the self-assembly of PE molecules on organoclay layers is assumed to be the result of a dip-coating process involving physical sorption of a highly viscous PE solution on the surface of organoclay layers (Fig. 5). Such dipcoating method was performed by Contreras et al. 99 who successfully fabricated superhydrophobic nanocomposite coatings on injection-molded polypropylene (PP) films, by dipping the PP samples for a few seconds in hot xylene solutions containing functionalized titanium dioxide nanoparticles and dissolved PP. Taking into account the contact angles results obtained in the present study, showing that the organoclay layer was less hydrophobic than the PE one, it appeared unlikely that the solvophobic effect could be the driving force between the PE molecules solubilized in toluene and the organoclay layer.

Conclusion

A novel methodology for multilayer self-assembly was developed on the basis of the solvophobic effect and further physical adsorption and used to fabricate organoclay/PE multilayer nano-enabled composite films. Based on profilometry, WCA and SEM imaging results, the successful preparation of the self-assembled multilayer on PE film substrate was demonstrated for the first time with a well-defined stratified structure with alternate repetitive layers and without any PE surface pretreatment. This stratified structure with successive thin compact layers is difficult to achieve by other fabrication technologies. Microscale layer growth is achievable and evidenced by a linear film growth rate per deposition cycle measured on the cross-sectional surfaces under SEM and by profilometry. MMT nanoclay platelets with layered inorganic solid structures and a high aspect ratio are expected to enable the development of innovative barrier materials, potentially applicable to the high environmentally impacting area of food packaging. For example low environmental impact multi-layered packaging materials are intended to be developed relying on (i) the high oxygen barrier properties of organoclays, which provides food protection from spoilage and increase its shelf-life and on (ii) the use of eco-friendly polymers such as bio-sourced PE or by substituting PE with bio-sourced and biodegradable polyesters. Now that the feasibility of such novel stratified nano-enabled composite has been demonstrated, further investigation is needed to study the relationship between the functional properties and the structure of these materials, for example by varying the thickness and process conditions and simultaneously evaluating targeted functional properties.
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 5 Fig. 5. Schematic of the self-assembly process and underlying mechanisms.