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Introduction

Because of its abundance and availability from a wide variety of sources, cellulose is currently a polymer of choice in the field of bio-based materials. Recently, several novel nanomaterials have been extracted from this natural biopolymer. Indeed, cellulose nanofibrils (CNFs) have been classically obtained since the 1980s by applying a mechanical treatment to a cellulose suspension [START_REF] Nechyporchuk | Production of cellulose nanofibrils : A review of recent advances[END_REF]. Conversely, since the 1960s, CNCs are produced by performing an acid hydrolysis, meaning removing the amorphous part of cellulose [START_REF] Habibi | Cellulose Nanocrystals : Chemistry, Self-Assembly, and Applications[END_REF][START_REF] Kargarzadeh | Advances in cellulose nanomaterials[END_REF].

Such nanomaterials are relevant for a large number of research fields, like nanocomposites [START_REF] Ferreira | Functionalized cellulose nanocrystals as reinforcement in biodegradable polymer nanocomposites[END_REF][START_REF] Habibi | Key advances in the chemical modification of nanocelluloses[END_REF][START_REF] Kargarzadeh | Advances in cellulose nanomaterials[END_REF][START_REF] Oksman | Review of the recent developments in cellulose nanocomposite processing[END_REF], coatings [START_REF] Ferrer | Nanocellulose in packaging : Advances in barrier layer technologies[END_REF][START_REF] Hubbe | Nanocellulose in Thin Films, Coatings, and Plies for Packaging Applications : A Review[END_REF], packaging [START_REF] Ferrer | Nanocellulose in packaging : Advances in barrier layer technologies[END_REF][START_REF] Hubbe | Nanocellulose in Thin Films, Coatings, and Plies for Packaging Applications : A Review[END_REF], and biomedical applications [START_REF] Domingues | The Potential of Cellulose Nanocrystals in Tissue Engineering Strategies[END_REF][START_REF] Jorfi | Recent advances in nanocellulose for biomedical applications[END_REF][START_REF] Lin | Nanocellulose in biomedicine : Current status and future prospect[END_REF]. They exhibit interesting properties like biodegradability, renewability, and mechanical and barrier properties that endow them with particular advantages. In the past decade, accelerated industrialization and commercialization of such cellulosic nanomaterials has occurred, in parallel with an ever-increasing demand from industry.

Among nanocelluloses, CNCs exhibit interesting properties. Acid hydrolysis of native cellulose from various sources (cotton, wood, natural fibres, etc.) using sulfuric acid H2SO4 leads to CNCs with different dimensions and aspect ratios. The resulting sulfuric-acid-hydrolyzed CNCs hold sulfate half ester groups (-OSO3 -) on their surface [START_REF] Beck | General procedure for determining cellulose nanocrystal sulfate half-ester content by conductometric titration[END_REF][START_REF] Foster | Current characterization methods for cellulose nanomaterials[END_REF], with a surface charge density generally in the range from 80 to 350 µmol.g -1 [START_REF] Foster | Current characterization methods for cellulose nanomaterials[END_REF][START_REF] Reid | Benchmarking cellulose nanocrystals : From the laboratory to industrial production[END_REF]. These surface charges combined with their nanometric size -150-500 nm in length (up to 1000 nm), 5-20 nm in width according to their source [START_REF] Foster | Current characterization methods for cellulose nanomaterials[END_REF][START_REF] Kargarzadeh | Advances in cellulose nanomaterials[END_REF] -induce colloidal stability of aqueous suspensions [START_REF] Beck | General procedure for determining cellulose nanocrystal sulfate half-ester content by conductometric titration[END_REF][START_REF] Foster | Current characterization methods for cellulose nanomaterials[END_REF]. In addition to their high aspect ratio, CNCs exhibit a high surface area [START_REF] Foster | Current characterization methods for cellulose nanomaterials[END_REF][START_REF] Natterodt | Cellulose Nanocrystals : Surface Modification, Applications and Opportunities at Interfaces[END_REF], high crystallinity [START_REF] Klemm | Nanocelluloses : A New Family of Nature-Based Materials[END_REF], and a large availability of hydroxyl groups on their surface [START_REF] Foster | Current characterization methods for cellulose nanomaterials[END_REF][START_REF] Natterodt | Cellulose Nanocrystals : Surface Modification, Applications and Opportunities at Interfaces[END_REF]. Moreover, their rod-like shape, their high mechanical strength (Young's modulus between 120 and 200 GPa) [START_REF] Dufresne | Nanocellulose : From nature to high performance tailored materials[END_REF][START_REF] Lin | Preparation, properties and applications of polysaccharide nanocrystals in advanced functional nanomaterials : A review[END_REF], and their sustainability make them attractive materials as fillers in nanocomposites [START_REF] Boujemaoui | Polycaprolactone Nanocomposites Reinforced with Cellulose Nanocrystals Surface-Modified via Covalent Grafting or Physisorption : A Comparative Study[END_REF][START_REF] Espino-Pérez | Nanocomposites with functionalised polysaccharide nanocrystals through aqueous free radical polymerisation promoted by ozonolysis[END_REF][START_REF] Espino-Pérez | Designed cellulose nanocrystal surface properties for improving barrier properties in polylactide nanocomposites[END_REF][START_REF] Oksman | Review of the recent developments in cellulose nanocomposite processing[END_REF].

However, the hydrophilicity of CNCs ─ resulting from the three OH groups per anhydroglucose unit (AGU) ─ limits their dispersion in several polymer matrices, especially non-polar matrices. Moreover, CNCs begin to degrade at approximately 200-300°C [START_REF] Moon | Cellulose nanomaterials review : Structure, properties and nanocomposites[END_REF], depending on their morphology, crystallinity, and source. These two last points are challenging when such nanomaterials are used for nanocomposite processing, where high temperatures are reached with expected welldispersed nanofillers [START_REF] Belgacem | Monomers, polymers and composites from renewable resources[END_REF][START_REF] Siqueira | New Process of Chemical Grafting of Cellulose Nanoparticles with a Long Chain Isocyanate[END_REF]. These challenges can be overcome through chemical or physico-chemical modifications of CNCs [START_REF] Eyley | Surface modification of cellulose nanocrystals[END_REF][START_REF] Habibi | Key advances in the chemical modification of nanocelluloses[END_REF][START_REF] Natterodt | Cellulose Nanocrystals : Surface Modification, Applications and Opportunities at Interfaces[END_REF], by grafting single molecules [START_REF] De Castro | Surface grafting of cellulose nanocrystals with natural antimicrobial rosin mixture using a green process[END_REF][START_REF] Espino-Pérez | Green Process for Chemical Functionalization of Nanocellulose with Carboxylic Acids[END_REF][START_REF] Eyley | Surface modification of cellulose nanocrystals[END_REF] or polymers chains [START_REF] Azzam | Preparation By Grafting Onto, Characterization, and Properties of Thermally Responsive Polymer-Decorated Cellulose Nanocrystals[END_REF][START_REF] Boujemaoui | Polycaprolactone Nanocomposites Reinforced with Cellulose Nanocrystals Surface-Modified via Covalent Grafting or Physisorption : A Comparative Study[END_REF][START_REF] Goffin | From Interfacial Ring-Opening Polymerization to Melt Processing of Cellulose Nanowhisker-Filled Polylactide-Based Nanocomposites[END_REF] at the surface of CNCs, or by adsorbing various molecules, involving ionic or low-energy bonding phenomena [START_REF] Abitbol | Surface modification of cellulose nanocrystals with cetyltrimethylammonium bromide[END_REF][START_REF] Kargarzadeh | Advances in cellulose nanomaterials[END_REF][START_REF] Kedzior | Tailoring Cellulose Nanocrystal and Surfactant Behavior in Miniemulsion Polymerization[END_REF].

Chemical modifications are carried out by modifying multiple hydroxyl groups at the surface of CNCs to provide the nanomaterials with specific properties. To improve the compatibility of CNCs with a hydrophobic polymer matrix, grafting single molecules or polymer chains are classically described in the literature and in reviews. Focusing on the second strategy, two major approaches are commonly used to introduce polymeric chains at the surface of CNCs. In the grafting-onto strategy, CNCs, ether pre-functionalized or not, are directly grafted with previously polymerized and characterized polymer chains [START_REF] Kloser | Surface Grafting of Cellulose Nanocrystals with Poly(ethylene oxide) in Aqueous Media[END_REF][START_REF] Sessini | Effect of the addition of polyester-grafted-cellulose nanocrystals on the shape memory properties of biodegradable PLA/PCL nanocomposites[END_REF][START_REF] Zhou | Grafting polycaprolactone diol onto cellulose nanocrystals via click chemistry : Enhancing thermal stability and hydrophobic property[END_REF], leading to limited surface grafting density because of the steric hindrance between polymers. In the grafted-from approach -on which this study focuses -monomers are polymerized from pre-functionalized CNCs with initiator sites [START_REF] Boujemaoui | Polycaprolactone Nanocomposites Reinforced with Cellulose Nanocrystals Surface-Modified via Covalent Grafting or Physisorption : A Comparative Study[END_REF][START_REF] Habibi | Bionanocomposites based on poly(ε-caprolactone)-grafted cellulose nanocrystals by ringopening polymerization[END_REF]Morandi et al., 2009). This two-step strategy leads to an overall controlled structure and higher surface grafting density because of the facilitated access to the activated initiator sites on CNCs, although characterization of grafted polymer chains is more challenging [START_REF] Zhang | Convenient characterization of polymers grafted on cellulose nanocrystals via SI-ATRP without chain cleavage[END_REF]. Ring-opening polymerization (ROP) [START_REF] Goffin | From Interfacial Ring-Opening Polymerization to Melt Processing of Cellulose Nanowhisker-Filled Polylactide-Based Nanocomposites[END_REF][START_REF] Habibi | Bionanocomposites based on poly(ε-caprolactone)-grafted cellulose nanocrystals by ringopening polymerization[END_REF] and atom transfer radical polymerization (ATRP) [START_REF] Kedzior | Poly(methyl methacrylate)-grafted cellulose nanocrystals : One-step synthesis, nanocomposite preparation, and characterization[END_REF]Morandi et al., 2009;[START_REF] Zoppe | Poly(N-isopropylacrylamide) Brushes Grafted from Cellulose Nanocrystals via Surface-Initiated Single-Electron Transfer Living Radical Polymerization[END_REF] are the most common types of polymerization used in the grafting-from strategy.

Controlled surface-initiated ATRP (SI-ATRP) from the surface of CNCs has been described in the literature [START_REF] Boujemaoui | Preparation and characterization of functionalized cellulose nanocrystals[END_REF][START_REF] Kedzior | Poly(methyl methacrylate)-grafted cellulose nanocrystals : One-step synthesis, nanocomposite preparation, and characterization[END_REF]Morandi et al., 2009;[START_REF] Zoppe | Poly(N-isopropylacrylamide) Brushes Grafted from Cellulose Nanocrystals via Surface-Initiated Single-Electron Transfer Living Radical Polymerization[END_REF]. However, the major issues with SI-ATRP are the difficulty in characterizing grafted polymers and recovery of the free homopolymer. Control of the polymerization is generally studied using polymers obtained from a sacrificial initiator, from which the kinetics of the polymerization is considered similar to polymerization from the surface of CNCs. By recovering and characterizing the free homopolymer, information about the grafted chains can be acquired [START_REF] Hansson | Selective cleavage of polymer grafts from solid surfaces : Assessment of initiator content and polymer characteristics[END_REF]. It should be noted that this step of cleaning is challenging and crucial for characterizing both grafted CNCs and free polymers.

The aim of this study is to graft polymer brushes of various lengths at the surface of CNCs via grafting-from SI-ATRP. Numerous studies have focused on the polymerization of various polymers on CNCs, mostly in order to compatibilize these nanomaterials with various polymer matrices. Recently, Zoppe et al. studied the synthesis of poly(N,N-dimethylacrylamide) chains at the surface of CNCs and carried out an alkaline hydrolysis to remove and analyze the polymerized chains [START_REF] Zoppe | Effect of Surface Charge on Surface-Initiated Atom Transfer Radical Polymerization from Cellulose Nanocrystals in Aqueous Media[END_REF].

Sessini et al. reported the polymerization via grafting-from of L-lactide and ε-caprolactone at the surface of CNCs and studied the morphological, thermal, and mechanical properties of such modified CNCs in various polymer matrices [START_REF] Sessini | Effect of the addition of polyester-grafted-cellulose nanocrystals on the shape memory properties of biodegradable PLA/PCL nanocomposites[END_REF].

The objective of the present study is to graft the poly(glycidyl methacrylate) (PGMA) obtained from the polymerization of glycidyl methacrylate (GMA), an epoxy-functional and commercially available monomer [START_REF] Cañamero | Atom Transfer Radical Polymerization of Glycidyl Methacrylate : A Functional Monomer[END_REF] on CNCs, and to produce poly(lactic acid) (PLA)-based nanocomposites. The traditional method of polymerizing GMA in a controlled manner is by atom transfer radical polymerization (ATRP), with the use of an initiator and a catalyst system [START_REF] Cañamero | Atom Transfer Radical Polymerization of Glycidyl Methacrylate : A Functional Monomer[END_REF]. These methods aim to control the polymerization behavior. PGMA was selected for this study because of its hydrophobicity [START_REF] Nyström | Superhydrophobic biofibre surfaces via tailored grafting architecture[END_REF] and the presence of the highly reactive epoxy functions, which can be an active attachment point for further modifications. To our knowledge, such a strategy is new in the field of CNC modification and with respect to this reactive polymer at the surface of CNCs. Control of the polymerization is essential to quantify the polymer and is conducted through SI-ATRP, as mentioned previously. To the best of our knowledge, PGMA has never been polymerized at the surface of CNCs via a grafting-from SI-ATRP approach. Martinez-Sanz et al.

grafted PGMA via a non-controlled polymerization applied on bacterial cellulose nanowhiskers for PLA nanocomposites applications [START_REF] Martínez-Sanz | Incorporation of poly(glycidylmethacrylate) grafted bacterial cellulose nanowhiskers in poly(lactic acid) nanocomposites : Improved barrier and mechanical properties[END_REF]. Hansson et al. grafted various polymers, including PGMA from a cellulosic filter paper substrate, via activators regenerated by electron transfer (ARGET) ATRP to limit the use of reducing reagents and avoid the use of a totally inert atmosphere [START_REF] Hansson | ARGET ATRP for Versatile Grafting of Cellulose Using Various Monomers[END_REF]. Malmström et al. presented different ways of functionalizing cellulose papers by controlling the surface grafting [START_REF] Malmström | Controlled grafting of cellulose fibres -an outlook beyond paper and cardboard[END_REF] and grafted PGMA via SI-ATRP but the grafting was done at the surface of cellulose fibres to introduce a large amount of oxirane groups. More recently, Cheng et al. performed a similar SI-ATRP of GMA from a nanoporous cellulose gel (NCG) followed by a hydrophobic modification of polymerized NCG to produce functional materials based on NCGs [START_REF] Cheng | Surface-initiated atom transfer radical polymerization grafting from nanoporous cellulose gels to create hydrophobic nanocomposites[END_REF].

PLA was chosen in this study as an example of a hydrophobic polymer matrix. This bio-based polymer is interesting because of its biodegradability. However, to compete with the synthetic polymers usually used in the packaging field, for example, the barrier and mechanical properties of PLA need to be improved. This explains the many studies performed regarding the development of PLA-based nanocomposites, particularly the introduction on nanocelluloses as fillers [START_REF] Espino-Pérez | Designed cellulose nanocrystal surface properties for improving barrier properties in polylactide nanocomposites[END_REF][START_REF] Miao | In-situ polymerized cellulose nanocrystals (CNC)-poly(l-lactide) (PLLA) nanomaterials and applications in nanocomposite processing[END_REF][START_REF] Robles | Surface-modified nano-cellulose as reinforcement in poly(lactic acid) to conform new composites[END_REF].

In the present paper, an efficient SI-ATRP polymerization of GMA from the surface of CNCs is described. The experiment method covers various steps. First, CNCs are functionalized with αbromoisobutyryl bromide (BIB), a brominated initiator commonly used in ATRP [START_REF] Cañamero | Atom Transfer Radical Polymerization of Glycidyl Methacrylate : A Functional Monomer[END_REF]Morandi et al., 2009). Then, GMA is polymerized from these initiator sites, with challenges like control and recovery of the homopolymer. Polymerized CNCs at different polymerization times are characterized using various techniques, from bulk characterization (FTIR, elemental analysis, TGA) to surface characterization (XPS). Finally, 10 wt% of the polymerized CNCs are introduced in a PLA matrix, and the resulting nanocomposites are observed using microscopic technique in order to investigate the compatibilization between CNCs and PLA.

Materials and methods

Materials

Cellulose nanocrystals (CNCs) were produced from wood pulp and purchased from CelluForce (Quebec, Canada), in spray-dried form. 4-(dimethylamino)pyridine (DMAP), triethylamine (TEA), αbromoisobutyryl bromide (BIB), ethyl α-bromoisobutyrate (EBIB), and N,N,N',N'',N''pentamethyldiethylenetriamine (PMDETA) were supplied from Sigma-Aldrich Chimie (Saint-Quentin-Fallavier, France) and were used as received. Copper (I) bromide (CuBr) was purchased from Sigma-Aldrich Chimie. CuBr was purified by washing in glacial acetic acid for 24 h at ambient temperature, filtered, rinsed extensively with ethanol and diethyl ether, dried under vacuum, and stored in an inert atmosphere before use [START_REF] Mccaig | Vapor Sensing Characteristics of Nanoelectromechanical Chemical Sensors Functionalized Using Surface-Initiated Polymerization[END_REF]. Glycidyl methacrylate (GMA) was purchased from Fisher Scientific (France) and purified through a basic alumina column to remove stabilizers before use. N,N-Dimethylformamide (DMF) was purchased from Sigma-Aldrich Chimie, stored, and used in anhydrous conditions. Dichloromethane (DCM) and ethanol (EtOH) were purchased from Sigma-Aldrich Chimie and used as received.

Functionalization of CNC with α-Bromoisobutyryl Bromide

Functionalization of CNC with BIB was performed by esterification reaction according to the protocol adapted from Morandi et al. (Morandi et al., 2009). This protocol is as follows. First, 1.0 g of dry CNCs was dispersed in 100 mL of anhydrous DMF and an ultrasonic treatment was applied. Then, 125 mg of DMAP (1.02 mmol) was solubilized in 2 mL of anhydrous DMF and added to the CNC suspension. Thereafter, 2.1 mL of TEA (14.9 mmol) was added, followed by 1.9 mL of BIB (14.9 mmol). The reaction was performed at room temperature for 24 h, under argon flow. At the end of the reaction, the functionalized CNC-Br were washed by successive cycles of centrifugation (9000 rpm, 10', 5 °C): in DMF once, in DCM twice, in a mixture of DCM/EtOH (1/1, v/v) once, and in EtOH twice. CNC-Br were then dried under vacuum.

SI-ATRP of Glycidyl Methacrylate on functionalized CNC-Br

The method for SI-ATRP of GMA onto CNCs was adapted from classical ATRP of this monomer [START_REF] Cañamero | Atom Transfer Radical Polymerization of Glycidyl Methacrylate : A Functional Monomer[END_REF]. First, 0.5 g of previously functionalized CNC-Br was redispersed in a Schlenk in 10 mL of anhydrous DMF and magnetically stirred under argon, before being treated with ultrasound. Then, 0.054 mL of EBIB, 0.076 mL of PMDETA, and 4.8 mL of purified GMA were successively added to the suspension ([GMA]0:[EBIB]0:[PMDETA]0:[CuBr]0 = 100:1:1:1). The sacrificial EBIB was added to react as a sacrificial initiator, assuming that the polymerization of GMA occurred from this initiator, in the same manner as from the surface of our CNC-Br. Next, 0.054 g of CuBr was introduced quickly and at the last moment, to avoid oxidation, noticeable by a colour change.

A flow of argon was set up in the closed Schlenk under magnetic stirring. A total of 7 freeze-thaw cycles were carried out to completely remove oxygen from the suspension. The mixture was then magnetically stirred under argon at room temperature for 24 h. Study of the polymerization kinetics was performed by collecting aliquots of the reaction media with a purged argon syringe. At the end of the reaction, a small amount of DCM was added to recover all the mixture and a first centrifugation cycle (9000 rpm, 15', 5 °C) was carried out. The supernatant containing PGMA polymerized from the sacrificial initiator was recovered for characterization. The centrifuged part was further washed in DCM with five cycles of centrifugation (9000 rpm, 15', 5 °C) to eliminate all the free homopolymer and to only retrieve CNC-PGMA-Br. The solubilized PGMA homopolymer recovered in the DCM supernatant was purified on a basic alumina column, precipitated in cold methanol, filtered, and dried under vacuum.

Polymerization of homopolymer PGMA

The reference homopolymer PGMA was prepared by ATRP according to the previously described method. Indeed, the same protocol was used without CNC and a sacrificial initiator and with

[GMA]0:[PMDETA]0:[CuBr]0 = 100:1:1. After 7 freeze-thaw cycles, polymerization occurred at room temperature for 1 h. At the end of the reaction, solubilized PGMA was purified on a basic alumina column and precipitated in cold methanol. After filtration and drying, PGMA homopolymer was characterized by 1 H-NMR, and a conversion rate of 52% and a theoretical molar mass of 7300 g.mol -1 was calculated. This homopolymer was used as reference PGMA in this study.

PLA-based nanocomposites preparation

First, a 10 wt% PLA solution was prepared by dissolving PLA pellets in dichloromethane under constant magnetic stirring for a whole night. Neat CNCs or polymerized CNC-PGMA-Br were solvent exchanged to dichloromethane and introduced into the PLA solution. The mixture was then homogenized using an Ultra-Turrax homogenizer (IKA) following by an ultrasound treatment (10 kJ.gCNC -1 ), and then poured into a Teflon petri dish. The latter was left to evaporate under a fume hood for 48 h. The recovered films were then hot pressed between two Teflon sheets and with the use of a 150-µm-thick mould. Hot pressing was performed at 180 °C, first for 3 min without pressure, and then for 1 min under 150 bar pressure. After the compression, the samples were cooled down to room temperature. The films prepared with 10 wt% of neat CNCs or polymerized CNC-PGMA-Br are respectively referenced as PLA_CNC10 or PLA_CNC-PGMA-Br10.

Characterization methods

Atomic Force Microscopy (AFM)

AFM images of CNC suspensions were recorded using a Dimension Icon Brucker equipped with a silicon-coated micro cantilever (O-TESPA) using tapping mode. Droplets of diluted CNC suspension (10 -4 wt%) were deposited on clean mica plates, which were allowed to dry by evaporation overnight.

Approximately ten scans of 10 µm x 10 µm and 3 µm x 3 µm were obtained for each sample to analyze the morphology of the nanoparticles by measuring the dimensions of at least 50 CNC samples using ImageJ software.

Transmission Electron Microscopy (TEM)

TEM copper grids with thin amorphous carbon films were submitted to glow discharge in an easiGlow station (Pelco). A 4-µL diluted CNC suspension droplet was deposited on the carbon film, followed by a droplet of uranyl acetate (2 wt%). Negative dye in excess was absorbed, and the remaining film was dried. The CNC suspension was observed through a transmission electron microscope FEI/Philips CM200 with the microscopy NanoBio-ICMG platform (Grenoble, France), under an acceleration voltage of 200 kV. Pictures were recorded with a digital camera TVIPS TemCam F216 (2040 x 2040 pixels). Representative images were selected for the analysis.

X-Ray Diffraction and Crystallinity Index (CI)

The crystallinity of CNCs was investigated with spectra obtained from wide-angle X-ray diffraction analyses. An X'Pert Pro MPD diffractometer supplied by PANalytical equipped with an X' accelerator detector and a copper anode (Kα (Cu) = 1.5419 Å) was used for the symmetric scan of the reflection (theta/2theta in Bragg Brentano geometry) of the sample. Scans were performed from 5° to 60°. The crystallinity index of samples was determined according to the Segal height peak method [START_REF] Ahvenainen | Comparison of sample crystallinity determination methods by X-ray diffraction for challenging cellulose I materials[END_REF][START_REF] Park | Cellulose crystallinity index : Measurement techniques and their impact on interpreting cellulase performance[END_REF][START_REF] Segal | An Empirical Method for Estimating the Degree of Crystallinity of Native Cellulose Using the X-Ray Diffractometer[END_REF] (Equation 1 below).

CI = (1 -Iam/I002).100

Equation 1. Cristallinity index (CI) according to the Segal height peak method where Iam corresponds to the intensity at the minimum (at 2θ ≃ 18.3°) and I002 corresponds to the main crystalline peak (at 2θ ≃ 22.5°). This method is the most widely used, although it slightly overestimates the value of the crystallinity and provides qualitative values of the crystallinity. The measures were duplicated.

Dynamic Light Scattering (DLS)

The hydrodynamic diameters of CNCs were measured using a Zeta Sizer NanoZS supplied by Malvern Instruments (Orsay, France), operated with DTS software. Suspensions of CNCs at 10 -2 wt% in DCM were freshly prepared before each measurement and treated in an ultrasonic bath. A total of 5 acquisitions with 15 measurements at 25 °C were performed and particle size average values are presented. These values correspond to the diameter of the sphere diffusing at the same rate as the measured particle. Moreover, the Brownian motion-induced particle speed is correlated to the size of the particle by the Stokes-Einstein equation. [START_REF] Boluk | Analysis of cellulose nanocrystal rod lengths by dynamic light scattering and electron microscopy[END_REF] provided details of this principle applied to CNC analysis. 2.6.5. Thermogravimetric Analysis (TGA) TGA thermograms were recorded using a thermal analyzer (NETZSCH STA 449 F3 Jupiter) from the LRMO team of the Commissariat à l'énergie atomique et aux énergies alternatives (CEA, Saclay, France). Dried samples were introduced in aluminum crucibles and were heated from 30 °C to 500 °C at 10 °C/min under helium flow at 60 mL/min. Data were at least duplicated and analyzed using Proteus software.

2.6.6. Fourier-Transform Infrared Spectroscopy (FTIR) Infrared spectra of CNCs were performed on a Bruker IFS 66 spectrometer using an attenuated total reflectance (ATR) module composed of diamond crystals from Pike technologies. Absorbance spectra were registered between 600 and 4000 cm -1 , with a resolution of 4 cm -1 and 300 scans. Spectra were visualized and normalized using OPUS software and were at least duplicated.

Elemental Analysis

Elemental analyses of CNCs were performed by the "Institut des Sciences Analytiques" (Villeurbanne, France), using an ISA-CNRS micro analyzer. Based on elemental organic microanalysis, the carbon, hydrogen, oxygen and sulfur contents of the samples were determined with a precision of ±0.4% by at least duplicates. The data can be used for the determination of the degree of substitution (DS) of the grafted CNCs, equivalent to the number of functionalized hydroxyl groups per anhydroglucose unit where M(C)AGU is the carbon molar mass of an AGU, MAGU is the molar mass of an AGU, ωC is the carbon weight fraction (in %) obtained from elemental analysis, Mgrafted is the molar mass of the grafted moieties, and M(C)grafted is the carbon molar mass of the grafted moieties. DSSO3 is the degree of substitution of sulfate half ester groups similarly calculated from the sulfur weight fraction (S%), MSO3 is the molar mass of -OSO3 -groups and MS the sulfur molar mass of -OSO3 -groups, as shown in 2.6.8. X-Ray Photoelectron Spectroscopy (XPS) XPS measurements were carried out on a K-Alpha Thermo Fisher spectrometer, equipped with a monochromatic X-ray source (Al Kα, 1486.6 eV). A spot size of 400 mm was used for all measurements, and a hemispherical analyzer was operated in constant analyzer energy mode with a pass energy of 200 eV and a step size of 1 eV (for survey spectra) and a pass energy of 50 eV and a step size of 0.1 eV (for high-resolution spectra). To neutralize the accumulation of charge, a dual-beam flood gun was used. Data treatment was carried out with Avantage software (Thermo Fisher).

Background subtraction (Shirley type) and normalization of peak areas (using Scofield sensitivity factors) were performed before any calculation of elemental composition. Binding energies are referenced to the C1s neutral carbon peak at 285.4 eV.

2.6.9. 1 H-Liquid State Nuclear Magnetic Resonance (1H-NMR) 1 H-NMR analyses were performed on a Bruker 360 MHz spectrometer in deuterated chloroform at room temperature, with a residual signal appearing at 7.24 ppm. Chemical shift values were calculated with TMS as the first reference. Spectra were analyzed using NMR Notebook software.

Size-Exclusion Chromatography (SEC)

Polymeric samples were dissolved in tetrahydrofuran (THF) at a concentration of 1 mg/mL. SEC analyses were carried out with a two-column ViscoGel mixed bed from Viscotek (7.8 x 300 mm, type GMHH r-H). This mixed bed was mounted on a device equipped with a refractive index detector (Waters 410). The injected volume of sample solution was equal to 50 µL. The calibration range corresponded to linear polystyrene standards. The process was duplicated.

Scanning Electron Microscopy (SEM)

Sample cross-sections of PLA_CNC10 and PLA_CNC-PGMA-Br10 were prepared by cryofracture or at ambient temperature. Briefly, each sample was fractured in liquid nitrogen and was allowed to return at room temperature. Fractured samples of 3 nm thickness were then metallized with gold/palladium. On the other hand, 90-nm-thick sample cuts at room temperature were performed using an ultra-microtome UC6 (LEICA) equipped with a diamond knife, and were then metallized as previously described. For each sample, cross-sections obtained by both cryofracture or at ambient temperature were analyzed using a Quanta 250 FEG (Thermofischer) device at a 2.5 kV voltage in high vacuum mode. Cross-sections images were processed using ImageJ software.

Results and discussion

Characterization of cellulose nanomaterials

Commercial spray-dried cellulose nanocrystal powder was used in this study (Figure 1 a). These CNCs are produced from wood by sulfuric acid hydrolysis of bleached pulp [START_REF] Reid | Benchmarking cellulose nanocrystals : From the laboratory to industrial production[END_REF]) and can easily be redispersed at low concentration in water and polar organic solvents (such as DMF or DMSO) using ultrasound treatment with an ultrasonic probe [START_REF] Viet | Dispersion of cellulose nanocrystals in polar organic solvents[END_REF]. Using the AFM and TEM images (Figure 1 b andc), morphology of the neat nanomaterials can be confirmed, and the average length is 108 +/-33 nm and average diameter is 4 +/-1 nm, confirming the values found in the literature [START_REF] Foster | Current characterization methods for cellulose nanomaterials[END_REF][START_REF] Reid | Benchmarking cellulose nanocrystals : From the laboratory to industrial production[END_REF]. The X-Ray diffractograms (Figure 2 a) display three main peaks, at 16.2° (signal 110), 22.6° (signal 200), and 34.6° (signal 004), characteristic of the cellulose I crystalline form. Moreover, the CI calculated according to Equation 1 has a value equal to 91%, consistent with the high crystallinity of CNC presented in the literature [START_REF] Habibi | Cellulose Nanocrystals : Chemistry, Self-Assembly, and Applications[END_REF].

Preparation of initiator modified CNC

BIB is a common reagent used in the CNC functionalization based on ATRP. As found in the literature [START_REF] Boujemaoui | Preparation and characterization of functionalized cellulose nanocrystals[END_REF]Morandi et al., 2009;[START_REF] Nyström | Superhydrophobic biofibre surfaces via tailored grafting architecture[END_REF], this grafting introduces highly reactive brominated functionality at the surface of nanomaterials. These functionalized sites can then be used as initiator sites for further controlled radical polymerization reactions. In the present study, the brominated functionalized site at the surface of the CNC-Br served as initiators for the SI-ATRP FTIR analyses carried out on neat CNC and modified CNC-Br clearly show the efficiency of the grafting of BIB. Indeed, in addition to the characteristic peaks of cellulose (i.e., large peak between 3000 cm -1 and 3700 cm -1 corresponding to the stretching vibrations bands of the -OH bonds of hydroxyl groups, as well as peaks at 1110 cm -1 , 1060 cm -1 and 1035 cm -1 corresponding to the vibration of the -C-O bonds of carbons from the repeating unit of cellulose), the peak at 1730 cm -1 is correlates to the -C=O vibration band resulting from ester functional units introduced at the surface of CNC (Figure 2 c).

Moreover, no peak near 1760-1800 cm -1 corresponding to the (-C=O)-Br bond from unreacted BIB is observed. This confirms the efficiency of the washing steps after the reaction. Elemental analyses were carried out on unmodified CNC and grafted CNC-Br to confirm this grafting (Table 1). Corrected values were obtained by considering the presence of half-sulfate ester groups at the surface of CNCs, and the DS of the grafts on the CNCs that were equal to 0.17 was calculated according to Equation 2.

Differences between the corrected values for neat CNC and theoretical values for pure cellulose can be attributed to the presence of hemicelluloses and impurities in the raw materials. The calculations performed in this study are based on the values corrected according to the method proposed previously (Equation 2). To further determine and quantify the grafting at the surface of CNC-Br, XPS measurements were taken allowing the characterization of the surface of the materials as being approximately 10 nm in depth (Morandi et al., 2009). The C1 signal is present in the neat CNC spectrum but is related to the contribution of non-oxidized alkane-type carbon atoms and impurities, residual lignin, or extractive compounds, justifying its presence. The C2 signal is related to the presence of ether groups from pure cellulose, as well as the hydroxyl groups of the unmodified CNCs and of the end of the cellulose chains, explaining its presence in both samples. The C3 signal corresponds to acetal moieties from AGU units and should not change significantly after chemical modification, because the corresponding carbon is not affected.

Subsequent to α-bromoisobutyryl bromide grafting, a C4 contribution appears in the CNC-Br spectrum and is correlated to the introduction of (O-C=O) bonds on the material with a ratio of 5%, which confirms the success of the bromide derivative grafting, as previously described in the literature [START_REF] Tian | Polymerization Topochemistry of Cellulose Nanocrystals : A Function of Surface Dehydration Control[END_REF] (Figure 3 b) and d)). In addition, the oxygen to carbon ratio (O/C) associated with the sample before and after modification changed from 0.79 (close to that of pure cellulose ≈0.83 [START_REF] Dufresne | Nanocellulose : From nature to high performance tailored materials[END_REF]) for the neat CNCs to 0.72 for the CNC-Br as a result of the α-bromoisobutyryl bromide moiety grafted at the surface of CNCs (Figure 3 e). From these results, it is possible to conclude the efficient grafting of CNC-Br. Thus, the presence of initiator sites for the further polymerization of GMA on CNC-Br is clearly confirmed.

Kinetics of the SI-ATRP of GMA

Prior to any polymerization and characterization, it is essential to determine that no parallel reactionespecially adsorption -occurs between cellulose and the monomer. This point was investigated by applying a similar treatment to that of SI-ATRP, but without an initiator, catalyst, or ligand. Only neat CNCs dispersed in anhydrous DMF in the same proportions and the GMA monomer were magnetically stirred for 24 h. CNCs were then recovered after five centrifugation cycles in DCM, and FTIR spectra were obtained after evaporation of the solvent (Figure 4 a). There is no change in the FTIR spectra of neat CNC after being mixed with the monomer for 24 hours; in particular, there is no peak related to a C=O bond from GMA at approximately 1720 cm -1 . At this stage, it can be assumed that further evidence of the presence of characteristic groups of GMA and PGMA do not come from possible adsorbed monomer on CNC.

After being grafted, CNC-Br were then polymerized at their brominated initiator sites with GMA, as illustrated in Scheme 1. Glycidyl methacrylate (GMA) is a monomer that has never been used as part of the polymerization from the surface of wood CNC, to the best of our knowledge. In the literature, only a few studies describe ATRP of GMA [START_REF] Barbey | Postpolymerization Modification of Poly(glycidyl methacrylate) Brushes : An XPS Depth-Profiling Study[END_REF][START_REF] Cañamero | Atom Transfer Radical Polymerization of Glycidyl Methacrylate : A Functional Monomer[END_REF] on cellulose, presented as a well-known and controlled polymerization. In our case, the difficulty of the polymerization lays in the high reactivity of the epoxy groups of PGMA which can rapidly open.

Nevertheless, opening of these epoxy functional groups has been avoided by the reaction at room temperature, in anhydrous conditions, and with the absence of any reagents that can react with these groups. Moreover, it has been shown in the literature that a similar system for SI-ATRP of GMA on a substrate (CuBr/PMDETA) leads to the conservation of active epoxy groups on the polymer chains [START_REF] Wang | Preparation of dithiocarbamate polymer brush grafted nanocomposites for rapid and enhanced capture of heavy metal ions[END_REF]. Meanwhile, the presence of these epoxy groups at the surface of polymerized CNC is one objective of this polymerization and is precisely investigated in this study. Kinetics is the key point in the understanding of a polymerization, and was investigated in this study. At different times during SI-ATRP of GMA initiated by CNC-Br materials, aliquots were withdrawn from the The recorded NMR spectra show decreasing peak intensity at 5.6 and 6.1 ppm related to the vinyl protons of the monomer. In parallel, the intensity of the peaks between 0.9 and 1.2 ppm related to the protons from the methyl group from the growing polymer clearly increased. Conversion (p) of the GMA into PGMA can be calculated using the formula presented in Figure 4 b, where the value I corresponds to the integration of the peaks. The evolution of the conversion is represented by plotting the ratio ln(1/(1-p)) as a function of time (Figure 4 c), showing the two rates of polymerization with a higher rate in a shorter time period (between 0 and 4 h) and a slower rate after a longer polymerization time period. From each collected aliquot the PGMA homopolymer was recovered after filtration on basic alumina and precipitated in cold methanol. Each homopolymer sample was subjected to SEC analysis to obtain the value of its molar mass (according to the equivalent polystyrene). Polydispersity index Ð was calculated as the ratio of weight average molar mass (Mw) to the number average molar mass (Mn). The results are presented in Figure 5 a.

The evolution of the PGMA molar masses calculated by SEC analyses as a function of the conversion follows the same trend as previously mentioned with two different rates of polymerization. Indeed, in the first 3 h of polymerization, the molar masses increased from 8179 g.mol -1 to 9791 g.mol -1 , followed by a slower rate of polymerization reaching molar masses equal to 10343 g.mol -1 after 24 h of reaction (Figure 5 d). This behavior has been previously described for a similar system (GMA/CuBr/PMDETA) in the literature [START_REF] Xiao | Surface-initiated atom transfer radical polymerization of butyl acrylate on cellulose microfibrils[END_REF], where it was attributed to the heterogeneous character of the system inducing side-reactions at high conversion rates. Indeed, radical bromine elements from the cellulose surface could be lost, inducing termination at the level of the CNCs. Nevertheless, polymerization would continue in the system solution. with an increase in the peak at 1725 cm -1 related to the C=O stretching of ester groups and the presence of a peak at 910 cm -1 related to the C-O stretching from epoxy groups. It is interesting to note that ATRP polymerization applied on the GMA monomer, involving the present CuBr/PMEDETA catalytic system, ensures the preparation of an epoxy functional polymer. In fact, as shown in the the literature [START_REF] Sabatini | Leading Edge Nanotechnology Research Developments[END_REF], decribing the grafting of multiwalled carbon nanotubes with PGMA polymer using the same ATRP polymerization procedure, a further post modification to introduce molecules of interest is possible by taking advantage of the epoxy functional groups.

20 be that the decreasing polymerization rate is due to the deactivation of brominated active sites grafted at the surface of CNC as well as those from the sacrificial initiator. A transfer reaction resulting from the hydroxyl -OH groups of CNC could be an explanation for this deactivation. In the remainder of this study, we will focus on the characterization of CNC-PGMA-Br polymerized at two different polymerization times (1 h and 24 h): CNC-PGMA-Br_1h and CNC-PGMA-Br_24h, respectively.

SI-ATRP of functionalized CNC-Br at different polymerization times

CNC-PGMA-Br_1h and CNC-PGMA-Br_24h were polymerized in larger batches for characterization, according to the previously detailed protocol. Grafting-from of polymers at the surface of CNCs is a widely studied procedure that allows the grafting of a high density of polymer at the surface of CNCs.

In the case of the PGMA grafted as an amorphous polymer, the morphology of the final materials was investigated. Indeed, the primary onset of the degradation temperature of CNCs before and after 1 and 24 h of polymerization increases from 305 °C to 314 °C and 326 °C respectively. Moreover, the CNC thermogram shows one weight loss peak between 250 °C and 350 °C. In a recent study, Zhang et al. studied different ways to characterize grafted polymers on CNCs, including the use of TGA analysis [START_REF] Zhang | Convenient characterization of polymers grafted on cellulose nanocrystals via SI-ATRP without chain cleavage[END_REF]. Their method appears to be not totally applicable in our case because of the By regarding only the morphology of polymerized CNC-PGMA-Br, 1 h of polymerization ensures the conservation of the crystallinity, which is critical for further applications, while introducing a significant amount of PGMA.

Efficiency of SI-ATRP on CNCs

The efficiency of the polymerization of GMA from brominated initiator sites previously grafted on the polymer over time. Indeed, peaks at 910 cm -1 , 906 cm -1 , 1728 cm -1 , and between 2840 cm -1 and 3000 cm -1 are respectively characteristic of the epoxy groups, terminal vinyl groups and ester bonds from carbonyl groups, and -CH2 and -CH3 carbons from the PGMA backbone polymer. The clear increase in those peaks for the CNC-PGMA-Br_1h and CNC-PGMA-Br_24h spectra demonstrates the polymerization of PGMA at the level of CNCs over time. These results are confirmed by elemental analyses (Table 1). Indeed, for both CNC-PGMA-Br_1h and CNC-PGMA-Br_24h, an increase in the %C values and a decrease in the %O values are notable and consistent with the introduction of the polymer PGMA (C7H10O3)n on CNCs. This is reaffirmed by the decrease in the O/C ratio for these polymerized CNCs, which is also similar to the corresponding theoretical calculated ratio and to those of pure PGMA. The slight difference between the O/C ratios of CNC-PGMA-Br and PGMA confirms the presence of cellulose in the sample. Note that values are corrected according to the previously described method by considering the presence of half-sulfate ester groups at the surface of CNCs, without however considering the presence of impurities like hemicelluloses in the samples, which could influence the values, so they must be interpreted comparatively. Moreover, considering that CNC-PGMA-Br_1h and CNC-PGMA-Br_24h are composed of cellulose and PGMA, an estimation of the weight percentage of PGMA may also be calculated in both cases, as presented in Br_1h materials, whereas a ratio of 0.42 is observed for CNC-PGMA-Br_24h, which is similar to the theoretical value associated with pure PGMA polymer (Beamson & Briggs, 1993 reference). This result could explain the increasing grafted polymer weight with time, as shown in Figure 5 d.

According to the XPS results, it is possible to make a conclusion about the presence of PGMA over the surface of CNC. Moreover, it is possible to observe in Figure 7 that after 1 h of polymerization, the intensity of the peak associated with the epoxy C-O-C bond is less intense than that of the homopolymer reference. After 24 h of polymerization, this intensity is closer to that of the homopolymer, confirming that the amount of polymerized PGMA is more important. Quantification of the polymer is not possible considering these results, but the presence of PGMA at the surface of CNCs is clearly highlighted. Moreover, highly reactive epoxy rings are conserved during the polymerization and are available at the surface of both CNC-PGMA-Br_1h and CNC-PGMA-Br_24h.

PLA-based nanocomposites

To investigate the effect of PGMA on the surface of CNCs on their compatibilization with a hydrophobic polymeric system ─ and especially with PLA ─ cross-sections of PLA_CNC10 and PLA_CNC-PGMA-Br10 nanocomposites were observed by SEM. Related images are presented in 

Conclusion

CNCs were initially modified with BIB as an initiator of SI-ATRP of PGMA; the efficiency of the functionalization was highlighted using bulk and surface characterization. After ensuring that only the polymerized monomer is present at the level of CNCs after washing, polymerized CNC at two different polymerization times were recovered and characterized using FTIR, XRD, TGA, XPS and elemental analysis. After only 1 h of polymerization, PGMA covers almost all the surface of CNCs, with a weight percentage of approximately 40% relative to CNC. After 24 h of polymerization, the weight proportion of PGMA represents almost 80% of the total weight, but the obtained polymerized

(

  AGU), in accordance with Equation 2 below (Etzael Espino-Pérez et al., 2014): DS = (M(C)AGU -ωC.(MAGU+DSSO3.MSO3)) / (ωC.Mgrafted -M(C)grafted) Equation 2. Degree of substitution (DS)

  S%.MAGU)/(MS -%S.MSO3) Equation 3. Degree of substitution of half sulfate ester groups (DSSO3) Taking the presence of these groups into account allows the correction of the values of carbon and oxygen weight fractions by multiplying the experimental values by 1+((DSSO3.MSO3)/MAGU). Other correction methods have also been proposed in the literature (Etzael Espino-Pérez et al., 2014; Siqueira, Bras, & Dufresne, 2010).

Figure 1

 1 Figure 1. a) Spray-dried CNC from CelluForce; b) AFM height image of CNC and c) TEM image of CNC

Scheme 1 .

 1 Scheme 1. Procedure for to the preparation of CNC-Br and CNC-PGMA-Br materials Conservation of the structure of the CNCs after their functionalization is crucial and has been investigated by XRD analyses.Figure 2 a shows wide-angle diffractogram of modified CNC-Br,

Figure 2 a

 2 shows wide-angle diffractogram of modified CNC-Br, whose spectra correspond to cellulose I beta. The calculated CI is equal to 86%, confirming the conservation of the crystalline structure of CNC-Br. Modified CNC-Br are well-dispersed in DCM, with a mean apparent diameter size of 122 nm, which is similar to that of neat CNC dispersed in DCM (Figure 2 b). Even if the dispersion of CNC in DCM does not lead to conclusions regarding their

Figure 2

 2 Figure 2. a) X-ray diffractograms of neat CNCs, pre-functionalized CNC-Br, CNC-PGMA-Br after 1 h and 24 h of polymerization and PGMA homopolymer; b) DLS curves of neat CNC, pre-functionalized CNC-Br and CNC-PGMA-Br after two different polymerization times in dichloromethane; and c) FTIR spectra of PGMA homopolymer, unmodified CNC, grafted CNC-Br, polymerized CNC-PGMA-Br-1h, and CNC-PGMA-Br_24h

Figure 3 a

 3 shows the XPS surveys of neat CNC and grafted CNC-Br.Both spectra are composed of two main peaks at approximately 534 and 288 eV corresponding to the oxygen and carbon components, respectively. A peak at 71 eV correlated with a bromine component is visible in the CNC-Br survey, and quantification of the Br3d spectrum leads to an atomic percentage of bromine equal to 1.0% at the surface of CNC-Br. Figure 3 b and c show the decomposition spectra of the C1s signal for both neat and grafted CNC-Br.

Figure 3 .

 3 Figure 3. a) XPS survey of neat CNCs and grafted CNC-Br and decomposition of the C1s peak of b) neat CNCs and c) CNC-Br spectra; and d) elemental molar compositions and surface functional group compositions obtained by XPS analysis The neat CNC spectrum displays three peaks, at 285.4 eV, 287.0 eV (ΔeV= 1.6 eV), and 288.4 eV (ΔeV= 3 eV), corresponding to C1 (C-C/C-H), C2 (C-O), and C3 (O-C-O/C=O) bonds respectively.

  reaction media and analyzed by 1 H-liquid NMR to determine the polymerization conversion by following the disappearance of peaks related to vinyl protons from the monomer and the appearance of peaks related to protons from the methyl groups of the polymer (Figure 4 b).

Figure 4 .

 4 Figure 4. a) FTIR spectra of GMA, neat CNC and recovered CNC after mixing with GMA in conditions similar to polymerization; b) 1 H-liquid NMR spectra of the recovered reaction media after three different polymerization times, where (a) and (a') correspond to the protons of the end of the double-bond carbon-carbon of the monomer GMA and (B), (B'), and (B'') to the protons of the methyl groups of the polymer PGMA and equation of the conversion rate X calculation with I corresponding to the integral related to the area below the curve of the peak a (I(a)) or of the three peaks B, B' and B'' (I(B,B',B'')); and c) representation of the evolution of conversion as a function of polymerization time

Figure 5 b

 5 shows the FTIR spectra of CNC-PGMA-Br at different polymerization times, recovered from the aliquots after centrifugation in DCM. Qualitative analysis of these spectra confirms the polymerization on CNCs,

Figure 5 .

 5 Figure 5. a) Molar masses of homopolymer and dispersities obtained by conventional SEC analyses; b) FTIR spectra of recovered CNC-PGMA-Br at different polymerization times; c) ratios of peak intensities related to epoxy groups/cellulose and ester groups/cellulose; and d) summary of kinetics study data obtained from 1 H-liquid NMR, SEC (conventional), and FTIR (* Mntheoretical = (p*([GMA]/[EBIB])*MGMA)+MEBIB with p the conversion, [GMA] the initial concentration in monomer, [EBIB] the initial concentration in initiator, MGMA the molar mass of GMA and MEBIB the molar mass of EBIB (the calculation takes into account the polymer chain extremities)) Furthermore, to quantitatively analyze these spectra, the ratios of the absorbance values of both C=O and C-O peaks and cellulose (1110 cm -1 ) were plotted as a function of time. The obtained curves (Figure 5 c) follow the previously mentioned trend: with short polymerization time (1 to 3 h), there is an increase in the polymer chain length at the surface of cellulose, which becomes slower at longer times (4 to 24 h). Taking into account these results (summarized on Figure 5 d), one hypothesis might

Figure 2 a

 2 shows X-ray diffractograms of CNC-PGMA-Br_1h, CNC-PGMA-Br_24h, and PGMA homopolymer, which is not crystallized and whose XRD signature corresponds to consecutive large humps. The CNC-PGMA-Br_1h diffractogram is a combination of diffractograms of PGMA and cellulose I beta, with the presence of characteristic peaks at 22.6° and 34.6°. Similar to CNC-PGMA-Br_1h, CNC-PGMA-Br_24h diffractogram shows characteristic peaks of cellulose I beta, but the presence of the amorphous PGMA polymer is more highlighted here. These results confirm the growth of the PGMA on CNCs with increasing polymerization time.Moreover, according to Figure 2 b, the diameter of polymerized CNC-PGMA-Br in DCM increases with the polymerization duration. Indeed, after 1 h, apparent diameter size is equal to 164 nm (122 nm for neat CNC and functionalized CNC-Br), which is reasonable for dispersed CNC suspension.Nevertheless, after 24 h, CNC-PGMA-Br_24h show a higher mean apparent diameter equal to 255 nm 23The thermal properties of polymerized CNC were investigated through TGA analyses, whose thermograms and derivative thermogravimetry (DTG) curves are presented in Figure6a, showing that polymerization of PGMA at the surface of CNC enhances the thermal stability of the materials.

  presence of a weight loss peak of PGMA in the same temperature ranges as for cellulose. Moreover, the presence of a second weight loss peak for PGMA, polymerized CNC-PGMA-Br_1h, and CNC-PGMA-Br_24h between 350 °C and 480 °C allows an approximation of the amount of PGMA polymerized on CNC. Indeed, taking into account the slight weight loss of cellulose in this second temperature range for calculation, and considering that samples are only composed of cellulose and polymer, a weight percentage of PGMA equal to 38% and 83% respectively for CNC-PGMA-Br_1h and CNC-PGMA-Br_24h are calculated (Figure6 b). The large amount of grafted polymer after 24 h of polymerization is confirmed. Moreover, even after a short polymerization time, nearly 40% by mass of the sample is PGMA, corresponding to the previous kinetic study of this polymerization.

Figure 6 .

 6 Figure 6. a) TGA thermograms and DTG curves of neat CNC, CNC-PGMA-Br_1h, CNC-PGMA-Br_24h, and homopolymer PGMA; and b) thermal degradation onset temperatures and calculated amount of PGMA in both CNC-PGMA-Br_1h and CNC-PGMA-Br_24h

  CNC was first investigated by FTIR analysis, whose spectra are shown in Figure 2 c. Results confirm the conclusion drawn from Figure 5 b, proving the efficiency of the polymerization and the growth of

Figure 7 .

 7 Figure 7. Decomposition of the C1s peak of a) CNC-PGMA-Br_1h, b) CNC-PGMA-Br_24h, and c) PGMA homopolymer obtained by XPS analyses In Figure 7 b, the decomposition spectra of the C1s peak of PGMA homopolymer shows the presence of characteristic peaks of the polymer: at 285.4 eV, 286.1 eV (ΔeV = 0.7 eV), 287.1 eV (ΔeV = 1.7

Figure 8 .

 8 Figure 8. Figure 8 a and b were obtained from cross-sections prepared respectively without and with cryofracture. In Figure 8 a, large micrometric aggregates can be observed. Moreover, sedimentation of these aggregates can be noted and may be related to the casting method used for nanocomposite films preparation. Figure 8 b allows the observation of very distinguishable CNC aggregates. Moreover, cavities are visible and demonstrate the lack of adhesion between the micrometric fillers and the polymeric matrix.

Figure 8 .

 8 Figure 8. SEM images of cross-sections of PLA_CNC10 nanocomposite film a) without and b) with cryofracture and of PLA_CNC-PGMA-Br10 nanocomposite film c) without and d) with cryofractureFigure 8 c and d show SEM images of PLA-based nanocomposites prepared with modified CNC-PGMA-Br after 1 h of polymerization. The cross-section prepared without cryofracture (Figure 8 c) presents a homogeneous surface. Indeed, no micrometric aggregates are visible. Moreover, the cryofractured sample (Figure 8 d) also exhibits a homogeneous cross-section, as no micrometric particles or cavities are visible. This result emphasizes the enhancement of the filler dispersion in the matrix, and thus the improvement of the adhesion between cellulosic nanofillers CNC-PGMA-Br and the PLA matrix. The interface between CNC-PGMA-Br and PLA is therefore improved and is the key point in the elaboration of nanocomposites, because of its influence on the physico-chemical properties of final materials.

Table 1 .

 1 Atomic composition of neat CNCs, CNC-Br, CNC-PGMA-Br_1h and CNC-PGMA-Br_24h obtained by elemental analysis

	Sample	Experimental values %C %O %H %S	DSSO3	Corrected values %C %O	Experimental O/C	Theoretical O/C	DS %PGMA
	Neat CNC	40.7 50.8 6.4	0.8	0.04	41.5	51.8	1.2	1.1	-	0
	CNC-Br	42.0 45.3 6.0	0.8	0.04	42.8	46.2	1.1	0.8	0.17	0
	CNC-PGMA-Br_1h CNC-PGMA-Br_24h	49.6 37.0 6.9 53.2 36.7 6.9	0.6 0.2	0.03 0.01	50.6 54.2	37.7 37.4	0.7 0.7	0.7	--	48 70
	PGMA (theoretical)	-	-	-	-	-	59.1	33.8	-	0.6	-	100

Table 1 .

 1 Values

	are not totally equal to those previously calculated through TGA thermograms (Figure 6 b), but the
	trend is similar, keeping in mind that TGA and elemental analysis have different sensitivities and
	involve different approaches. The amount of PGMA with increasing polymerization time, and
	approximately 48% and 70% by mass of PGMA is attached to CNCs after 1 h and 24 h respectively.

One of the primary challenges to SI-ATRP on CNCs involves the characterization and quantification of the grafted polymer at the surface of the nanomaterials. Hansson at al.

[START_REF] Hansson | Selective cleavage of polymer grafts from solid surfaces : Assessment of initiator content and polymer characteristics[END_REF] 

particle coupling reactions between CNC-PGMA-Br is a possible explanation.
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investigated this point by proving that the kinetics of the polymerization at the surface of CNCs is similar to those in the media from a sacrificial initiator. Previous characterizations allow the proof of the polymerization as well as an estimate of the calculated amount of polymer. The surfaces of polymerized CNC-PGMA-Br_1h and CNC-PGMA-Br_24h were investigated by XPS analyses; the decompositions spectra of the C1s signal are presented in Figure 7 c andd.

CNCs are more aggregated in non-polar solvent. In both cases, the presence of characteristic bonds of the polymer, and especially carbonyl groups and epoxy rings are highlighted, although 1 h of polymerization seems to optimize the reaction conditions for the preparation of well-dispersed, polymerized, hydrophobized CNCs for further incorporation in hydrophobic polymer matrices or further chemical modification. SEM images of PLA_CNC-PGMA-Br10 nanocomposites highlight the improvement of the adhesion between the polymer and the cellulosic nanofillers. Currently, this issue remains the main challenge in nanocomposite field. The results presented in this study are encouraging and could lead to the improvement of the barrier and mechanical properties of PLA-based materials.