N
N

N

HAL

open science

Polymerization of glycidyl methacrylate from the surface of
cellulose nanocrystals for the elaboration of PLA-based
nanocomposites

Manon Le Gars, Julien Bras, Hanéne Salmi-Mani, Marisol Ji, Diana Dragoe, Sandra

Domenek, Hajar Faraj, Naceur Belgacem, Philippe Roger

» To cite this version:

Manon Le Gars, Julien Bras, Hanéne Salmi-Mani, Marisol Ji, Diana Dragoe, et al.. Polymerization of glycidyl
methacrylate from the surface of cellulose nanocrystals for the elaboration of PLA-based nanocomposites.

Carbohydrate Polymers, 2020, 234, pp.115899. <10.1016/j.carbpol.2020.115899). <hal-03322807)

HAL Id: hal-03322807
https://hal.science/hal-03322807v1

Submitted on 21 Jul 2022

HAL is a multi-disciplinary open access archive
for the deposit and dissemination of scientific re-
search documents, whether they are published or not.
The documents may come from teaching and research
institutions in France or abroad, or from public or pri-
vate research centers.

L’archive ouverte pluridisciplinaire HAL, est des-
tinée au dépot et a la diffusion de documents scien-
tifiques de niveau recherche, publiés ou non, émanant
des établissements d’enseignement et de recherche
francais ou étrangers, des laboratoires publics ou
privés.

Distributed under a Creative Commons CC BY-NC 4.0 - Attribution - Non-commercial use - International
License


https://hal.science/hal-03322807v1
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://hal.archives-ouvertes.fr

Version of Record: https://www.sciencedirect.com/science/article/pii/S0144861720300734
Manuscript_31495e8bb36578{2d001262579a19{8f

10
11
12
13
14

15
16
17
18
19
20
21
22
23
24

Polymerization of glycidyl methacrylate from the
surface of cellulose nanocrystals for the elaboration of

PLA-based nanocomposites

Manon Le Gars ? (manon.le-gars @lgp2.grenoble-inp.fr), Julien Bras 2

(julien.bras @ grenoble-inp.fr), Hanéne Salmi-Mani P (hanene.salmi@u-psud.fr), Marisol Ji ?
(mjil119@hotmail.com), Diana Dragoe P (diana.dragoe @u-psud.fr), Hajar Faraj ¢
(hajar.faraj@agroparistech.fr), Sandra Domenek ¢ (sandra.domenek @agroparistech.fr),
Naceur Belgacem # 9 (naceur.belgacem @pagora.grenoble-inp.fr), Philippe Roger !

(philippe.roger @u-psud.fr)

@ Univ. Grenoble Alpes, CNRS, Grenoble INP?, LGP2, F-38000 Grenoble, France

b Institut de Chimie Moléculaire et des Matériaux d’Orsay (ICMMO), UMR 8182, Université Paris Sud, CNRS,
Université Paris-Saclay, 91405 Orsay, France

¢ UMR Ingénierie Procédés Aliments, AgroParisTech, INRA, Université Paris Saclay, F-91300 Massy, France

4 Institut Universitaire de France (IUF), 75000 Paris, France

Abstract

Cellulose nanocrystals (CNCs) are used to design nanocomposites because of their high aspect ratio
and their outstanding mechanical and barrier properties. However, the low compatibility of hydrophilic
CNCs with hydrophobic polymers remains a barrier to their use in the nanocomposite field. To
improve this compatibility, poly(glycidyl methacrylate) (PGMA) was grafted from CNCs containing
a-bromoisobutyryl moieties via surface-initiated atom transfer radical polymerization. The novelty of
this research is the use of a reactive epoxy-containing monomer that can serve as a new platform for
further modifications or crosslinking. Polymer-grafted CNC-PGMA-Br prepared at different
polymerization times were characterized by XRD, DLS, FTIR, XPS and elemental analysis.

Approximately 40% of the polymer at the surface of the CNCs was quantified after only 1 h of
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polymerization. Finally, nanocomposites prepared with 10 wt% CNC-PGMA-Br as nanofillers in a

poly(lactic acid) (PLA) matrix exhibited an improvement in their compatibilization based on SEM

observation.
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1. 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 (Nechyporchuk
et al., 2016). Conversely, since the 1960s, CNCs are produced by performing an acid hydrolysis,
meaning removing the amorphous part of cellulose (Habibi et al., 2010; Kargarzadeh et al., 2018).
Such nanomaterials are relevant for a large number of research fields, like nanocomposites (Ferreira et
al., 2017; Habibi, 2014; Kargarzadeh et al., 2018; Oksman et al., 2016), coatings (Ferrer et al., 2017;
Hubbe et al., 2017), packaging (Ferrer et al., 2017; Hubbe et al., 2017), and biomedical applications
(Domingues et al., 2014; Jorfi & Foster, 2015; Lin & Dufresne, 2014). 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 H,SO4 leads to CNCs with
different dimensions and aspect ratios. The resulting sulfuric-acid-hydrolyzed CNCs hold sulfate half
ester groups (-OSOs") on their surface (Beck et al., 2015; Foster et al., 2018), with a surface charge
density generally in the range from 80 to 350 umol.g™"! (Foster et al., 2018; Reid et al., 2016). 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 (Foster et al., 2018; Kargarzadeh et al., 2018) — induce
colloidal stability of aqueous suspensions (Beck et al., 2015; Foster et al., 2018). In addition to their
high aspect ratio, CNCs exhibit a high surface area (Foster et al., 2018; Natterodt et al., 2017), high
crystallinity (Klemm et al., 2011), and a large availability of hydroxyl groups on their surface (Foster
et al., 2018; Natterodt et al., 2017). Moreover, their rod-like shape, their high mechanical strength
(Young’s modulus between 120 and 200 GPa) (Dufresne, 2018; Lin et al., 2012), and their
sustainability make them attractive materials as fillers in nanocomposites (Boujemaoui et al., 2017; E.

Espino-Pérez et al., 2016; Etzael Espino-Pérez et al., 2018; Oksman et al., 2016).

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 (Moon et al., 2011), depending on their
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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 well-
dispersed nanofillers (Belgacem, 2008; Siqueira, Bras, & Dufresne, 2010). These challenges can be
overcome through chemical or physico-chemical modifications of CNCs (Eyley & Thielemans, 2014;
Habibi, 2014; Natterodt et al., 2017), by grafting single molecules (de Castro et al., 2016; Etzael
Espino-Pérez et al., 2014; Eyley & Thielemans, 2014) or polymers chains (Azzam et al., 2010;
Boujemaoui et al., 2017; Goffin et al., 2011) at the surface of CNCs, or by adsorbing various
molecules, involving ionic or low-energy bonding phenomena (Abitbol, 2014; Kargarzadeh et al.,

2018; Kedzior et al., 2017).

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 (Kloser & Gray, 2010; Sessini et al., 2018; Zhou et al., 2018), 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 (Boujemaoui et al., 2017; Habibi et al., 2008; 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 (Zhang et al., 2018). Ring-opening polymerization (ROP) (Goffin et al., 2011; Habibi et
al., 2008) and atom transfer radical polymerization (ATRP) (Kedzior et al., 2016; Morandi et al., 2009;
Zoppe et al., 2010) 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 (Boujemaoui, Mongkhontreerat, Malmstrom, & Carlmark, 2015; Kedzior et al., 2016;
Morandi et al., 2009; Zoppe et al., 2010). 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
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acquired (Hansson et al., 2011). 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 (Zoppe et al., 2016).
Sessini et al. reported the polymerization via grafting-from of L-lactide and e-caprolactone at the
surface of CNCs and studied the morphological, thermal, and mechanical properties of such modified

CNCs in various polymer matrices (Sessini et al., 2018).

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 (Cafiamero et al., 2004) 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 (Cafiamero et
al., 2004). These methods aim to control the polymerization behavior. PGMA was selected for this
study because of its hydrophobicity (Nystrom et al., 2006) 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 (Martinez-Sanz et al., 2013). 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 (Hansson, Ostmark, Carlmark & Malmstrom, 2009). Malmstrom et al. presented
different ways of functionalizing cellulose papers by controlling the surface grafting (Malmstrom &
Carlmark, 2012) 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
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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 (Cheng, Wei, Zhang & Cai, 2018).

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 (Etzael Espino-

Pérez et al., 2018; Miao & Hamad, 2016; Robles et al., 2015).

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 o-
bromoisobutyryl bromide (BIB), a brominated initiator commonly used in ATRP (Cafiamero et al.,
2004; 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.

2. Materials and methods

2.1. 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), a-
bromoisobutyryl bromide (BIB), ethyl o-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 (McCaig et al., 2014). Glycidyl methacrylate (GMA) was

purchased from Fisher Scientific (France) and purified through a basic alumina column to remove

6
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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.

2.2. Functionalization of CNC with a-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.

2.3. 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
(Cafamero et al., 2004). 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]o:[EBIB]o:[PMDETA]o:[CuBr]o = 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

7
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supernatant was purified on a basic alumina column, precipitated in cold methanol, filtered, and dried

under vacuum.

2.4. 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]o:[PMDETA]Jo:[CuBr]o = 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 'H-NMR, and a conversion rate of 52% and a theoretical molar mass of 7300 g.mol!

was calculated. This homopolymer was used as reference PGMA in this study.

2.5. 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.gene™!), 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-um-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.

2.6. Characterization methods

2.6.1. 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* wt%) were deposited on clean mica plates, which were allowed to dry by evaporation overnight.
Approximately ten scans of 10 um x 10 pm and 3 ym x 3 pm 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.



228
229
230
231
232
233
234
235

236
237
238
239
240
241
242

243

244

245
246
247
248

249
250
251
252
253
254
255
256
257

2.6.2. Transmission Electron Microscopy (TEM)

TEM copper grids with thin amorphous carbon films were submitted to glow discharge in an easiGlow
station (Pelco). A 4-uL 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.

2.6.3. 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 (Ka (Cu) = 1.5419 A) 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 (Ahvenainen

et al., 2016; Park et al., 2010; Segal et al., 1959) (Equation 1 below).
CI =1 = Lin/To2).100

Equation 1. Cristallinity index (CI) according to the Segal height peak method
where I,m corresponds to the intensity at the minimum (at 20 = 18.3°) and o2 corresponds to the main
crystalline peak (at 20 =~ 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.

2.6.4. 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 102 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. Boluk and Danumah (Boluk & Danumah, 2014) provided

details of this principle applied to CNC analysis.
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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 a 1'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™!, with a resolution of 4 cm™ and 300 scans. Spectra were

visualized and normalized using OPUS software and were at least duplicated.

2.6.7. 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

(AGU), in accordance with Equation 2 below (Etzael Espino-Pérez et al., 2014):

DS = M(C)acu - @c.(Macu+DSs503.Ms03)) / (c.Mguted - M(C)grafied)
Equation 2. Degree of substitution (DS)
where M(C)acu is the carbon molar mass of an AGU, Maguis the molar mass of an AGU, oc is the
carbon weight fraction (in %) obtained from elemental analysis, Mgufied 1s the molar mass of the
grafted moieties, and M(C)gufiea is the carbon molar mass of the grafted moieties. DSsos is the degree
of substitution of sulfate half ester groups similarly calculated from the sulfur weight fraction (S%),
Msos is the molar mass of —OSOs™ groups and Ms the sulfur molar mass of —OSOs™ groups, as shown in

Equation 3 below:

DSso03 = (S%.Macu)/(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+((DSs03.Mso03)/Macu). Other

10
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correction methods have also been proposed in the literature (Etzael Espino-Pérez et al., 2014;

Siqueira, Bras, & Dufresne, 2010).

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 Ka, 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 Cls neutral carbon peak at 285.4 eV.

2.6.9. '"H-Liquid State Nuclear Magnetic Resonance (1H-NMR)
'"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.

2.6.10. 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 pL. The calibration range

corresponded to linear polystyrene standards. The process was duplicated.

2.6.11. 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
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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.

3. Results and discussion

3.1. 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 (Reid et al., 2016) 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 (Viet, Beck-Candanedo & Gray, 2007).

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

Using the AFM and TEM images (Figure 1 b and c), 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 (Foster et al., 2018; Reid et al., 2016). 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

(Habibi et al., 2010).

3.2. Preparation of initiator modified CNC

BIB is a common reagent used in the CNC functionalization based on ATRP. As found in the literature
(Boujemaoui et al., 2015; Morandi et al., 2009; Nystrom et al., 2006), 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
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340  applied to the GMA monomer. The functionalization of CNCs with BIB, leading to CNC-Br, is

341 illustrated in Scheme 1 below.

Anhydrous DMF,
DMAP, TEA, BIB
24 hours

Functionalization
with BIB

Anhydrous DMF,

SI-ATRP of GMA GMA, PMDETA,
CuBr, EBIB

24 hours

342
343 Scheme 1. Procedure for to the preparation of CNC-Br and CNC-PGMA-Br materials

344 Conservation of the structure of the CNCs after their functionalization is crucial and has been
345  investigated by XRD analyses. Figure 2 a shows wide-angle diffractogram of modified CNC-Br,
346  whose spectra correspond to cellulose I beta. The calculated CI is equal to 86%, confirming the
347  conservation of the crystalline structure of CNC-Br. Modified CNC-Br are well-dispersed in DCM,
348  with a mean apparent diameter size of 122 nm, which is similar to that of neat CNC dispersed in DCM

349  (Figure 2 b). Even if the dispersion of CNC in DCM does not lead to conclusions regarding their
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350  dispersion in DMF, the dispersion state in DCM provides some insight about their dispersion in polar
351  DMF. This dispersion should theoretically be greater. Thus, it is likely that isolated CNC-Br in DMF

352  would provide a large accessible surface for further polymerization.

CNC-PGMA-Br_24h

Intensity (a.u)

CNC-Br : CI=86%

Neat CNC : CI=91%

5 15 25 3s 45 55
209
m ....... Neat CNC
= CNC-Br
CNC-PGMA-Br 1h
~——— CNC-PGMA-Br 24h
122 nm
5 i 1122nm
3 :
£
z
~
E
1 10 100 1000

Diameter size (nm)

/ \('.\'(' PGMA-Br_24h ﬂ I’ k M ;
A NGB »__pAA

3

2

s -

= b

S

] I Neatohe ...

PGMA
3600 2600 1600 600

353 Wavelength (cm-1)
354 Figure 2. a) X-ray diffractograms of neat CNCs, pre-functionalized CNC-Br, CNC-PGMA-Br after 1 h and 24 h of
355 polymerization and PGMA homopolymer; b) DLS curves of neat CNC, pre-functionalized CNC-Br and CNC-PGMA-Br
356 after two different polymerization times in dichloromethane; and ¢) FTIR spectra of PGMA homopolymer, unmodified CNC,
357 grafted CNC-Br, polymerized CNC-PGMA-Br-1h, and CNC-PGMA-Br_24h
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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™ and 3700 cm corresponding to the stretching vibrations bands of the -OH bonds of
hydroxyl groups, as well as peaks at 1110 cm™, 1060 cm™ and 1035 cm corresponding to the
vibration of the -C-O bonds of carbons from the repeating unit of cellulose), the peak at 1730 cm is
correlates to the -C=0 vibration band resulting from ester functional units introduced at the surface of

CNC (Figure 2 ¢).

Moreover, no peak near 1760-1800 cm™ corresponding to the (-C=0)-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).
Experimental Corrected
Experimental Theoretical
Sample values DSsos3 values DS | %PGMA
o/C o/C
%C | %0 | %H | %S %C | %0
Neat CNC 40.7 | 508 | 6.4 | 0.8 | 0.04 | 415 | 51.8 1.2 1.1 - 0
CNC-Br 420 | 453 | 6.0 | 0.8 | 0.04 | 42.8 | 46.2 1.1 0.8 0.17 0
CNC-PGMA-
496 | 370 | 69 | 0.6 | 0.03 50.6 | 37.7 0.7 - 48
Br_1h
0.7
CNC-PGMA-
532 (367 | 69 | 0.2 | 0.01 542 | 374 0.7 - 70
Br_24h
PGMA
- - 59.1 | 33.8 - 0.6 - 100
(theoretical)
Table 1. Atomic composition of neat CNCs, CNC-Br, CNC-PGMA-Br_1h and CNC-PGMA-Br_24h obtained by elemental
analysis

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). Figure 3 a 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
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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 ¢ show the decomposition spectra

of the Cl1s signal for both neat and grafted CNC-Br.
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b | —Cl —cl
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2 = 20000
S S
20000
,I
5 10000 ’
10000 7 Ve
4§ ’
(4 .
Il' /’, 7 4
0 T 3l 0 -
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Binding energy (eV) Binding energy (eV)
n Sample Experimental values C1s decomposition
%C %0 o/C | C-C/C-H | C-O0 | 0-C-0/C=0 | O-C=0 | C*C=0 | C-0O-C (epoxy ring)
Neat CNC 56 44 0.79 7 72 21 - - -
CNC-Br 57 41 0.72 8 69 18 5 - -
CNC-PGMA-Br_1h 68 32 0.47 29 13 - 9 15 33
CNC-PGMA-Br_24h 70 30 043 21 17 - 16 18 28
PGMA homopolymer 72 28 0.39 30 31 - 13 13 13

Figure 3. a) XPS survey of neat CNCs and grafted CNC-Br and decomposition of the C1s peak of b) neat CNCs and
¢) 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 (AeV= 1.6 eV), and 288.4 eV
(AeV= 3 eV), corresponding to C1 (C-C/C-H), C2 (C-0O), and C3 (O-C-O/C=0) bonds respectively.
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
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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 a-bromoisobutyryl bromide grafting, a C4 contribution appears in the CNC-Br spectrum
and is correlated to the introduction of (O-C=0) bonds on the material with a ratio of 5%, which
confirms the success of the bromide derivative grafting, as previously described in the literature (Tian
et al., 2014) (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
(Dufresne, 2018)) for the neat CNCs to 0.72 for the CNC-Br as a result of the a-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.

3.3. Kinetics of the SI-ATRP of GMA

Prior to any polymerization and characterization, it is essential to determine that no parallel reaction —
especially 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=0 bond from GMA at approximately 1720 cm™'. 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 (Barbey et al., 2013; Cafamero et al., 2004) 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
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425  substrate (CuBr/PMDETA) leads to the conservation of active epoxy groups on the polymer chains
426  (Wang et al., 2017). Meanwhile, the presence of these epoxy groups at the surface of polymerized
427  CNC is one objective of this polymerization and is precisely investigated in this study. Kinetics is the
428  key point in the understanding of a polymerization, and was investigated in this study. At different
429  times during SI-ATRP of GMA initiated by CNC-Br materials, aliquots were withdrawn from the
430  reaction media and analyzed by 'H-liquid NMR to determine the polymerization conversion by
431  following the disappearance of peaks related to vinyl protons from the monomer and the appearance of

432 peaks related to protons from the methyl groups of the polymer (Figure 4 b).
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434 Figure 4. a) FTIR spectra of GMA, neat CNC and recovered CNC after mixing with GMA in conditions similar to
435 polymerization; b) 'H-liquid NMR spectra of the recovered reaction media after three different polymerization times, where
436 (a) and (a’) correspond to the protons of the end of the double-bond carbon-carbon of the monomer GMA and (B), (B’), and
437 (B’’) to the protons of the methyl groups of the polymer PGMA and equation of the conversion rate X calculation with I
438 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”’
439 (I(B,B’,B’’)); and ¢) representation of the evolution of conversion as a function of polymerization time

440  The recorded NMR spectra show decreasing peak intensity at 5.6 and 6.1 ppm related to the vinyl
441  protons of the monomer. In parallel, the intensity of the peaks between 0.9 and 1.2 ppm related to the

442 protons from the methyl group from the growing polymer clearly increased. Conversion (p) of the

18



443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469

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 In(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 D was calculated as the ratio of weight average molar mass (Mw) to the number average molar
mass (Mn). The results are presented in Figure S 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! to 9791 g.mol”,
followed by a slower rate of polymerization reaching molar masses equal to 10343 g.mol! after 24 h
of reaction (Figure 5 d). This behavior has been previously described for a similar system
(GMA/CuBr/PMDETA) in the literature (Xiao et al., 2011), 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. Figure 5 b 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,
with an increase in the peak at 1725 cm related to the C=O stretching of ester groups and the
presence of a peak at 910 cm™! 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 (Sabatini, 2007), 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.
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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 'H-liquid NMR, SEC (conventional), and

FTIR (* Mntheoretical = (p*([GMA]/[EBIB])*Mama)+Mesis with p the conversion, [GMA] the initial concentration in monomer,
[EBIB] the initial concentration in initiator, Mgma the molar mass of GMA and Mggis 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=0
and C-O peaks and cellulose (1110 cm™) 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
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.

3.4. 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. Figure 2 a shows X-ray diffractograms of CNC-PGMA-Br_lh, 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

21



503  and a larger peak, leading to a worse dispersion of grafted nanoparticles in the suspension. Inter-

504  particle coupling reactions between CNC-PGMA-Br is a possible explanation.
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The thermal properties of polymerized CNC were investigated through TGA analyses, whose
thermograms and derivative thermogravimetry (DTG) curves are presented in Figure 6 a, showing
that polymerization of PGMA at the surface of CNC enhances the thermal stability of the materials.
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
(Zhang et al., 2018). Their method appears to be not totally applicable in our case because of the
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 (Figure 6 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.

n -
------ Neat CNC

CNC-PGMA-1h 140
=== CNC-PGMA-24h
= PGMA

100

DTG (%/min)

30 130 230 330 430

m Temperature (°C)

Sample % weight loss (350°C-480°C) | Thermal degradation onset Tonsee (°C) | PGMA (%0owt)
CNC 14 305 0
CNC-PGMA-Br_1h 30 314 38
CNC-PGMA-Br_24h 49 326 83
PGMA homopolymer 56 319 100
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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

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.

3.5. Efficiency of SI-ATRP on CNCs

The efficiency of the polymerization of GMA from brominated initiator sites previously grafted on
CNC was first investigated by FTIR analysis, whose spectra are shown in Figure 2 c. Results confirm
the conclusion drawn from Figure S b, proving the efficiency of the polymerization and the growth of
the polymer over time. Indeed, peaks at 910 cm™!, 906 cm™!, 1728 cm!, and between 2840 cm’! and
3000 cm! are respectively characteristic of the epoxy groups, terminal vinyl groups and ester bonds
from carbonyl groups, and -CH: and -CHj; 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 (C7H1003), 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 Table 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. (Hansson et al., 2011)
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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 ¢ and d.
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In Figure 7 b, the decomposition spectra of the Cls peak of PGMA homopolymer shows the presence
564

of characteristic peaks of the polymer: at 285.4 eV, 286.1 eV (AeV = 0.7 eV), 287.1 eV (AeV = 1.7
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eV), 287.5 eV (AeV =2.1 eV), and 289.5 eV (AeV = 4.1 eV) for respectively the C-C/C-H, C*-C=0-,
C-0, C-O-C (epoxy ring), and O-C=0 bonds. The CNC-PGMA-Br_lh and CNC-PGMA-Br_24h
(Figure 7 ¢ and d) decomposition spectra show the same characteristics, as well as a peak
characteristic of cellulose at 288.2 eV (AeV = 3.3 eV) related to the C3 signal (O-C-O or C=0) from
the neat CNCs. It is important to note that the intense C2 signal from cellulose is also present but is
superimposed over other C-O and C-O-C peaks. This result confirms the grafting of a PGMA polymer
layer onto CNCs.

Moreover, the determination of the O/C ratio (Figure 3 e) leads to a value of 0.47 for CNC-PGMA-
Br_1h materials, whereas a ratio of 0.42 is observed for CNC-PGMA-Br_24h, which is similar to the
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.

3.6. 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_CNCI10 and
PLA_CNC-PGMA-Br10 nanocomposites were observed by SEM. Related images are presented in
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.
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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 ¢) without and d) with cryofracture

Figure 8 ¢ 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.

4. 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
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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.
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