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Abstract

Cellulose nanocrystals (CNC) are {iased nanoparticles, which display an array of interesting
properties related to their renewability, biocompatibility, high tensile strength and elastic modulus, high
aspect ratio, low density, low coefficierfttbermal expansiorandliquid crystalbehavior. As a result,

CNC canbe exploitedin a wide variety b applications, which include the fields of composites,
catalysts, emulsions or colloidosomes. However, the engineering of innovative nanomfatenials
CNC generallyrequiresa fine control of their surface properties by chemical modification, to tailor
their dispersive, interfacial and sel§sembling properties, or to introduce novel functionalities. In this
context, the surface functionalization of cellulose nanocrystals by esterification and Suitfatsd

Atom Transfer Radical Polymerization (BT RP) reactions was envisaged, with the objective to

develop novel advanced materials.

The first chapterdescribes thestateof-the-art of the field in which the cellulose nanocrystals are
presented, with their properties, methods of functionalization atehipm applications. A brief
overview of the SATRP reactioris also given

In the second chapter, a convenient method is proposed to directly characterize the polymer grafted by
SIFATRP on the CNC surface, without cleaving the polymer from the nandpariihe SIATRP

grafting of polystyrene (PS) at the CNC surfa@s performedrom brominated CNC initiators, in the
presence of a sacrificial initiator. With this work, we show that Dynamic light scattering (DLS) is a
convenient tool to monitor the polwrnization process, while differential scanning calorimetry (DSC)

can be used to verify if the polymerization rates of the grafted and free polyonecile Finally, we
demonstrate that thermogravimetric analysis (TGA) can be used to directly estimaieldalar

weight of the PS grafted at the surface of the CNC without cleaving the polymer from the nanoparticle.

In the third chapter, both }ATRP and Surfacénitiated Activator ReGenerated by Electron Transfer
ATRP (SFARGET ATRP)were conductetb graft PS and P4VP on the surface of CNC. TRABRP

and SIARGET ATRP approaches were systematically compared to evaluate the potential benefit of
each method. The surface initiating efficiencies (SIE) of the - ®N@acroinitiators with regards to

styrene o P4VPwere evaluatetly TGA and EA, respectivelylhe combination of analytical methods
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such as FAIR, DLS, DSC,TGA, and EAdemonstratethat the SIARGET ATRP reaction favored the
grafting of longer polymer chains with lower grafting densities compaittdthe classical SATRP
method. The impact of catalyst concentration and propagation rate on the differences/asted
particularly discussed

In the fourth chapter, piesponsive P4VH-CNC nanohybridswere prepared by SATRP and
subsequently used ttabilize gold nanoparticles (AMPs) and produce recyclable catalysts. The
presence of P4VP brushes at the CNC surface led to the growing of Au NPs of lower averaged diameter
compared with the diameter of the Au NPs deposited on pristine CNC. The cataljtirmanceof

pristine Au NPsAu NPs stabilized by CNCAU@CNQO and Au NPs stabilized by P4\\B-CNC
(Au@P4VRg-CNC) were then compared, through the measurement of the turnover frequency (TOF)
obtained after catalytic reduction ofnitrophenol (4NP), sed asa modelreaction. Compared with
pristine Au NPs, the catalytic activity of AuU@CNC and Au@P4)y€NC were about 10 and 24 times
better, respectively. Moreover, the Au@P4¥HZNC material could be conveniently recovered by

flocculation at basic pHard the recycled catalyst remained highly active.

In the fifth chapter, Ultraviolet (U\Wjesponsive polginnamoyloxyethyl methacrylate) (PCEM) was
grafted on CNC using SATRP. The resultant PCE{grafted CNC (PCEMJ-CNC) exhibits high UV
absorption propgies and undergoes crosslinking under UV irradiation. When the RPGEMC
nanohybridsvere incorporateth poly(vinyl chloride), transparent composite films with iocking
properties were obtaine@lhe comparison of the optical and mechanical propesfidise films before

and after UVirradiation allowedt to be demonstratetiat the PCEMJ-CNC nanoparticles also acted
as thermal and Ustabilizers for PVC. Meanwhile, the tensile mechanical properties of the PVC film

were significantly improved, and filner increased after Uradiation.

In the sixth chapter, a facile method to prepare colloidosomes at room tempisratugosedrom

w/o inverse Pickering emulsions containing silica precursors and stabilized by cinnamate modified
CNC (CinCNC). Cin-CNC Pickering surfactantsvere preparedy acylation with an excess of
cinnamoyl chloride. The CiI€NC surface displayed partial wettability with both toluene and water,
which allowedstabilizationw/o inverse Pickering emulsions. The @MNC particles arowh the

droplets were subsequently lockedy crosslinking TEOS or TBOS silica precursors at the
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water/toluene interface, leading to an intricate network of polysiloxane within thR€XBihshell. In
optimized conditions, the Gi@NC/silica colloidosomes oliteed displayed a robust shell and slow
releasing capacity with regards to encapsulated molecules such as rhodamine B or fluorescent
deoxyribonucleic acid (DNA).

In the last chapter, we summarized the general conclusions of the #mekiproposed some
recanmendations for the future warkhe cellulose nanocrystals were modified by esterification and
surface initiated Atom TransfeRadical Polymerization. The characterization, mechanism and
advanced applications of the functionalized CNC were envisaged Bagbe research and results in

this project, we also proposed some recommendations for the future work on the modification of CNC

and the other advanced applications.
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Chapter 1
St ad f& h-&r t

1.1 Cellulose nanocrystals (CNC)
1.1.1 Introduction to CNC

1.1.1.1 Cellulose

Fossil fuel is still the mosimportantenergy resource and a raw miakewidely used in industry.
However, after the immoderate usage of fossil fuels for husdrbgkars, the climate change athe
environmental pollution issues have becontieraatto the sustainable developmeithuman beings.
Therefore, there is améreasing demand today to replace petrokdased synthetic materials with
natural materials, which are abundant, renewable, sustainable, and inexggsiki@se in particular,
has been used byankindfor thousands of years, in the form of wood oefg{energy sourcebuilding
material, furniture, clothing) It hasalso beerexploited asa primaryraw mateial for more than 150
years in paper, packaging, textile or food indust@elluloid, for instance, is the firdtumanmade
thermoplastic polymer material, whiés obtainedby reacting cellulose withitric acid! In recent
decadegthe nanostructured form of cellulose has also drawn increasing attenpicutee bio-based
nanomaterials foadvanced appgetions’®

Cellulose is the most abundant biopolymer on eaitoi 7.5x10'° tons of cellulose beingroduced
in the biosphere every yearAbout 50% of the carbon in the biosphere exists in the form of cellulose.
It is the main component of plant cell walis,whichit is prodiced by photosynthesibutit canalso
besynthesized by bacter@ foundin animals* The structure of wood from tree to celluldseshown

in Figure1.1.”®

Therepeat unit obelluloseis ananhydroglucosenit (AGU), whichis linkedby b (1Y 4)-glycosidic
linkages The intramolecular and intermolecular hydrogen bohdsveenAGU confer tocellulose a
layerby-layer structure Figure 1.2), which isquite stable and is responsible for the high sjtiemf

the material.
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1.1.1.2 The different types of nanocellulose materials

Due to the hydrogebonds between AGUs, some cellulose chains are tightly packed together as highly
ordered cellulose crystal regions, but some chains stay in an amorphous form. Therefdiféetant
kinds of structuratlomairs are found in the cellulose of plantsanonetersized crystategionsand

amorphous regions, akown inFigurel.3.

Crystal region Amorphous region

HO

HO

Hydrolysis by H,SO, 0S0;”
HO

CNC
(L =50-300 nm;
Cellulose diameter = 5-20 nm)

Figure 1.3. Crystal and amorphous regions in the cellulose found in plant and isolatiorf €NC
by sulfuric acid hydrolysis of the amorphous regions.

The amorphous domains of cellulose can be removed by chemical processes, to release the
nanocellulose material in the form ogllulose nanocrystals (CNC). Howeveellulose nanofibers

(CNF) conaining both crystalline and amorphous regions afso beproduced by mechanical
treatment. In a third approach, nanocellulose can be biosynthesized by bacteria, and in théds case, it
termedbacterialnanocellulosgBNC). So far, theterminologyto referto nanocellulosas still not
consistent in the literature. Many otherms can be foundlike microfibrillated cellulose (MFC),
nanocrystalline celluloséNCC) or cellulose nanowhiske(€NW). The different types of cellulose
nanomaterials with their nansource, method of isolation and typical sire summarizeth Table

1.1t

CNC can be producedrom some cellulosic substrateby sulfuric acidtreatmentcombined with
sonication*1%12 The treatment provokes the hydrolysis of the amorphous regions, leading to the

release of nansized rodlike particlesbearing sulfate ester groupa their surfacgFigure1.3). The

3



diameter of CNC is similar to that of CNF, but the length is smallea{lysoetween 50 and 300 nm).
Since the amorphous domains h&een removedhe crystallinity index of CNC is quite high (about

90% in general). CNBErethe nandfibrils of cellulose with a high aspect rati@enerally, theliameter

of CNF is in the range of80nm, and the lengtin the order of several micrometeér€NFis typically

producedoy mechanical disintegration of pulp, cottomacroaystallinecellulose and is composed of

both crystalline and amorphous regiofkerdore, the crystallinity indewf CNF is lower than that of

CNC. BNCis producedy aerobic bacteria belonging to the Gluconacetobgetans and is composed

of interconnected fibril$® The dimensions, pysical and chemical properties of nanocellulose depend

on the source and preparation process.

Table 1.1. The different typesof nanocellulose materials

Selected references and
synonyms

Type of nano-
cellulose

Typical sources

Formation and average size

microfibrillated
cellulose
(MFQ)

microfibrillated cellulose,™
nanofibrils and microfibrils,
nanofibrillated cellulose

nanocrystalline
cellulose

(NCC)

cellulose nanocrystals, crystalli-
tes,” whiskers,P! rodlike cellu-
lose microcrystals'!

bacterial cellulose,”! microbial
cellulose,® biocellulose

bacterial nano-
cellulose
(BNC)

wood, sugar beet, potato tuber, hemp, flax

wood, cotton, hemp, flax, wheat straw, mul-

berry bark, ramie, Avicel, tunicin, cellulose
from algae and bacteria

low-molecular-weight sugars and alcohols

delamination of wood pulp by mechanical
pressure before and/or after chemical or enzy-
matic treatment

diameter: 5-60 nm

length: several micrometers

acid hydrolysis of cellulose from many sources
diameter: 5-70 nm

length: 100-250 nm (from plant celluloses);

100 nm to several micrometers (from celluloses of
tunicates, algae, bacteria)

bacterial synthesis

diameter: 20-100 nm; different types of nanofiber
networks

1.1.1.3 The preparation of CNC

The first colloidal suspension of CNC was obtained by sulfuric acid degradation of cellulose fibers,

following the work ofRaby in the 1950s3% This is the most popular method to prepare CN@e

treatment provokes the hydrolysis of the amorphous regions, but the nanocrystals are preserved, their

resistance to acid hydrolysis being hégtWith sulfuric acid asmall part of thénydroxyl groups at the

CNC surface is concurrently substituted by sulfate ester groups, leadiegaiivelychargedarticles

(Figure 1.3). As a consequenc&NC form stable dispersions in water byeetrostatic repulsion

between th@egativechargesWhenhydrochloric acid is used instead of sulfuric acid, the nanoparticles

are not negatively chargeshd a limited dispersibility in watés obtained

4



The production o€ENC by sulfuric acid hydrolysieas been recently scaleg@, butmany parameters
caninfluencethe quality of the final product, particular the temperature, the hydrolysis time and the
ratio of acid to cellulose. Typically,f@gh concentration of sulfic acid (about 65 wt%} usedn the
hydrolysis process. The temperature rafggween 20 and AT, and the reaction cdre conducted
for 30 min to several hours. The size, crystallinity index, mechapiiopkrtiesand amount of surface
chargegiepenl strongly orthe hydrolysis conditiosenerally, anncrease in temperature, hydrolysis
time or acid to cellulose ratio leads to a decreased lengtheafancrods obtainedt>'6 After the
treatment, wasleentrifugation cycles and dialysis ayenerallyrequired to remove the acid and other

residuesThe final CNC product is typically dried by freedrying or spraydrying?’

1.1.1.4 The properties of CNC

The 20th century withessed tbmergencef nanotechnologand nanomaterialbutcritical challenges
related to theustainability, stability, biocompatibility, scalability, and cokthese materials still need
to be tackledNanocellulose materials can help addressing part of these issues.

Table 1.2.The fundamental mechanical properties of CNC and other reinforcement materiafs

Material plg cm™? a; (GPa) E, (GPa) Er (GPa)
Kevlar-49 fiber 1.4 3.5 124-130 2.5
Carbon fiber 1.8 1.5-5.5 150-500 —

Steel Wire 7.8 4.1 210 —

Clay Nanoplatelets — — 170 —
Carbon Nanotubes — 11-63 270-950 0.8-30
Boron nanowhiskers — 2-8 250-360 —
Crystalline Cellulose 1.6 7.5-71.7 110-220 10-50

p = density, g, = tensile strength, £, = elastic modulus in axial direction, E7 = elastic modulus in transverse direction.

CNC arerenewable and biocompatible narmals, with a high specific area (40G/g), high aspect
ratio, low density anéxcellent mehanical propeies. As shown inTable1.2,° the density of CNC is

as low as 1.6 g/ctnwhich is comparabléo the density of carbon fiber and Kewi® fiber and
representsnefifth of thedensityof steel wire The elastic modulus of CNC in the axial direction is in
the same range as that of Kew# fiber, carbon fiber, or steel wire, but the tensile strength is greater.
Because of thesxcellent mechanical propertj€aNC carbe usedisareinforcemenagern in polymer
matricest® In addition CNC aretransparento visible light(due to teir nanesize) anddisplayavery

low coefficient of thermal expansion (CTE), making theepmomising material foflexible displays®*®
5



The CTEof CNC is only 0.1 ppm/K, which is much lower than most of ctbemmonpolymeis (86
ppm/Kfor acrylic resisand 120 ppm/K foepoxyresirs).

Figure 1.4. (A) Optical image of CNC aqueous dispersion (10 mg/ml); (B) the fingerprint
patterns of CNC film when observed by polarized opticamicroscopy; (C) optical image of flow
induced birefringence for 1.5 mg/mL CNC agueous suspension observed between cross
polarizers;?° (D) schematic representation of the chiral nematic selissembly of CNC, along

with an illustration of the half-helical pitch P/2 (~ 156650 nm)?!

As rodlike stiff particles, CNC also display liquid crystal properties in suspensions, like viruses or rod
like alumina???® As a consequence, CNC aqueous dispersions displayirfthveed birefringence
when observed between crgsdarizers under gentle stirring, provoked by the entropically driven self

assembly of the CN(Figurel.4).2* Above a critical concentration, the CNGspension separates into

6



two phases after several days: an isotropic phase on top, and a liquid crystal phase at tReThwtom.
critical concentration mainly depends on the dimension o€ti€ but isgenerallynear2 wt.%. The
isotropic phase requirggentlestirring to observe the birefringence between cpdarizers, but the
crystal fhase is birefringent without stirring. After the evaporation of water, an iridescent film with
fingerprint patternds obtained When observed by polarized optical microscopy, fihgerprint
patterns are characteristic of a chiral nematic phaigeie 1.4B).2 A schematiaepresentationf the
chiral nematic structures representeith Figure1.4D.

1.1.2 The chemical modification of CNC

The application field of nanocellulose materials is a priori vast, but the engineering of innovative
nanomaterialfrom CNC generallyrequiresa fine control of their surface properties by chemical
modification?®28 Because of theinydrophilic surfaceCNC areprone to sekaggregation by hydrogen
bonding andcanbe hardly disperseith low polarity solvents or polymer3he dispersive, interfacial

and selfassembling properties of the CNC can however be tailored by surface functionalizhgon
method caralso beused tantroducenovel functions that can impgaoriginal properties to the material

The surface chemistry ahe CNC can be modified by fouifferent approaches(1l) Surface
modification during the isolation of the CNE2) postmodification by adsorptionof cationic
molecules(3) postmodification bycovalentgraftingof small moleculesand (4)postmadification by

polymer grafting.

1.1.2.1 Surface modification during the isolation of the CNC

Different surfacechemistry can be obtained depending on the method usextraxtthe CNG as

shown inFigure 1.5. The slfuric acid treatmen{the mostused methodleads to the production of

CNC with negativesulfateester groupat their surfacé®*° The concentration of sulfuric acid and the
hydrolysis time determine the amount of surface charge. The electrostatic repulsion between the
negative charges CNiS responsible forhteir good dispersioim wate. When necessary, the sulfuric

ester groups came removedy treating the nanoparticles with a sodium hydroxide soldtion.



Hydrochloric acid can also be used to remthe amorphousellulosefrom theinitial substrateand
produce CNChut in that casethe surface i®nly hydroxyhted An acetylatedsurfacecanalso be

obtainedby treating the CN@vith aceticacid®?

Finally, CNC bearingarboxylicacidgroups at the surface can be obtained by oxidatitn2,2,6,6
tetranethykpiperidinyt1-oxyl (TEMPO) coupled witha mechanical treatmenrit

o} 0 0
Y Y'Y SOH  SOH SO
o] [ | |

0o [¢] 0] 0 o)

0]
i I
CH,COH ﬁr e —

\
0 ) OH OH  OH
ﬁi

O™ o™ o™ co- —~—
M / HCI
{ '~N-O

Figure 1.5. Surface chemistry of the CNC extracted by different methods

1.1.2.2 Post-modification by adsorption of cationic molecules

Ha ® H2®
N
L L 9 /e\ N N
\ 2
[S) €] o © © o
SO, $0, S0 SO, $0, Isose SO, s%a sof
i i

o o] o

! |
? 7 ? CTAB ? i o PEI :

Figure 1.6. The surface modifcation of CNC by adsorption’

Due to thenegativéy charged surface of the CNC produced by sulfuric acid hydrolysis, cationic
molecules carbe further adsorbedby electrostatic adsorption. In particulgrgsitivdy charged
polymers, such asetyltetramethyammoniunbromide(CTAB) or polyethyleneimine (PEI), have been

successfully adsorbed at the CNC surface as showigire 1.6.24%° In the latter case, other
8



polyelectolytes can be sequentialabsorbed using a layby-layer technique, to form multilayer

surfaces.

1.1.2.3 Post-modification by covalent grafting of small molecules

The many hydroxyl groups at the CNC surface can be used as reactive sitesrtamgyaifiolecules
using different chemical strategies. TBRAC used in our studyere produceddy sufuric acid
hydrolysis of wood pulp, according to a general proceguggiouslydescribedThey consist of rod
like particles with estimated dimensions1df0.3 °© 47.7nm inlength and4.8 ° 1.1 nm in diametey
based on AFM topography imagédhe amount oficcessible hydroxyl grouja the surfacef these
CNC wereestimated to b8.10+ 0.11 mmolg?, usinga method based grhosplorylation coupled
with 3P NMR and FTIR analysis®® Thisrepreserg 16.7 mol% of the total OH groups contained in the
CNC.

R R R
| | | . —
Carbmiatil (—sl.—o—i.—o—z—o-)— Oligomeric silylated layer

% e
T T { Chlorosilane an OY o A

R
: Ester
& o p \3.013 Acyl chIorlde [ | ‘
Halogenated acetic acid‘i
NaOH Cl
OH OH OH
OH g ,OH

TEMPO hypochlorite oxidation Ester
nhydrlde o
o] (o]
E.r—l ” L\]
i o

Carboxylic acid Isocyanate J ° Epoxid

? IIR ? R OH R OH R OH
NH
o ) j J
| | ? Ether

Urethane

Figure 1.7. Common modification methodsusedfor the surface modification of CNC by small

molecules?



Theoretically, anychemical reactive towardsydroxyl groups can be employed to modify the surface
of CNC. Somecommonmodification methodsised for the surface modification of CNC by small
molecuesare listedasFigure1.7.6

When CNCare modifiedwith acyl chlorides or anhydrides, CNC bearing ester groups at their surface
are formed®3** The modification with epoxides and isocyanates leads to CNC bearing ether and
urethane groups, respectivéhj® The oxidation of CNC by TEMPO converts the primary alcohol
groups of CNGnto carboxylicacid®” Halogenated acetic aciteused to graft carboxymethyl groups

andchlorosilanego silylate the siface®

L=110.3+ 47.7 nm
D=48+1.1 nm

IE] ﬁﬂ CI=82%
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Figure 1.8. The Surface functionalization of CNC by transesterification of vinyl esters?%28

In a recent workSébe et al. reported@n original method for the surface functionalization of CNC, by

transesterificatiof vinyl esters asshown inFigure1.8.2° Thereactionproceeds in mild conditions



with K2COs as acatalyst The leaving group is vinyl alcohol, which immediately tautomerizes to
acetaldehyde thereby driving the reaction towards the formation of the expected ester.

1.1.2.4 Post-modification by polymer grafting

1.1.2.4.1Principle

Another promising method to modify @Nis polymer grafting. Polymer grafting &very popular
method to functionalize nanoparticles with long chains at the surfestfepwas inFigurel.9. Numerous
inorganicand organic nanoparticles haween graftd with polymer brushes for various applicaticfis:
polymer graféd silver nanopartictefor catalysis and photograptpolymer grafted gold nanopatrticles

for electronis and biosensorsand polymer grafted TiQ for photoelectrochemistr§? Nanoparticles

are prone t@aggregabn due to their high specific surface area, but the steric hindrance imparted by the
grafted polymers increas the stability of the nanoparticles. Moreover, many types of polymens can
graftedat the nanoparticles surface, which allows introducing a wide variety of functionalities.

Polymer /
-

Nanoparticle (NP)

Polymer-g-NP
Figure 1.9. Grafting of polymerson nanopatrticles

11.242Gr afting met hods: 1 groafatpipmg atcheesand fAgraftin
There are two different strategies to graft polymer brushes on the surfasalisftaate t he fgr af t |

t oo or fH papprbachesasghofvribigurel.10.

With the fgr af tsynthapized pofymesse anahbredg tiie, surface ef nanoparticles.
The molecular weight of the anchored polymers baneasily characterizeby Gel Permeation

Chromatography(GPC) so the chain length of the grafted polynreushesis well controlled and
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similar for all graft. However, due to the high steric hindrance of polymers, the grafting density in the

Afgrafting too approach is not high.

With the nAgr aft i torgareffisst@midoretnthe shrtack of the nandpart@lésen
a polymerization of monomersis initiatbedmt hes e si t es . T h esurfaeeinibated
polymerization (SIR) The steric hindrance being much lower with thisthod polymer brushes with
high grafting density cabe graftedon the nanoparticles surfadceor t hi s r eason,
strategy iggenerallymor e popul ar td aap p*tha-Howewertremdecute greighto
andchainlengthof the polymers grafted with this meth@lhard to characterizadhe control of the
chain length and the characterizatafrthe grafted polymers atke two main challengedill needing

tobe addressedn t he fAgr af t iLiving raflicalpalyderizatiop, sucheaktdm. transfer

i s

t

of t e

he

i G

radical polymerization(ATRP), is a commoniigr af t i ng f r*dmvhentagplietl ol ogy

cellulosic substrates such as CN&lUrfacelnitiated ATRP (SIATRP) is an efficientmethodto graft
polymers witha finecontol of thechainlengthanda high grafting density*46°

. “Grafting to”

P

X
?o\‘lv‘\e
® .

‘.' :‘- :}

nanoparticles & Monomer “Grafting from”

Nano-initiators Polymerization

Figure 1.10.Mainst r at egi es used to graft pobopimemraf toinngano|

f r o approaches.

So far, a variety of polymers has been introduced atth6esace of CNC by both

Agrafting fromo t EgulehlaY*dgriexarsple, afies graftingpalystyréna (PS)

on CNCvia SFATRP, the material obtained exhibits enhanced absorption capacity with regards to

pollutant 1,2,4Trichlorobenzené® The grafting of poly(ethylene oxide) (PEO) on CNC by ring

opering polymerization, results in a material (presegtchiral nematic properties in waf&rPoly[2-

12
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(dimethylamingethyl methacrylate] (PDMAEMA) is another polymer that has been grafted on CNC
to produce Pickering stadizers with responsive properties (PDMAEMAHCNC). Since PDMAEMA
displaysboth pH- and thermeaesponsivaess the emulsificationand demulsification of Pickering
emulsiors stabilized by PDMAEMAg-CNC canbe triggeredby both pHandtemperaturehange'?
The grafting of poly(4inyl pyridine) (P4VP) on CNGllows producingeversible flocculantsvith
pH-responsivaess>’ The SI-ATRP graftingof poly(oligo(ethylene glycol) methyl ether matirylate)
(POEQVIA) T abiocompatible and temperaturesponsivgolymeri leads to CNC with a controlled
lower critical solution temperature (LCSF* Among the other polymers that haveshegrafted on
CNC, we can mentiorpoly(methyl methacrylateYPMMA),>? poly-6-[4-(4-methoxyphenylazo)
phenoxylhexyl methacrylate (PMMAZQ®J poly(ethylene oxide§® poly(ethylene glycolj*
poly(acrylic acid) (PAAY® poly(methyl acrylate) (PMAY® and mly(N-isopropyl acrylamide)
(PNiPAAM).44
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Figure 1.1T Common modification methodsused for the surface modification of CNC by

polymer grafting (bluear r ows = fAgrafting too; y®llow arrows
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1.1.2.4.3SI-ATRP grafting of polymers on CNC

One of he first publicatiormentioning the SATRP grafting of polymers on CN@as reported by
Zhang,et al.in 2008 Figurel1.12)." In this work, PSwas successfully graftemh CNC in thepresence
of sacrificial initiators: theanalysis of thdree polymer initiated byhe sacrificial initiator provides
someindirectinformationaboutthe structure of the polymer at theNC surfacelnitiator siteswere
first introducedon the surface of CNQCNC-Br) by reacting the surface hydroxyl groups wih
bromoisobutyrylbromid€BIBB) in DMF. The content of Br in the CN8r material (determined by
the oxygen flask method) was ca6 Wt. %. The SIATRP grafting of PSvas then conducteoh the
CNC-Br particles, in the presence df & y-BromalsobutyratdEBIB) asa sacrificial initiator. The
numberaverage molar mass (M= 74,7000 g/mol) and dispersity (1.2) of the grafted PSvas
determinedby GPC analysis of the cleaved polymer chains (HCI treatment). The weight percentage of
PS in PSg-CNC (68%)was calculatedrom the weight of cleaved PS and weight of#ENC. The
TGA analysis of PS-CNC showed thathe thermal stability of CN@vas significantly improved by
the grafting of PSThe differential scanning calorimeter (DSC) and polarizing optitialoscoly
(POM) analyses suggested the-#ENC particlessef-assembledn both thermotropic and lyotropic

states.
Br Br
Br Br O% %
OH OH Qe >(>:0 >(>:0 H (o) = (o) °
[ceTlulose nanowhiskers]i [cel%ulose nanowhilskers] H2C:C@ :[cel%ulose nanowhilskers]

THF,TEA,DMAP CuBr HMTETA 110°C

Figure 1.12. The preparation of PSg-CNC by SI-ATRP®’

Morandi, G., L Heath,et al. (2009) also graftgeiSby the same SATRP method*® The Br content in
BIBB modified CNC(CNC-Br) was characterizely elementl analysis (EA). The authors found that
the Br content increadewith the amount dBIBB and reaction time. Therefore, the grafting density
PS couldbe controlledby the reactionconditiors used in the preparation of CNBZ. When 52 mL
BIBB was used to modify 1 @f CNC (at 70°C andfor 24 hour¥in DMF, 70%o0f the surface hydroxyl

groups were convertedto Br initiating sites.The kinetics ofthe ATRP grafting was evaluatedby
14



analyzing thdree polymeproducedy thesacrificialinitiatorsadded in the mediunkBiB), assunng

that thekinetics ofpolymerizatiorfor the free andrafted PS arthe same. The Mmeasured increased
linearly with the monomer conversion with a relatively low dispersity (1.1), indicating that the living
radical polymerization processas wellcontrolled. The Burier transform infraredspectroscopy
(FTIR), EA and X-ray photoelectron spectroscop¥PS) analyses also suggested that the weight
percentage of grafted PS in BSNC increased with the Mof the free PS. The contact angle
measurements showed that the CNC became hydrophfibiche grafting of PS, which allowed

increasing its absorption capacity towatq,4trichlorobenzené®

To obtain CNGBr initiators with a high Br conten© | | i Igtolpdelveboied awo-step method
(Figure 1.13)%° In a first stepchemical vapodeposition (CVD)was used to produce@NC-Br with
about5 wt% (characterized by EAIn a second step, the Br conteras further increaseuly treating
CNC-Br with BIBB in DMF. Thefinal Br contentwas15wt. % and he density of Br initiator sitest
the CNCsurfacewas4.6 per nm. Poly(tert-butyl acrylate) (PtBA)brusheswere then subsequently
grafted bySI-ATRP,with ahigh grafting densjt Startingfrom this material, the authors also produced
hydrophilic PAAg-CNC nanopatrticles, after acid hydrolysisRiBA-g-CNC (Figure1.14).

° Step 1
JL‘:Br
B
OH HO d ORO OR
FATR T e AT
HO
b oH CcCvD on
° Step 2
O
p\rldlm DMAP E ! U'
DMF

Figure 1.13 The preparation of CNC-Br with high Br content by the two steps method?®

A few other interesting polymers haaiso beegrafted on CNC by SATRP.Zhamg6s group publ
a paper, in which they reported the grafting of PMMAZO, a liquid crystalline polSiriEne
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PMMAZO-g-CNC material exhilted thermotropic and lyotropic states. They later extended the
reaction to PDMAEMA, a thermsensitive polymeexhibiing a temperaturelependent solubilitgnd

a LCSTin the range 353C (Figure1.15).° The PDMAEMA-g-CNC showed temperatuieduced
fingerprint texture the spacing between the fingerprint lines decreasing with the increasing
temperaturePDMAEMA-g-CNC was als@uaternizedvith methyl iodide to produce positive charged
PQDMAEMA-g-CNC, which had a high affinity for cowpea chlorotic mottle vittBoly(N-isopropyl
acrylamidg (PNiPAAmM), one of the mosdtudied thermoresponsive polymevgh a LCSTof 32 °C,

was alsorecentlygrafted on CNCbhy SFATRP# In this study,the densityand chain length of the
gratted polymer couldoe tunedby controlling the densityf initiator sites and SIATRP process
respectively’* The SFATRP hasalso beemecently used to grafilock copolymer®n CNC,5%62

0
z ‘{-
/ﬁor
CuBr/PMDETA

EBiB
DMF, 75 °C

8r-CNC CNC-g-PtBA CNC-g-PAA

Figure 1.14. The preparation of PtBA-g-CNC and PAA-g-CNC by SI-ATRP.*®

o | 0] o | (o] o

8 8 L 8 NS

EFOH g £-0 Br O N E —0%0’\/ -
/“\_“/ —

8 Br).Kk ® :'<LO e Br

= Br 3 - |3

wn ——— o

2 3 o CuBr HMTETA CH,OH 55°C 2 o o]

g g g N

= —OH 20 =10 o

= & Br @

© t‘_nl o Br

14 (4 i

Figure 1.15 The preparation of PDMAEMA -g-CNC by SI-ATRP .58

Despite the intesting results obtained upnow, the indirect characterizan of the grafted polymer

through the analysis of the free polymer produced bgalsficialinitiator is stillcontroversiglas the
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kinetics of homogeneoupolymerizationare not the same with th&inetics of surface initiated
polymerizatiorf*®* To verify if the method is accuratéylorandi and Thielemans prepared
photocleavable CN@®r initiators®® After the SI-ATRP grafting of PS in the presence of a sacrificial
initiator, thegrafted chains were cleaved by tivadiation and analyzed by GPC. Results showed that
the M, of cleaved PS (with a dispersity of only 1.08) wassistentwith the M, of free PS, suggesting
that the polymerization rates of the free and grafted polymwere the same.

1.1.3 The application of CNC

1.1.3.1 Reinforcing agent in polymer matrices

Because of their outstanding mechanical propestigsiow densityCNC areideal reinforcing agest

for a wide variety of polymer matric€%” In hydrophilic polymer matrices, unmodified CNC can be
useddirectly, as they are compatible. However, the chemical modification of the CNC surface is
generallyrequired to disperse the filler in hydrophobic polymer matiiées.

CNC havebeen used to reinforce poly(vinyl acetate) (PVAc) poty(butyl methacrylate) (PBMA)
matrices®® After the incorporation of 15% v/v CNC in the PVAmatrice the tensile storage modulus
below the glass transition temperaturg) (@f the polymemvasremarkably ncreasedrom 2 GPafor
neat PVAc to 5.Z5Pa For the PBMA, the tensile storage modulus increased fronGPd&for neat
PBMA to 3.8 GPawith the same filler content. The tensile storage moduthefpristine polymeis
decreased dramatically above thgodf the polymers. CNC exhibit excellent reinforcing ability in
polymer matrices above the ®f the polymers. Above the 4] the tensile storage modulugreased
from 1.2MPato 690MPafor PVAc after the incorporation of CNC and fronMPato 1.1 GPA for
PBMA.

Juho,et al. modified the CNC with-pminobenzoic acid (PABA) to obtain photoactive PABAC.°
The resultant PABACNC was transparetim the visible light range but hadhagh UV absorption.
Therefore, the PABACNC wasemployedas botha reinforcing agent and W¥ilter in PVA films, as
shown inFigure 1.16. The tensile strength and modulus of PVA films were found to increase with

increagng amount of PABACNC.
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Figure 1.16.The tensile strength (a) and modulus (b) of th®VA film reinforced with increasing
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PABA-CNC (c).™

£8

2]

3

o

1

|
\>—l—4

Tensile strength (MPa)
Modulus (MPa)

CNC havebeen alsaised tareinforceinorganicmatrices such as cement pastanith the addition of
0.2 vol% of CNC in the cement paste, the flexural strength of the material could be increased by
approximately 30%!

1.1.3.2 Stabilizer for metal nanoparticles

Metal and metal oxide nanopatrticles (NPs) have attragitguficart attention due to their activis
and applicatiosas catalysts, anbiacterial materials efé’® However, NPs are not stable and tend to
selfaggregaté due to theitigh surface are& which decreasgtheir performance”’® To limit this

problem stabilizers are commonly required to enhance thm@litgeof metal nanoparticles. Due to the
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large specific surface area and stability in water, sustainable @hGdeal stabilizers for metal

nanoparticleg3787

Pristine CNChavebeenusedto stabilize AuAg alloy nanoparticles with diameterf about 37 nm&°
For Ag NPsthe sulfate ester groups at the surface of the CNC were found to isigpaticantly the
size of the nanoparticlé$

Wu, et al. repded a onestep method to deposit gold nanoparticles (Au NPs) on the surface of CNC
without reducing agents, and undidrothermatondition, as shown iRigure1.17.82 The CNCwere
usedas both reducinggents and stabilizers. The resultant Au@CNC supported NPs showed better
stability and catalytic performance than the unsuppoftiedNPsfor the reduction ofi-nitrophenol

(4NP). The same method was also employed to prepare Pd@CNC support&€dDNEaf the biggest
advantags of this approachs that noadditionalreducing agentare requiredor the reduction of the

metalion. However,the Au or Pd NPs deposited on CNC were bigger thanrh@ca.10-40 nm in

e o
Ho
w X FQ
# + HAuCly Oo Q,
Hydrothermal reaction oH
OH
OH

-

Au NPs@CNs

diameter).

Plants

Figure 1.17. The schematic illustrationof the preparation of Au NPs@CNC for the eduction of
4-nitrophenol (4NP)82

To improve the interaction between CNC and NPs and further enhance the stability 6GNIRgere

often modified by polymer grafting or coatingchen et al. grafted poly(amidoamine) (PAMAM)

dendrimes onto the arface of TEMPGACNC via the formation of amide bond® enhance the
19



interaction between the CNC and the métalhe PAMAM dendniners couldoe usedas reducing
agents to reduce the metal ion. When GREMAM was employeas the reducing agent, the size of
Au NPs supported by CNEAMAM was in the range of 280 nm, and the turnover frequency (TOF)
was 2590 h. When NaBH was employeas the reducing agent, Au NPs withraallersize (24 nm)
were obtainedand the catalyst systems exhibited even better catalytic activities (TOF =5460 h

1.1.3.3 Colloid stabilizers in Pickering emulsions

1.1.3.3.1Pickering emulsions stabilized by CNC

The traditional or classic emulsiomse typically preparedavith chemical surfactantsDue to the
amphiphilic properties of the surfactarttetsurface tension between the watedthe oil phases
decreaseand the emulsiois stabilized The amphiphilic properties of surfactant dcenrepresented

by the hydrophiligipophilic balance (HLB)If the HLB of a surfactant is above 7, the surfaut#s

more hydrophilic and tend to form ail in water O/W) emulsion; and if the HLB of surfactant is

below 7, the surfactant is more lipophilic and tend to stabdliaeaterin oil (W/O) emulsion®* The

classical chemical surfactarsre commonly consideresb toxic, especially in fab pharmacy and

cosmetic field$® Moreover, the residues of surfactant hawenormousmpact orthe performance of

the final productsand their removals often requiredfor some specific applications. Therefore,
alternative surfactants, such as the colloid stabilizers used in Pickering emulsions, have been developed

in recent decades.

Theemulsions stabilizely colloidalparticles caled Pickering emulsions, habeen discovereahore
than one hundred yeaag)0%¢8’ but the research othe subjectvas somehow neglecteih the last
century.But in the last two decadeBRjckering emulsionhave regained interedtie totheir excellent
properties. Pickering emulsioagesurfactat-freeemulsiors, whichare more stable and less tottian
the classicalemulsions stabilized by chemicals these systems, colloidal particles with amphiphilic
propertiesare usedAs shown in Figurd.20,the solid particlesisedin Pickering emulsios show
partial wettabilitywith boththe oil andthe waterphase andareirreversiblyadsorbd at the interfae

between oil and wat&p
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Figure 1.18 The sthematic representations of the O/W classical emulsion and O/WRickering

emulsiorf®

Similarly to the HLB used fosurfactarg, thethreephasec o nt a ¢ tw isaused 1o evaluate the
wettability at the solid/oil/water interfac&igure 1.19).88 If du is lower than 99 the solid particles
have more affiity with the water phase (theare more hydrophilic), resulting in O/W Pickering
emulsions! fy dudlis lower than 99 the solid particles have more affinity with the oil phase (they are
more lipghilic), leading to inverse W/O Pickering emulsiolfishe solid particles are only hydrophilic

or only hydrophobic, they wilbe disperseth a singlephasgwater or oil, respectivelygand no stable

Pickering emulsions wilbe formecdf*8°

oil
Bow
water
oil
oil M
water

Figure 1.19. The threephase contact angle in Pickering emulsiof%



Compared to the emulsions stabilized by surfactant, Pickering emulsions are more stable. Once solid
particlesare absorbed dhe interface, a high energy is required to remove the solid paffidiés.
requireddesorption energis expresseds:

Y% AGrp Alf6s?
where r is the radius of the solid particles anslthe interfacial terisn %!

Table 1.3. The summary ofcolloidal particles used inPickering emulsifiers®*

Emulsion
Particle type Particles type
Inorganic Silica Fumed silica o/w or w/o
Carbonyl iron particles o/w
Metal oxide Fe;0, nanoparticles w/o
TiO, o/w
CuO ofw
Clay Montmorillonite (MMT) o/w
LAPONITE" RD ofw
Layered double hydroxide (LDH) ofw
Carbon Carbon nanotube (CNT) w/o
Graphene oxide (GO) ofw
Carbon black (CB) w/o
Organic Protein Bovine serum albumin coupled with PNIPAM o/w
Polysaccharide Cellulose nanocrystals ofw
nanocrystals Chitin nanocrystals ofw
Starch nanocrystals ofw
Polymeric Poly(divinylbenzene-methacrylic acid) (P(DVB-MAA)) particles w/o
Polystyrene (PS) or poly(methyl methacrylate) (PMMA) nanoparticles w/o
Poly{(styrene-alt-maleic acid)-co-[styrene-(N-3,4-dihydroxyphenylethyl- o/w
maleamic acid)]} (P(SMA-dopa))
Composite/hybrid Ag;PO,-MWNT nanohybrid w/o
Lightly crosslinked poly(4-vinylpyridine) (P4VP)-silica nanocomposite o/w

microgels

Both inorganic anarganiccolloidal paticles canbe useds stabilizers in Pickering emulsions, such
as silica, metal oxide, carbon nanotupegteins and polysaccharides, as shown Tiable 1.3.84
Polysaccharides, &$o-basedmaterialsare increasingly considered as an alterndtiveorganic solid
particles, as they are biocompatible and biodegradable. In particil@rhaverecently proven to be
efficient for the stabilization of Pickering emulsioffg®8%9294 The pristine CNC produced by sulfuric
acid treatmentare not able to stabilize iBkering emulsions efficiently, due to the electrostatic
repulsions imparted by the sulfate ester groups at their sdffaberefore, salt igererally required

to screen these repulsions and obtain a stabilized O/W emefision.
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CNC extracted from different resources and wdiffierentaspect ratios were compared as stabilizers
for O/W Pickering emulsions in a recent stdéifhe resilts showed that the aspect ratio of CNC had
a significantinfluenceon the coverage ratio around the oil droplets. As showfignre1.20, a high
surface coverage is required &mortCNC to stabilize Pickeringmulsions, whilex lower coverage is
sufficient withlonger CNC 3

Figure 1.20. SEM images of polymerized styrene dropletsabilized by different types of CNC13
a, d and g: CNC with small aspect ratieextracted from cotton; b, e, and h: bacterial cellulose; c,
f and i: CNC with high aspect ratioextracted from Cladophora

A limited number of O/W emulsions have been stabilized by pristine CNC so far, but chemically
modified CNC can be used to extend the field of application. Indeedyydrophilic/nydrophobic
balance at the CNC surfacanbe adjstedby chemical modificationwhich allows stabilizing novel
O/W or W/O emulsioa For instance, remarkably stable O/W emulsions of ethyl acetate, toluene or
cyclohexane were recently obtained with acetatecinnamategrafted CNC® Thermally responsive
polymers such aBNiPPAmM havealso beergrafted onCNC to preparetsnuli-responsive Pickering

emulsions The PNiPPAmg-CNC were able to stabilize O/W emulsionsheptane below the LCST
23



of the polymer. When the emulsiongre heatedibove the LCST, th®NiPPAmg-CNC particles
changed tdwydrophobicard the Pickering emulsiongere boken® Pickering emulsions stabilized by
CNC grafted with PDMAEMA, gH and thermatesponsivegpolymer, were also recently prepared.
The emulsionslisplayed both pH and thermasponsivaess® W/O inverse Pickering emulsions can
alsobe preparedy grafting hydrophobic moieties dtet CNC surfac€® Double Pickering emulsions
systemshavealso beemecently develogdwith lauroyl chloridemodified CNC%4%

1.1.3.3.2Application to the elaboration of colloidosomes

The concept of colloidosomes was proposed by Dinsneoid. in 2002 by analogy with liposomés.
Liposomes are capsules composed of phospholipid bilayerde wblloidosomes are capsules
composedf colloids with selectivepermeability (Figure 1.21). The colloidosoma® preparedby
Pickering emulsification, using colloidal particles, which are locked together at the interface and form
a hollow shell structa. The permeability and mechanical performance ofaileidosomes are highly
dependent on the conditions used for their preparation (colloidal particles, solvent, way to lock the
colloids2 ).

x10000
#3T

Figure 1.21. The SEM images of typical colloidosome¥.

Different routes have been used to prepare colloidosomes, such as thermal annealing, gel trapping,
covalent croséinking, polyelectrolyte complexation, and polymerization of droplet ptessshown in
24



Figure 1.22.% However, most of these methods are tioasuming requiring high temperature,
multiple steps, or lacking enough mechanical strength, leading to some disadvantagesup*cale

Thermal annealings performedabove the glass transition temperature of the polymer to fuse the
polymer colloidal particles together. Therefore, when PS latex partietge employedas the
emulsifiers, glycerol was addin the water phase to raise litgiling point, the F of PS exceeding 100

°C.%° The permeability of colloidosomes coubé tunedby changing the sintering time. Besides the
requirement of high temperatures, anotsignificant disadvantage of thermal annealing is related to
the extensiveinter-colloidosomedusion. Polyeletrolyte complexationand layetby-layer deposition

are two methods, which allow preparing colloidosomes at room temperature. However, the
encapsulation efficiency is poor with polyelectrolytes, due to the porosity of microcapsule walls, and

thelayerby-layertechnique is time&onsuming, especially for muliayers®810°

+

complexation

’\: l Polyelectrolyte

Figure 1.22. Different routes to prepare colloidosomes microcapsulé&s
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The gel trappingechniqueprovides another approach fareparecolloidosoms. With thistechnique
an aqueous gevas useas theemulsion internaphase. The Pickering emulsiaras preparedt high
temperature, and thmlloidosomes were then formed via cooling to set thé%el.

In another method, the colloid particles can be locked together by polymerizationget pobcess.

For example, Ti@stabilized Pickering emulsions warsedas templates to prepare orgaimorganc

hybrid hollow spheres, via the polymerization of styrene and divinyl beAZef€lhe l-gelreaction

of silica precursor has also proven efficient as a facile method to prepare colloidosomes at room

temperaturé®1%

The colloidosomes prepared by all these methodamally display insufficient encapsulation
performance, due to the loose linkage between colloidal particles. The ingredients encapsulated inside
the colloidosomesare generally releasesithin 1 day, whch is far away from whaits expectedor

most commercial applicatior{&°61%’ Therefore, there is a high demand for novel technologies to form

robust colloidosomes with adequate encapsulgt@formance

1.1.3.4 The commercialization of CNC

CNC havebeen commercially produced the first pilot plant operateldy CeluForce (Canada) since

2012, andbther factories have emerged within the Egears. Nanocelluloss now commercialized

in many countries, such as Canada, Japan, America, Norway, Sweden, France, Finland, Netherlands,
Israel, Iran, China, Indiana so on. Thanks to the development of these commercial plants, the cost of
CNC has novbeenreducedo less thars 10 per kg. The largscaleproduction of CNC paves the

way for the morecommercialmaterials and productsmsed orCNC.
1.2 Atom transfer radical polymerization (ATRP)

1.2.1 Living free radical polymerization

The molecular weight of polymers @& essentiatiefining parameter for polymers, asrifluences
many properties of polymer materials, including processing characteristics and meqirapiedés
Generally, polymersvith low molecular weight have better processing performance, while polymers

with high molecular weight possess better mechanical propdrties=fore if the molecular weight of
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polymers is nohigh enough, the glymer materialsiormally showpoor mechanical performance and
is uselessasmaterial; if the molecular weight of polymers is too high, the polymer mateniysbe
difficult to process witltlassicatecmologieslike extrusion moldingTherefore, he molecular weight
of polymers should bie aparticularrangethatkeepthe balancéetweerprocesability and mechanical

performance

A A Chain-growth polymerization B
c P - . <
S Living polymérization k=]
5 5 -
g 2 =
E S =
= 5 _ =
g E &
[
o 5
& . s
a Step- th polymerization

Monomer conversion Time

Figure 1.23. (A) Degree ofpolymerization vs. monomer conversion for stepgrowth
polymerization, chain-growth polymerization, and living polymerization; (B) The monomer

conversion and In [M/M/] as a function ofreaction time in living polymerization

Depending orther kinetics, polymerizatiorreactionscan be classifieinto two general process
calledstepgrowth polymerizatioror chaingrowth polymerizatior{Figure 1.23A). When in achain
growth polymerizationchain transfer d chain termination are absent, the reaction is called living
polymerizaion. In that particular case, the molecular weight of the polymers proportiomaigases
with the monomer conversiomo achieve these conditionsgtrate of chain initiation must be much
faster than theateof chain propagation, in order to keegtbleconcentration of kinetichain carriers
during the polymerization proce®s?® The degree of polymerizatios thenequal o [M]C/[l¢], in
which [M] is the mole of monomer, C is the monomer conversion, ahid fhe mole of initiator. One
direct way to demonstrate livingness of a polymerization is to draw the curve e& Mhonomer
conversia. In living polymerizationM, increaselinearly with the monomer conversion. At the same

time, the dispersity of the polymer, defined agMl,, is quite low, below 1.2According to the kinetics
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of living polymerization, theconcentréion of active species[R*] is constant in the equan of
IN[Mo/M{] =kp[R*]t, where [Mg] is the initial monomer concentratioiM¢ is the monomer
concentration at the timek; is the propagation ratand [R*] is the concentration of active species.
Therefore In [Mo/My] will linearly increase with redmn tme in living polymerization as shown in
Figure1.23. Thelinearincrease of In [MM¢] vstime indicates that the concentratioiactive species
is constant, and the propagation rate is first order wiikieaspecies.
Initiation
kiq
I —> 2R* Ri1=2ki4[l]
R+ M — 2 e Ry=kgRYIM]
Propagation

k
Pr+ M —— Put®  Rp=ky[PIIM]

Termination

ke
Pn* + Py —— Pmin  REKIP 1P,

Transfer and other side reaction

Figure 1.24. The different stepsof free radical polymerization, with the reaction rate of each
stept©8

Depending on the active species, chgiowth polymerizationcan be also classified as ionic
polymerization (anionic and cationic polyneaiion)or freeradical polymerization. Compared to ionic
polymerization, free radical polymerization is tolerémimpurities and moisture, and can even be
conducted in aqueous solutioA variety of monomers can be polymerized by free radical
polymerizdion. More than 50%of the synthetic polymers are today prepared by free radical
polymerization. Blymerizng monomes from free radicas in a living way(methodcalled living free
radical polymerizatio)) is apopulartopic and it hagdrawnincreasingattention in recent decades.
typical free radical polymerizatiaoccurs in5 stepscchain initiation, propagation, termination, transfer
and other side reactions, as showrigurel.24. Here,fi d representthe intiator, R*, M*, P*, Py.1*,

Pn* are the radicals, M is the monomer, and k is the reaction rate constant for eathfstepradical
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polymerization,reaction betweemadicak is very easywhich can lead to early termination of the
polymerization Therateof propagation is proportional to the concentratbmadicas, while the rate

of terminationis proportional to the square ofie concentration ofadicals. Thereforewhen the
concentration of radicsls decreasedhe rate oferminationredu@sdramatically compared to thiate

of propagationWhen the concentration of radisaé low enough, the termination and transéee
negligible compared to th@opagationAs a resultfree radical polymerization behaslei ke a dl i
polymerizationt®®

Low concentration of radical speciesrisufficientto maintaina living free ragtal polymerization. As

we know, there are still termination, chain transfer and other side reactions in the polymerization, so
the radical species still will be consumétiereforethe concentration of the radical species newds
only be low;, but alsdbekept constant. Théasicstrategy to obtain a living free radical polymerization
is to build a reversible balancand transfemost of the radical speci@sto dormant specie@-igure
1.25). At present, severainethods have been developed to reattzese conditionsincluding
ATRP/ >4 Reversible AdditiofFragmentation chain TransfeRAFT) polymerizationt'®!! and
nitroxide mediated polymerization (NMPY It can be noted that, after the development of these
strategies,JUPAC recommened to use the term "reversibtieactivation radical pgimerization”

( RDRP) i tliving feearddicapfo | fiy me r 13 Thek.darmky.dare two critical parameters
allowing thecontrol ofthelivingness in living-adical polymerizationKigure1.25). If Kacis too small,

the active species concentration will be too low to pgae the reactiorefficiently. If Kdeactis 100
small, the concentration of active species will be too high to obtain aemtolled living free radical
polymerization. In conclusion, a sufficieki:: is needed to propagate the polymerization, arttieat

sametime, kgeactmust bebigger tharkac:to keep the concentration of active spe@i@sand constant.

kact
P, —— P,

kdeact

Figure 1.25. Reversible balance to transfer active species to dormant species
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1.2.2 The mechanism of ATRP

ATRP haggain popularitysince its develapentin 199542114116 Themechanisnof ATRPis shownin
Figure1.26, whereP, is the radical species, X and Y are the initiating sitagsMhe transition metal,

and m and m+1 are thvalence of M.

 termination

-
-
-

P,-X + M,™ ~—— P, 4+ XM

()

monomer

Figure 1.26. The mechanism of ATRP 42

The radicals or the active speciase generated through a reversible redox process catalysed by a
transition metal complexM™Y/Ligand, where Y may be another ligand or th@unterionwhich
undergoes a onglectron oxidation with concomitant abstraction of a (pseudo)halogen atom, X, from
a dormant specie®-X.*2 This process ig revesible reaction witha rate constant of activatiokyc;,

and deactivatiokgeac: Polymer chains grow by the addition of the intermediate radicals to monomers
like a conventional radical polymerizan, with the rate constant of propagatikgy Termination
reactions (R also occur in ATRP, mainly through radical coupling and disproportionation. However,
in a wellcontrolled ATRP, no more than a few percent of the polymer chains unaégoination
process The termination can be negligible compared with propagatiiher side reactions may
additionally limit thetargetedmolecular weightsThis process generates oxidized metal complexes, X
M™1, as persistent radicals to reduce the stationangemtration of growing radicals and thereby
minimize the possility of terminationreaction Fast initiation andapidly reversible deactivatioare

also necessary for successful ATRFprocess? A variety of monomers have been successfully
polymerized using ATRPsuch asstyreng (meth)acrylates, (methcrylamidesdienes, acylonitrile,

and other monomersontairing substituents that can stabilitee propagating radicalén a welt
controlled ATRPJn[Mo/M¢] will linearlyincrease witlime, which indicatesa constant concentration

of active species. Sometimabe ATRP is not well controlled due apparentermination or slow
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initiation. If the terminationis not suppressednough, the concentration of the active species will
decrease with time; if the initiation step is not fasbugh the concentration of the active species is
low at thebeginningand will increase with timegs shown irFigure1.27.

A

constant [P*]

™

termination

In([M]y/[MD)

£ » slow initiation

time

Figure 1.27. The In [M o/M{] as a function ofreaction time in ATRP#?

1.2.3 Development of ATRP

Despite thanterestingresults obtained with normal ATREhere aresome drawbacks which need to
be addressed(1) normal ATRP is very sensitive to oxygen or air, and teditagmssingrocedures,
sich as pumgdreezethaw cycles, need to be conducted; (2) the transition metal catalysttodwss
removedafter reactionTo overcome these disadvantagiifferent modifications athe ATRP process
have been developetb decrease the usage roetal catalyst or the senaienessof the reactiorto

oxygen.

1.2.3.1 Reverse ATRP

In a normal ATRPatransitionmetalwith low oxidation statés addedasa catalyst This metalcan be
eadly oxidized,which makesiormal ATRP very sensitive tir. Moreover the catalyst needs tme
handedcarefuly. In reverse ATRPatransitionmetalwith higheroxidation statés usedasa catalyst
andaconventional free radical initiatds usednstead othehalogenateéhitiator.**11’ The mechanism
is shownin Figure1.28. The thermabecompositiorof the conventional free radical initiator geneste

radicals. Then thATRP initiator (kX or I-P1-X) and theactivator ar@eneratedh situ by the reduction
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of thetransitionmetalof high oxidationstateinto a transition metal of low oxidation staldhe ATRP
is then initiatedy the lowoxidationstae ofthetransition metal antheinitiators.

lA A
+

le le
l+X-Mt"‘+1-YILigand l "
Kact
I-P,-X + Mt™Y/Ligand <——— I-P,* + X-M™*'.Y/Ligand
Kdeact
monomer b

N
termination

Figure 1.28. The mechanism of reverse ATR{317

One of the disadvantages of revefSERP is the presence @f | radical initiator residugin the final
polymer P,. Moreover only the linear polymes can be polymerized by reverse ATRWIth
conventionalkadical instead of ATRP initiatgr themonomes arepolymerizedrandomly. Therefore,
reverse ATRP cannot be initiated frgrarticlesurface to prepare hybrid materials.

1.2.3.2 Simultaneous Reverse & Normal Initiation (SR&NI) ATRP

To overcome the problems of meal ATRP and reverse ATRBR&NI ATRP has beemleveloped*®

In SR & NI ATRP, the alkyl halides still usedas the initiator, anchostof the pdymers are initiated

by the alkyl halideThereforethe polymer will be polymerized precisely on the initiating sitdshe

same time, conventional radical initiator and highddationstate of metahreused to initiate reverse

ATRP. The mechanism @R & NI ATRPis shownin Figurel1.29. The metal catalyst of high oxidation

state is reduced to low oxidation state as the catalyst by the radicals formed via the decomposition of
the conventional initiatofThen hie normal ATRP is initiated by thew oxidation ofthe catalyst The

SR & NI ATRP combines the advantage of normal ATRP raverseATRP. The us of the higher
oxidation state of metal as catalyst decreases the sensitiveness of catalyst to air. Metmawvhile
initiation of normal ATRPallowsthe preparation oflock and star polymers, and even composites or

hybrid materiald!®
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Ny - kact .
P-X + M /Ligand ~——— P + X-Mt“”/Ligand
Kdeact @kt
K *R-R

Figure 1.29. The mechanism of SR & NI ATRP8

1.2.3.3 Activator Generated by Electron Transfer (AGET) ATRP

In the AGET ATRP, alkyl halidesareemployedasinitiators and transition metal complexes high
oxidation statere useds the catalyst precursdt8 A nonradicatforming reducing agent issedto
reduce metal complexes of high oxidation state to low oxidation &atkicing agents such as 2-
ethylhexanoatandascorbic acidan beemployed The mechanism of AGET ATRIB shownin Figure
1.30. All the added chemicals are stabighe presencef oxygen.The AGET ATRP is eveiolerant
to dissolvedoxygenand carbe conductedavith alimited amountof air. The concentration of catalyst

canalso bedecrease to get welcontrolled ATRP!®

X-Cu(ll)/Ligand
l Reducing Agent
_ Kact é
PX + Cu(l)/Ligand ~—= P + X-Cu(ll)/Ligand
e deact Lk
ATRP Initiator M -t

kp ~P-P
Figure 1.30. The mechanism of AGET ATRP*

1.2.3.4 Activator Re-Generated by Electron Transfer (ARGET) ATRP

In normal ATRP process, the termination is suppressed, but not elimifatethg thetermination

process, transition metatd high oxidation statare continuously produceth ARGET ATRP, the
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reducing agents excess are usedd¢onstantlyregeneratéhe ATRP activator frorthetransition metal

of high oxidation statgenera@d duringtheterminationprocessThe mechanism of ARGET ATRB
shownin Figure1.31. As all the chemicals added in AGET and ARGET ATRP are the same, AGET
ATRP canbe mistakemwith ARGET ATRP.In AGET ATRPprocessessentilly all Cu(ll) species are
quickly reduced to th€u(l) state, anthenanormal ATRP starts in the presencéigh concentration

of catalyst. ThRARGET processuses a much lower concentration of catalyst and relieslonvateady
regeneration of Cu(from Cu(ll) specie$?’° Compared to AGET ATRP, ARGET ATRBses anuch

lower concentration of catalyst aachigheramount of rducing agent to regenerate activator.

With the presence of reducing agent, the catalyst amoutecaducedo ppm levelMoreover,some
FDA approved chemicals such tis' 2-ethylhexanoate (Sn(EH), glucose, ascorbic acid, hydrazine
or phenyl hydazing can be used as reducing agents. ARGET ATR&lso tolerantto dissolved

oxygen'?t

Reducing agent

termination
Oxdized agent

P,-X + M,™-Y/ Ligand

p
monomer

Figure 1.31. The mechanism of ARGET ATRP

1.2.3.5 Initiators for Continuous Activator Regeneration (ICAR) ATRP

The mechanism of ICAR ATRP somewhat similar t&ARGET ATRP. Thecomparisorof ARGET
and ICAR mechanisris shownin Figure1.32. In ARGET ATRP thereducingagent is employed to
reducethe high oxidation state transitional metaidregenerate the Cactivator In theICAR ATRP,
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other types of initiators are addedcontinuously regenerate the'@ativator With this technique, the
well-controlled ATRP of PS and PMi& performedvith ppm levelof catalyst*

RX + MU/L =2 M™x/L+ R@”"'
Kdoact
kr
A\
RR
ICAR [-X 1* <2 12ABN (or thermal)
ARGET  Oxidized Agent + HX Excess Reducing Agent

Figure 1.32. The comparisonof ARGET and ICAR mechanisnf?

1.2.3.6 Electrochemical ATRP

ATRP alsocan be performed witthe help ofelectrochemical control, which is cadlelectrochemical
ATRP (eATRP).The mechanism of eATRB shownin Figure1.33. In an eA'RP, current iemployed
to reducehehigh oxidation statéransitionmetalinto the activator Electrocherical methods provide
manyeasily tunable parameters, such as current or potential. These tpaadheeters can help control
the redox cycle in th&TRP process to obtainkeettercontrol of the polymerization.

» anodic current ;
e M

ka

P,Br + Cu-Br/MegTREN ~————= Cu'-Bry/MegTREN + P

Kda :
N H
* ;

v
cathodic current

Figure 1.33. Schematic of proposed mechanism for eATRP
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1.2.3.7 Surface-initiated ATRP (SI-ATRP)

ATRP hasbeen widely employeds a very promising tool to graft polymers fralifferent surface,
and itis called SIATRP in thatcase®?*'®Asafigr af t i ng SkAORRTanmeaisetto d ,
graft polymerbrushe on surfacei a controllednannerwith high graft densityAs shown inFigure
1.34, polymers carbe graftedrom the surface of particles flat surface. With the application of S
ATRP, hybrid nanomaterials or nanocomposites withl-defined polymer brush structure care

preparedrecisely.

Spherical Particles Flat Surfaces

Figure 1.34. The surface initiated ATRP on the surface of particles or fldf’

In summary ATRP is one of the most promisitiging radical polymerizdion methods At present,
different kinds ofATRP have been developed asercome thalisadvantages of the normal ATRP,
suchasreverse ATRP, SR & NI ATRP, AGET ATRP, ARGET ATRP, IGRATRP, eATRP and Sl
ATRP.

1.3 Conclusions

As was highlighted in this chapterkllulose nanocrystals (CNG@rebio-based nanopatrticles, which
displayan array ofinterestingpropertiesrelated to theirenewadity, biocompatifdity , high tensile
strength ad elastic moduludjigh aspectatio, low density low coeficient of thermal expansion, and
crystal liquid behaviorAs a resuli CNC canbe exploitedin a wide variety of applications, which
include the fields of composites, catalystsulsionsor colloidosomes. However, thengineering of

innovative nanomateriasom CNC generallyrequiresa fine control of their surface properties by
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chemical modification, to tailor their dispersive, interfacial and-agtembling properties, or to
introduce novel foctionalities. Among the different strategiestcanbe usedthe chemical grafting

of polymers bySurfacelnitiated Atom Transfer Radical PolymerizatioBHATRP) is particularly
attractive as iallows preparing polymegrafted nanoparticles with quitegood control, and with a
high grafting density. The method requires the prior introducti@kgf bromide initiating sites at the
CNC surface, which cabe easily achievelly esterification of the surface hydroxyl groups. A wide
variety of polymers aathenbe graftedrom these sites. ThH8l-ATRP grafting of polymers halseen
already reporteih the literature, but the field of research is recent, and the potential benefit of many
other polymers need tie exploredMoreover, theproperties of théinal material are highly dependent
onthe grafting densitandchain lengthof grafted polymer, which need be characterizefrecisely.

Such characterization is not straightforward and still requires research efforts to develop convenient

and accurate medls.

In this thesis, the surface functionalization of cellulose nanocrystals by esterification and ATRP
reactions was envisaged, with the objective to develop novel advanced materials. Tlie dhéded

into six chaptes. Following the current chapteaibrief overview of the SATRP reactions also given

In the second chapter, a convenient method is proposed to characterize polymers grafetiRfy Si

on CNC. The methots basedon dynamic light scattering (DLS), differential scanning calorimetry
(DSC) and thermogravimetric analysis (TGA). The third chapter is a comparative study in which
polystyrene andpoly(4-vinylpyridine) (P4VP) were graftedon CNC, by SIATRP andSI-ARGET
ATRP. The two methodsvere particularly comparedh the fourth chapter pH-responsiveP4VR.g-

CNC nanohybrid was preparedoy SFATRP and subsequently used to stabilize gold nanopatrticles
(AuNPs). The catalytic activity and recyclability of the material obtaimasithen investigated. In the

fifth chapter, UVresponsive polginnamoyloxy ethyl methacrylate) were grafted on CNC by SI
ATRP, to produce nanocrystals with UV absorbing properties.riBimehybrid were subsequently
usedas UV/thermal stabilizers anceinforcing agerst for PVC films. h the sixth chapter, a facile
methodto prepare colloidosomes from w/o inverse Pickering emulsions stabilized by cinnamate
modified CNC is proposedn the last chapter, we summarized the general conclusions of the thesis

and proposed some recommendations for the future work.
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Chapter 2

ConvenietntodM f or t he Characteri zati on

SIATRP on Cell ulycdal §gndisSiGhigd DLGA

The cleavage of the grafted polymers is usually required to characterize the molecular weight of
polymers grafted on solid substrates by stedaitiated polymerizationHere, wedeveloped a method
based on thermal analysis, which allowed the characterizatibe performedvithout cleavingthe
grafted polymers. Polystyrerggafted cellulose nanocrystals (@SCNC) were prepared by Surface
Initiated Atom Transfer Radical Polymerization-@SIRP), in the presence of a sacrificial initiator.
Different techniques, such as differential scanning calorimetry (DSC), dynamic light scattering (DLS)
and thermogravimetric analysis (TGA), were conductectharacterize the RPGCNC. Results
revealed that the numbarerage molecular weight ¢Mof the PS grafted from the brominated CNC
initiators (CNCBr) was proportionallyto the monomer conversion. The method also confirmed that
the M, of the grafted PSral free PS initiated by the sacrificial initiator were the same. Thermal analysis
can thereforédbe usedas a facile method for the characterization of grafted polymers without chain

cleavage.
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2.1 Introduction

The gaftingof polymers on nanoparticlésapio mi s i n g-u p b o 5 toprepaesvellydesigned
nanocompositewith controlled propertie§'?° The canbination of diferent typesof nanoparticles
and polymers offers many opportunitiesiaaterialinnovation'?83°Two methodsire commonly used
for the grafting.Thefigr af t i ng t 00 mesynthesided and oharacterizexd lpolypemee
covalently attachean the nanoparticles, usually leads to a low grafting density due to high steric
hindrance. Thigproblem carbe circumventedby applying thefi g r a f t i appgoadhalso known
asSurfacelnitiated Polymerization (SIP), in which thgolymerization of monomeiis initiatedfrom
the surface ofhe nanopaitles. The steric hindrance being muolwer in that case, this methasl
generallyprefared23131132 Syrfacelnitiated Atom Transfer Radical Polymerizatid®{ATRP)is one
of the most populaBSIP method. This living radical polymerizatiorhas been widely used traft
polymers orsilicaandmetal nanoparticle$****and hadveen recently applieid cellulose nanocrystals
(CNC), a promising biobased and biocompatible mat&tfat’ CNC are innovative nanoparticles with
a high potential in various areas, where theylmamisedas reinforcing agesf° stabilizers formetal
nanoparticled® colloid stabilizers of Pickering emulsiofi$® and so ort®°568138139 However, the
engineering of innovative nanomaterifilem CNC generallyrequiresa fine control of their surface
properties by chemical modification. In this context, the CNC modificati@rSFATRP grafting is
particularly promising, as it allows preparing hybrid nanomaterials {Q@NC) with tailored
properties.In particular, the method has been recently applied to modify the surface of CNC with
polystyrene (PS¥%°7%° poly(N,N-dimethyl aminoethyl methacrylate (PDMAEMA),%8%° poly(tert-
butyl acrylat§ (PtBA),*® poly(N-isopropyl acrylamid¢ (PNiPAAmM)*4% and poly(oligo (ethylene
glycol) mehacrylate) (POEGMAS!

The properties of thpolymerg-CNC obtaineddependboth on the chain legth of the polymerand

grafting density which therefore need tbe characterizegrecisely?-63132140142 However, the
characterization for the molecular weight of the grafted polymer is not easy and generally requires its
cleavage and subsequent lgeis by Gel Permation Chromatography (GPC), whiéh tedious and
time-consumingf#°2°658143144 The severe conditions used for the cleavage can also degrade the

cdlulosic material or denature the polymer, resulting in inaccurate informett8ihe cleavage can
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be too difficult{°14>14” sometimes requiring special modification of oparticles*%® To circumvent
this problem, a sacrificial initiator is generally introduced in the reactiedium to produce an un
grafted free polymer, that can be later charactefi%8&14% This methods basedn the assumption
that themolecular weight of the grafted and free polymemre similart>®> However, the method
remainscontroversiabndis still debated?%® Indeed, the SATRP reactioris influencedby the steric
hindrance of the grafted polymers, whictrétated to the grafting density and the morpholofjshe
substraté25® The equivalency betweegraftedandfree polymersis therefore nostraightforwardand
needs tde verifiedin each particular casTechniques to evaluate the molecular weighhefrafted
polymersvia adirect characterization ahe polyg-CNC material haveot been reportedo far and

should be very useful for researchers workimthis area

In this chapterwe proposea conenient method allowing the direct characterization of the polymer
grafted by SIATRP on the CNC surface, without cleaving the polymer from the nanopaiftobeSt
ATRP graftingof PSat the CNC surfacaas performedrom brominated CNGnitiators (CNC-Br), in

the presence d sacrificial initiator. PS wasselected as a model polymer, as its surface grafting by
ATRP has beeperformal on a wide variety of substrates aadvell documentedn the literature
With this work, we show thatlynamic light scatténg (DLS) is a convenient tool to monitor the
polymerization process, whildifferential scanning calorimetry (DS@pn be used to verify if the
polymerization ratesof the grafted and free polymers coincide. Finally, we demonstratethat
thermogravimetrianalysis (TGA)can be used to directlystimatethe molecular weight of the PS
grafted at the surface of the CNC without cleaving the polymer from the nanoparticle.

2.2 Experimental

2.2.1 Materials

CNC were purchasedfrom the University of Maine Acetic acid, CuBr CuBe, ascorbic acid,

N, N, N©& ,-pEnbatnethyl@igihylenetriamine (PMDETA), tris -(@imethylamino)ethyllamine
(MesTREN), calcium hydride, styrene, dimethylformamide (DMF), tetrahydrofuran (THF), diethyl
ether, ethanol and other solvents were purchésed SigmaAldrich. Et h ybromoli$obutyrate

( EBi B) -bammaisobutyryl bromide RIBB) were purchasedfrom Alfa Aesar. 4
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dimethylaminopyridine (DMAP) and triethylamine (TEAyere purchaseérom Fisher. CuBr was
purified by acetic acid at 8@ under N for 24 h, and themvashedwith acetic acid and dried under
vacuum at 50C. All the other chemicalwere useds received.

2.2.2 Preparation of the brominated CNC nano-initiator: CNC-Br

BIBB was used to modify CN@ndpreparehe brominated CNC nariaitiator (CNC-Br), later used

to initiate the SIATRP reactionFirstly, CNC(500 mg were disperseith DMF (50 mL) by sonication.

TEA (4 mL) and DMAP (2 g were addedo the suspension. The suspension was evacuated under
vacuum and backfilled with argon three times. TI&BB (4 mL) was addeddropwiseto the
suspension in an ice bath. After 24 h, EtOtds addedand the CNGBr was recovered by
centrifugation CNC-Br was Soxhlet extraetwith THF for 2 daysthen dialyzed with deionized.B

for 6 days Finally, CNGBr was obtained byréezedrying. The freezedried CNGBr was redispersed

in THF by sonication again. The supernatant was dried and analyZetiyIR in CDCI3. The'H

NMR results showed no residues were left.

2.2.3 Grafting PS from CNC-Br by SI-ATRP: PS-g-CNC

In brief, the SIATRP of PS fronCNC-Br was conducted at 10C, with the molar ratiof [Styrene]:
[EBIB]: [CuBr]: [PMDETA]: [DMF] =500: 1: 1: 1: 500. In detail, CuB¥2 mg was transferrethto
the Schlenk tube in the glove box. CN8r (50 mg was disperseth DMF (250 nmol) via sonication.
Then styrené250 mmo) and EBiB(0.5 mmo) were added to the suspension. After the suspehsidn
been bubbledvith argon for 20 min, the suspensioms transferredo the Schlenktube under the
protection of argonlhe suspensiowasdegassetly three freezpumpthaw cyclesAfter the addition
of PMDETA (0.5 mmo) under Ar, the reactiowas initiatedat 100°C. At a designed interval time (2
h, 4 h, 6 h, and 7.3 h), an amount of reaction mixture was withdrawn by a degassed syhege. T
monomer conversiowas calculateffom the'H NMR analysisof the mixture in CDCl The mixture
was centrifuged to recover the §SCNC nanoparticles. R§CNC was washed with THF and EtOH
three times respectivelio removehefree polymer and othemnueacted chemicalf the last washing
recycle, the THF supernatant was collected and dried'HINMR in CDCk showed no PS or other

residues were leff he PSg-CNC nanocompositegere obtainediter drying at 5CC under vacuum
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The green supernatamtcame colorless after the catalysis removedy passinghe solutiorthrough
anAl;0s column. The colorless supernatavas then pourethto excess MeOH, and the precipét
free PS was recovered through filtration and drying &C50nder vacuum.

2.2.4 Characterization

Fourier transform infrared spectroscopy (FTKpectraof all the samples were obtained with the

potassium bromide technique, using a Thermo Nicolet Avatar 970 FTIR spectrometer, as a resolution

of 8 cm* (64 scans).

Transmission electronisroscopy (TEM)was conductedn Philips CM10 at an acceleration voltage
of 60 keV.The TEM samples were prepared by drop coativegdispersiononto copper grids (200
meshcoated with copper) and allowing themdry at ambient temperature overnighhe pristine
CNC dispersion for TEM samples was stained by geCl

Thermogravimetric analysis (TGAyas performedn TGA-Q50 system (TAnstrumentkat a heating
rate of 10°C /min under nitrogen atmosphere.

Differential scanning calorimetry (DSC) wasarried out using a DSC Q100 apparatus (TA
Instruments). All samples were first heated froACGo 200°C to remove the moisture, cooled down
to 0°C, and then heated to 200. The T, valueswere determinettom the second heating rah the
DSC curve.

Dynamic light scattering (DLS\wasper f or med using a ©particle

(Cordouan Technologies).

Gel Permeation Chromatography (GPC) analysisconduced in THFwith LiBr, on a PLGPC 50
plus Integrated GPC (Polymer Laboratofiérian).The dution of the filtered samples was monitored
usinga simultaneous refractive index and UV detection systdma.elution times were converted to

molar mass using a calibration curve based on low dispersit{Nipolystyrenestandards.

H NMR spectra wereecorded using a Bruké&xC-400 NMR at room temperature by dissolving the
samples in CDGI
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Elemental analysis (EA) dataere obtainedrom SGS Multilab (France)Carbon, hydrogen, and
nitrogen were measured by thermal conductjagcording to protocolglO 240 LA 2008 (carbon and
hydrogen) and MO 150 LA 2007 (nitrogen). Oxygen and swine measuredith infrared detectors,
according to protocols MO 238 LA 2008 (oxygen) and MO 240 LA 2008 (sulfur). Bromide was
measured by ionic chromatography, accordimgrotocol MLEMO-LAB-O78. All sampleswvere
driedat 105 € before analysis.

The molecular ratio adinhydroglucoseanitsrelativeto the grafted Br was evaluated based omethod

reportedn theliterature® The calculation is detailed below:

M (anhydroglucose= 162 g/moj M (initiator fragment)= 150 g/mol; M (Br) =80 g/mol
Weight percentage of Br evaluated by EXL.9%

Assuning 1 g of CNC-Br: n (Br) =1x11.9%/80= 1.49x1.0° mol = n (initiator fragment)

m (initiator fragment)=1.49x10° x 150 = 0.223 g n (anhydroglucose= (1- 0.223)/162= 4.80x103
mol. Themolar ratio of n énhydroglucosgrelativeto n (initiator fragment)s then:4.80/1.49= 3.2

2.3 Results and discussion

2.3.1 Preparation and characterization of the CNC-Br initiator

The CNC used in this study were isolated by sulfuric acid hydrolysis of wood pulp, according to a
general procedure widely described in the liteattt*® They consist of rodike particles with
estimated dimensionsf 1103 ° 47.7nm in length ad 4.8 ° 1.1 nm in diametey based ora former

study performed with particles taken from the same Hastimated from AFM pictures§ The amount

of accessible hydroxyl groups their surface wasstimatedo be3.10+ 0.11 mmolg?, using a method
based omphosphorylatiortoupled with*P NMR and FHIR analysis®

As shown inScheme?.1, awidely reportecesterificationrmethodwith BIBB as reactant was employed
to anchorthe Br initiating sites on the surface dhe CNC 294446525357.58143147150 The syccessful
preparation of CN@Br was confirmed by FTIR spectroscopy Figure 2.1. Compared with the
unmodified material, the FTIR spectrum of CIBCshows an addition&land at 1739 crh whichwas

assigneds the carbonyl stretching vibrati of the grafted ester group
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Scheme2.1. Synthetic route used for the preparation of thd?S-.g-CNC

O
CuBr, PDMETA CNC‘O Br

1 TEA, DMAP i D
CNC-OH + BHH( —_ CNC\O)H(B +
Br DMF r EBiB, DMF

BIBB CNC-Br PS-g-CNC
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PS-g-CNC
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Figure 2.1. FTIR spectraof pristine CNC, CNC-Br, PSg-CNC after 2 h reaction, and free PS.

The ester grafting was further confirmed$@ CRMAS NMR spectroscopin Figure2.2. The pattern
of celluloseis observedt 105 ppm (@, 89 ppm (G crystalline), 84 ppm (£amorphous), 752 ppm
(C2/C4/Cs), 65 ppn (Gs crystalline) and 63 ppm ¢Gmorphous}®*152 After the reaction with BIBB,
the spectrum of CN®r displays additional signals at 171, 57 and 31 pmmeponding tahe Cr, Cg
and G carbonf the grafted moietiesespectivelyThecellulosepattern in the CN@Br spectrum was
not affected by th#eatmentandthesignals ofcrystalline domains retaingleir sharpness, inditing

that the ester graftingas limited to the outer surface of the CNC

The morphologies of pristine CNC and CMNBC were investigated by TEMAs shown inFigure 2.3,
the pristine CNC consistof rod-like particles andare slightly aggregatediie to the addition of Fel
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before analysis, to stain the particl€herefore, their size is hard to evalufiam the TEM pictures.
After modification by BIBB, herod-like morphology of the cellulose nanocrystsisetainedand the
dimensions of CNEBr estimated from th@ EM imagesareca.189° 49 nm in length and 8.0 2.8
nm in diameter (aspect ratio ~19.5)

——CNC O ¢

— _CNC-Br
CNC\O)}%QB,-
9

T T T T i T M T
250 200 150 100 50 0
8 (ppm)

Figure 2.2. 3C CP-MAS NMR spectra of pristine CNC and CNGBr.

Figure 2.3. TEM imagesshowing the morpholog of pristine CNC (A) and CNC-Br (B).
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The thermal stability of the pristine CNC and CIBEwas investigated by TGA he thermograms and
correspondindTG deiivatives are shownn Figure 2.4. Both samples displag slightweight loss
below 100°C, dwe to the presence ofsidual adsorbed moistur&he lower weight lossioted with
CNGC-Br is assigned to the decreddeydrophilicity imparted by the estification treatmentThe
thermogram ofpristine CNC is consistent with the thermal behavgemerallyobserved forCNC
bearing sulfate ester grouff$>* Evensmall amounts ofsulfate ester groups at the CNC surface are
known to catalyze the thermal degradation of cellutés¢ Compared with pristine CNGZNC-Br
displays a decreased thermal stabilltyis result should be related to the presaricthe labile bromine

within CNC-Br, which might accelerate the degradatof cellulose through freedicalmechanisms
or by formingHBr upon heating*’
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Figure 2.4. TGA thermograms (A) and DTG curves (B) of pristine CNC and CNGEBr.

Thebrominecontent in CNGBr, evaluated bglemenal analysifEA) wasestimated to b&1.9wt. %
(otherelements C 42.7wt. %, O 34.3wt. %, H 5.2wt. % and N 0.88vt. %). The EA results also
corfirm the succesful anchoring of Br initiator sites on CNBased orthe Br contentthe molecular
ratio of anhydroglucoseelativeto the grafted Br was estimated to ®&, using amethodreportedin
the literature® The detailed calculatiois givenin the experimental sectiohence, the molecular
composition of CNEBr canbe simplifiedas (GH100s)3A(C4HsOBr). If necessary, theamountof

initiating Br sites carbe finely tunedy controlling thereactionconditions with BIBB.
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2.3.2 SI-ATRP grafting of PS from CNC-Br
The ATRP grafting of PSfrom CNC-Br was performed in DMF, in the presence eft h y |

bromoisobutyrate (EBiB) as sacrifit initiator (Figure 2.1)'® Aliquots were taken at designed
polymerization intervals ananalyzed byH NMR, to evaluate thenonomer conversiowith time. The
monomer conversion is calculated based on the rastyodne to DMF in the aliquot$heH NMR
spectra of the aliquots in CDGAith different polymerizatiortime are shown ifrigure2.5. Thefree
PS and P9-CNC in thealiquots,were separated by centrifugatidie monomer conversion is given

by ([Mo]-[M{)/[M¢], where[Mg] and [M] are the monomer concentration at initial and titme

respectively.
a b
H  CHs
O  CHs
Cc
f e
H
gH
4H Hd
dH Hd
h i
H, H
c—Ct

90 85 80 75 7.0 65 60 55 50 45 40 35 3.0 25 20 15 10 05 0.0
& (ppm)

Figure 2.5'H NMR spectra of the aliquots in CDC} with different polymerization time

2.3.2.1 Kinetics of the ATRP polymerization of free PS

The monomer conversion and In(¥M]) areplotted asa function ofreaction timein Figure 2.6,

while the kinetic parameteese summarizeth Table2.1. The monomeconcentration decreaseghv
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time, leading to a gradual decreaskthe propagation rate,R K [M{][P:*]. As a consequencéhe

increase in monomer conversiwith time exhibits a convex shagée In(Mo]/[M]) increasesnearly

with time, suggestingdfirst-order kinetis with a constant concentration o#dicals, which is

characteristic of a wettontolled ATRP*2

A B
. —s—monomer conversion A M L1.4
S 27 4 In([MolMg) 104 |- -e- - Theoretical M
: / 144 4 Dispersity 7 ..
9 20 _ 13
g / 203 3129 .
= 2 )
E 154 ; '-6’107 (1 g
. 02e © el o 128
E 10 z < g
E = = 99 <. A A =
S .| 0.1 4] ’ . L1
2_ A
0 T . r T . ; T 0.0 0 : : : . : 1.0
0 1 2 3 4 5 6 7 0 5 10 15 20 25
Time (h) Monomer conversion (%)
Figure 2.6. Kinetics ofthe ATRP polymerization of free PS: @A) Monomer conversionand
In([M oJ/[M ¢]) vs reaction time; (B) M, and dispersity of free PS/s monomer conversion
Table 2.1. Kinetics parameters ofthe ATRP polymerization of free PS
Sampl e Monom Myfree P o
_ Theou'ee I niitni
(Polymelcomrmwéd|l n ([ /M measur .
_ (g/ mol effic
ti me | ( %) GPC (g
Free P§Y 9. 77 0.009 5128 5886 87. 1
Free PY§ 16.6 0.17 8713 10575 82. 4
Free PY§ 22.0 0.24 11546 14389 80. 2
Free PSH 26. 4 0.92 13886 16732 83.0

The numberaverage molecular weigkiv™ "9 and dispersity of free P& different polymerization

times, wereevaluatedy GPC As shown inFigure2.6B, M, PSincreasegroportionallywith respect

tothe monomer conversioard the dispersity values remdelow 1.15 (1.06..13), further confirming
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that the PS polymerized accordingtéid i vi ngo p ol y ms théeameunt ofioitiating r oc e s s
sites on CNGEBFr is negligible compared \ith the amount of sacrificiainitiator, a theoretical M PS

value can bealculatedbasedn the monomer conversiamdmolar ratio of monomer to inétor. The

theoretical value found slightly smaller than thenemeasuredy GPC Figure2.6 and Table 2.1),
indicatingthat the sacrificial initiatordid not allinitiate a polymerizationThe initiatingefficiency of

the EBiB, calculated as the ratio of theoretical™Sto the GPC measurdd ™ P$ is summarized in

Table2.1. Results indicate that most of the EBi#acedin the system.

2.3.2.2 Characterization of PS-g-CNC by FTIR spectroscopy

The successful grafting of PS from CNBC was confirmed by the FTIR spectompy, as shown in
Figure 2.2. Compared with CNBr, the PSg-CNC material reacteidr 2 h displays additional infrared
vibrations characteristic of PS at 3059/3025'¢aromatic GH stretching vibrations), 1600/1494/1451
cn! (C=C stretching vibrations),56 cm' (out-of-plane aromatic €1 bending vibrations)and 700
cnr! (deformation vibration of the €l group of the monsubstituted benzene ring).

2.3.2.3 Evolution of the hydrodynamic radius of PS-g-CNC during polymerization

= CNC-Br
o PS-g-CNC

O

R, (nm)

10 12 14

o
N A
N
(o)}
oo

M "**"* (x10° g/mol)

n

Figure 2.7. Evolution of the hydrodynamic radius (Rn) of PS-g-CNC as a function of M, PS,
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The hydrodynamicradius(Ry) of the polymergrafted nanoparticlesieasured by DLS;an be used to
follow the evolution of the ATRProcess?31% Since the cellulose nanocrystals are spiterical the
R» only providesan indication of the apparent size of the nanopartiéfdsis indeed expected that,
with the growth of the grafted PS chgithe R would increase aoespondingly?! The R, of the PSg-
CNC nanoparticles dispersed in THF was then measur@{ Byand plottel as a function of thil e
PSin Figure2.7. Results indicate that the size of the®SNC remairs in the nanometer rang&he
large R of PSg-CNC is due to thelightly aggregation in the THF suspensidhZoppe et al. also
reported a quite largenRor polymer grafted CNC which were also prepared BABRP 3! The R,
increased linearlyith M, S suggestinghe polymer at the CNC surface growths at the sareedp
as the free polymemM92€dPS increasedinearly with the M™® P9. SinceDLS is easy to performit
canbe useds a practical tool to monitor the polymerizatiyncess at the CNC surfadéowever, the

actualM22edPS yaluecannot beobtaired using this technique.

2.3.2.4 Evolution of the T4 of free PS and PS-g-CNC during polymerization

Theglass transition temperatur€y) of free PS 4" andPSg-CNC (T PS9CNC) were measured
by DSC, for different polymerizatiortimes. As shown inFigure 2.8A, both Ty PSand T;"S9CNC
increase as the polymerization time increase, whilegheak observed for the CNBr sampleThis
result confirms that a PS polymer of increasing sias graftedat the CNC sudace.According to the
free volume theory proposed by Fox and FfSfy*® the Ty of the polymer should increase

proportionallywith 1/M, due to the decrease o&é volumeand followtheempirical equation:
Tg=TP-K¢Mn,

whereT? refers to the Jof PS with infinite My and Ky is anempiricalconstant of the polymép®
Such linear correlation betwedry and -1/M,, was confirmedfor the free polymein Figure 2.8B.
Moreover, theT"S9CNC also increases linearly witil/M,™e PS (Figure 2.8B), suggestingthat the
M9afted PSs proportionally correlateth the My PS However, we still cannot deduce the exag¥iFd
PSvalue from these datZheTy"S9CNC s higher than the correspondilg®eS, especially in théow

M, range, which igonsistent with the resultbtained whefPSwasgrafted on Si@'*? The higher |

of PSg-CNC resultdrom theincreased steric hindrance after grafting
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Figure 2.8. (A) DSC curves of CNCBr, free PS and PSg-CNC at different polymerization
time; (B) T4 of free PS and PS-CNC as a function of-1/M ™€ PS

2.3.2.5 Evaluation of the molecular weight of the grafted PS by thermal analysis
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Figure 2.9. TGA thermograms (A) and DTG curves(B) of free PS

The thermal stability of free PS and -B&£NC sampleswas evaluatedby TGA, for different
polymerizationtimes The thermograms armbrrespondind® TG delivatives of the free P&re shown

in Figure2.9. The onset degradation temperatured) of the free PS increases slightly withaction
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time, i.e. with increasingVi.. Themaindecomposition temperature of PSrigherangebetweer350
and450 €, which accounts fomore than 95% of theS weighioss
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Figure 2.10. TGA thermograms (A) and DTG curves(B) of PSg-CNC.

The TGA thermograms and DTG curves of-@26NC are shownin Figure 2.10. The PSg-CNC
nangarticles exhibit an enhanced thermal stability disglaytwo stages ofhermalloss,consistent

with literature datd’ The firstweight loss(from 180 to 320 €)is associatesith the degradatiorof

CNC andthe seconaveight losgfrom 350 to 450 € with thedegradatiorof PS.We already showed
thatCNC-Br displays a decreased thermal stability comparedprighine CNC(Figure 2.5), assigned

to the labilebromine, which probablgccelerats cellulose degradatiormhe bromine atom i®PSg-
CNCis also labile, andhould thereforbe cleaved at a lower temperature than PS. As far-BiN@e
released Br probably favors cellulose degradation, as suggested by the lower temperature of maximal
degradation found in the compositen{I= 260€) compared to pristine CNC (flax = 297°C). The

ratio of £cond weight loss relativte first weight loss should then represent an accurate estimation of
the weight ratio ofyraftedPSrelativeto CNGBr in the PSg-CNC nanocomposited.his ratiowas
plottedas a function of the monomer conversiofrigure2.11. The linear correlation obtain suggests

that the M@raed PSincreaseproportionallywith respect tahe monomer conversion.
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Figure 2.11. Evolution of the weight ratio of grafted PSrelative to CNC-Br in PS-g-CNC

(calculated by TGA) as a function of monomer conversion.

By comparing the weight of the grafted polymers withlbienber ofinitiating sites onCNC-Br, the
exact Mgrafed PScanbe calculatedAssuming that all Br sites on CNBr have reactedhe M2 PSn

PSg-CNC after2hreactionis calculatedhs an example

Table 2.2. M, PSand M ,93fted PSyalues ofthe PS.g-CNC samples obtained at different

polymerization times.

Sampl e Wei ghatt i o of
Mnfreq,-nésasur . Mngrafted

(pol ymer rel atoi 0a¢@ s u
_ GPC (g/n (g/ mo

t i )ne by TGA

PSCNC (1 5886 10. 69 7140
P&CNC ( ¢ 10575 15.80 105514
PS-CNC (¢ 14389 21.18 14148
PSCNC (7 16732 25.72 17181

According to the EA results of CNBr, the molecular composition of CNBr can be simplified as
(CeH100s)3.2(CsHeOBYF);  the  composition of R§CNC can be simplified as
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(CeH1005)3.A(C4aHsOBI)(PS); the monomer conversion after 2h is 9.77%, determinétH lWMR; the
weight ratio of grafted PS relative to CNBE calculated by TGA is 10.7; M [@E11005)3.2CaHsOBI)]

= 668 g/mol; M (styrene) =104 g/mdThe numbe n of styrene units in the grafted polymer can then
be deducedfrom the following equation:104n/668=10.7. We find ann value of about 69,
corresponding to M9 PSyglue ofca. 7140 g/molThe calculatedM 92" PSvalues ofthe PSg-
CNC samplesobtained at different polymerization timage comparewith the M, values ofthe free
polymesin Table2.2.
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Figure 2.12. The M,92%€dPS derived by TGA and the M ¢ PSmeasured by GPC

The M23ed PSderived from the thermal analysis agree quite weih the M, PSmeasured bysPC

Both parameters increased linearly with the monomer convefBigare 2.12), confirming thahe
polymerization rateof the graftedand freepolymers are the sam&herefore, the characterization of
the free polymeis a convenient way testimate the molecular weight of the polymer grafted on CNC
Br by SFATRP. Moreover, he agreemerttetweenM, ™ PSand M, 9afted PSgggets that mostof the
initiation sites on CNEBr have reactedl he thermal analysis of polymgraftedparticlesis therefore

a convenient method testimatethe molecular weight of the grafted polymer as long apé#ntcles

and grafted polymers aréotally decomposed and display two separate weight losses in the TGA

thermograms.
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2.4 Conclusions

In this chapterwe developedh convenient method based on DIESC and TGA to characterize
directly the PSgrafted on the CNC surface by-8TRP, without cleaving theolymer from the
nanoparticleBr initiating siteswere first introduced at theurface othe CNC by esterification with
BIBB (CNC-Br), and subsequently reacted with styrene for various times, to produce&gybrid
grafted with PS chains ofariouslengths (PS-CNC). The addition of &acrificial initiator in the
reaction medium allowed verifying tlgoodcontrolling of theliving radical polymerizationthrough
the analysis of the free polymer producé&l S proved to bea convenienttool to monitorthe
polymerization process through the measure of Hiydrodynamic radius of the R$CNC
nanoparticles, which was founditwrease linearlyith the molecular weight of the free polym&he
DSC curves ofthe PSg-CNC particlesrevealeda linear relatiaship between the glass transition
temperature of R§-CNC and thel/M, value of the free polymer. This relation allowed confirming
thatthe molecular weight of the grafted R@s correlatedvith the molecular weight of the free PS.
Finally, we developedn original method based on TGt directly estimatethe molecular weight of
the PS grafted at the surface of the CNC without cleaving the polymer from the nanoparticle, by
comparing the weight losses imparted to the cellulosic material and grafted P&untfehat the M

of grafted and free PS coincided quite well, confirming that the free polymer producedhgrifieial

initiator can be usetb indirectly characterize the PS grafted at the CNC surface
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Chapter 3
A comparati ve Ssutrdudy adm iRoliggye st yr ene and
Pol widhyl pyonCekildal)l]l ose NanboydTSRBt &h d
ARGET ATRP

Both Surfacelnitiated Atom Transfer Radical Polymerization {STRP) and Surfacénitiated
Activator ReGenerated by Electron Transfer ATRP-(8RGET ATRP) were conductedo graft
polystyrene RS and poly(4vinylpyridine) (P4VP) on the surface of CNC. The/IRP and Si
ARGET ATRP approaches were systematically compared to evaluate the potential benefit of each
method. The surface initiating efficiencies (Bt the CNCBr macroinitiators with regarth styrene

or 4vinylpyridine were evaluatedy TGA and EA, respectivelyThe combination of analytical
methods such as AR, DLS,DSC, TGA, and EA allowed demonstrating that tBeARGET ATRP
reaction favoredhe grafting of longer polymer chains with lower grafting densities compared with the
classical SIATRP method. The impact of catalyst concentration and propagation rate on the differences

notedwereparticularly discussed
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3.1 Introduction

Replacing petrolem-based synthetic materials by sustainable materials has attracted much attention in
recent decades due to the global warming and worldwide polfitith.The valorization of bie
sourced materials such as cellulosas lbecome a hot topidecause of its biocompatibility,
biodegradability, renewability, environmefntendliness and low cosgé47137160161 |n this context,
cellulose nanocrystals (CNC) offer an array of properties, which can be exploited in the field of
cosmetics, emulsions, electronics, liquid crystals, enforcing-fikers, foods, and catysts fieldst*
521162163 |n particular, these nanoparticles are renewable, biocompatible, display a high tensile strength
and elastic modulus, have a low density and lowfaefht of thermal expasion, andend to sel
assemble in the form of nematic phas&&1162163 CNC are typically produced from microcrystalline
cellulose, paper or pulp, by submitting the cellulose substrate to coateestilfuric acid combined

with sonicationt34 The treatmenprovokes the hydrolysis of the amorphous regions of the initiak semi
crystalline material, leading to the release of nsized rodike cellulose crystallites bearing sulfate

ester groups at their surface.

However, the hydrophilinature of theaCNC surficetends tdimit its field of application especially

for the hydrophobicmatrix. Indeed, he engineering oinnovative functional materials from CNC
generallyrequires a fine tuning of their surface properties, which can be achieved by chemical
functioralization?681%4 In the area ohanocompositesfor ingance, the grafting of hydrophobic
moieties or polymer chains atettCNC surface can help improtteeir miscibility with hydrophobic
matrices® Surface functionalization can ald® used as a tool to impart theaterial withnovel
functionalities The CNC modification via polymer grafting is particularly promising, as it allows
preparing hybrid nanomaterials theatn be usé for a wide range adidvancedpplications:?52947.162

As a fAgrafting finitateddAtos Tranafer Ragliga] PolgmerzatianeRP) has
been widely used to gradifferent polymer brushes ddNC, such as polystyrene (PSf’ poly(6-(4-
(4-methoxyphenylazophenoxy) hexyl methacrylate) (PMMAZQ» poly(2-(dimethyl amingethyl
methacrylate) (PDMAEMAJ® poly(methyl acrylate) (PMAJY® poly(N-isopropyl acrylamide)
(PNiPAAmM),* and poly(oligo(ethylene glycol) metHyether methacrylate) (POEGMA)
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However, oneof the majordrawback of ATRP isthat the methd requiresthe utilization of high
amouns of transitionmetal complexes aa catalyst which are generallytoxic.'®® In particular, the
Cu(ll) species generated after reaction with the classical CuBr catalyst, geneeablio be removed
from the final productsin sensitiveapplicatiors, like in electronicsor medidne '’ Several methods
have been developed temovethe metal catalyst, butelse processes angghly energyconsuming
which limits thedevelopmenof ATRP inindustry. Moreover, theclassicalATRP process ivery
sensitiveto oxygen(the Cu(l) species can be easily oxidizea)d tediousair-removing stepsare
neeadto obtainawell-controlled polymerization proce¢such as freezthaw cycle}. To reduce the
impact of catalyst and sensitivitio oxygen alternative methods such Astivator ReGenerated by
Electron Transfer (ARGET) ATRRavebeen developedVith this methoda reducing agenis added

in excessto steadily regeneratifie Cu(l) speciesfrom the Cu(ll) continuously formediuring the
radical termination reactiorg®1®® The ARGET ATRP can reduce thenount ofcatalystused in the
procesgo ppm amount and care conductedh the presence of limited it Moreover,someFDA
approved chemicals such 8" 2-ethylhexanoate (Sn(EH), glucose, ascorbic acid, hydrazine or
phenyl hydrazingecan e used as reducing ageii¥2+14316616 Compared with traditional ATRP,
ARGET ATRP is a rel at i vasellgontiolled molgnmedzatiorgéhte mettbd t o0 o bt a
has been employed to graifferentpolymers orthe surface of variousubstratg, 2166170 hut noton
CNC. Moreover, theeompaative studesbetween the SATRP and SIARGET ATRParerare.

Herein, the efficiencies of th&SI-ATRP and SIARGET ATRP methods to initiate thgrafting of
polymer chains at the CNC surfagere comparedr he experimentaere performeavith two different
polymers with different chemical structsrand polaritiesPS wasselected as a modkydrophobic
polymer, as its surface grafting by ATRP has bperiormed on avide variety of substrates ansl
well documentedn the literature P4VP was selected ashydrophilic polymerwhich canbe easily
characterized/ia elemental analysis of the nitrogen atom. This polymelso pH-responsiveand
displays various interesting properties related tceitalytic activity,'’ gaspermselectivityt"2electrical
conductivity, and ability to serve as ligand for metal coordinatiod” The PS grafted CNQPSg-
CNC) and P4VP grafted CNC (P4WiRCNC) were characterized bifourier transform infrared
spectroscopy (FTIR), differential aening calorimetry (DSC), thermogravimetric analysis (T&Ad
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element analysisHA), and the grafting densities obtained ®yATRP and SIARGET ATRPwere
compared

3.2 Experimental

3.2.1 Materials

CNC were purchasedfrom The University of Maine.Acetic acid, CuBr N, N, N6, No, NoO
pentamethyldiethylenetriamif®MDETA), calcium hydride, @lystyrene (PS, M250000)and all the
solventswere purchaseffom SigmaAldrich. Ethyf -bU o moi s o b ut y-bromoissbutyrg Bi B) |,
bromide BIBB), tris [2-(dimethylamino)ethyllanme (M&TREN), 4vinylpyridine (4VP) were
purchasedfrom Alfa Aesar. 4Dimethylaminopyridine (DMAP) and triethylamine (TEAyere
purchasedrom Fisher. CuBr was purified witlcetic acid at 86C under therotectionof N, for 24 h
and washeavith acetic ad and then dried under vacuum at%D Purified CuBrwas storedn the
glove box. 4VP was purified by distillation from calcium hydride under redymredsureand was

storedat-20°C. The other chemicalsere useds received.

3.2.2 Preparation of the brominated CNC nano-initiator: CNC-Br

BIBB was used to modify CN@ndpreparehe brominated CNC nariitiator (CNC-Br), later used

to initiate the SIATRP reactionFirstly, CNC(500 mg were disperseih DMF (50 mL) by sonication.

TEA (4 mL) and DMAP (2 g were addedo the suspension. The suspension was evacuated under
vacuum and backfilled with argon three times. THBB (4 mL) was addeddropwiseto the
suspension in an ice bath. After 24 h, EtOts addedand the CNGBr was recovered by
centrifugation CNC-Br was Soxhlet extraetl with THF, then dialyzed with deionized B. Finally,
CNGC-Br was obtained by freezdrying.

3.2.3 Grafting PS from CNC-Br using SI-ATRP: PS1-g-CNC

In brief, the SIATRP of PS from CN&Br was conducted at 10, with the molar ratio$tyrene]:

[EBIB]: [CuBr]: [PMDETA]: [DMF] =500: 1: 1: 1: 500. In detail, CuBr2 mg was transferre¢to

theSchlenkflask in the glove box. CN®r (50 mg was disperseth DMF (250 mmo} via sonication.

Then styrené250 mmo) and EBiB(0.5 mmo) were alded to the suspension. After the suspensazh
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been bubbledvith argon for 20 min, the suspensiaas transferredo the Schlenkflask under the
protection of argonlhe suspensiowas degassduy three freezpumpthaw cyclesAfter the addition

of PMDETA (0.5 mmo) under agon, the reactiorwas initiatedat 100°C. The monomer conversion
was calculateéfom theH NMR of the mixture in CDGl The mixture was centrifuged to recover the
PSg-CNC nanoparticles. R§&CNC was washed with THF and EtOH thrémds respectively to
remove free polymer and other unreacted chemicals. After drying @ &0der vacuum, the R$
CNC nanocompositesere obtainedThe green supernatant became colorless after the catalyst
removedby passing it through the ADs; column. The colorless supernatams pourednto excess
MeOH, and the free PS precipitaras recovered through filtratidiollowed drying at 50°C under
vacuum. Thefree polymer and hybrid material obtainede namedfree PS1 and PS3d-CNC,
respectively. Afer polymerization fordh, the monomer conversion is about 16.6%, so the theoretical
My of the free PS1 is about 8714 g/mol. Thedfithe free PS1 measured by GPC is about 9903 g/mol
(dispersity=1.09).

3.2.4 Grafting PS from CNC-Br using SI-ARGET ATRP: PS2-g-CNC

The catalyst aslution for ARGET ATRPwas first preparedby solubilizing CuBs (0.1 mmo) and
MesTREN (1 mmol) in DMF (5 mL). CNGBr (100 mg was disperseth DMF (7.7 mL). Then EBIB
(0.1 mmo), styrene(50 mmo), ascorbic acid0.1 mmo) and catalyss ol ut i onrinclgding 5 ¢ L
2.5x10° mmol CuBg and 2.5x1*» mmol Me&sTREN) were addedo the suspension. The mixturas
degassety three freez@umpthaw cycles. The polymerizatiomas conductedt 100°C. The molar
ratio of each component is [Styren¢EBIB]: [Ascorbic acid]: [CuB#]: [MesTREN] =500: 1: 1:
1.25x102 1.25x10%. after 1h, the polymerizatiowas terminatetby exposing to air. The free PS and
PSg-CNC dbtained using SARGET ATRP aredenoted as free PS2 and REZNC. Free PS2 and
PS2g-CNC were recovered and purifidry the same procedure as free PS1 and-¢g?SNC. The
monomer conversion calculated ¥y NMR is 25.0%, and the theoretical, Mf the free PS is about
13,019 g/mol. The Mof the free PS measured by GPC is about2@8g/mol (ikpersity=1.19).
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3.2.5 Grafting P4VP from CNC-Br using SI-ATRP: P4VP1-g-CNC

The SIATRP of P4VP from CNEBr was conducteat 40°C with the molar ratio [4VP]: [EBIB]:
[CuBr]: [MesTREN] =500: 1: 1: 2, and the other procedures were similar as tAdBP of PS. Te
free P4VP an®4VPRg-CNC obtained using SATRP aredenoted as free P4VP1 and PAMPCNC,
respectively. After reaction foth, the monomer conversion is 13.2%, so ttiepreticaldegree of
polymerization (DP) of the free P4VP1 is about 66. As 4VP ahdPFhave strong coordination with
the Cu catalyst, a much stronger ligandsMREN is usedn the SIATRP process of P4VP. Even so,
it is still difficult to remove all the Cu catalyst residue from the free P4VRé& fiee P4VP1 still display
slight green clor after passing throughn Al ,Os; chromatography columitherefore, the experimental
M, of the free polymer could nbe accurately determindy GPC (unreliable valuegere foundl. The
resultant P4VP-CNC waswashedwith ethanol three times to remoueet freepolymersand then
was dialyzed againgEDTA-N& aqueoussolutionand deionized water fd@ days to remove the Cu
catalyst residued.he final P4VP1g-CNC was obtained by freezieying.

3.2.6 Grafting P4VP from CNC-Br using SI-ARGET ATRP: P4VP2-g-CNC
The P4VP grafting procedure from CN& using SIARGET ATRP was similato theproceduraised

with PS The polymerization was conducted at°@0and the molar ratio of each component is [4VP]:
[EBIiB]: [Ascorbic acid]: [CuBg]: [MesTREN] =500: 1: 1: 1.25X1¢: 1.25X10%. After 1 h, the
polymerizatiorwas terminatetby exposing to air. The frgaolymer and hybrid material obtainade
namedree P4VP2 and P4VPE@CNC, respectivelyThe monomer conversion calculatedtByNMR

is 15.6%, and the theoretical DPtloé free P4VP2 is about 78.

3.2.7 Characterization

The Fourier transform infrared (FTIR) spectra ofalinples were obtained with the potassium bromide

technique, using a Thermo Nicolet Avatar 970 FTIR spectroméi@resolution of 8 crh(64 scans).

Thermaravimetric analysis (TGAWVas performednthe TGA-Q50system from TA instruments at a

heating rate of 18C /min under nitrogen atmosphere.

Differential scanning calorimetry (DSC) waarried outusing a DSC Q100 apparatus from TA

Instruments. All sampgewere first heated from°@ to 200°C to remove the moisture, then were cooled
61



down to 0°C, and then were heated to ZWagain. The Jvalueswere calculatedrom the second

heating run.

Gel permeation chromatography (GPC) analy&s performedn THF with LiBr on a PLGPC 50
plus Integrated GPC from Polymer LaboratoN&sian. The elution of the filtered samples was
monitored usinghe simultaneousefractive index and U\detection. The elution times were converted
to molar mass using a calibratioorve based on low dispersity () polystyrenestandardsiH
NMR spectra were recorded using a Brukeé2-400 NMR at room temperature by dissolving the
samples in CDGI

Elemental analysis dat@ere obtainedrom SGS Multilab (France)Carbon, hydrogemand nitrogen
were measured by thermal conductiyigccording to protocols MO 240 LA 2008 (carbon and
hydrogen) and MO 150 LA 2007 (nitrogen). Oxygen and suiftne measuredith infrared detectors,
according to protocols MO 238 LA 2008 (oxygen) and M@ LA 2008 (sulfur). Bromide was
measured by ionic chromatography, according to protocol MIELAB-O78. All sampleswere

driedat 105 € before analysis.
3.3 Results and discussion

3.3.1 Preparation of the CNC-Br initiator

Br initiating siteswere first introducd at thesurface ofthe CNC by esterification wittBIBB (CNC-

Br), as was described in Chapter 2 (the same BN@®aterialwas usedor these experimentsyhe

successful preparation of CNB hasbeen demonstrateny FTIR, 3C NMR, XPS and EA inthe

previauschapter According to the EA resultthe molar ratio of anhydroglucose to Br is about 8r2l
the molecular component of CNBF canbe simplifiedas (GH100s)3A(C4HsOBr). The brominated
CNC were then subsequently reacted with styrene or P4VP, usthdSBATRP and SIARGET

ATRP, and the results obtained by the two metheel® compared
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3.3.2 SI-ATRP and SI-ARGET ATRP grafting of PS on CNC

3.3.2.1 Characterization of the free PS produced by the sacrificial initiator

Table 3.1. Reaction conditions and characteristics or théS-g-CNC hybrid nanomaterials
prepared by SI-ATRP or SI-ARGET ATRP

Met hod SIATRP SIARGET AT

Sampl e PS-GCNC PS@CNC
Catalyst (amoy CuBr (200 CuB(r25 pp
Reducing agen / Asocr bi ¢ ¢

Pol ymeri zati on 4 h 1 h
Monomer conver 16. 6% 25. 0%
Mhiof free PS measjur _10575 _13126
(di sp&r &b (di sp&r 4b

Theor eoifcdI(gd mPS$ 8714 13019
I nitiatindgo&f EBCH 82.4 % 99. 2%

Dhof -grFCNC n THF measu 747 nm 8 8Mm
Tgof -glrCNCC)measur ed 106. 0 102.0

Wei ght ratio ofRwygr 15 g 1 23

measbyedGA
Surface initSIQEfi n@N 99. 8% 6. 3%
"SI-ATRP of PS from CNEBr with the molar ratio of [Styrene]: [EBiB]: [CuBr]: [PMDETA}500:
1:1: 1 at 100C for 4 hours

"SI-ARGET ATRP of PS from CN@r with the molar ratio of [Styrene]: [EBiB]: [Ascorbic acid]:
[CuBrz): [MesTREN] =500: 1: 1: 1.25X1¢F: 1.25X10* at 100°C for 1hour.

Both SI-ATRP and SIARGET ATRP reactionwere performedin the presence ott hy |
bromoisobutyrate (EBIB) assacrificialinitiator. The addition of sacrificial initiator can facilitate the
control of the grafted polymer chain length tayning the monomer and sacrificial initiator molar

ratio.*®%, As we demonstrated in Chapter 2, the free polymer produced lsgdtificial initiator can
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be used to indirectly characterize the PStgcaat the CNC surface by -8ITRP with a quite good
accuracy. Indeed, we previously showed by TGA, thatgraftedand freepolymers have the same
numberaverage molecular weigM,. SinceSI-ARGET ATRPis basen the same reactigmocess,

the free poymer should be representative of the grafted polymer also in that case. Indeed, some
researchers demonstrated tme cleaving methodhat the M of free and graftedpolymerswere
consistentvith eachother>?

Compared with thelassicalATRP reaction thoroughly described in Chapter 2, 3 RGET ATRP
is perfomed in the presence of amxoess ascorbic acid asreducingagent to ensuresteady
regeneration of Cu(l) from Cu(ll). Moreey, the amount of Cu catalystquite low (ppm level) in the
SIFARGET ATRP process. The molar ratio of Cu catalyst to monomegrstyfor the SATRP is 2x
103 (2000 ppm) while the molaratio for the SIARGET ATRP & as low as 2.5 10° (25 ppm).In
our experimentshe SIATRP reactionwas performed fod h at 100°C, while the SIARGET ATRP

wasperformedfor only 1 h to obtan similar grafting polymer chain length

The M, of free PS obtained after th8I-ATRP and SI-ARGET ATRP treatments FS1 and PS2,
respectively) were measured by GPC and summainizdable 3.1. The higher valuebtainedwith
PS2 indicates that longer PS chains graftecbn CNC with the SATRP ARGET processBoth free
PS1 and PS2 display law dispersity,suggesting that théving radical polymerizationvas well
controlled Moreover, thepolymerization time of ARBET ATRP is much shorter thahat of ATRP.
Hence its propagation rate (R is much fasterThe amount ofinitiating sites on the surface of CNC
Br beingnegligible compared to themount ofsacrificial initiator, the theoretical Mof the free PS1
and P& canbe calculatedrom the monomer conversicemd molar ratio of monomer to saficial
initiator (see @apter 2) The theoretical Mof free PS1 and PSite listedn Table3.1. The agreement
between the theolietl valuesandM,, measuredby GPCindicates that almost &le EBiB introduced
reacted byATRP or ARGET ATRP. Thenitiating efficiency (IE) of EBiBi calculatedas the ratio of
theoretical M relativeto theM, measuredy GPS/ is 82.4% forATRP and99.2% forARGET ATRP
(Table3.1).
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3.3.2.2 Characterization of the PS-g-CNC hybrids

The successful grafting of R the CNC surfacevas confirmed by FTIR speoscopy, forboth St
ATRP and SIARGET ATRPreactions Figure3.1). Compared with CN&Br, both PSig-CNC and
PS2g-CNC samples display additional infrared vibrations characteyisfithe grafted PS in their
FTIR spectra:tearomatic GH stretchings at 3059 chand 3025 cn; thearomatic C=C stretchings
at 1600 crif, 1494 cmt and 1451 cn; andthe out-of-plane aromatic & bindingat 756 crt and 700
cnt. To compare the grafting levels between samplesC-H bending of grafted P&t 700 cm! was
normalized to the €© dgretching of cellulosdackboneat 1060 crt (used as an internal standard),
through the calculation of the/l10sopeak heights rati&! Thelzodl10soratio of thePStg-CNC sample
is ca.2.16, whilethat ofPS2g-CNCis about 0.68. The lowerlue obtained with PSg-CNC indicates
thata loweramount ofPSis graftedat the CNC surface with the-BRGET ATRP method. Therefore,
the surface initiating efficiency (SIE) of CNBx is probablylower in that case.

PS2-g-CNC using SI ARGET ATRP

Absorption (a.u.)

4000 3000 2000 1000
Wavenumbers (cm'1)

Figure 3.1. FTIR spectra of CNC-Br, PS1-g-CNC, and PS2g-CNC.
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Figure 3.2. (A) Hydrodynamic diameter distribution by intensity of CNC-Br, PS1g-CNC and
PS2g-CNC; (B) DSC curves of free PSPS1g-CNC, and PS2g-CNC.

DLS and DSC were also performed to charactdtigderthe PStg-CNC and PS2-CNC samples
Figure3.2A shows the hydrodynamic diameter)@istribution byintensityof CNC-Br, PS1g-CNC,
and PSZg-CNC suspension in THFThe average fof CNCG-Br is 377 nm, whilghatof PS1g-CNC
and PS23-CNC are 747 nm and80 nm, respectivelyT@able 3.1). As expected, the grafting &S
brushes at the CNC surfa leads to an increase in particles size but the dimensions remain in the
nanometer rangd.he higherDy obtained withPS2g-CNC suggestshatlonger PS chainare grafted
when SIARGET ATRP is usedwhich is consistent with th@gherM, found forfree PS in that case
The DSC curves of free PS, R§LNC, and PS2-CNC are showrn Figure3.2B. Both PS1g-CNC
and PSZ3-CNC showanenhanced glass transition temperatug ¢dmpared witliree PSdue to the
anchoing of one end of the grafted polymétowever, this increase is lower wigs2g-CNC, despite
the higher molecular weight of the grafted polyn#arcording to our previous repo(€hapter 2)the
Ty of PSg-CNC is expected tancrease withM, for a givengrafting densityTherefore, the lower gl
of PS2g-CNCcanbe only explaine@ly the lower grafting densityf the samples grafted I3}-ARGET
ATRP.Hence, he DSC results further confirthatthe SIE of CNGBrr is lower with this methad
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Figure 3.3. TGA thermograms (A) and DTG curves(B) of CNC-Br, PS1g-CNC, and P2-g-
CNC.

The thermal stability of the PSECNC and PS2-CNC samples was evaluated by T@dd compared
with the stability of PS an@NC-Br. Thethermograms andorrespondindTG delivativesare shown
in Figure 3.3. Both PS1g-CNC and PS2)-CNC nanomaterialsecomposd in two steps The first
weight lossis associatedith thedecompositiorof CNC (from 18 to 320°C), while the secondne

is attributedo the decomposition of grafted PS (from 350 to 450 IB)Chapter 2, we showed that the
ratio ofthe second weight loss relative the first weight loss represents an accurate estimatiaheof
weight rato of graftedPSrelativeto CNGBr (Ry) in the graftechanocompositesCompared withthe
Rw of PS1tg-CNC (15.8),the Ry of PS2g-CNC is only1.23 (Table3.1). Since the molecular weight
of PS2 isa priori higher han that of PS1, this result confirms that the grafting density at the surface of
PS2g-CNC is lower thatthanthat of PS:g-CNC. Assuming that the Mof grafted and free PS are
similar, the surface initiating efficiencySIE) of CNC-Br could be calculatedrom the Ry, of the PS

grafted nanoparticleand M, of free PSaccording to the formula:
SIE=Rw X (M [(C5H1005)3,2(C4HGOBI')]) / (Mn of free PS),

where the molecular composition of CNBr is simplified by (CeH1005)32CaHsOBr); M
[(CeH1005)3.2CsHsOBI)] = 668 g/moj and M, of grafted PS = Mof free PS.
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After calculation, we find thaalmost all the initiatiorBr sites on CNEBr have reactewith styrene
by SI-ATRP (99.8%) while only 6.3%of the sites haveeactedoy SI-ARGET ATRP (Table3.1).

3.3.3 SI-ATRP and SI-ARGET ATRP grafting of P4VP on CNC

Table 3.2. Reaction conditions and characteristics or thé4VP-g-CNC hybrid nanomaterials
prepared by SI-ATRP or SI-ARGET ATRP.

Met hod SIATRP SIARGET AT

Sampl e P4VHBCNC P4VRBEZNC

Catalyst (amo/ CuBr (200¢ CuB(r25 pp

Reducing ageHit / Ascorbic
Polymeri zati ol 4 h 1 h
Monomer conver 13. 2% 15. 6%
Theorewifcédlred P 6930 8190
Tqof PRPGECNGeasur e d°Ch 157. 5 155. 9
N comeastbye A Qo) 11.97 6. 21
SI'E oBrd&NCGTr mi ned 84. 7% 7.1%

*SI-ATRP of P4VPfrom CNGBr with the molar ratio of [4VP]: [EBIB]: [CuBr]: [Me6TREN] =500:
1: 1: 2 at 40C for 4 hours

*S|-ARGET ATRP of P4VHArom CNGBr with the molar ratio of [4VP]: [EBIB]: [Ascorbic acid]:
[CuBr2]: [Me6TREN] =500: 1: 1: 1.25x1& 1.25x10" at 40°C for 1 hour.

To further demonstratiéhe low SIE of CNC-Br in SI-ARGET ATRPand theaccuracyof the thermal
aralysis method, P4VP wagafted from CNGBr usingboth SFATRP and SIARGET ATRP.P4VP

and 4VP aretrongcoordinating ligand$or the Cu catalyst, so it generallya challengdo achievea
well-controlled polymerizatioof P4VPby ATRP.1"4178 For these experiments, we also performed the
polymerization in the presence of a sacrificial initiator, but the free polymer obtained could not be
analyzed by GPC as vesuld not remove the Cu chelated by the pyridine moieties. T e free

P4VPwas thus estimateflom its theoreticalvalue,calculatedaccording to the monomer conversion
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measured byH NMR. On the other handhé amount of graéid P4VP couldbe preisely calculated
by elemental analysis (EAwingto the presence of thetrogen element in P4V/P

The reaction conditions and characteristics or theglENC hybrid nanomaterials prepared $i
ATRP or SI-ARGET ATRP are summarizedn Table 3.2. Here again, theSFARGET ATRP
polymerizationis fasterthanthe classicabl-ATRP and leads to the grafting of longer P4VP chains.

P4VP2-g-CNC
=
s
§ P4VP1-g-CNC
2
o
[7]
0
<

CNC-Br

T T T T T T T T r T T T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumbers (cm'1)

Figure 3.4. FTIR spectra of CNC-Br, P4VP1-g-CNC, and P4VP2g-CNC.

The successful grafting of P4VP was confirmed by FTIR spgsotpy, for bottSI-ATRP and S
ARGET ATRP (Figure 3.4). The FTIR spectra of both PAVRACNC and P4VP23)-CNC show
additional infared vibration characterisiof P4VP: the aromatic C=C stretching band at 1600;cm
and the C=N stretching of the pyridine rings at 1419.¢thThe peak height ratio of C=N stretching
at 1419 crt normalized to the © stretching of cellulose at 1060 €rfi141d11060) is about 1.18 for
P4VP1g-CNC and 0.72 for P4VRg-CNC. Here again, a loweamount ofPSis graftedat the CNC
surface with the SARGET ATRP method.

Both P4VP1g-CNC (T4 = 157.5°C) and P4VPZ)-CNC (Ty = 155.9°C) showan enhanced glass
transition temperatureompared witliree PV4P Ty = 151.6 °C), dueto thebulking effect imparted by



the grafting Figure3.5). The lowerTy of P4VP2g-CNC compared witiP4VPL-g-CNC can be once
again assigned to the lower grafting densityained withthe SI-ARGET ATRPmethod

155.9 °C
CNC-g-P4VP2 l

CNC-g-P4VP1 157.5 °C

Heat flow

P4VP 151.6 °C

|

25 50 75 100 125 150 175 200
Temperature (°C)

Figure 3.5. DSC curves of P4VPP4VP1-g-CNC, and P4VP2g-CNC.
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Figure 3.6. TGA thermograms (A) and DTG curves(B) of CNC-Br, P4VP1-g-CNC, P4VP2g-
CNC and free P4VP,
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TheTGA resultsunder anitrogenatmospheréndicate thaP4VP decomposes at the temperature range
between300°C and400°C (Figure3.6). After the grafting, both P4VRP§-CNC and P4VP2-CNC
samples displaanincreased thermal stabiligpmpared with that &ENC-Br. The greater increase was
obtained withP4VP1g-CNC, suggesting more P4VP brusheere graftedwvith the classical ATRP
method, in agreement with the FTIR and DSC results. Unlike thgréfted QNC, the P4VRgrafted
hybrids do not exhibiti two-steps decompositioprofile in the TGA thermogramsmost probably
becausehe cellulosic material is somehow protected by the surrounding polyimsmay bedue to

the betterinteractionexpectedetweenP4VP and thdaydrophilic CNC. Therefore the TGAIs nota

suitabletool to evaluate the surface initiating efficiency of GBCanymore in the P4\AB-CNC.

Neverthelessthe SIE can stilbe evaluatedrom the elemental analysis (EA) of the nitrogen elemen
contained inthe P4VPRgrafted samples.iie N contenin P4VP1g-CNC andP4VP2g-CNCwas found

to beca. 11.97% and 6.21%, respectiv€lable3.2), confirmingagain thaimore polymeric material
was graftedvith the classical ATRP methodihe SIEof CNC-Br initiatorscanbe calculatedrom the

EA results based ahe formula:
14X DP)XSIE / (668+M>SIE) = N content by EAt. %),

where 14 is the molecular weight of ;NM [(CeH1005)3.AC4sHsOBI)] = 668 g/mol, and M, is the
theoretical molecular weight of grafted PAVP

After calculation, we find that 84.7% difie initiationBr sites on CNEBr have reactewith 4VP by
SI-ATRP, while only7.1% of the sites haveeactedby SFARGET ATRP (Table3.1). This result is

consistent witlpreviousresults obtained witRS

3.3.4 Proposed mechanism to account for the different SIE found with SI-ATRP and SlI-
ARGET ATRP

In SFATRP reactions,he surface initiating efficiency may beaffected by many faors, such as the
surface curvaturef the particle chemical structurend densityof the macroinitiators solvent,
propagation rate (& catalyst concentration and catatysideactivator rati§364133179181 \When
classical SATRP was performedrom CNGBr, the catalyst concentration was quiigh, and theR,

was relativelylow, which favored the initiation of most Br initiating sites at the CNC surface, leading
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to ahigh grafting densitgndbrushlike regime Figure3.7).182In the SIFARGET ATRP experiments,
excess ascorbic acwlas addechasa reducing agen to continually reduc€u(ll) to Cu(l) during the
process Therefore, the catalysb-deactivadr ratio Cu(l)/Cu(ll)) was much highein SFARGET
ATRPthan in SIATRP,which resulted ira muchhigherR,.12%1%°In addition the catalyst concentian

in SFARGET ATRP(25 ppm) wa much lower thaim SI-ATRP (2000 ppm). As a consequence, the
monomer concentratigoer activation cyclewas higher wittSI-ARGET ATRP5418%|eading to a fast
propagation of the firghitiated radicad. It is thenexpectedhat these grafted chamwould shield the
neighboringinitiating sites®° resulting in dow SIE, lowgrafting densityandmushroomike regime
(Figure3.7).182

Low R, FastR, i

Cu: 2000 ppm Cu: 25 ppm <

m SI-ARGET ATRF>
CNC-Br

e Initiation site: Br
e Monomer: styrene or 4VP

Figure 3.7. Proposed mechanism to account for the differer8lE found with SI-ATRP and SI-
ARGET ATRP.

3.4 Conclusions

In this chapter, the efficiencies of tB&ATRP and SIARGET ATRPmethods to initiate thgrafting

of polymer chainsat the CNC surfacerere comparedr initiating siteswere first introduced at the
surface otthe CNC by esterification wittBIBB (CNC-Br) and subsequently reacted with styrene (St)
or 4vinylpyridine (4VP)in the presence o& sacrificial initiator. Thesurface initiating efficiencies
(SIE) of the CNGBr macroinitiators with regards t8t or 4VP were evaluated by TGa#nd EA,

respectively.The combination of analytical methods such asIRTDLS, DSC, TGA, and EA
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demonstratethat theSI-ARGET ATRP reactio favored the grafting of longer polymer chains with
lower grafting densities compared with the classiced BRP methodWhile dmost all initiating sites
on CNGBr reacted bysI-ATRP,only 6-7% of the siteseactedy SI-ARGET ATRP, with both St and
4VP.This resultwas assignetb the low catalyst concentration at stake inrSRARGET ATRP process
and the higlR, of the reaction, which presumably resulted mushroordike regimeat the surface of

the CNC. Distinctively, @rushlike regimewas favoredwith classical SIATRP due to the higher
catalyst concentration and loweg.
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Chapter 4
Recycl abl e Gold Nanopart i-wilreyl Syraibdil nez)
Grafted Cellul ose Nanocrystals for the

NitropRedoc¢tti on

pH-responsive poly(4-vinylpyridine) (P4VP) grafted cellulose nanocrystals (CN@pganohybric
(P4VRg-CNC) werepreparedy Surfacelnitiated Atom Transfer Radical Polymerization{STRP)
and subsequently used to stabilize gold nanoparticleN@8) and produce recyclable algsts. The
presence of P4VP brushes at the CNC surface led to the growing\#?sof lower averagediameter
compared with the diameter of tA& NPsdeposited on pristine CNThe catalyticperformanceof
pristineAu NPs, Au@CNC and Au@P4V&CNC wasthencomparedthrough the measurement of
theturnover frequency (TOFobtained after catalytic reduction&hitrophenol (4NP)used aamodel
reaction. Compared witpristine Au NPs, the catalyticactivity of Au@CNC and Au@P4V4g-CNC
were aboutlO and 2 timesbetter, respectivelyMoreover, theAu@P4VRg-CNC material could be
conveniently recoverelly flocculation at pH> 5, and the recycled catalyst remained highly active.

74



4.1 Introduction

Metal and metal oxide nanoparticles (NPs) have attracted inmyesttention in recent decades due to
their outstanding properties and extensive applications in the field of biosensors, catalysis,
antimicrobials,and optoelectronicg?79123183187 Among various metal and metal oxide NPs, Au NPs
are one of the most intetexy NPs owing to their high catalytic activity in a variety of chemical
reactions-® However, Au NPs are prone to aggregation due to th@jespecific surface aee®’ The
catalyticactivity of Au NPsis sizedependent antends to decrease with increasiagglomeration
Therefore stabilizers are commonly required to enhance the stability of the NPs. Among various
inorganic and organic stabilizef&831891% natue derivedmaterials, especially polysaccharidase
attractive de to the increasing concernsabout environmeral impacts and sustainable

development#190191

Cellulose nanocrystals (CNC) are {iased nanoparticles produced by sulfuric acid hydrolysis of
cellulosic substrates such as microcrystalline cellulose, paper or>3tiFhese roeshaped
nanoparticles are renewable, biocompatible, display a high tensile strength daadneldstus, have a
low density and low coefficient of thermal expansion, and tend t@asstfmble in the form of nematic
phaseg:2262819219 Ag 3 result, CNC offer an array of properties, which can be exploitétk field of
cosmetics, emulsions, electronics, liquid crystals, reinforcing -fikews, foods, and
catalysts;67687072164195198 |n particular, CNC have demonstrated their efficiency as stabilizers for
many metal NPs, such as BdAg,’9818218 CuO,2 Au,’?®? and AgAu alloy & Although te large
specific surface area and stabilitythE CNC in water can heimprove the stability ofmetalNPs
thereareno specific metal ligandsn CNC The introduction ofnetal bindinggroups on the surface of

CNCis thereforenecessary téurther increase theability of Au NPs.

Poly(4vinylpyridine) (P4VP) displays severaiterestingproperties,including a goodaffinity for
metak and a pHresponsive solubility in watéf*1419 Therefore, P4VRyrafted CNC (P4VR)-CNC)
can coordinate with Au NPs andct as stabilizes for these nanoparticlesAg@P4VR-g-CNC).
Moreover thepH-responsivesolubility of P4VP can feilitatethe recovey of Au@P4VPR-g-CNCunder
mild condition. Sincehe pk, of P4VP isaboutb, the polymer igrotonated and wateolubleat pH <

5, while deprotonatednd hydrophobiat pH > 5.17+200202 gyrfacelnitiated Atom Transfer Radical
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Polymerization $I-ATRP)isa fAgr af ti ng f r alowstheprepatatord gfpolywéri ¢ h
grafted nanoparticles witquite a good contrgf#6123126133203 The method has been recently applied
to modify the surface of CNC witpolystyrene (PS¥ poly(tert-butyl acrylat§ (PtBA),>° poly(N-
isopropylacrylamid¢ (PNiPAAm),** andpoly(oligo(ethylene glycol) methacrylate) (POEGMA)t
could thereforde usedas an efficient tool to graft P4AVP polymers at the CNC surface.

In this context,P4VRg-CNC nanohybrid were preparedby SI-ATRP and subsequently used to
stabilize gold nanoparticles (AuNP3)e catalytic activity and recyclability of the materditained
(Au@P4VRg-CNC) wasthen investigated and compared with that of AuUNPs stabilized byngristi
CNC (Au@CNQ. The catalytic performance gkistine Au NPs, AU@CNC and Au@P4V§CNC
wasthencomparedthrough the measurement of thenover frequency (TOFobtainedn thecatalytic
reduction of4-nitrophenol (4NP)used as modelreaction. The pasbility of recycling theAu@CNC
and Au@P4VR3-CNC catalystswvas finally discussed

4.2 Experimental

4.2.1 Material and instrumentation

CNC werepurchased from the University of Maincetic acid HAUCls, NaBH;, 4-nitrophenol4NP),
CuBr, tris [2-(dimethylamino)éhyllamine (MeTREN), disodium ethylenediaminetetraacetate
dihydrate ethylenediaminetetraacetitisodium salt EDTA-Nay) and calcium hydridevere purchased
from SigmaAldrich. Et h y-b r ddmo i s o b u t y-rombisobutyryd BronBde §IBBJand 4-
vinylpyridine (4VP) were purchasedrom Alfa Aesar. 4Dimethylaminopyridine (DMAP) and
triethylamine (TEA)werepurchasedrom Fisher. CuBr was purified by acetic acid at’80under N

for 24 h, andvashed with acetic acid and dried under vacuub®&t. 4VP was purified by distillation
in calcium hydride under reducgdessurend stored at20 °C. All the other chemicalwaere useds

received.

Fourier transform infrared spectroscaiyf IR) was performedising the Thermo Nicolet Avatar 970
FTIR spectrometedit a resolution of 8 crh(64 scans).

Ul travi ol e-vid) spectavdrd obtainednvan Agilent Model 8453 UWis spectroscopy

system.
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'H NMR (CDCls) spectra were recorded using a Bruker- 430 NMR at room temperature

TEM was conductedssing aPhilips CM10 at an acceleration voltage60 keV. The TEM samples
were prepared bplacing adrop of the samplen the copper grid (200 mesh coated with copper) and
allowed to dry overnight at ambient temperature. The @N@=ouglispersion for TEManalysiswas
stainedusingFeCk. The TEM sarple of CNGBr was prepareéfom DMF dispersion, and the TEM
samples of P4Vig-CNC and Au@P4VR-CNC were preparettom aqueous dispersion at pH = 2.

4.2.2 Preparation of the brominated CNC nano-initiator: CNC-Br

CNGC-Br was preparedhy modifying the surface of IC with BIBB. CNC (1.2 g was disperseth
DMF (100mL) by sonication. Then TEA3.1mL, 22.2 mmol) and DMAP (1.36,d.1.1 mmol) were
added. The solutioof BIBB (1.36 mL, 11.1 mmol) in DMF(20 mL) was added dropwise to the
dispersion of CNCkeptin anice bath. After 24 h, bD was addegdand the resultant CNB8r was
recovered by centrifugatiand subsequentiyashedvith THF for 24 husing aSoxhlet extractorThe
productwas further dialyzedigainstdeionized HO for 5 days. Finally,the purified CNC-Br was
obtainedvia freezedrying.

4.2.3 Preparation of P4VP-g-CNC by SI-ATRP

First, CuBr 72 mg,0.5 mmol)was addednto a Schlenkflask in the glove box. CN@r (1 g) was
dispersedn DMF (43.9 g,600 mmol) via sonication. Then MIEREN (0.54mL, 2 mmol), 4VP (526

g, 50 mmol),andEBIB (74 WU, 0.5 mmol) were added to the suspensindpurged withargon for 20
mins. The suspensiowas subsequently transferredtheSchlenkflask under thargonenvironment
After three freezgogumpthaw cycles, the polymerizatiovas initiatedat 40°C. The polymerization
was terminatedfter2 h by exposinghe polymerization mixturéo air. The monomer conversion was
calculated according to thel NMR in CDCk and was ca.21%.As thesacrificialinitiating sites on
CNGC-Br are negligible when compared tthe sacrificial initiators, thetheoretical degree of
polymerization of the P4VPan be calculated from the monornsenversiorand isabout 23P4VRg-
CNCwas collected via the centrifugation of the polymerization mixturensasthedwith ethanol three

times to removéhefree polymersThe catalyst residsavereremovedvia dialysis in EDTANa, water
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solutionfor 6 days and then in deionized water days.The final product was obtained by freeze
drying.

4.2.4 Preparation of the catalysts dispersions: pristine Au NPs, Au@CNC, and
Au@P4VP-g-CNC

The Au@CNC and Au@P4V/g-CNC catalysts dispersiongereprepaedusingthe same procedure.

A water solution of HAuCI (1 mL, 1 mM) was addetb 5 mL aqueous dispersion (pH2, adjusted
usingHNQOs) of CNC (1 mgiL) or P4AVRg-CNC (1 mg/mL), respectively. The resultant dispersions
were stirredor 12 h, andexcess NaBkE(1 mL, 10 mM) was addeduring stirring. Both dispersions
turnedred immediatelyand he dispersionsiere keptunderstirring for another2 h. PristineAu NPs
dispersionwas preparedsing thesame procedure withoahy stabilizer After the addition of NaBH

the solution turnetblackin 1 min, andafter stirring for 30 min, the mixture became colorless due to
theaggregation oAu NPs.

4.2.5 Evaluation of the catalytic performance of pristine Au NPs, Au@CNC, and
Au@P4VP-g-CNC

The reduction of 4NP by NaBhvasusedasa model reaction toomparehe catalytic performance of
pristineAu NPs, Au@CNC and Au@P4VRJ-CNC, the reaction redring the utilization of a catalyst
like gold NPs. The molar ratio of [Au]: [4NP]: [NaBk] was fixedat 1:100:1000@or all reactions.

NaBH, (5.7 mg, 015 mmol 100 equivalents per 4NRas addedo a4NP watersolution (3mL, 0.5
mM), and therwas transfered toa quartz cell.The @atalystsuspensioli105 |L, corresponding to 100
equivalents 4NP per gold atdmwas then addedandthe mixture was vortexed fd0 s. The U\tvis

absorptiorof the mixture washenrecorded to monitor the reaction process

For the recyclalility tests the AU@CNC or Au@P4VRJ-CNC catalyst dispersion0(5 mL) was
employed ¢ catalyze the reduction of 5 NP watersolution(0.5 mM). After 3 h, the catalystvas
recoveredsia centrifugation. Theecoveredatalystwas again disperden H.O (0.5mL, pH = 2) and
the catalytic properties tfierecovered Au@CNGr Au@P4VRg-CNC nanoparticlesvereevaluated

againusingthe same procedure.
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4.3 Results and discussion

4.3.1 Preparation and characterization of P4VP-g-CNC

Theschematic illustratingf preparatiorof the Au@P4VPRg-CNC as catalysts for the reduction of 4NP
is presenteth Schemed. 1.

The CNCusedin this study were isolated by sulfuric acid hydrolysis of wood patgording to a
general proodure described in the literatut&* They consist of rodike particles with estimated
dimensionsof 1103 ° 47.7 nm in length andt.8 ° 1.1 nm in diameter based ora formerstudy
performed with particles taken from the same bétstimated from AFM pictures$§ The amount of
accessible hydroxyl grou ther surface wa®stimatedo be3.10+ 0.11 mmolg?, using a method
based on phospiylation coupled witl*'P NMR and FTIR analysis®® The CNCarealsonegativdy
chargedzetapotential in water =48 mV) due tothe presence of salfeester groupst the surface

imparted by thesulphuric acid treatment.

Schemed.1. Schematicillustrating of preparation of the Au@P4VRg-CNC as catalysts for the
reduction of 4NP

BIBB VP EBiB HAU.C14
y—> NaBH,
TEA, DMAP CuBr/MeﬁTREN NaBH4
=CNC =Br T\ =P4VP ® =Au NPs

Br initiating siteswere first introduced at theurface othe CNC by esterification wittBIBB, as shown
in Schemed.1. The resultant CN@r material was characterized by FTIRs shown inFigure4.1,
CNC-Br displays the expected carbonyl stretching vibration of the graftednesigtiesat 1739 cr,
confirming the successful modification of the CRIC:>® The SIATRP grafting of P4VP from CNC
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Brwas conductedat#4C, i n t he p r-beomeisolutyrate (EBiBysisacfitial ititiator,
as shown irschemed.1. The successful grafting of P4VP on CN@s also confirmethy the FTIR
spectra Figure 4.1). Compared to CNEBr, the PAVRg-CNC hybrid displays additional infrared
vibrationscharacteristiof the pyridine ringat 1600 crt (C=C stretching), 1419 cmt (C=N stretching)
and 817 cm (out-of-planeC-H bending).148171

- -1600 cm”
- - -1419cm’

P4VP-g-CNC

Absorbance

o A N ___179cm’

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm’™)

Figure 4.1. FTIR spectra of CNC,CNC-Br, and P4VP-g-CNC.

The hydrodynamic diameter gPof the CNC and P4VRy-CNC nanoparticlesn waterat pH =2, was

evaliatedusingDLS. The Dy distributionsby intensityare showrin Figure4.2A. The averageDy, of

pristine CNC is abol89 nm, whilethatof P4VRg-CNCis about405 nm As expected, the grafting of

P4VP at the CNC surface leads to an increase in parSidesbut the dimensions remain in the

nanometer rangdRart of this increase could also arise from the partial flocculation of the modified

particles in wate?! The evolution of the averadi® andZetapotential ofthe P4VRg-CNC suspension

is reportedas a function opH in Figure4.2B. We observe a significant decreas&étapotentialwith

a concurrenincrease in averagesfrom 410 nm to 2300 nm) when the fgdincrementedrom 4 to

6. At low pH, the P4VP grafted at the CNCfsage is in its protonatefdrm, and the positively charged

hybrids form stable dispersions in water, by electrostatic repulsion. When the pH augments, the

particles are progressively deprotonated, which leads to their increasing flocculation and inBrieasing
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This resultconfirms thesuccessful grafting of P4VP at the CNC surfacethegpHresponsivaessof
the PAVRg-CNC nanoparticles. The negative potential zeta measured 40p$lassignedo the
remainingsulfateester groupslecorating th&4VRg-CNC surface.

B 250041
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—=—CNC ——, " |
12 .
—a— P4VP-g-CNC - —=—D, by intensity [ 30
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£ & 1000{ +—— . E)
o) \ Lo S
500 - i \ i
[ ] - L]
: L-10

1I0 160 10b0 2 3 4 5 é 7 é SI} 1I0 1I1
Diameter (nm) pH
Figure 4.2. (A) Hydrodynamic diameter (Dh) distribution by intensity of the CNC (p ) and
P4VP-g-CNC (j ) dispersed in water (pH =2); (B) Evolution of the average Dhlp ) and Zeta
potential (, ) of the P4VP-g-CNC suspension as a function of pH.

Figure 4.3. The TEM images of CNC(A), CNC-Br (B), P4VP-g-CNC (C)

The morphologies of pristine CNC, CN& and P4VPg-CNC were compared by TEM Figure4.3.

The pristine CNC consist in rodike particles which are slightly aggregatedue to the addition of

FeCk before analysis, to stain the particl&@serefore, it is difficult to have an accuraealuation of

their size from the TEM pictureds CNGBr could notbe disperseth water, the TEM picturesere
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taken from suspensions in DMF, the particles being highly dispersible in this soldtet:
modification by BIBB, he rod-like morphology of the celluloseanocrystalsis retainedand the
dimensions of CNEBr estimated from th&d EM imagesareca.189° 49 nm in length and 8.9 2.8
nm in diameter (aspect ratio ~19.9)he TEM pictures ofP4VRg-CNC were takenfrom water
suspensions at pH = Rike the CNC, CNXC-Br are slightlyaggregatednd it is difficult to evaluate the

size of CNCBr, but their nanalimensions andod-shapeare preserved
4.3.2 The preparation and characterization of the Au@ P4VP-g-CNC catalyst

4.3.2.1 Synthesis of the Au NPs reference catalyst
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Figure 4.4. UV-Vis absorbancespectraof the reaction medium during the preparation ofAu
NPs (A), Au@CNC (B)and Au@P4VP-g-CNC (C and D).
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Pristine AuNPswere firstsynthesizedvithout anystabilizerandusedas reference catalysHAuUCl.
wasredu@dby sodium borohydrideNaBH,) in acidic watergH = 2, tuned byINOs), andthe reaction
was monitored by UWis spectroscopyAs shown inFigure 4.4A, theinitial aqueous HNXD; solution
displays an absorbance band at 300 nm assigrted tdV absagption ofthe NO; ions. After addition

of the HAUCI, solution, the spectrumxhibitsa more intensa&bsoption at 305 nmgcorresponding to
the ligand to metal charge transfer (LMQ3ands of HAuCL2%4205> WhenNaBH,; was subsequently
addedn excess,hecolorlesssolution turnedmmediaely black(Figure4.5B). In the UV-Vis spectrum
recorded 1 min after the addition of NaBlthe intensity of the LMCT band decreased, while a new
bandi attributed to the surface plasmon resonance (SPR) of Ali BRPerged at 534 nm, confirming
the reduction of HAUGIto Au NPs39186204206 Tywg hours later, the black dispersion became colorless
again due to the sedimentation of large Au agglomerktgar€4.5C), and both ta LMCT and SPR
bands disappead (Figure 4.4A). Therefore all theHAuUCls was reducedo Au NPsafter 2h, but the
synthesized nanoparticles also quickly aggregated and sedimented in the abseiaieilafea

Figure 4.5. Photographs ofthe reaction medium during the preparation steps othe Au NPs,
Au@CNC and Au@P4VP-g-CNC catalysts. Photographsvere takenbefore (A), 1 min after (B)
and 2 hours after (C) the addtion of NaBH..

4.3.2.2 Synthesis of the Au@CNC and Au@P4VP-g-CNC catalysts

Both CNC and P4VPg-CNC nanerodswere subsequently testad stabilizergor Au NPs The CNC
dispersion (1 mghiL; pH = 2 is colorless Figure 4.5A) and its UV-Vis spectrum displays the
absorbance band BIO; at 300 nm Figure 4.4B). After the addition of HAuGI the LMCT absorption
is again observedt 305 nmThe mixturewas stirredor 12 h. WherNaBH: was addedt this point,
the dispersion became redthin few secondgFigure4.5B). The intensity of th& MCT band in the
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UV-Vis spectrum recorded aftemiin decreased, while the SPR barfdAu NPsemerged ab16 nm
confirming the reduction dlAuCls to Au NPs After continuous stirring fo? h, the LMCTabsorbance
further decreasedvhile the SPR signahcreased, indicating that more Au N®ere formedIn the
meantime, the SPR peak of Au NPs wassieifted fom 516 to 525 nm,ugigesting that the size of Au
NPs concurrentlyincreased?82207

Figure 4.6. The TEM images of Au@CNC(A) and Au@P4VRg-CNC (B)

The P4VRg-CNC dispersior(1 mgiL; pH = 2 is opalescen{Figure4.5A) anddisplays arelative
strongabsorbance in the UVisible region(Figure 4.4C), which complicates the interpretation of the
spectraAfter the addition oHAuUCl,, the absorbance increased slightly in the UV rangeesponding

to the LMCT, but it decreased slightly in the range of visible light due to the dilution of the-gr4VP
CNC suspensionVhenNaBH: was addegdthe dispersion becantight brown within a fewseconds
(Figure4.5B). The intensity of the MCT band in the UWis spectra decreased, but the SPR band
started to be visible only after 2h, in the form of a weak signal in the range of 480 to 5Biyyuma (
4.4D). The SPR bandidAu@P4VRg-CNC was at about 509 nm, whialas determinedly the peak

of the first derivative curve of the UVis spectraCompared with the SPBandof AU@CNC at 525
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nm, the SPRsignhal of Au@P4VRg-CNC is blueshifted to 509 nm, suggesting that tgeld
nanoparticles stabilized B4VR-g-CNC aresmaller tharthe one stabilized bZNC.822°7
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Figure 4.7. Size distribution of Au NPs inAu@CNC and Au@P4VRg-CNC.

Thesuccessful deposition of Au nanoparticles onGheC and P4VRJ-CNC substrates was evidenced
by TEM, in the form of black dotsF{gure 4.6). The sizedistribution of these particlewas then
estimatedrom the TEM picturesRigure4.7). The Au NPs inAu@P4VRg-CNC are muchsmaller
than thosén Au@CNC The average diameter of theld nanopatrticles i$0.6 nmin Au@CNCand
only 2.9 nmin Au@P4VRg-CNC. Both CNC and P4VRy-CNC nanacrods are therefore efficient in
stabilizingAu NPs but aggregation is prevented more efficiently vitdWRg-CNC.

4.3.3 Catalytic performance and recyclability of Au@ P4VP-g-CNC

The reduction ofl-nitrophenol(4NP)is considered as an ideal model reaction to evaluate the catalytic
activity of various metallic nanoparticle systerffd83184208209 Moreover this reactionis importantin
industry becauséNPis acommonpollutant found in industriavastewateor agricultual runoff, and

the reduced product{@minophenol4AP) canbe usedsanantipyreticdrug*’®®*Here, the reduction

of 4NP by NaBH wasusedasa model reaction toomparethe catalyticperformanceof pristine Au

NPs, AuU@CNCand Au@P4VR3-CNC. The molar ratio of [Au NPs]: [4NP]: [NaBfi was fixed at
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1:100210000 for all reactions and the kinetics were monitored byid\Absorption The 4ANP/NaBH
solution displays strong absorption peak at 403 nntrilatited to the formation of-ditrophenolate
ions after reaction with NaBHKHwhich was used to test the kinetics of the catafjsis.
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Figure 4.8. Time-dependent U\tvis absorption spectra ofthe reaction medium during the4NP
reduction catalyzed by (A) pristineAu NPs, (B) Au@CNC, and (C) Au@P4VPy-CNC and
evolution of In(A+/Ag) with time (D).

The ime-dependent UWis absorption spectra dhe reaction medium during theNP redudion
catalyzed byAu NPs,Au@CNC or Au@P4VRg-CNC are shownn Figure 4.8. Regardless of the
catalyst, we observe a decrease ind4b@ nm absorptiowith time, confirming the gradual reduction

of 4NP into 4AP As the reaction medium was already vortexed for 10 s before performing the UV

Vis, the reaction medium exhibited an absorption peak ah&tevenatt = 0 s, corresponding to the

86



absorption band of 4AP. Since the reduction proceeds widxesf NaBH; (100 equivalents per
4NP), afirst-order LangmuiHinshelwood kinetisis expectedor this reactiort® To verify this point,
In(A/Ao) was plottedas a function of reactiaime, where AandA: represent thabsorbanceat t = 0
and t, for thed03 nmwavelength Figure 4.8D). The excellentinear relationshipbtainedwith all
catalystsindicaesthat theLangmuirHinshelwood apparent firgirder 5 appopriateto describehe
kinetics. The apparent rate constaky,, wascalculated as theverseof the slog of thelinear plot of
In(A/Ao) versus time. The turnover frequency (TOF, defined as the number of moles of 4NP reduced
per mole of catalyst pdrour) couldthen be evaluadfrom kapp, to compare the catalytigerformance
of the three catalysté'® The TOF of pristineAu NPs is 233.5 #, while thoseof AU@CNC and
Au@P4VRg-CNC are 2275.2 hand 5533.2 f, respectivelyCompared with pristine Au NPhe
catalytic activity of AU@CNC and Au@P4Vig-CNC are about 10 times and 24 tims better,
respectivey. Thesignificantimprovemenin the catalytic efficiencybtained with Au@P4VR-CNC

was assignetb themuch smaller sizef gold nanopatrticles stabilized by the P4AgHCNC nanerods

Recyclingthe Au NPs isan importantoncernin industial applicatonswhen considering the cosf
such nanoparticle3 he pH-responsivesolubility of P4VP can facilitatthe recovey of Au@P4VPRg-
CNC under mild conditionFigure4.9A shows the schematic illustrating of tfexzovery of AU@CNC
and Au@P4VRJ-CNC. The excess use of NaBlg¢ads toa basicconditionof the reaction medium
(pH = 9.6). Due to the pH dependeaaiubility of P4VP in water, th&u@P4VRg-CNC material is
expected to flocculatehen pH> 6. However, the redttion of 4NP catalyzed by Au@P4MRPCNC
still followed the LangmuiHinshelwood apparent firgtrder, suggesting that almost no Au@P4VP
g-CNCwas flocculatediuring the short catalysis process (200 s). We did not observe any flocculation
of Au@P4VRg-CNC even after half an hour. After 3 hours, the Au@P4¥ENC had precipitated
spontaneously from the reaction medium. On the other lahijrspeedcentrifugationstep(8000
rpm) of L0 mins was required to recover the Au@CN@talyst

The catalyticperformance of the recovered AU@CNC and Au@P4gRCNC materials was then
evaluated agairusing the sameeductionprocedure. Théme-dependentJV-vis absorption spectra
of the reaction medium during tH&P redudion catalyzed by recycled Au@CNC and Au@P4yP

CNC are shownn Figure4.9B andFigure4.9C, respectivelyHereagainwe observe a decrease in the

87



403 nm absorptiowith time, confirming the gradual reduction of 4NP idtAP. The TOF of recycled
Au@CNC andAu@P4VRg-CNC catalysts, determined from th&(A/Ao) vs. time curves ( Figure
4.9D), was caB849.6 ht and ca3124.8 h, respectively. Tie catalytic efficiengwas thereforeeduced
with bothcatalystbut still remainedhigh in the case Au@P4VRg-CNC, confirming the interest of

our approach.
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, 1 4 —0s
2.54
Au@CNC 2.0+
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Figure 4.9. (A) Schemaitic illustrating of the recovery of Au@CNC and Au@P4VR)-CNC;
Time-dependent U\tvis absorption spectra of 4NP reduced by NaBlHcatalyzed by recycled
Au@CNC (B) and recycled Au@P4VP-g-CNC (C); (D) showsthe plots ofIn(Ai/Ao) against time
for the reduction of 4NP with different catalysts.

The catalytiperformamreof Au@CNCandAu@P4VRg-CNC for the reduction gfNPwascompared

with those of other catalytic systenmsTable4.1. The Au@P4VRg-CNC systemexhibits excellent
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catalytic activity compared withthe metal NPsstabilized by other stabilizers. Moreover, the
recychbility of Au@P4VRg-CNC makes this catalyst attractive for industrial applications.

Table 4.1. Catalytic performance of Au@CNC and Au@P4VP-g-CNC compared with other
catalyst systerns, for the reduction of 4NP.

Cat asltyasbti | i Cat al y TOF I h Ref er et
F €04 Au 269. 5 e
Si20 Au 240 210
CNC Au 109 82
CNC CuOr oCy 1108.8 o 3
CNC Pd 879.5 83

Pol ydopami ng¢g Ag 1077. 3 184
CNC Au 2275. 2 Thi s wg

P4 VEPCNC Au 5533. 2 Thi s wg
CNC Recycl g 849. 6 Thi s w¢

P4 VgPCNC Recycl g 3124. 8 Thi s wg

4.4 Conclusions

In this chapter P4VRg-CNC nanohybrid were preparedby SI-ATRP and subsequently used to
stabilize gold nanopatrticles (Au NPThe catalytic activity and recyclability of the mateidditained
(Au@P4VRg-CNC) was investigated and compared with that of AUNPs stabilized by pristine CNC.
The grafting of P4VP at the CNC surface was confirmed byR-3pectroscopgndthe pHresposive
solubility in water of the P4VIg-CNC hybrids was demonstrated by DLS and Zmitential
measurementsGold nanoparticlesvere subsequently depositatl the surface oP4VRg-CNC by
reducingHAuClswith sodium borohydrideNaBH,) in the presence oféimanocellulosienaterial. The
presence of P4VP brushes at the CNC surface led to the growing\i?sof lower averagediameter

(2.9 nnM) compared with the diameter of thea NPsdeposited on pristine CNC@% nnj. The catalytic
performanceof pristineAu NPs, AU@CNC and Au@P4V§CNC were thercomparedthrough the

measurement of theurnover frequency (TOFobtained after catalytic reduction dfnitrophenol
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(4NP), used as modelreaction. Compared witpristine Au NPs, the catalyticactivity of Au@CNC

and Au@P4VPRwere aboutl0 and 24 timedetter, respectivelyTOF = 2275.2 i and 5533.2 f,

respectively. In contrast toAU@CNC the Au@P4VRg-CNC material could beconveniently
recovereddy flocculation at pH> 5, and the recycled catalyst still desyeda relativdy high activity

for the reduction of 4NP (TOF 3124.8 h).
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Chapter 5

Enhanced Ther mal Stability and UV Re
chl ori de) Rei nafbosrocrebdi nogy PUOM vy ( Ci nnamo vy |
Met hacryl ate) Grafted Cell ul ose

Ultraviolet (UV)-responsive polyinnamoyloxyethyl methacrylate) (PCEM) was grafted on cellulose
nanocrystals (CNC) using Surfabetiated Atom Transfer Radical Polymerization {STRP). The
resultant PCEMyrafted CNC (PCEMy-CNC) exhibits high UV absorption gperties and undergoes
crosslinking under UV irradiationWhen the PCEM-g-CNC nanohybrid were incorporatedn
poly(vinyl chloride), transparent composite films with/-blocking properties were obtaine@ihe
comparison of the optical and mechanical properof the films before and after Uvfadiation
allowed demonstrating that tR&CEM-g-CNC nanopatrticles also acted as thermal anddiAbilizers

for PVC. Meanwhile, the tensile mechanical properties of the PVC film were significantly improved,

and furtheiincreased after UNfradiation
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5.1 Introduction

Poly (vinyl chloride) (PVC) is the thirdhost widely used synthetic plastic around the world, just after
polyethyleneand polypropylené!! Due to its outstanding mechanical properties, excellent chemical
resistance, long durability, ndlammability, formulating versatilityand low price PVC has been
widely usedor pipes, window frames, packigigvires, coatings and plastic caré$2°*However, PVC
exhibits very low thermal stability and starts to degrade at the tgéasstion temperaturel ) of the
polymer, which increases the difficulties during manufactutfg}’ Moreover, its gradual degradation
by weathering, when exposedtieat andultraviolet (UV) light, remarkably decreases the lifetime of
PVC-based products The degradation of PVCresults in discoloration embrittlement and
microcracking leading toa changein appearanceind a decreaseén mechanicalperformance??
Therefore, thermal andV stabilizersare often requireth PVC matrices. Howevemanystabilizers
contain toxic heavy metals, such as lead, whiely leach ouin drinking waterandlead tosafetyand
environmental issued’ Titanium dioxide (TiQ) is an essential additivimn PVC matrices due to its
outstanding UV absorption abili#y>*2°However, TiQ also behaves as a phatatalyst and accelerates
the weathering degradation of PVC surfaté??*224 Therefore,there is ahigh demandfor the

development of environmesitiendly andefficient thermal and UV stabilizers for PVC.

Due to increasing conceafouttheclimate changand environmeiai pollution it is highly demanded

to developsustainablenaterialswith goodperformanceCellulose nanocrystals (CN@re bicbased
nanoparticles produced by sulfuric acid hydrolysis of cellulosic substrates such as microcrystalline
cellulose, paper goulp 1346 These roeshaped nanoparticles are renewable, biocompatible, display a
high tensile strength and elastic modulus, have a low density and low coefficient of thermal expansion,
and tend to selissemble in the form of nematic pha¥€s: As a result, CNC offer an array of
properties, which can be exploited in the field of cosmetics, emulsions, electronia$,cligstals,
composites, foods, and catalyst$:2+162163 |n particular, the excellent mechanical properties of CNC
make them ideal candidates to be used as reinforcing agents in polymer méttitesever, the
hydrophilic surface of CNC limits their compatibility with hydrophobitatrices the hydroxylatd
nanoparticles being prone to satfjgregation through hydrogen bondifipe sirfacemodificationof

CNC istherefore generallsequiral to improve the fillermatrixinterfacial adhesion; tanalso beused
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to introduce wvel functionalities for advanckapplicationg®%522¢ To date, onlyfew studies have
reported on the utilization dENC asreinforcingagensin PVC matriceg?’

Photoresponsivemolecules containinginnamateunctions havelemonstratedhterestingproperties
in the field oflight-induced shape memorygaterials??®231 ENREF_22&olymers withcrack healing
properties?? or hydrogels***2® Indeed, the cinnamate moiety exhitst strongabsorptiorin the UV
region andcan undergo[ 2 = + 2 " ] p h o tanddtiamois r phatosdmerizatiorupon UV
irradiation ( wa v el en gt h 298 >xCompaed with rthe .trards photoisomerization,he
photodinerizationis the predominantprocess during UV irradiatiofi*?*! When pendentinnamate
groupsare attachetb polymers, thenechanical propertiesf the material cabe greatlyenhancd by
crosslinkng, via the photodimerization proce¥$2**Meanwhile cinnamate estesseconsidereahon
toxic andbiocompatibleandare widely use¢h theflavor, perfume and phaaceutical industrie®823
The grafting of phot@esponsive cinnamate moieties at the CNC surface coetditfipart additional
UV-absorbingand photocrosslinking properties to the nanoparticle, which could have a positive

impact on the mechanical and phstability of PVC matrices reinforced with this filler.

Different methods can be used to functionallme €NC reinforcing particles, but the surface grafting

of polymers chains is particularly attractive, as it provides a way of strengthening the interfacial
adhesion by i) adjustingroperly the surface wettability of the CNC andl firomoting chain
entangéments at the filler/matrix interfa®®! In particular,Surfacelnitiated Atom Transfer Radical
Polymerization(SI-ATRP)isa A gr af ti ng f ralowsiprepaeny polyrdegraftedtCNC h
with quite a good contrgl9465:55161 |t could thereforeserve a an efficient tool to graft polymers

bearing cinnamate moieties at the CNC surface.

Herein, poly(cinnamoyloxy ethyl methacrylateyrafted CNC nanohybrié (PCEM-g-CNC) were
preparedby SI-FATRP andthenemployedas a UV/thermal stabilizer andeinforcing gentin PVC
films. The graftechanoparticles were characterized loyfer transform infrared spectroscqf IR),
differential scanning calorimetrgDSC), thermogravimetric analysid GA) andwater contact angle
(WCA) measurements. Thahotoactivityof the grafted cinnamate moietiass demonstrateoy UV
spectroscopy, FTIRTGA, and DSC, through the analysis of the grafted material before and after UV
irradiation. ThePCEM-g-CNC nanohybrig¢ were then incorporated in a PVC matrix to produce
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transparent PVQGilms. The optical and mechanical properties of the filoefore and after UV
irradiation were subsequently investigated and compared hétproperties of PVC and PVC/CNC

reference materials.
5.2 Experimental

5.2.1 Materials

2-Hydroxyethyl methacrylate (HEMA), cin a mo y | cbromaisobiutyryd bromldeRIBB), 4-
(dimethylamino) py r i di ne ( D Mbxdmpisobutyateh (EBiB), Uriethylamine (TEA)
N,N,NGNG6,N0 -pentamethyldiethylenetriamindPMDETA), CuBr, CuBs, poly(vinyl chloride)
carboxylated (PVC) (M =220,000 g/mol) and all solvents were purchased from Sig@aBr was
purified withacetic acid at 88C under Nfor 24 h, andvashed with acetic acid and dried under vacuum
at50°C. HEMA was purified by distillation from calcium hydridender reduced pressy and all the
other chemicalsvere useds received.

5.2.2 Synthesis of monomer: cinnamoyloxy ethyl methacrylate (CEM)

TEA (18.4 mL 0.12mol) was addedo a dichloromethane (DCMLO0 mL) solution of HEMA (13 ¢

0.1 mol) under argon. The mixtuveas cooledn an ice bath. DCM solutio80 mL) of cinnamoyl
chloride (16.7 g0.1 mol) was added dropwise within 1 hour in the ice bath. After stirring overnight,
the triethylamine hydrochloride salt byproduct was removed by filtrafioa filtrate was concentrated

by rotary evaporatorunder reduced pressure. The CEMas purified by running silica gel
chromatography with 10:1 (v/v)petroleunether ethyl acetatenixtureas eluent. After drying at 830
under reduced pressure overnight, 19.5 g viscous ligagobtaiedas the final CEM witta yield of
68.0%.

IHNMR (400MHz, CDC)) : U 1.89 ( 3H, -O-CH2CHP3;p.53 (1, qRiT=CH),4 H, m,
6.08(1H, quin=CH), 6.39 (1H, d=CH-Ar), 7.64 (1H, d=CH-CO"), 7.3~7.5 (5H, m, ArH).

13C NMR (400 MHz, CDCJ: 1130 §GH3); 62.21, 62.52-0-CH2-CH2-O-); 117.54, 145.42 -(
HC=CH-Ar); 126.10 ECH2); 128.16 (2CAr); 128.92 (2CAr); 130.45, 134,20 (3C135.96 £C-);

166.69, 167.18 (2€D).
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5.2.3 Preparation of the brominated CNC nano-initiator: CNC-Br

CNC-Br was preparedy modifying the surface of CNC witBIBB. CNC (1.2 g was disperseth
DMF (100mL) by sonication. Then TEA3.1mL, 22.2 mmol) and DMAP (1.36,d.1.1 mmol) were
added. The solutioof BIBB (1.36 mL, 11.1 mmol) in DMF(20 mL) was added dropwise to the
dispasion of CNCkeptin anice bath. After 24 h, D was addedand the resultant CNB8r was
recovered by centrifugatiand subsequentlyashedvith THF for 24 husing aSoxhlet extractorThe
productwas further dialyzedgainstdeionized HO for 5 days. Fimlly, the purified CNC-Br was
obtainedvia freezedrying.

5.2.4 Preparation of PCEM-g-CNC and PCEM

PCEM brushesvere graftedrom CNGBr usingSI-ATRP. In detail, CNC-Br (700 mg was dispersed
in DMF (70 mL) by sonication. CuBr(22 mg 0.1 mmol) and CEM.3 g 5 mmol) were added.he
mixture was purged with argon for 20ins to remove oxygerl.hen CuBr (58 mg 0.4 mmol) and
PMDETA (0.21 mL 1 mmol) were addedinder the protection of argoihree freezoumpthaw
cycles were conducted to remove the oxygethe mixture. Thepolymerizationwas conductect
40°C. After 12 hours, theeactionwas terminatedby exposingthe mixtureto air. PCEM-g-CNC was
then collected by centrifugatipwashedwith EtOH (sonication and centrifugation cycle) three times
and dialyed againstwater for6 days(molecular weight cut off is about 14,000 g/mol). Finally, the
PCEMg-CNC material wasfreezedried. According to the'H NMR spectrum, the monomer
conversion of the SATRP reaction is ca. 35. Therefore, the weight ratio of P&En PCEM-g-CNC

is ca. 1.385% / (1.%35%+0.7) =39%.

PCEM was synthesized separately with EBiBaasnitiator, usinga similar ATRP procedure. The

molar ratio of CEM]: [CuBr]: [CuBr2]: [PMDETA]: [EBiB] was 88: 1: 1: 4: 2. After polymerization
at 40°C for 2 hours, the monomer conversion is 42.8% (determinéd byMR). Theaverage number
molecular weight (M of PCEM determined by GPC 204 with a dispersity of cal.3.

5.2.5 Preparation of the PVC films

The PVC films reinforced with CNC (PVC/CNC) or PCEHMCNC (PVC/PCEMg-CNC) were
prepared by solution castin@NC or PCEMg-CNC (25 mg)were disperseih DMF (5 mL) by
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sonication After the addition of PVC (500 mgveight percentage of CNC or PCEAACNC relative
to PVC = 5%), lhe mixture was stirred for 24obrs to solubilizethe PVC. The mixture washen
sonicated in an ice bath faBminswith the output power of 16 W finish the dissolutionThe mixture
was degassddr 10mins under vacuum. The degassed mixtueie then pouredntoroundsilicamold
with a fixed diameter of 65 mm. The homogeneous filase obtaine@fterremoving the solvent in
the overat 60 °C for 12 hoursfollowed byannealing a80 °C for 10 hoursA neat PVC film was also
prepared by the same procedasa referenceThe thicknas of the films was c®0 pm, evaluated
from the cross section analyzed by optical microscogye Jampleswere for the tensile test

measurementshefilms werecutinto samples witmectanguladimensionof 1 cm x4 cm.

5.2.6 UV irradiation experiments

The impact of UV irradiation on theFTIR spectra andSC curvesof PCEM and PCEM-g-CNC
samples was investigaté@dm their THF solution(10 mg/mL) or dispersion(10 mg/mL), respectively.
The solution or dispersion wasadiated at 365 nm for 12 hounssinga UV-F400 system \vith a
power of 450W), leading toa concurrenevaporation of the solventhe recovered dry material was
then analyzed by FTIR and TGA

The impact of UV irradiation on the crodgimking of PCEM and PCEMyJ-CNC sampleswas
investigatedromfilms preparedy spincoatingTHF solution/dispersion dPCEMPCEM-g-CNCon
guartz. The filns deposited on the quadapportwerethen irradiatect 365 nm, using a handheld UV
lamp (UVP with a power of 6 W. Thabsorbancef thefilms wasthen measwed at different time
intervalswith a UV-vis spectrometan order tafollow the evolution upon irradiation of the conjugated

C=C absorption at 276 nm.

The PVC filmswere irradiatedtthe 365 nmwavelengthfor 24 hoursusing a UV lampvith a power
of 100 W. To protect the films from the heat produced by thelaivip, the distance between the UV

lamp and the PVC filme/as seto 20 cm.

5.2.7 Characterization

'H NMR and®*C NMR spectra were recordegding a Bruker A€400 NMR at room temperature by
dissolving tle samples in CDGl
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TGA was performedn a TGAQ50 system (TAnstrument¥ at a heating rate of 30/min under
nitrogen atmospher®erivative Thermogravimetric Analys(®TG) curveswere obtainedrom the
derivation of the TGA curve.

Differential scannig calorimetry (DSC) was measured using a DSC Q100 apparatus (TA Instruments).
All samples were first heated to 1%Dto remove the moisture and then cooled dowr’@a&nd heated

to 200°C. Theglass transition temperaturg) valueswere determinettom the second heating run of
DSC.

Gel Permeation Chromatography (GPC) analysis performedn THF with LiBr on a PLGPC 50
plus Integrated GPC (Polymer Laboratofiérian).The elution of the filtered samples was monitored
usinga simultaneous refractvindex and UV detection systermidie elution times were converted to

molar mass using a calibration curve based on low disp@diggtyrene standards.

Fourier transform infrared spectfBTIR) of all the samplewere takerafter they werepressed into
KBr pellets using the Thermo Nicolet Avatar 970 FTIR spectrometer with a resolution of E4m

scans).

The samples for water contact angle (WCA) measuremests preparetby spin coating the CNC
aqueous dispersion or PCESAICNC THF dispersion omglass The static WCAwas measurethy
analyzing the images of 3 water droplets using MATLAB.

Ul travi ol e-tis)spectsaveleloainédld & Agilent Model 8453 UWis spectranetet

The tensile testing of the PVC films was perfornosthg a computecortrolled TA materials testing
instrumentat room temperaturel he effective length for the tensile testing was 2 cm. A constant

crosshead speed »® mm/minwas maintainedor all samples
5.3 Results and discussion

5.3.1 Preparation and characterizations of the PCEM-g-CNC nanohybrids
The CNC usedin this study were isolated by sulfuric acid hydrolysis of wood padgording to a
general procedure described in the literatbit&. They consist of rodike particles with estimated

dimensionsof 1103 ° 47.7 nm in length and.8 ° 1.1 nm in diameter based ora formerstudy
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performed with particles taken from thevgbatch(estimated from AFM pictures$f The amount of
accessible hydroxyl grou their surface wasstimatedo be3.10+ 0.11 mmolg?, using a method
based omphosphorylatiorcoupled with®®P NMR and FTIR aalysis?® The CNCare alsonegativéy
chargedzetapotential in water =48 mV) due to the presence of satiéester groupsit the surface
imparted by thesulphuric acid treatment.

Scheme5.1. Chemical route used to of prepare the?CEM-g-CNC hybrid nanoparticles.

0 @) TEA O
O

Cl
HEMA CEM
.\\\\ ()
=
CEM, DMF ~ F
- \\_.

—
CuBr, CuBr,, PDMETA \\ y

\

CNC CNC-Br R
PCEM-g-CNC
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Thechemicalrouteused tgreparehe PCEM-g-CNC nanohybridés summarizedh Schemes.1. The

CEM monomer wassynthesized by acylating HEMAvith cinnamoyl chloride. The successful
synthesis of CEMvasconfirmedby the'H NMR and**C NMR (see experimental section). To graft
the polymer by SATRP, Br initiating sites were first introduced at thsurface ofthe CNC by
esterification withBIBB (CNC-Br). The successf the reaction was confirmed BT IR, through the
observation of the carbonyl stretching vibration of the graftednoisobutyratenoiety at 1739 crt
(Figure5.1). TheSI-ATRP grafting of PCEM from CNEBr was performedh theabsencef sacrificial

initiator. Therefore, there 30 free PCEM produced in the-8TRP processandonly PCEMbrushes
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are initiatedfrom the surface oCENC-Br. A referencePCEM polymerwas neverthelessynthesized

separatelyusingthe sameATRP process, witte t h Ypromoidobutyrate (EBiBas aninitiator. The
FTIR spectra of PCEM;-CNC and PCEMare showrin Figure5.1. Comparedvith CNC-Br, the FTIR
spectum of PCEMg-CNC displayadditionalvibration bandscharacterisc of the PCEM polymeat
1716 cmt (C=0 stretching of the two carbonyl groups$35 cmt (C=C stretching and 768 cm (out-
of-planeC-H bendingof the aromatieing), suggestinghatthe graftingwassuccessfut*®

Absorbance

——CNC
—— CNC-Br

— PCEM-g-CNC
—— PCEM

C=0|.C=C C-H

4000 3500 3000 2500 2000 1500 1000 500
Wavenumbers (cm”)

Figure 5.1. FTIR spectra of CNC, CNGBr, PCEM-g-CNC and PCEM.

Glass

Figure 5.2. Images of the water droplets deposited on thglasssupport, before and afterspin-

coating with CNC and PCEM-g-CNC.
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