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Abstract

The objective of this thesis is to incorporate cellulose nanocrystals (CNCs) into polymer
latexes prepared using various emulsion polymerization methods. CNCs are a promising
new class of renewable materials with unique properties including nanoscale dimensions,
a high aspect ratio, low density, and high strength. They show significant promise to
enhance the properties of existing materials, but challenges often arise due to
incompatibility and processing difficulties. This work investigates novel surface
modification routes to improve the compatibility of CNCs with emulsion polymerization
components, and aims to control the location and function of CNCs in latex systems in
order to modify latex properties.

Three approaches to incorporate CNCs into polymer latexes are presented: (1) exploiting
CNC-surfactant interactions in order to promote CNCs as Pickering stabilizers or as
“passive” additives in the water phase, (2) enhancing the surface activity of CNCs by
adsorbing the surface active biopolymer methyl cellulose (MC) to act as Pickering co-
stabilizers, or (3) hydrophobic modification of CNCs through polymer grafting in order
to provide improved compatibility between CNCs and the monomer/polymer phase to
incorporate CNCs into the latex core.

First, the interactions between CNCs and surfactants were studied in suspension and at
surfaces and the CNC-surfactant combinations were used to stabilize miniemulsion
polymerization of methyl methacrylate (MMA), a model system used in this work.
Oppositely charged CNCs and surfactants showed improved stability as Pickering
stabilizers and the ability to co-stabilize the monomer/polymer-water interface. When
like-charged CNCs and surfactants were used, the poly(methyl methacrylate) (PMMA)
polymer particles were stabilized by surfactant only, while the CNCs remained in the
water phase. Next, in order to avoid the use of surfactants, CNCs were coated with MC to
provide improved surface activity. MC-coated CNCs were effectively used as Pickering
stabilizers in the microsuspension polymerization of MMA, where a double morphology
of PMMA particles was observed, and the morphology could be tuned based on the ratio
of CNC to MC used. Finally, CNCs were modified with hydrophobic polymer via two
different “grafting from” methods: free radical polymerization and atom transfer radical
polymerization (ATRP). Free radical polymer grafting from CNCs resulted in polymer-
grafted CNCs but the method lacked control over polymer graft length and graft density.
To overcome this, CNCs were modified via surface initiated ATRP where considerably
higher amounts of polymer were grafted from the CNCs in short reaction times and with
simple purification steps. Furthermore, polymer-grafted CNCs were added to the
monomer phase of the miniemulsion polymerization of MMA and latexes with CNCs
inside the hydrophobic polymer particle core were prepared. Given the difficulties in
characterizing polymer grafted CNCs, a novel solution state NMR method was used,
whereby the modified CNCs were dissolved in ionic liquids and the polymer grafts were
cleaved and collected to determine graft length and graft density.

Overall, this work provides three approaches for the preparation of nanocomposite
latexes with CNCs using PMMA as a model system. The results presented here may
expand the use of CNCs in latex products such as adhesives, paints, coatings, and
cosmetics.
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Lay Abstract

This research aims to prepare polymer latexes with tailorable properties using renewably-
sourced particles and nanotechnology. Latexes are polymer particles dispersed in water,
typically on the order of a few hundred to thousand nanometers (where a “nanometer” is
one billionth of a meter), and are used in products such as adhesives, paints, and coatings.
The field of nanotechnology takes advantage of nanomaterials where unique properties
stem from the small size and high surface-area-to-volume ratio. In this work, we use
cellulose, the most abundant natural polymer on earth, in the form of cellulose
nanocrystals (CNCs). These nanoparticles are extracted from pulp, cotton, and other
natural resources to yield nanometer-sized rigid rod-like particles. CNCs have recently
gained attention in research and the media because of their new industrial production and
“safe nanomaterial” designation in Canada. In this work, CNCs were chemically
modified by the attachment of new molecules or by coating them with polymers and were
subsequently added during the synthesis of the polymer latex. Incorporating CNCs
imparted new properties and the ability to control latex size, shape, and surface
topography. CNCs are also expected to improve the overall mechanical strength of the
latex, and may enhance the stickiness of adhesive latexes in particular, leading to
products that are more environmentally friendly and that show improved performance.

v



Acknowledgements

First, I would like to express my deepest and sincerest thank you to my supervisor Dr.
Emily Cranston. Thank you for letting me pursue the areas of research I found most
interesting, for sharing your love for Sweden with me (and facilitating mine!) and for
your constant support and guidance. I cannot express my gratitude for having you as my
supervisor and role model. Your work ethic, compassion, and leadership are qualities that
are truly admirable.

My sincere thanks is extended to my collaborators, in particular the kind and talented
researchers I was able to work with at KTH in Stockholm. Drs. Anna Carlmark, Eva
Malmstrém, and Fiona Hatton; thank you for welcoming me into the lab and teaching me
all I know about ATRP. Without you this thesis would be so incomplete.

Lab life would not have been the same without my labmates. To all past and current
members of the Cranston Research Group, thank you for always making each day fun. I
am truly honoured to have worked with such bright and talented people.

Finally, I must thank the most important people in my life. To my parents; thank you for
your unconditional love and support, for providing me someone to talk to at the end of a
long day, a washing machine to do my laundry on Sundays and a homecooked Sunday
dinner that caught the attention of my lunch companions. I love you and I wouldn’t be
here today without your support. To my brother Patrick, thank you for always sending me
pick me ups, giving me money advice, and keeping me grounded. And finally, thank you
to my two loves: Graeme and Oreo. To my fiancé Graeme, you’ve shown me how to stay
calm in the most stressful of times, and although we’ve been 3500 km apart, I know
you’ve constantly been by my side. Thank you for cooking for me, giving me trips to
look forward to, and always pushing me to work hard. I love you and can’t wait to see
where life takes us. And to our Oreo, thanks for always waiting at the door for me when I
got home, for sitting beside me as I worked, and for bringing me happiness every day. I
feel truly blessed for the support I have received from my close friends and family.



Table of Contents

ADSTIACE .. ettt ettt a e et et b ettt nae e il
LAY ADSEIACT. ... tietieieieeiiecie ettt ettt ettt e et e st e et e e eate e bt e ntaeenbe e teeenbeenseeenbeeaaans v
ACKNOWICAZEIMENLS. .....eoviiiiieiieciiieiee ettt ettt ettt te et e st e eteesrbeebeeenseeseesnsaens v
ADDIEVIALIONS. ...ttt ettt ettt ettt sbe et et bttt sae e viii
Chapter 1
Introduction and ODJECIVES ........ccciiiiiieiieeiierie ettt ettt sre et et e e eneees 1
L1 INErOAUCLION. ...ttt st st 1
1.2 ThesSiS ODJECHIVES ...cuviiiuieetieiieeiieeiie et ettt ettt e et et e et e e et eseaeeseesaseenbeesaneeneeas 3
1.3 ThesSiS OULINE ...c..coiuiiiiiiieieeieceee ettt st 4
1.4 Other ContribULIONS .....cc.eeviiriiiiiiieieiiete et st 5
RETETEINCES ...ttt sttt ettt st 6
Chapter 2
Background and Literature REVIEW ........c.cccieviiiiiiiiiieiieie ettt 8
2.1 CIIUIOSE ...ttt 8
2.2 NANOCEIUIOSE ...cuviiiiniieiiiiieie ettt st 10
2.3 Cellulose NanoCrystals ........cc.eeceerieeiiienieeiierie ettt iee e e 11
2.3.1 Characterization of Cellulose Nanocrystals ...........ccceccvereiierienciiinienieeieene 14
2.4 Surface Modification of Cellulose Nanocrystals..........cccoecveeciierirriiinieniieenne, 16
2.4.1 Non-covalent Surface Modification of Cellulose Nanocrystals.................... 17
2.4.2 Small Molecule Surface Modification of Cellulose Nanocrystals................ 19
2.4.3 Polymer Grafting to and from Cellulose Nanocrystals ...........cccceeveervenuennnene 20
2.5 Purification and Characterization of Modified Cellulose Nanocrystals.............. 25
2.6 Pickering EMUISIONS ......occuieiiiiiiieiiieiieiie ettt e 27
2.6.1 Cellulose Nanocrystals in Pickering Emulsions........c..cccccoceviinienicninnennen. 30
2.7 POLYMET LAtEXES ...eeuvieuiieiieiieeiiesiie ettt ettt ettt ettt et e et eesaesnaeensee e 33
2.7.1 Emulsion POlymerization ............ccceeieriieniieniieiiecie et 33
2.7.2  Miniemulsion POlymerization ...........cccceevieriieniieniieiieeieecece e 34
2.7.3 Microsuspension Polymerization ...........cccceecveerieeeiieniieniieniieeie e 34
2.8 Pressure Sensitive AdRESIVES .....cceevieiiiieniiiiirieeeeeeee e 34
2.9 CNC LateX NanOCOMPOSILES ......eeruererieriieeirieniieeiieniieeteenseesseesseesseenseesnsesnseennns 36
RETETEINCES ...ttt sttt st 38
Chapter 3
Poly(methyl methacrylate)-Grafted Cellulose Nanocrystals: One-step Synthesis,
Nanocomposite Preparation, and Characterization.............coceeeeveerieneerieneenenneeneeneenne 54
Chapter 4
Grafting-from Cellulose Nanocrystals via Photoinduced Cu-mediated Reversible-
deactivation Radical POlymerization ............ccceevuieriieniieniieiieeie et 68
Appendix 1: Chapter 4 Supporting Information.............ecceeeevienieiiienieeiiienieeie e 77

vi



Chapter 5

Liquids NMR Toolbox for the Analysis of Chemically Modified Nanocellulose............ 85
Chapter 6

Tailoring Cellulose Nanocrystal and Surfactant Behavior in Miniemulsion
POLYMEIIZATION ...ttt ettt et e s e e beesaaeenseessneenseennnaens 95
Appendix 2: Chapter 6 Supporting Information............ccceeceveeniniinieniniineeeenene 107
Chapter 7

Cellulose Nanocrystals and Methyl Cellulose as Co-stabilizers for Nanocomposite
Latexes with Double MOrpholOZY ........ccceeruiiiiiiiiiiiiieiieeieeeee e 115
Chapter 8

Polymer-grafted Cellulose Nanocrystals for Incorporation into the Core of Latex Polymer
PartICLES ... 134
Chapter 9

Concluding REMATKS.........cooiiiiiiiiiiiiieie ettt ettt ebaesanaens 155

vii



Abbreviations

AFM
ATRP
BA
BNCs
BPO
CAN
Cat-CNCs
CIF
CNCs
CNFs
CNTs
CTAB
Cu

CuBr
CuBr,

b

DLS
DMF
DMSO
DP

DSC
EPTMAC
GPC
H-CNCs
HCI-CNCs
HEC
KPS
LODP
MC
MesTREN
MFC
MW
Na-CNCs
NCC
NFC
NMP
NMR
O/w
P-CNCs
P4VP

PA

PAA
PCL

PDI

PEG

atomic force microscopy

atom transfer radical polymerization
butyl acrylate

bacterial nanocellulose

benzoyl peroxide

ceric ammonium nitrate

cationic cellulose nanocrystals
crystal information file

cellulose nanocrystals

cellulose nanofibrils

carbon nanotubes
cetyltrimethylammonium bromide
copper

copper I bromide

copper II bromide

dispersity

dynamic light scattering
dimethylformamide

dimethyl sulfoxide

degree of polymerization
differential scanning calorimetry

2,3-epoxypropyltrimethylammonium chloride

gel permeation chromatography
acid form CNCs

cellulose nanocrystals hydrolyzed with hydrochloric acid

hydroxyethyl cellulose

potassium persulfate

level-off degree of polymerization
methyl cellulose
tris(2-(dimethylamino)ethyl)amine
microfibrillated cellulose
molecular weight

sodium form CNCs
nanocrystalline cellulose
nanofibrillated cellulose

nitroxide mediated polymerization
nuclear magnetic resonance
oil-in-water

cellulose nanocrystals hydrolyzed with phosphoric acid

poly(4-vinyl pyridine)
poly(acrylamide)
poly(acrylic acid)
poly(caprolactone)
polydispersity index
poly(ethylene glycol)

viii



PEO
PLA
PMA
PMMA
PNIPAmM
PP

PS

PSAs
RDRP
ROP
SDS
SEC
SEM
SI-ATRP
TC

TEM
TEMPO

TGA
THF
TTAB
W/o
XPS
XRD

poly(ethylene oxide)
poly(lactic acid)
poly(methyl acrylate)
poly(methyl methacrylate)
poly(N-isopropylacrylamide)
poly(propylene)

poly(styrene)
pressure sensitive adhesives

reversible deactivation radical polymerization
ring opening polymerization

sodium dodecyl sulfate

size exclusion chromatography

scanning electron microscopy

surface initiated atom transfer radical polymerization
terminal complex

transmission electron microscopy
2,2,6,6-tetramethylpiperidine 1-oxyl

glass transition temperature
thermogravimetric analysis

tetrahydrofuran
tetradecyltrimethylammonium bromide
water-in-oil

X-ray photoelectron spectroscopy

X-ray diffraction

X



PhD Thesis —Stephanie Kedzior McMaster University — Chemical Engineering

Chapter 1 Introduction and Objectives

1.1 Introduction

Since the 12 principles of green chemistry were first proposed by Paul Anastas and John
C. Warner in the late 1990s,' scientists and engineers have broadened their efforts in the
search for sustainable materials to replace toxic and petroleum-derived chemicals. This
drive towards environmentally-friendly and safe chemistries has mandated improved
efficiency of reactions and products, a reduction in both the use of organic solvents and
waste produced, and the development of more benign synthetic pathways.' In more recent
years, nanotechnology has offered solutions to many of these challenges.” In particular,
nanoparticles from renewable resources, such as cellulose nanocrystals (CNCs) have the
potential to address several of the 12 principles, while additionally imparting new
properties and functionality to existing materials. CNCs have gained popularity in both
the patent’ and academic literature* ® and furthermore have the potential to be used in a
number of industrial applications.””

CNCs were first discovered by Nickerson and Habrle in the 1940s,'® but the widespread
interest in their use was spurred by a series of papers published by Derek Gray and
coworkers in the 1990s."" Potential applications for CNCs include coatings, composites,
packaging, food additives, cosmetic stabilizers, and pharmaceutical excipients™® and
recently their use in commercial products (e.g. wood adhesives and inks) and oil & gas
extraction processes has been demonstrated. CNCs are isolated from natural cellulose
sources such as wood and cotton via an acid hydrolysis procedure that degrades the
disordered cellulose regions into sugars, while the crystalline regions remain intact.'” The
hydrolysis yields rigid rod-shaped nanoparticles that are strong and lightweight.
Typically, sulfuric acid is used, yielding sulfate half ester groups on the surface of the
CNCs which impart an anionic charge and colloidal stability in water.”> The acid
hydrolysis process is relatively straightforward and has been scaled up for commercial
production.'* CelluForce Inc., in Windsor, Quebec, is currently the largest industrial
producer of CNCs worldwide with ton-per-day production capacity. CelluForce Inc. uses
a sulfuric acid hydrolysis procedure whereby the sulfuric acid is recycled and the
degraded sugars are collected and can be fermented for use in biofuels. The industrial
production of CNCs thus follows the tenets of green chemistry whereby the starting
material is renewable and the waste production is minimized throughout the entire
process.

For many envisioned applications, CNCs need to be functionalized in order to improve
their compatibility with hydrophobic polymers and non-polar solvents. The abundance of
hydroxyl groups on their surface results in a relatively hydrophilic nanoparticle yet
provides opportunities for a wide variety of surface modification routes via well-known
carbohydrate chemistries.'” The packing of cellulose chains within each CNC also results
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in an amphiphilic nanoparticle.'® Furthermore, the anionic sulfate half ester groups
provide the option for non-covalent surface modification via electrostatic interactions.'
Many sophisticated surface modification methods, such as controlled polymer grafting,
have been demonstrated in the literature,”> however, an important consideration when
performing these reactions is the need to avoid irreversible nanoparticle aggregation.
Thorough characterization of modified CNCs, including the degree of functionalization,
wettability, particle dimensions, crystallinity and stability, is important to properly
predict CNC performance and target suitable applications. The first objective of this
thesis work is to develop new surface modification routes for CNCs and methods to
characterize them.

In recent years, other anisotropic nanoparticles such as carbon nanotubes (CNTs) and
clays have shown potential as reinforcing agents, stabilizers and rheological modifiers
due to their unique properties. CNTs are stiff, strong and conductive.'” However, they
lack the renewability aspect and remain expensive to produce uniformly, limiting their
widespread use in high volume applications. Clays are a cheaper substitute, and have
similar properties to high aspect ratio CNTs.'® The pitfalls of clays are their tendency to
aggregate and the high energy required to fully separate them into individual platelets
which is necessary to take full advantage of their “nano” properties. Fortunately, CNCs
have the benefits of both CNTs and clays, as they are relatively inexpensive, industrially
produced in large quantities and easy to disperse in aqueous media."” For these reasons
(and since they can be surface modified to suit a wide variety of applications), CNCs
have the potential to be used as property modifiers in hydrophilic or hydrophobic
polymer matrices, especially in latex polymer systems where both polar (water) and non-
polar (monomer/polymer) phases are present.

Polymer nanocomposites are prepared by adding a nanofiller to a polymer matrix, with
the hope of obtaining a hybrid material with improved properties.® Polymer
nanocomposites containing CNCs are an exciting and emerging topic in the literature
since CNCs have high strength and stiffness. However, CNC polymer nanocomposites
typically require processes that are not industrially feasible, such as solvent casting, or
require melt processing at high temperatures which results in CNC aggregation and
thermal degradation. One method to overcome these issues is to prepare latex
nanocomposites whereby CNCs are incorporated into synthetic latexes to provide
improved properties.

Synthetic latexes are commonly used in paints, adhesives and coatings and are produced
by emulsion polymerization which is a water-based, heterogeneous polymerization
method that produces polymer particles dispersed in water. The second objective of this
thesis is to modify the properties of latex systems using CNCs. While poly(methyl
methacrylate) (PMMA) is used here as a model latex system, we are ultimately interested
in latex-based pressure sensitive adhesives (PSAs). We propose that CNCs can be used to
replace toxic/undesirable components of the latex, provide mechanical reinforcement to
the polymer, control latex morphology, improve adhesive properties, and/or impart new
functionality. In general, latex-based PSAs have been shown to underperform compared
to their solvent-based counterparts and we believe that incorporating nanoparticles to
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improve their adhesive and mechanical properties may allow for industry to adopt the
“greener” emulsion polymerization method of producing PSAs.

In this thesis we present three approaches for incorporating CNCs into polymer latexes:
(1) the addition of CNCs to the water phase of the emulsion polymerization by simple
mixing, (2) to exploit the amphiphilic nature of CNCs for their use as stabilizers (or
enhance their surface activity through non-covalent surface modification), or (3)
hydrophobically modify CNCs via covalent polymer grafting in order to incorporate
CNCs inside the polymer particle core. All existing work regarding nanocomposite
latexes with CNCs has been done via simple mixing where the CNCs remain in the water
phase and play no active role in the polymerization of the latex.”' > This previous work
has produced latex films with improved mechanical and adhesive properties,*** and
therefore by controlling the CNC location within the latex, we aim to achieve even
greater tunability over latex properties.

1.2 Thesis Objectives

CNCs show significant promise to enhance the properties of existing materials, but
challenges often arise due to incompatibility and processing difficulties. This thesis sets
out to modify CNCs following new, useful, water-based/green methods and to control
surface functionalization such that the location of CNCs within a polymer latex can be
tailored. Both covalent and non-covalent surface modification routes are explored.
Importantly, this research aims to improve the current understanding of the governing
interactions between CNCs, modified CNCs, and emulsion polymerization components,
and how these interactions affect latex properties. The main objectives of this thesis are
as follows:

1. To investigate novel surface modification routes to improve the compatibility of
CNCs with hydrophobic materials. This work provides new methods which will allow
CNCs to be incorporated into organic solvents, nanocomposites, and various polymer-
based products.

2. To control the location and function of CNCs in latex polymer systems to modify
latex properties. This objective is broken down into three sub-goals including:

a. To elucidate the role that CNCs can play during latex polymerization when
surfactants are present. The results can provide industry with generic “design
rules” for formulating surfactant-based products with CNCs.

b. To optimize CNCs as Pickering stabilizers (to replace surfactants) in various
emulsion polymerization systems such as miniemulsion and microsuspension
polymerization. This may extend the use of CNCs in polymer latex products,
including pressure sensitive adhesives.

c. To incorporate CNCs into the core of the latex particles by compatibilizing them
with the monomer phase using surface grafted polymers. The findings will allow
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for an understanding of surface modification required in order to compatibilize
CNCs with hydrophobic polymers and will be used to prepare novel
nanocomposite latexes for applications such as paints, adhesives, and coatings.

1.3 Thesis Outline

Chapter 1 Introduction.
This chapter introduces the main themes, objectives, and outline of this thesis.

Chapter 2 Background and Literature Review.
This chapter presents a thorough review of the current literature and concepts relevant to
the work presented in this thesis.

Chapter 3 Poly(methyl methacrylate)-Grafted Cellulose Nanocrystals: One-step
Synthesis, Nanocomposite Preparation, and Characterization.

This chapter presents the first account of a one pot, water-based method to graft PMMA
from CNCs. Ceric-ion initiation allowed for polymer grafting directly from the cellulose
backbone in one step and CNC aggregation was avoided by sonicating throughout the
polymerization reaction. Extensive characterization demonstrated that hydrophobic CNCs
that retained the favourable properties of unmodified CNCs were produced and could be
used to reinforce PMMA nanocomposites. This chapter has been published in The
Canadian Journal of Chemical Engineering.”

Chapter 4 Grafting-from Cellulose Nanocrystals via Photoinduced Cu-mediated
Reversible-deactivation Radical Polymerization.

This chapter describes a novel method for controlled grafting of poly(methyl acrylate)
from CNCs using a photoinduced Cu-mediated RDRP polymerization method and
minimal copper catalyst. This method allowed for a known polymer graft density and
graft length due to the preparation of initiator-modified CNCs and the controlled nature
of the polymerization. This method is highly versatile for the modification of CNCs with
hydrophobic polymers, where considerably high amounts of grafted polymer were
achieved in short reaction times with simple purification. The work was a collaboration
with KTH Royal Institute of Technology in Stockholm, Sweden. This chapter has been
published in Carbohydrate Polymers.™

Chapter 5 Liquids NMR Toolbox for the Analysis of Chemically Modified Nanocelluloses.
This chapter reports the development of a new quantitative NMR-based technique to
analyze polymer-grafted CNCs. An ionic liquid was used to dissolve the modified CNCs
followed by methanolysis to cleave the polymer grafts, allowing for both graft length and
graft density to be determined. No other characterization techniques can provide this
information for modified CNCs and the method was corroborated by testing polymer-
grafted cellulose filter paper polymerized in the presence of sacrificial initiator. The work
is a collaboration with the University of Helsinki in Finland. This chapter will be
submitted to the Journal of the American Chemical Society for publication.
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Chapter 6 Tailoring Cellulose Nanocrystal and Surfactant Behavior in Miniemulsion
Polymerization.

This chapter presents a comprehensive study of the behavior of CNCs in miniemulsion
polymerization with surfactants. The binding between anionic and cationic CNCs with
anionic and cationic surfactants in suspension was investigated and surfactant structuring
on CNC films was measured using colloid probe atomic force microscopy. The
surfactant-CNC combinations were then used as stabilizers in the miniemulsion
polymerization of methyl methacrylate, where PMMA microparticles were produced
using oppositely charged CNCs and surfactants, and PMMA nanoparticles were
produced when like-charged CNCs and surfactants were used. This chapter has been
published in Macromolecules.”’

Chapter 7 Cellulose Nanocrystals and Methyl Cellulose as Co-stabilizers for
Nanocomposite Latexes with Double Morphology.

This chapter evaluates the use of methyl cellulose-coated CNCs as Pickering stabilizers
for the microsuspension polymerization of methyl methacrylate. The resulting PMMA
latex particle size, surface roughness, and morphology were characterized and it was
demonstrated that the hierarchical double morphology achieved was highly tunable. This
chapter has been submitted to ACS Sustainable Chemistry & Engineering for publication.

Chapter 8 Polymer-grafted Cellulose Nanocrystals for Incorporation into the Core of
Latex Polymer Particles.

This chapter reports the covalent modification of CNCs with hydrophobic polymers
poly(butyl acrylate) and poly(methyl methacrylate) using surface initiated atom transfer
radical polymerization. The modified CNCs were characterized and incorporated into the
hydrophobic monomer phase of a series of miniemulsion polymerization reactions. The
effect of polymer graft length and grafted polymer type on the final latex properties was
studied and polymer-grafted CNCs were successfully incorporated into the core of
polymer latex particles. This chapter is in preparation for publication.

Chapter 9 Concluding Remarks.

This chapter summarizes the major contributions from this thesis and presents
suggestions for future work.

1.4 Other Contributions
Other published contributions to date (not included in this thesis):
Reid, M. S.; Kedzior, S. A.; Villalobos, M.; Cranston, E. D. Effect of lonic Strength and

Surface Charge Density on the Kinetics of Cellulose Nanocrystal Thin Film Swelling,
Langmuir, 2017, DOI: 10.1021/acs.langmuir.7b01740.

Abitbol, T.; Marway, H. S.; Kedzior, S. A.; Yang, X.; Franey, A.; Gray, D. G.; Cranston,
E.D. Hybrid Fluorescent Nanoparticles from Quantum Dots Coupled to Cellulose
Nanocrystals. Cellulose, 2017, 24 (3), 1287-1293.
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Prosperi-Porta, G.; Kedzior, S.; Muirhead, B.; Sheardown, H. Phenylboronic Acid Based
Polymeric Micelles for Mucoadhesive Anterior Segment Ocular Drug Delivery.
Biomacromolecules, 2016, 17 (4), 1449-1547.

Klemm, D.; Cranston, E. D.; Fischer, D.; Gama, F. M. P.; Kedzior, S. A.; Kondo, T.;
Kralisch, D.; Kramer, F.; Lindstrom, T.; Neitzsche, S.; Rachfuf}, F. Nanocelluloses as
Natural Sources for Groundbreaking Novel Applications in Materials Science: Today’s
State. Submitted to Materials Today, 2017.
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Chapter 2 Background and Literature Review

2.1 Cellulose

With trends in literature and industrial research shifting towards sustainable and
renewable materials, cellulose shows much promise as an alternative to petroleum
derived chemicals. Cellulose is the most abundant natural polymer, with annual
production estimated to be over 10'" tons.' Cellulose is widely distributed in higher plants,
in several marine animals (e.g. tunicates) and to a lesser degree in algae, fungi, and
bacteria. It is a fibrous, tough, water-insoluble substance that plays a critical role in
maintaining the structure of plant cell walls.?

Cellulose is characterized as a high molecular weight homopolymer of B-1,4-linked
anhydro-D-glucose units where every unit is corkscrewed 180° with respect to its
neighbours.” Figure 2.1 shows the structure of cellulose with repeating glucose dimers,
known as cellobiose. Each cellulose chain has two different end groups: one has a
chemically reducing functionality (a hemiacetal unit), and the other has a pendant
hydroxyl group and is the nominal nonreducing end (Figure 2.1). The number of glucose
units or the degree of polymerization (DP) can be up to 20 000, but depends on the
cellulose source.” A selection of cellulose sources and their respective DP values are
listed in Table 2.1.

Nonreducing end Cellobiose Reducing end
Figure 2.1 Chemical structure of cellulose chains, where DP represents the degree of
polymerization. Figure reproduced from reference 2.

Table 2.1 Cellulose sources and their corresponding degree of polymerization. Adapted
from reference 3.

Cellulose Source Degree of Polymerization
(DP)
Wood 6000 — 10 000
Pulp 500 —2000
Sulfate pulp 950 - 13 000
Cotton 10 000 — 15 000
Bacterial cellulose 4000 — 6000
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The chair conformation of the glucose rings lead to the hydroxyl groups being positioned
in the ring (equatorial plane), while the hydrogen atoms are in the vertical (axial)
position.” This results in cellulose chains having a hydrophobic plane and significant
amphiphilicity.” Furthermore, this conformation allows for both inter- and intramolecular
hydrogen bonding between adjacent cellulose chains, and because of this, in nature
cellulose is never found as individual chains, but rather as microfibril bundles of 36
closely packed cellulose chains. These microfibrils typically assemble into larger units
known as elementary fibrils which pack into even larger units called cellulose fibers
(which furthermore contain other hemicellulose and lignin components). Biosynthesis
conditions dictate cellulose packing, and therefore variations are found between sources.

Cellulose biosynthesis in plants is orchestrated by specific enzymatic terminal complexes
(TCs) located in the plasma membrane. The synthesis process is not fully understood, but
the structure of cellulose microfibrils implies that their synthesis and assembly involve
the coordination of 36 active sites.” TCs assemble in the Golgi apparatus where they are
inactive, but move through the plasma membrane when they become activated. During
cellulose synthesis, TCs move through the plasma membrane in directions that coincide
with the orientation of the microtubules which have been shown to exert a direct
influence on the orientation of cellulose deposition.® During biosynthesis, cellulose
chains are aggregated in microfibrils with cross sectional dimensions ranging from 2 to
20 nm, depending on the cellulose source.” The aggregation occurs via van der Waals
forces and intra- and inter-molecular hydrogen bonding. If the TCs are not perturbed,
they can generate a limitless supply of microfibrils with a small number of defects or
amorphous domains.” Many studies have been performed in order to propose the nature
of the supramolecular structure of cellulose including the crystal structure and
dimensions as well as defects and amorphous domains, with much debate remaining to
this day. A common view is that the amorphous regions are distributed as chain
dislocations on segments along the elementary fibril where the microfibrils are distorted
by internal strain in the fiber and proceed to tilt and twist.®

While the degree of crystallinity and distribution of crystalline regions in cellulose in
nature (i.e., before processing) is still being deliberated, it is well known that the
hydrogen bonding between chains results in three polymorphic forms: cellulose I, II, and
III. All native cellulose is cellulose I. Cellulose I exists in two different forms, Io and I
which are present in different ratios depending on cellulose source. Ia is predominant in
cellulose derived from bacteria and algae, while If is predominant in cellulose derived
from plants.” The hydrogen bonding and van der Waals interactions between chains also
contribute to the fact that cellulose is entirely insoluble in water as well as most other
common solvents. '’

Traditionally, cellulose has been used in the form of wood and plant fibers for energy
sources, building materials, and clothing.'" The use of cellulose has also expanded to
include applications such as cosmetics, food, coatings, adhesives, and membranes. More
recently, nanocellulose, or cellulose materials with dimensions on the nanometer scale,
have gained increasing interest in both academic and industrial applications.
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2.2 Nanocellulose

The term nanocellulose is used to define a wide variety of cellulosic materials including
cellulose nanofibrils (CNFs), bacterial nanocellulose (BNC), and cellulose nanocrystals
(CNCs). All types of nanocellulose are ribbon-like or rod shaped nanoparticles with
varying lengths and widths depending on the isolation method and the starting cellulose
source. CNFs are produced through the mechanical disintegration of plant fibers, BNC
are produced via a “bottom up” approach by specific bacteria, while CNCs may be
produced from many sources (such as plants, bacteria, and algae) via chemical methods.
An overview of the various nomenclature/acronyms, cellulose sources, production
methods, sizes, and select anticipated applications for each type of nanocellulose is
provided in Table 2.2, with representative electron micrographs shown in Figure 2.2.

Table 2.2 Different types of nanocelluloses, their typical sources, averages sizes, and

applications. Adapted from reference 12.

Type of Synonyms Typical Production method Common research
nanocellulose sources and average size directions and
applications
Cellulose Microfibrillated | Wood, sugar High pressure Hydrogels,"
nanofibrils cellulose (MFC) | beet, hemp, homogenization packaging and
(CNFs) Nanofibrillated | flax (often with chemical | barrier coatings,16
cellulose (NFC) or enzymatic pre- composites'’
Nanofibrils treatment)
Microfibrils Width = 5-60 nm"
Length =up to
several pm'*
Bacterial Bacterial Low molecular | Bacterial synthesis Hydrogels and
nanocellulose | cellulose weight sugars | Width =20-100 nm"® | wound healing,***'
(BNC) and alcohols Different types of films,** food
nanofiber networks'® | thickeners™
Cellulose Nanocrystalline | Wood, cotton, | Acid hydrolysis Hydrogels and
nanocrystals cellulose (NCC) | hemp, flax, Width = 5-70 nm’ aerogels,”* >
(CNCs) Cellulose wheat straw, Length = 100-250 coatings,”’ chiral
nanowhiskers ramie, tunicin, | nm (from plant nematic
algae, bacterial | sources), 100 nm- ﬁlms/templates,28
cellulose several um (from emulsions,” drug
tunicate, algae, delivery,30’31
bacteria)’ energy storage,”>>>
water treatment,3
composites®°

10
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b) c)

Figure 2.2 Transmission electron micrographs of (a) CNFs, and (b) CNCs, and a
scanning electron micrograph of (¢) BNC. Figure reproduced from reference 12.

The isolation, characterization, and applications of nanocellulose is currently a widely
studied topic,”” and each class of nanocellulose finds applications based on its favourable
properties (i.e., length, flexibility, self-assembly behaviour, or mechanical strength).
While cellulose nanocrystals are the focus of this work, many reports have used either
CNFs or BNC for similar applications. CNFs are isolated from plant sources whereby
shearing is used to tear apart large fibers into nano-scale fibers. Because of this
preparation method, CNFs contain both crystalline and disordered cellulose regions.
Their amorphous regions and high aspect ratio allow for them to entangle, forming gels at
lower concentrations than those reported for CNCs. This entanglement makes CNFs
excellent candidates for applications such as hydrogel materials and as reinforcement in
flexible packaging (Table 2.2). Mechanical disintegration requires high amounts of
energy, over 25 000 kWh per tonne as a result of multiple passes through the
homogenizers.”™” In order to reduce the energy required, pre-treatments such as acid
hydrolysis, enzymatic degradation, and the introduction of charged groups through
carboxymethylation or  2,2,6,6-tetramethyl-1-piperidinyloxy = (TEMPO)-mediated
oxidation have been used to facilitate the homogenization process.'>'***** These surface
groups also impart improved stability for use in water-based applications.

In contrast to the mechanical disintegration used to isolate CNFs, BNC is produced by
certain bacteria strains in response to specific environmental conditions.*** The bacteria
are cultured in aqueous nutrient media with low molecular weight carbon and nitrogen
sources and form highly porous networks of nanofibers, with individual nanofibers
having diameters of 20-100 nm. BNC has an identical structure to cellulose from plant
sources but is highly crystalline with a high degree of polymerization (Table 2.1) and
good mechanical properties.”* Common applications for BNC are in the medical
field,'* in products such as wound dressings and as thickening agents in foods.

2.3 Cellulose Nanocrystals

The production of cellulose nanocrystals via acid hydrolysis was first reported in 1947 by
Nickerson and Habrle,” and later in 1949 by Rénby.* It is now well known that acid
hydrolysis produces crystalline cellulose nanoparticles because the disordered regions are
hydrolyzed first and the crystalline regions have a higher resistance to acid, therefore
remaining intact.’’”' These sustainable nanoparticles are being used in both academic

11
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research and industrial applications due to their unique properties: they are non-toxic and
biodegradable and are approved as the first safe nanomaterial in Canada; they have a
large specific Young’s modulus, similar to that of Kevlar and steel; and due to their
amphiphilicity and high aspect ratio they show promise as reinforcing agents, rheological
modifiers, and interface stabilizers.’

During acid hydrolysis, rod-like cellulose nanocrystals are produced along with degraded
sugars, oligosaccharides and residual acid. The byproducts and acid are removed by
centrifugation and extensive dialysis. Sonication is then used to ‘“unhinge” the
nanocrystals and disperse them, forming a stable colloidal suspension in water.'”> The
aspect ratio of the cellulose nanocrystals depends mostly on the source but also on the
hydrolysis conditions such as hydrolysis time and acid concentration.”® In general, acid
hydrolysis results in a rapid decrease of the DP, to a value called the level-off DP
(LODP). The DP then decreases much slower, even during prolonged hydrolysis times.>*"
> The value of the LODP is therefore dependent on the cellulose source, and a high
polydispersity in particle size is typically seen.

The type of acid used for hydrolysis directly effects the properties of the resulting CNCs.
Hydrolysis with sulfuric acid grafts sulfate half ester groups on the surface of the CNCs
(Figure 2.3), typically in the range of 0.6-1.1 %S by mass, corresponding to 0.3-0.6
charges/nm?, or 1 sulfate half ester for every 2-3 surface anhydroglucose units.”® These
sulfate half ester groups impart a negative surface charge on the CNCs and allow for
colloidal stability in water. The dispersibility of CNCs in water is strongly dependent on
electrostatic repulsion between the nanocrystals that arises from their surface charge.”” %
Although providing colloidal stability, sulfate half ester groups may hinder CNC packing
at an interface, and desulfation reactions are often required to remove some or all of the
sulfate groups. Concentrated hydrochloric acid®*®' or sodium hydroxide®*® have been
used to desulfate CNCs in order to remove some or all of the sulfate half ester groups.
Extensive purification is required in both cases in order to remove residual acid or base
and to ensure a pure CNC material.

12
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Figure 2.3 Schematic of the sulfuric acid hydrolysis of cellulose fibers which imparts
sulfate half ester groups (yellow) on the surface of the cellulose nanocrystals.
Reproduced from reference 64.

For long term storage and transport of CNCs, it is often necessary to dry suspensions via
spray or freeze drying. In order for CNCs to be dried and redispersed, the proton of the
sulfate half ester group must be replaced by a Na' counterion, whereby acid-form CNCs
(H-CNC:s) are titrated to sodium-form CNCs (Na-CNCs). This step, which is essentially a
neutralization step and raises the pH from ~3 to ~7, limits CNC-CNC hydrogen bonding
during drying. This allows either spray or freeze dried CNCs to be redispersed in water
with sonication.”” Furthermore, if CNCs are to be stored in the wet state, Na-CNCs are
less prone to slow hydrolysis leading to auto-desulfation and have been shown to have
improved shelf life.”> We have recently observed differences in surfactant binding
between H-CNCs and Na-CNCs,” further confirming the importance of the counterion
for CNCs in various applications.

Other acids such as phosphoric®”®® and hydrochloric® acid may be used to produce
CNCs with different surface chemistry. Hydrolysis with phosphoric acid imparts
phosphate half ester groups on the CNC surface, though with a much lower charge
density than in the case of sulfuric acid. Phosphoric acid hydrolyzed CNCs (P-CNCs) are
less colloidally stable than typical sulfuric acid hydrolyzed CNCs, but more colloidally
stable than CNCs hydrolyzed using hydrochloric acid (HCI-CNCs). HCI-CNCs have no
surface charge groups and are therefore aggregated and tend to settle out in water.
Differences in thermal stability of CNCs produced from sulfuric, phosphoric, and

13
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hydrochloric acid have also been reported. Sulfuric acid CNCs tend to thermally degrade
at lower temperatures than P-CNCs, with HCI-CNCs having the highest thermal
stability.” Thermal stability of CNCs plays an important role in applications where high
temperatures are required such as melt compounding to produce composites or oil and
gas extraction.

The CNC aspect ratio is dependent on the cellulose source and directly impacts properties
such as rheological behavior,”” packing density,”’ and mechanical reinforcement.”
Aspect ratio is calculated as the ratio of the length to width of the nanocrystals. Typically,
cotton cellulose has the lowest aspect ratio, while bacterial/tunicate cellulose sources
result in CNCs with higher aspect ratios.”' The dimensions of CNCs produced from
common sources are shown in Table 2.3.

Table 2.3 Dimensions of sulfuric acid hydrolyzed cellulose nanocrystals from various
sources. Adapted from reference 52.

Cellulose source Length Cross section

Algal (Valonia)"™" > 1000 nm 10— 20 nm

Tunicate’’° 100 nm — several pm 10 — 20 nm

Bacterial """ 100 nm — several pm 5—10 nm by 30 — 50 nm
Cotton” 200 - 350 nm 5nm

Wood®” 100 — 300 nm 3 — 5 nm diameter

With the goal of facilitating the use of CNCs in high volume applications, CNC
production has been scaled up using different hydrolysis conditions and a variety of
cellulose sources. CelluForce Inc, located in Windsor, Quebec currently operates the
largest production facility with the capacity to produce ton per day quantities of CNCs
via the sulfuric acid hydrolysis of bleached Kraft pulp. Alberta Innovates Technology
Futures (recently renamed InnoTech Alberta), and the USDA Forest Products Lab are
also producing CNCs at a kg per day capacity and tens of kg per day, respectively, using
wood and cotton sources. These industrially produced CNCs have properties comparable
to those made via lab scale processes.”® With an expanding variety of producers and
sources, it becomes critical to properly characterize CNC starting materials in order to
ensure proper dispersion and the desired properties in a given application.

2.3.1 Characterization of Cellulose Nanocrystals

The physicochemical properties and dimensions of cellulose nanocrystals may be studied
either in the wet state (in suspension) or in the dry state. The term “suspension” is used in
recognition of the fact that CNCs are not soluble in water or other common solvents, and
are rather dispersed or suspended. CNCs form stable suspensions in water due to
colloidal stability, most of which is lost in organic solvents. Polar solvents such as
dimethyl sulfoxide (DMSO) and dimethylformamide (DMF) have been shown to be the
most suitable organic solvents for the redispersion of CNCs.*® Therefore, characterization
of CNCs is primarily performed in water or on dried material. CNC size, surface charge,
and sulfate content are measured in aqueous suspensions via dynamic light scattering
(DLS), zeta potential, and conductometric titrations, respectively. In the dry state, CNCs

14
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are commonly characterized by atomic force microscopy (AFM), transmission electron
microscopy (TEM), X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS),
thermogravimetric analysis (TGA), differential scanning calorimetry (DSC), and solid
state nuclear magnetic resonance (NMR). These techniques are discussed in detail in
further chapters but are mentioned briefly below.

2.3.1.1 Characterization of CNCs in Suspension

Dynamic light scattering (DLS) is used to measure the apparent size of CNCs in
suspension. The term “apparent” is used to denote the fact that DLS measures the
hydrodynamic radius of spherical particles, whereas CNCs are rod-shaped.®’ DLS
measurements are made at dilute concentrations in order to avoid particle agglomeration.
Apparent size by DLS is commonly reported in CNC literature but should only be used as
an internal check in order to ensure good dispersion. Other techniques such as AFM or
TEM are more accurate in their determination of CNC particle size.

The zeta potential of a CNC suspension is related to the CNC surface charge and
colloidal stability. Zeta potential of CNCs is measured by assuming Smoluchowski
behavior.®' The addition of salt is required in order to produce a consistent and small
double layer around the charged CNC surface. Typical CNC suspensions prepared for
zeta potential measurements are in 10 mM NaCl. A suspension of anionic CNCs made
via a sulfuric acid hydrolysis should have a zeta potential below -30 mV, significantly
less than -20 mV which is typically assumed to be the maximum required for moderate
colloidal stability of anionic particles.®'

The CNC sulfate half-ester content (and indirectly the surface charge density) is
measured by conductometric titrations following existing literature protocols.”** For this
step, it is necessary for the CNCs to be in the acid form, since the titration is essentially
an ion exchange where the proton counterions are replaced with Na' counterions from the
NaOH used to titrate. The sulfate half-ester content can be confirmed via other
characterization methods such as elemental analysis in the dry state.

2.3.1.2 Characterization of Dried CNCs

In the dry state, CNCs are characterized in order to determine their size, chemical
composition, and crystallinity. AFM is a common technique to determine the size and
shape of CNCs. AFM samples are prepared by spin coating dilute suspensions of CNCs
onto clean silica wafers that are coated with a cationic polymer layer. A typical AFM
height image of a spin coated film of CNCs is shown in Figure 2.4 whereby rod-shaped
CNCs are observed. In less concentrated films, individual CNCs can be imaged and their
length and cross section can be measured. TEM is another useful technique for measuring
CNC size, however the sample preparation of drop casting dilute CNCs suspensions onto
Formvar grids often results in CNC aggregation, making it more difficult to accurately
measure the size of individual particles. TEM is often used complimentary to AFM in
order to fully characterize CNC dimensions.”**?

15
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> AN

Figure 2.4 AFM height image of a spin coated film of unmodified CNCS.

XRD is used to determine the crystallinity of a CNC sample. While other techniques
(NMR, Raman spectroscopy, etc.) may be used to measure crystallinity,** XRD is most
commonly reported in literature. The percent crystallinity can be measured using several
methods, the details of which are beyond the scope of this work. The Rietveld refinement
method is commonly considered to be the most accurate method.®> Ahvenainen et al.
have recently shown a good correlation with the five most common XRD fitting methods
and the two dimensional Rietveld method, and highlighted the difficulties in comparing
values between laboratories.*® Crystallinity values for unmodified CNCs are typically
reported as >85%.

Techniques such as elemental analysis, FTIR, XPS, TGA and DSC are used to determine
the chemical composition of CNCs. Elemental analysis is useful in determining sulfur
content in order to confirm results by conductometric titration and can also be used to
detect surface modifications that impart new elements to CNCs (as opposed to C and O).
FTIR, XPS, TGA, and DSC are typically used to characterize modified CNCs and will be
discussed in further detail in section 2.5.

2.4 Surface Modification of Cellulose Nanocrystals

Surface modifications are typically used to impart new functionality to CNCs, to improve
compatibility between CNCs and a given matrix/environment, or to allow for improved
dispersion in organic solvents.®”” Methods including non-covalent surface modifications
(i.e., adsorption of polymers), or covalent surface modifications such as small molecule
attachment or polymer grafting may be used to impart these new properties. A general
overview of common surface modification reactions for CNCs is shown in Figure 2.5.
The most relevant modification routes for this thesis work are discussed further below.
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Figure 2.5 Schematic showing common surface modification reactions of cellulose
nanocrystals (CN). Reproduced from reference 88.

2.4.1 Non-covalent Surface Modification of Cellulose Nanocrystals

Non-covalent surface modification of CNCs is typically achieved via adsorption by
electrostatic interactions, hydrogen bonding, hydrophilic affinity, or hydrophobic
interactions.”” The negative surface charge on the CNCs allows for the adsorption of
cationic surfactants and polymers, while the abundant hydroxyl groups on the CNC
surface allow for hydrogen bonding. The first report of non-covalent surface modification
of CNCs was through surfactant binding, as demonstrated by Heux et al.** They used an
anionic surfactant to coat the CNC surface in order to improve the dispersibility of the
CNCs in non-polar solvents.** The surfactant-modified CNCs also showed good
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dispersion in a polypropylene matrix.”” Using a similar approach, Bondeson and
Oksman’' used CNCs modified with an anionic surfactant to improve CNC dispersion in
polylactic acid. Kim et al.”® and Rojas et al.”” used nonionic surfactants in order to
disperse CNCs in polystyrene composites. In all of these cases, the interaction between
CNCs and the surfactants was expected to arise from hydrophobic interactions and it is
somewhat surprising that anionic CNCs and some specific anionic/non-ionic surfactants
can bind without the inherent electrostatic repulsion interfering.

Recently, many reports of CNC surface modification have taken advantage of
electrostatic attraction to modify anionic CNCs with cationic surfactants. Habibi et al.
first exploited this electrostatic interaction to prepare Langmuir-Schaefer model films
whereby the cationic surfactant was used to attract CNCs to the water-air interface in a
Langmuir trough.”® Since then, many reports studying the governing parameters for
adsorption have emerged. Dhar et al.” investigated the adsorption of cationic
tetradecyltrimethylammonium bromide (TTAB) with anionic CNCs by isothermal
titration calorimetry and showed that the formation of CNC-TTAB complexes was
electrostatically driven, followed by hydrophobically driven micellization of TTAB on
the CNC surface. This work was expanded upon by Brinatti et al.”® who studied the
interactions between C,TAB (n = 12, 14, and 16) and anionic CNCs. They identified the
same driving forces for surfactant adsorption and micellization as Dhar et al. and
furthermore showed that when the surfactant concentration was increased, charge
neutralization and association of the surfactant-coated CNCs led to flocculation.”

In other work with CNCs and cationic surfactants, Salajkova et al.”’ used quaternary
ammonium surfactants to hydrophobically modify TEMPO-oxidized CNCs with a high
charge density of surface carboxyl groups. This study was intended as a facile surface
modification route for CNCs and was similarly demonstrated using sulfuric acid
hydrolyzed CNCs with cetyltrimethylammonium bromide (CTAB).”**? This modification
is essentially an ion exchange reaction where the CNC counterion is exchanged for a
bulky amphiphilic salt. Since these pioneering studies, cationic surfactant-modified
CNCs have been used in the preparation of a range of materials including semiconducting
nanoparticles,'” poly(lactic acid) composites,' " poly(lactic acid)-
poly(hydroxybutyrate) ~ blends,'”'®  metal  nanoparticles,'””  nanoclay/epoxy
composites,'”® drug delivery vehicles,'”’ coatings,'” and films.'"” Cationic surfactant-
modified CNCs have also been shown to provide improved stability in Pickering oil-in-
water emulsions stabilized by CNCs.""" Furthermore, we have recently used CNC-
surfactant combinations to stabilize poly(methyl methacrylate) particles via miniemulsion
polymerization® which is described in detail in Chapter 6.

Electrostatic interactions can also be used to adsorb cationic polyelectrolytes to CNCs.
This is mainly done via layer-by-layer deposition whereby a substrate is coated with a
cationic polymer, and sequential layers of anionic CNCs and cationic polyelectrolytes are
adsorbed to the surface via a dip or spin coating layer-by-layer fabrication.'''''* This
layer-by-layer approach to film formation has recently been exploited to determine the
elastic modulus of biomimetic nanobiocomposite films to better understand
multicomponent thin films as well as the plant cell wall structure.' "
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Polymer adsorption to CNCs can also be facilitated through entropically driven
adsorption, where structured water is released and the polymer/CNC interactions occur
via hydrogen bonding, co-crystallization and/or hydrophobic interactions.®” Zhou et al.''®
mimicked the natural lignin-carbohydrate copolymers and adsorbed xyloglucan
oligosaccharide-poly(ethylene glycol)-polystyrene triblock copolymers onto the surface
of CNCs. The polymer-adsorbed CNCs showed improved dispersion in non-polar
solvents. Lee et al.''” used a bio-derived PLA-carbohydrate copolymer to surface modify
CNCs from bacterial cellulose in order to better compatibilize the CNCs with PLA. In
their work, the carbohydrate polymer block was shown to interact strongly with the
CNCs through hydrogen bonding. Other polysaccharides such as hydroxyethyl cellulose
have been used to coat the surface of CNCs in order to improve or change their
functionality.!'™'"” Similarly, synthetic triblock copolymers of poly(ethylene oxide)-
poly(propylene)-poly(ethylene oxide) were adsorbed to CNCs in order to better
compatibilize them with polyethylene.'”” Our group has also demonstrated that the
biopolymer methyl cellulose adsorbs to CNCs and provides improved surface activity for
foam and emulsion stabilization.'”"'** In this thesis work, CNCs coated with methyl
cellulose were used as Pickering stabilizers for microsuspension polymerization'* as
described further in Chapter 7.

2.4.2 Small Molecule Surface Modification of Cellulose Nanocrystals

CNC functionality can be tuned by the grafting of small molecules. Many modification
routes exist, but in this work we focus on tuning the surface charge of the CNCs and aim
to give a general overview on the available methods to impart new anionic charge groups
or cationic charge groups.

In order to impart anionic carboxylic acid groups on the CNC surface, TEMPO-mediated
oxidation may be used. TEMPO-mediated oxidation of CNCs was first performed on
CNCs prepared via a hydrochloric acid hydrolysis by Araki et al.'** TEMPO-CNCs have
also been shown to have improved dispersibility in organic solvents such as
dimethylacetamide, dimethylformamide, 1,3-dimethyl-2-imidazolidinone, and N-methyl-
2-pyrrolidone.'*® Furthermore, carboxylic acid groups may be used as sites for other
modifications such as coupling via carbodiimide chemistry.'*®

CNCs can also be rendered cationic via surface cationization using (2,3-
epoxypropyl)trimethylammonium chloride (EPTMAC) through a nucleophilic addition of
the alkali-activated hydroxyl groups on the CNC surface to the epoxy moiety of
EPTMAC, shown in Figure 2.6.” This reaction yields cellulose nanocrystals with
cationic hydroxypropyltrimethylammonium chloride substituents on the surface. This
functionalization typically requires the removal of all or some of the sulfate half ester
groups, and has been shown to result in an overall net cationic charge on the CNCs. Uses
for this type of surface modification are discussed further in Chapter 6.
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Figure 2.6 Grafting of epoxypropyltrimethylammonium chloride to the CNC surface.
Reproduced from reference 62.

2.4.3 Polymer Grafting to and from Cellulose Nanocrystals

Cellulose nanocrystals can be surface modified with polymer chains following two
methods: “grafting to” where pre-formed polymer is attached to the surface of the CNCs,
or “grafting from” where the polymerization is initiated from the CNC surface (Figure
2.7). Polymer “grafting to” is beneficial since the polymer can be carefully synthesized
and thoroughly characterized before it is grafted to the CNCs, however steric hindrance
limits the density of polymers that can be grafted to a single nanoparticle. In comparison,
“grafting from” allows for a higher graft density, as many initiating sites are available on
the CNC surface, but characterizing the polymer chain length and polymerization kinetics
can be challenging.'?’

(a)
w I “Grafting to”
—>

“Grafting from”

® 00O
20 0 e

Figure 2.7 Schematic of (a) “grafting to” CNCs with a given reactive group (blue) and a
pre-formed polymer (green) and (b) “grafting-from” CNCs with inherent or added
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initiating groups (red). Individual purple circles represent monomers and chains of circles
are polymers.

The “grafting to” method generally takes advantage of the abundance of reactive
hydroxyl groups on the CNC surface and can occur via esterification'”® or by a
nucleophilic addition of the alkali-activated cellulose hydroxyl groups to an epoxy
terminated polymer.'"*°  Furthermore, carbodiimide-catalyzed amidation (using
carboxylic acid groups after TEMPO-oxidation)'** has been used to couple poly(ethylene
glycol) to CNCs. In work by Habibi et al., poly(caprolactone) (PCL) was grafted to
CNCs using isocyanate-mediated coupling, and in this work the graft density was high
enough such that the PCL chains were able to crystallize at the surface of the CNCs, as
shown by enhanced mechanical properties.”' However, to reach such a high graft density
the reaction was carried out over a period of one week with continuous addition of the
coupling agent. More recently, UV-light induced thiol-ene click chemistry was used to
prepare CNCs prefunctionalized with mono-unsaturated hydrocarbon brushes crosslinked
with polybutadiene by using a dithiol crosslinker.'** High loading was achieved, however
the modification was a multi-step process which is less ideal when considering the scale-
up required for high volumes of modified CNCs.

“Grafting from” cellulose nanocrystals provides a modification route where high grafting
densities (hundreds to thousands of polymer chains per CNC) may be achieved, and tends
to be more popular in literature, with reports of both hydrophilic and hydrophobic
polymers grafted from CNCs."**!** The following discussion highlights the pioneering
and most recent and relevant work for the purpose of this thesis and can be divided into
four “grafting from” categories: free radical polymerization, ring opening polymerization
(ROP), nitroxide mediated polymerization (NMP), and Cu-mediated reversible
deactivation radical polymerization (RDRP).

2.4.3.1 Free Radical Polymer Grafting from Cellulose Nanocrystals

Free radical polymer grafting from CNCs is typically carried out in an aqueous
environment using a water soluble initiator. This is a favourable reaction since CNCs are
most colloidally stable in water, and when performing surface modifications on CNCs it
is important to maintain a proper dispersion such that the modification occurs on
individual nanoparticles as opposed to aggregates. Free radical polymer grafting from
CNCs with ceric ammonium nitrate (CAN), a water soluble initiator, was first
demonstrated by our group, although many examples using CAN and other types of
cellulose have also been reported.””>'** We first used CAN to graft CNCs with the
hydrophilic, pH responsive polymer poly(4-vinylpyridine) (P4VP). Grafting P4VP from
CNCs resulted in pH responsive CNCs which showed the potential for use as reversible
flocculants.'* In order to extend this method to hydrophobic polymers, the work
presented in Chapter 3 describes using CAN to graft poly(methyl methacrylate) from
CNCs in a one-pot, water based polymerization. The polymer grafted CNCs were
thoroughly characterized via solid state NMR, XPS, FTIR, contact angle,
thermogravimetric analysis, XRD, and AFM.'*
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Another method of free radical polymerization from CNCs is via potassium persulfate
(KPS) initiated free radical polymerization which has been used to graft poly(acrylamide)
147198 and poly(acrylic acid)'* in water. The pitfalls of these free radical polymerization
methods are the inability to control both the grafted polymer length and the graft density,
leading to a heterogeneous modification that is typically difficult to characterize.
Additionally, a significant amount of free homopolymer (not grafted to the CNCs) is also
produced as a side reaction during free radical polymerization which can be difficult to
separate from the modified CNCs, leading to impure products. For some applications (e.g.
if the grafted CNCs are to be added to a bulk polymer to produce nanocomposites),
producing “side” homopolymer may not be detrimental, however, the yield of the
polymer grafting reaction is low and we have estimated that 95% of the starting monomer
is likely not grafted to the CNCs.

2.4.3.2 Ring Opening Polymerization from Cellulose Nanocrystals

Ring opening polymerization (ROP) is a method used to polymerize cyclic monomers,
mainly lactones. ROP was first used to graft polymer from CNCs by Habibi et al."”® who
grafted PCL from the surface of CNCs using stannous octoate as the catalyst. The
reaction was conducted in toluene and the PCL-grafted CNCs (PCL-g-CNCs) were
shown to maintain their morphology and crystalline structure and the graft density was
high enough such that the PCL-g-CNCs were successfully added to masterbatches by
melt blending with a homopolymer of PCL."" Since this pioneering work, Chen et al."*?
and Lin et al.'"” performed the same grafting reactions without solvent and under
microwave irradiation in order to enhance the grafting efficiency. To avoid the use of
metal-based catalysts, Labet and Thielemans'>* used citric acid as a catalyst in order to
facilitate a greener modification of CNCs. Additionally, Goffin et al."> have modified
CNCs with poly(lactide) (PLA) using ROP and showed improved compatibilization in a
PLA matrix. Braun et al."”® have used partially acetylated CNCs (obtained via Fisher
esterification) to provide control of the graft density using ROP from CNCs. In general,
ROP provides a facile method for polymerizing cyclic monomers from CNCs with
relatively good control over graft density and polymer graft lengths.

2.4.3.3 Nitroxide Mediated Polymerization from Cellulose Nanocrystals

Nitroxide mediated polymerization (NMP) is a form of reversible deactivation radical
polymerization (RDRP) that relies on a reversible termination equilibrium between
growing propagating macroradicals and the nitroxide moieties that act as control agents.
This allows for the synthesis of well-defined polymeric structures from a variety of
monomers such as styrene, acrylates, and methacrylates.”””*® NMP is a simple
polymerization method as it does not involve reversible redox processes or chain transfer
reactions and is convenient to use in grafting from CNCs as the purification does not
require the removal of transition metals. The major disadvantage is the typically lower
polymerization rates, higher temperatures needed, and monomer limitations compared to
other RDRP methods. Roeder and coworkers were the first to use NMP from CNCs to
produce CNC-g-PMMA and CNC-g-PMA." The polymer-grafted CNCs showed
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improved dispersion in organic solvents and the potential for the NMP technique to be
used to graft other polymers from CNCs.

2.43.4 Cu-mediated Reversible Deactivation Radical Polymerization from
Cellulose Nanocrystals

Cu-mediated atom transfer radical polymerization (ATRP, a type of RDRP) was first
reported by Wang and Matyjaszewski.'® In ATRP, control is achieved by the equilibrium
between propagating radicals (R¢) and dormant species (R-X), shown in the schematic in
Figure 2.8. Growing radical polymer chains are activated by the reaction between the
dormant species and the transition metal complexes in their lower oxidation state (M;"/L).
Chains are deactivated by the reaction with transition metal complexes in their higher
oxidation state. The equilibrium is strongly shifted towards the deactivation state so that
there is only a small number of growing chains at any time.'°""'®* Control of the reaction
is further determined by the rate constants: k.. (activation), kg (deactivation), and £,
(propagation) which can be controlled by the choice of temperature, monomer, and
solvent as well as the halide/ligand (M,"/L) catalyst system. If the initiation proceeds at a
high rate and a fast deactivation occurs, the polymer chains will grow concurrently.
However, if deactivation is slow, the number of terminated species will increase, thus
leading to a loss of control."®!

kact
R-X + M,"/L < Re + X-Mt“”/L
\
Kk
deact kp \\\kt
\
monomer T
termination

Figure 2.8 ATRP reaction scheme. Adapted from reference 163.

ATRP is a multicomponent system that consists of a monomer, an initiator with a
transferable halogen, a ligand and a catalyst composed of a transition metal species.'®
ATRP has been successfully used to polymerize styrenes, (meth)acrylates,
(meth)acrylamides, and acrylonitrile which contain substituents that can stabilize the
propagating radicals.'®"'*> The initiator used in our work is either bound to the surface of
the CNCs, or free in solution and referred to as a sacrificial initiator. The amount of
initiator determines the number of growing polymer chains, therefore the degree of
polymerization in ATRP can be controlled based on the molar ratio of initiator:monomer
used.'”® We chose a relatively common ligand and Cu catalyst for our systems in
Chapters 4 and 8, however the residual Cu after the polymerization is relatively difficult
to remove and requires extensive purification via centrifugation and separations with an
EDTA/water solution.

The mechanism for the formation of radicals in ATRP remains debated. Halogen atom
transfer from the alkyl halide to the Cu' complex can occur via either the outer-sphere
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electron transfer (OSET) or the inner-sphere electron transfer (ISET). Polymerization by
OSET is a single electron transfer mechanism, and OSET is also named single electron
transfer living radical polymerization (SET-LRP), first derived by Percec and
coworkers.'® The ISET occurs by the mechanism described above, whereby activation
occurs through Cu'. The detailed mechanisms are important for understanding ATRP
kinetics and control but are not the focus of this work.

Recently, Yagci and coworkers reported a temporal photoinduced Cu-mediated RDRP
procedure for the polymerization of methyl methacrylate.'® Anastasaki et al.'®® then
utilized this technique for the homopolymerization of acrylates using low amounts of
copper catalyst (CuBr;) and ligand (MesTREN) in a UV box (Amax = 360 nm) commonly
used in nail salons. Since this work, this polymerization route has been further expanded
by Anastasaki, Haddleton, and coworkers to include various functional monomers,'®’
sequence control,'®*'®” and has been performed in ionic liquids.'”’ Due to the short
reaction time (90 min), mild conditions, and small amount of catalyst/ligand required,
this UV-initiation presents itself as an ideal morphology for the surface initiated (SI)-
photoinduced RDRP from CNCs as demonstrated in detail in Chapter 4.'”'

Cu-mediated controlled radical polymerization provides a method for grafting polymers
from CNCs with excellent control over both graft length and graft density. The first
report of using ATRP from a cellulose substrate was by Malmstrém and Carlmark,'”* and
since then, many examples of using surface initiated ATRP (SI-ATRP) from CNCs have
been demonstrated. In order to perform SI-ATRP from CNCs, an initiator grafting step is
necessary in order to convert the CNC surface into a macroinitiator. This is typically
done by the introduction of alkyl initiators (usually bromide moieties) to the surface
hydroxyl groups of the CNCs in an intermediate step via an esterification reaction (Figure
2.9). The ratio of reactive groups to hydroxyl groups can be varied in order to prepare
CNCs with different amounts of initiating surface groups (and therefore different graft
densities).

Blank-CNC . BiB-CNC Br

Br 9

Br -
OH 0so, oH OH OH o0so; o OH
= 1 L1 o |
e R M ey
- TEA, DMAP, DMF OH =
OH OH 0S0; 70°C. 18 h 0 080,

Br
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Figure 2.9 Immobilization of ATRP initiating groups on the surface of CNCs. The
reaction is carried out in DMF, using triethylamine (TEA) as an organic base and 4-
(dimethylamino)pyridine (DMAP) as a catalyst to attach a-bromoisobutyryl bromide
(BiB) to the CNC surface, resulting in BiB-CNCs. Adapted from reference 171.
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SI-ATRP from CNCs was first reported by Yi et al.'”® who grafted polystyrene (PS) from
CNCs. Morandi et al."”’ also grafted PS from CNCs and showed a series of PS-g-CNCs
with varying graft densities. In their work, the grafted polymer was cleaved from the
surface and characterized to show that good control of the SI-ATRP was achieved.'” If a
non-cleavable ATRP initiator is used, as in most cases, a sacrificial initiator (that is a free
initiator in solution with similar properties to the initiating groups on the CNC surface) is
added to the reaction in order to polymerize free polymer which is collected and
characterized to measure the molecular weight (MW) and dispersity (PDI) of the grafted
polymer. Although discrepancies between free polymer and polymer grafted from the
CNC are likely, this remains the most accurate method of determining the MW and PDI
of polymer grafted from the CNC surface, and Morandi et al.'*” showed that the MW and
PDI of grafted polymer cleaved from the CNC surface was similar to that of
homopolymer polymerized from sacrificial initiator.

Since these first reports, various functional polymers have been grafted from CNCs via
Cu-mediated SI-ATRP including PS,">"*!'™  poly(methacrylate) (PMA),'""'"
poly(methyl methacrylate) (PMMA),'”® poly(dimethylaminoethyl methacrylate),'”” "
poly(N-isopropylacrylamide) (PNIPAm),"”*'**!®! PNIPAm fluorescent copolymers,'™
poly(N,N-dimethylacrylamide),'"™  poly(2-aminoethylmethacrylate) ~ and  poly(2-
aminoethylmethacrylamide),'™ poly(acrylic acid) through hydrolysis of poly(tert-butyl
acrylate),'™ poly(6-(4-(4-methoxyphenylazo)phenoxy)hexyl methacrylate),'®
copolymers of poly(MMA-co-butyl acrylate),'®” poly(diethylaminoethyl methacrylate),'”
poly(ethylene glycol methylacrylate),'™ poly([(2-methacryloyloxy)ethyl]
trimethylammonium chloride),'®' and poly(sodium 4-vinylbenzenesulfonate).'®' In most
of this work, the SI-ATRP occurred in organic solvents, sacrificing some of the colloidal
stability of the CNCs, and furthermore the purification of the reaction must be rather
exhaustive to remove the Cu catalyst. A method to overcome this was shown by Wang et
al.'” who used Cu(0) (copper wire) as the catalyst. This allowed for a simple purification
with only a few centrifugation steps. In our recent work, described in Chapter 4, we have
used a photo-induced Cu-mediated RDRP method to graft hydrophobic polymer from
CNCs, with a very low amount of Cu and a straightforward purification method.'”'

A significant pitfall of traditional SI-ATRP from CNCs is the multiple steps required to
first attach initiating groups on the CNC surface followed by purification prior to
polymer grafting. In order to overcome this, Boujemaoui et al.'”® used a functional acid
(2-bromopropionic acid) during the hydrolysis of CNCs in order to prepare
functionalized CNCs with SI-ATRP initiating groups, all in one step. This is an
improvement if controlled polymer grafting of CNCs is expected to ever be used at an
industrial scale.

2.5 Purification and Characterization of Modified Cellulose
Nanocrystals

Modified CNCs must be thoroughly purified before characterization in order to avoid

characterizing excess reagents that may be leftover or adsorbed to the CNC surface.
Purification is typically done through centrifugation (where the modified CNCs are
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collected in the pellet and washed with solvent), dialysis to remove unreacted small
molecules, or stirred cell ultrafiltration. These techniques become critical in the case of
polymer grafting where homopolymer is present, since most characterization techniques
cannot distinguish between covalently bound and adsorbed/trapped polymer. Furthermore,
characterization difficulties arise when trying to distinguish between organic polymers
and cellulose as they often have similar chemical compositions.'*’

The most common characterization techniques for modified CNCs are elemental analysis,
FTIR, XPS, XRD, TGA, and DSC, all of which are used in the subsequent chapters of
this thesis. Their advantages and pitfalls are described briefly below.

In order to probe the chemical composition of modified CNCs, elemental analysis, FTIR,
and XPS are often used. Elemental analysis is a useful technique when the CNC
modification contains an element different than carbon, hydrogen, or oxygen, which are
found in unmodified CNCs. For example, in the cationic modification of CNCs, nitrogen
is present in the surface modification such that elemental analysis to determine nitrogen
content can be used to calculate the degree of substitution, or the number of cationic
groups per CNC. Similarly, if new chemical bonds are introduced, FTIR can play a useful
role in identifying the presence of these new bonds."’’ For example, when grafting
acrylate monomers from CNCs, the presence of a carbonyl peak implies that polymer is
present. XPS is another technique that can be used to confirm the presence of new
elements, and furthermore can be used to collect high resolution carbon (Cls) spectra
which measures the binding energy of carbon. Cls spectra can differentiate between four
types of carbon: C1 (C-C, carbon bonded to only carbon), C2 (C-O-C, carbon bonded to
one oxygen), C3 (O-C-O, carbon bonded to two oxygen), and C4 (O-C=0O, carbon with
three bonds to oxygen) which have different binding energies. Unmodified CNCs should
only contain C2 and C3 (though C1 is always present due to contamination, so samples
should be as pure as possible’"'""), therefore the presence of C4 or an increase in C1 is
often used to quantitatively determine the amount of polymer present.'*®

XRD can be used to determine changes in crystallinity upon modification of CNCs.
When CNCs are grafted with amorphous polymer, the % crystallinity is expected to
decrease for polymer-grafted CNCs, which has been shown in literature.'”’ The
maintenance of the characteristic cellulose I peaks confirms that the CNC crystalline
structure is retained during the modification reaction’>'** and that the decrease in
crystallinity is due to the presence of amorphous polymer.

Modified CNCs often display differences in thermal stability which can be measured by
TGA and DSC. TGA measures sample mass as a function of temperature and is used to
determine the temperature at which a sample thermally degrades. Unmodified CNCs
display a significant mass loss (and therefore thermal degradation) around 300°C.'* A
shift in thermal degradation temperature can be correlated to the presence of polymer or
other small molecules. For example, after the attachment of ATRP initiators, the thermal
degradation temperature of the CNCs decreases. This is attributed to the presence of the
Br groups which may accelerate the degradation of the CNCs.'”"'’® However, upon
grafting polymer, the samples exhibit a secondary degradation curve which is shifted
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towards the onset of thermal degradation of pure homopolymer, confirming the presence
of polymer.”**'® TGA can be used to determine the weight percent of polymer grafted
based on the ratio of the secondary degradation curve attributed to the grafted polymer.'”'

DSC is often used to determine the glass transition temperature (T,;) of amorphous
polymers, so in the case of polymer-grafted CNCs, DSC is a way to characterize the
polymer but not the CNC itself. The T, is the temperature above which a hard polymer
transitions into a soft or rubbery polymer as the polymer chains have increased
mobility.'”® An increase in the T, implies a reduced mobility of the polymer, and in the
case of polymer grafting, this implies that the polymer chains have been tethered to a
surface. As such, an increase in the T, of the polymer has been used to support the
covalent binding of polymers to the CNC surface.'”""**!** Although DSC is beneficial in
confirming the polymer is grafted to the CNC surface, it is qualitative and cannot
determine the amount of grafted polymer or its molecular weight.

While NMR is the conventional “workhorse” of the synthetic and polymer chemist,
challenges arise when trying to analyze the chemical composition of CNCs and their
derivatives. As CNCs cannot be dissolved in traditional NMR solvents (such as
deuterated DMSO and deuterated chloroform), to the best of our knowledge there are
currently no reports of solution NMR used to characterize modified CNCs. Solid state
NMR such as “C-cross polarization magic angle spinning (CP-MAS) NMR shows
potential for quantitative characterization of polymer-grafted CNCs and is performed on
dried samples. In the 1980s, °C CP-MAS NMR was first used to determine the structure
and crystallinity of native cellulose I,">'"® and in the 1990s, Heux et al. used the
technique to study CNC structural aspects'”’ and lateral dimensions.'”® It has recently
been used to determine the degree of substitution of CNC modifications such as TEMPO
oxidation,'” esterification,® and polymer grafting,*"*** among others. In Chapter 3 we
use solid state NMR to determine the presence of PMMA grafted from CNCs via a free
radical polymerization. The presence of PMMA was confirmed, but due to the low
amount of polymer grafted, the signal-to-noise ratio was too low to quantitatively
measure the amount of PMMA, even after 3000 scans."*® NMR is limited for
characterizing polymer-grafted CNCs due to the issues stated above as well as the large
signal of cellulose (which can swamp the normally smaller signal from the added surface
moieties) and the broad peaks that are often seen for CNCs in solid state NMR. Our
current collaboration with NMR experts at the University of Helsinki aims to provide a
method of dissolving polymer-grafted CNCs in ionic liquids in order to use solution state
NMR to quantitatively determine the amount and distribution of polymer grafted from
CNCs, even when the polymer is expected to be in small quantities. This work is
presented in further detail in Chapter 5.

2.6 Pickering Emulsions

Emulsions are obtained by dispersing a fluid into another immiscible fluid via high
energy shearing that results in a dispersion of droplets in a continuous phase.” The
droplet interface is typically stabilized by small molecule surfactants. Surfactants are
surface active molecules that readily partition at interfaces to lower the surface tension.
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An interface is a boundary between two immiscible phases. Surfactants partition at the
interface due to their amphiphilic nature, whereby they have one hydrophilic/polar end
(typically the surfactant “head”), and a hydrophobic/non-polar end (typically the
surfactant “tail(s)”). Emulsions may be oil-in-water (o/w), where the oil is the dispersed
phase and water is the continuous phase, or water-in-oil (w/0), where water is dispersed
in the continuous oil phase. Emulsions are used in applications such as cosmetics, foods,
adhesives, coatings, toners, and many other liquid-formulated products.

Pickering emulsions are a type of emulsion that use solid particles to stabilize the oil-
water interface, as opposed to surfactants. Pickering emulsions were first reported by
Ramsden in 1903, but they received their name after a report by Pickering in 1907.%%
Particle stabilized emulsions show greater resistance to droplet coalescence.”” The
energy required to remove a small particle from the interface is several orders of
magnitude greater than the thermal energy, hence the particles are considered to be
irreversibly adsorbed or “stuck” at the interface which leads to enhanced stability.*"’
Particles that stabilize emulsions (called Pickering stabilizers) do not have to be
amphiphilic to adsorb at the oil-water interface,”’***® but must have partial wettability in
both immiscible liquid phases. While conventional surfactants are typically used to lower
oil-water interfacial tension, Pickering emulsions with micrometer sized droplets are
often formed with relatively small reduction of the interfacial tension.** !

In the case of Pickering stabilizers, the relevant parameter for determining the emulsion
type (o/w or w/o) is the three phase contact angle 6 measured in the aqueous phase; the
emulsion type is then dictated by this contact angle according to the Bancroft rule.”*® For
relatively hydrophilic particles (like cellulose nanocrystals), 8 measured into the aqueous
phase is < 90° and a larger fraction of the particle resides in the water phase compared to
the oil phase. For hydrophobic particles, 0 is generally > 90° and the particles reside more
in oil phase. The particles will orient such that the larger area of the particle surface
remains on the external side, giving rise to o/w emulsions when 6 < 90° and w/o
emulsions when 6 > 90° (Figure 2.10).
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Figure 2.10 Three phase contact angle schematic where 6 < 90° (upper left), 6 = 90°
(upper middle) and 6 > 90° (upper right), as well as the probable positioning of particles
at an oil-water interface (lower left for 8 < 90° and lower right for 6 > 90°. Adapted from
reference 206.

In order to understand why Pickering stabilizers are strongly attached to oil-water
interfaces, Binks**® considered a spherical particle s of radius 7 which is initially in the
water phase and is subsequently adsorbed to the oil-water interface. The energy of
attachment of a particle to the oil-water interface is related not only to the contact angle
but also to the surface tension of the contact interface Yoii-water. Assuming the particle is
small enough (less than a few microns in diameter) so that the effect of gravity is
negligible, the energy (E) required to remove the particle from the interface is given by
Equation 1.

E = T’:rzyoil—water(1 i COSB)Z (1)

The + sign inside the brackets is negative for removal of particles into the water phase
and positive for removal into the oil phase. For 6 < 90°, the particle is more easily
removed into the water and for 8 > 90° the particle is more easily removed into the oil
phase. The high energy of attachment of particles to interfaces means that the particles
are thought to be irreversibly adsorbed, in comparison to surfactant molecules that are
known to adsorb and desorb on a fast timescale. Since £ depends on the square root of
the particle radius, we see that for very small particles (i.e., <0.5 nm) we calculate
energies comparable to that of surfactants. Therefore, the size of the stabilizing particles
as well as the hydrophilicity play an important role in the stabilization of Pickering
emulsions.

Another important property of Pickering stabilizers is their shape. Most Pickering

stabilizers reported in literature are spherical; examples include silica
. 208,212,213 214 - : 215
nanoparticles,” =~ polystyrene latexes, iron nanoparticles, and polymer
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microgels,”'® among many others. However, more recently, anisotropic nanoparticles
such as clays,”'” graphene oxide,”'® chitin nanocrystals,””” and cellulose nanocrystals®*’
have been reported as Pickering stabilizers. Differences in Pickering stabilizer shape has
been shown to effect the packing density and orientation at the interface.”'

2.6.1 Cellulose Nanocrystals in Pickering Emulsions

CNCs produced via HCI hydrolysis of bacterial cellulose were the first CNCs reported as
Pickering stabilizers.**’ In this pioneering work by Capron and coworkers in 2011, stable
hexadecane oil droplets with diameters of 4 um were prepared. The CNCs were good
Pickering stabilizers since they had no surface charge groups to repel each other and they
could pack in an ordered manner at the oil-water interface. Furthermore, the distribution
of CNCs at the interface was imaged by SEM by substituting the liquid oil phase with
styrene and polymerizing PS particles. This was done since liquid oil-water emulsions
could not be introduced into the vacuum chamber required for SEM imaging.**’ Building
on this work, Capron and coworkers showed that CNCs possess a hydrophobic plane that
is oriented towards the oil phase when CNCs are at the oil-water interface.”” They tuned
the amphiphilicity of the CNCs based on the surface charge density, where a low surface
charge density (<0.03 e/nm”) was required in order to stabilize oil-water interfaces, but a
higher surface charge density could be screened with the addition of 50 mM NacCl in
order to promote more efficient CNC packing at the interface.

CNCs have been shown to partition at the oil-water interface via interfacial tension
measurements which also supports their use as Pickering stabilizers.'*’ CNCs alone
lowered the interfacial tension of a dodecane-water interface, though at a much slower
rate compared to surface active polymers or surfactants.'”' This slow partitioning to
interfaces is likely due to their large hydrodynamic size.*”* However, as Pickering
stabilizers, once the CNCs have partitioned to the interface they are irreversibly adsorbed
and show improved emulsion stability compared to surface active polymers or surfactants.

The density of CNC packing (and therefore surface coverage) at the oil-water interface
has been shown to be directly influenced by the CNC aspect ratio.”' Capron and
coworkers studied small aspect ratio CNCs from cotton (c-CNCs), medium aspect ratio
CNCs from bacterial cellulose (b-CNCs), and high aspect ratio CNCs from Cladophora
(Cla-CNCs) to stabilize hexadecane oil-in-water emulsions. All three types of CNCs were
irreversibly adsorbed at the oil-water interface and formed ultrastable emulsions. Droplet
diameters of the emulsions stabilized by all three types of CNCs were similar, showing
similar wetting properties regardless of the cellulose source. However, the aspect ratio
directly influenced the surface coverage. Short CNCs from cotton showed a dense
organization at the interface, with coverage > 80%, while medium aspect ratio CNCs
from bacteria resulted in 60% surface coverage, and the high aspect ratio CNCs from
Cladophora required only 40% surface coverage. The surface of the droplets imaged by
SEM can be seen in Figure 2.11, where the higher aspect ratio CNCs seem to form an
entangled network between the polymer particles, whereas the cotton CNCs are much
more densely packed and able to stabilize individual polymer particles. This work led to a
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better understanding of the adsorption of rod-like CNCs at interfaces and showed the
versatility of CNCs as Pickering stabilizers.

100nm

Figure 2.11 SEM images of PS particles stabilized by c-CNCs (a, d, g), b-CNCs (b, e, h),
and Cla-CNCs (c, f, 1) showing the surface coverage and packing of the CNCs at the
particle interface. Reproduced from reference 71.

In 2013, the Capron group patented the use of CNCs as Pickering emulsifiers.”” In that
same year, they also showed the use of CNCs to stabilize high internal phase emulsions
where the oil phase was > 74% of the emulsion by volume.*** More recently, Capron et al.
have used CNCs to stabilize water-in-water emulsions, where two incompatible water
soluble polymer solutions were stabilized with CNCs.**> Furthermore, they have shown
that the thickness of the CNC layer at the oil-water interface is dependent on the CNC
surface charge.””® If fully desulfated CNCs are used as Pickering stabilizers, they form a
layer 18 nm thick, whereas sulfated CNCs with the addition of salt form a 7 nm thick
layer at the interface. This fundamental study is important in order to optimize the use of
CNCs as Pickering stabilizers.**®

Since this pioneering work by the Capron group, the field of CNC Pickering emulsions
has grown tremendously, as evidenced by over 300 citations to their original papers in the
past five years. The ability to modify CNC surface chemistry can lead to even more
interesting systems and Pickering emulsions with tailorable properties, making this topic
the next wave in CNC emulsion research. For example, stimuli responsive Pickering
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emulsions have been prepared by grafting stimuli responsive polymers from CNCs prior
to their use as stabilizers. Zoppe et al.”>’ grafted the thermoresponsive polymer
poly(NIPAM) from CNCs and determined that the Pickering emulsion could be broken
upon heating above the lower critical solution temperature of poly(NIPAM). Furthermore,
Tang et al. prepared dual responsive Pickering emulsions by grafting poly[2-
(dimethylamino)ethyl methacrylate] which is both temperature and pH responsive.”®
They further showed the use of these stimuli responsive Pickering emulsions for oil
harvesting.”® Nypelo et al. used magneto-responsive CNCs to prepare microbeads and
hollow microcapsules,”’ while Low et al. prepared pH responsive CNC Pickering
emulsions using Fe;04-CNCs.>' The ability to prepare stimuli responsive Pickering
emulsions may extend the applications of these emulsions to areas such as oil recovery or
biomedical applications.

CNCs have also been grafted with small molecules in order to prepare Pickering
emulsions with new properties. Visanko et al. prepared dialdehyde and amino
functionalized CNCs and used them to stabilize oil-in-water emulsions,”> while Cunha
and coworkers combined both CNFs and CNCs modified with C12 chains in order to
prepare double Pickering emulsions.”® They showed an increase in emulsion stability
corresponding to an increase in nanofiber length. Svagan et al. also used a combination of
CNFs and CNCs that were covalently crosslinked in order to prepare CNF/CNC
reinforced capsules via Pickering emulsions.”>* Furthermore, CNCs have been modified
via TEMPO oxidation and with quaternary ammonium salts to produce inverse
emulsions™ and with carboxylic and n-butylamino groups in order to be used as
stabilizers for marine diesel oil-in-water emulsions.”*® This past work highlights the
functionality of CNC Pickering emulsions due to the wide variety of surface
modifications that may be performed on CNCs prior to their use as stabilizers.

In order to take advantage of CNC modification via adsorption (i.e., non-covalent surface
modification), our group has previously prepared CNC Pickering emulsions enhanced
with cationic surfactants that showed improved resistance to coalescence compared to
those stabilized by CNCs alone.'"’ In that work, the CNCs were simply mixed with
cationic surfactants prior to emulsification with dodecane oil and the hydrophobicity of
the surfactant allowed for the emulsion type (o/w or w/o) to be tailored. In order to avoid
the use of surfactants all together, CNCs coated with surface active polymers were also
used to prepare emulsions with improved stability (and the smallest oil droplets seen to
date in CNC systems),'*! as well as dried oil powders.'** The CNCs coated with surface
active polymers (hydroxyethyl cellulose and methyl cellulose) proved to be better
Picking stabilizers than either polymers or CNCs alone, and the facile modification route
showed potential to be scaled up easily. The combination of CNCs and the surface active
polymer methyl cellulose in particular has been the motivation for some of this thesis
work using methyl cellulose-coated CNCs as stabilizers for microsuspension
polymerization. This work is discussed in detail in Chapter 7.
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2.7 Polymer Latexes

Polymer latexes are suspensions of synthetic polymer particles, typically on the order of
nanometers or micrometers. Polymer latexes are used in a wide variety of every day
products and have provided a platform to combine a variety of polymer properties.”’
Most polymer latexes are cast as films in order to provide coatings such as paints or
adhesives. They are desirable since they are water-based and avoid the use of volatile
organic solvents.”®® Polymer latexes can be prepared via emulsion polymerization,
miniemulsion polymerization, or microsuspension polymerization. The differences in
polymerization methods are described briefly in subsequent sections.

2.7.1 Emulsion Polymerization

Emulsion polymerization is considered an environmentally friendly process as it avoids
the use of volatile organic solvents and is instead performed in an aqueous environment.
Emulsion polymerization is used to produce nanoscale polymer latex particles used for
water-based coatings such as adhesives and paints. It is a heterogeneous free radical
polymerization process whereby a relatively hydrophobic monomer is emulsified by a
surfactant. The polymerization is then initiated in the water phase via a water soluble
initiator such as sodium persulfate.”*” Typical monomers for emulsion polymerization
have a slight water solubility in order to facilitate diffusion between a large monomer
droplet and growing polymer particles. An extremely large oil-water interfacial area is
generated as the particle nuclei form and grow in size as the polymerization progresses.
Therefore an effective stabilizer such as sodium dodecyl sulfate (SDS, an anionic
surfactant) or cationic CTAB should be used to prevent the latex particles from
coagulating via electrostatic stabilization.**’

Emulsion polymerization is a rather complex process because nucleation, growth, and
stabilization of polymer particles are controlled by the free radical polymerization
mechanisms in combination with various colloidal phenomena. The emulsion
polymerization method is shown schematically in Figure 2.12. In the initial
emulsification, large monomer droplets are formed along with surfactant micelles. The
slightly water soluble monomer is able to diffuse through the water phase where it is
initiated via free radical water soluble initiators. As the oligomer grows in the water
phase it reaches a point where it is no longer soluble in the water phase and diffuses into
a surfactant micelle. Once in the micelle, the polymer grows by polymerizing monomer
that has diffused from the large monomer reservoir. This process allows for the
polymerization of discrete polymer particles with controllable size and composition.
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Figure 2.12 Emulsion polymerization schematic showing the process of polymer
initiating in the water phase and chain growth in surfactant micelles. Not drawn to scale.

2.7.2 Miniemulsion Polymerization

Miniemulsion polymerization is a type of emulsion polymerization with different kinetics.
In miniemulsion polymerization, monomer droplets are prepared via high shear
emulsification (typically by sonication) to produce compartmentalized “nanoreactors”
that are stabilized by a surfactant. These monomer droplets also contain oil soluble
initiators which lead to the polymerization of monomer droplets into particle polymers
with limited monomer diffusion between droplets, essentially following bulk
polymerization kinetics within each nanoreactor.**' The prevention of monomer diffusion
between droplets typically requires a hydrophobe that is a monomer soluble molecule
which may be polymerized into the particles or may act as a secondary stabilizer in order
to maintain individual droplets and minimize monomer diffusion. Miniemulsion
polymerization is discussed in further detail in Chapter 6.

2.7.3 Microsuspension Polymerization

Microsuspension polymerization is a type of suspension polymerization that is used to
synthesize particles with sizes above those made by emulsion polymerization (hundreds
of nm) yet below those made using conventional suspension polymerization (20-3000
um).*** In this polymerization method, a water insoluble monomer with an oil soluble
initiator is dispersed in the continuous phase (i.e., water phase) using a small amount of
stabilizer. This results in micron-sized monomer droplets that are converted to polymer
particles in a similar method as miniemulsion polymerization. Advantages of using
microsuspension polymerization are low dispersion viscosity, low separation costs, and a
final product in the particle form.** Emulsion, miniemulsion, and microsuspension
polymerization methods all produce suspensions of latex particles that may be cast as
films for coating applications such as pressure sensitive adhesives.

2.8 Pressure Sensitive Adhesives

One latex system of particular interest is pressure sensitive adhesives (PSAs). PSAs are a
class of adhesives that instantaneously form a bond upon the application of light pressure
but that are reversible and do not leave behind adhesive residue. Tapes, labels, and
protective films are common pressure sensitive adhesive products that find application in
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the automotive, aerospace, and electronic industry, among many others.*** The PSA
sector is among the fastest growing in the adhesive market, making the search for new
pressure sensitive products and applications highly competitive.”*’

The basis for a PSA is a polymer with a low T,, typically an alkyl acrylate such as
poly(butyl acrylate) or poly(2-ethylhexyl acrylate). These polymers are inherently soft,
with a T, of -52 and -70°C, respectively, however they alone do not possess adequate
shear strength. PSAs require a balanced combination of tack, peel strength, and shear
strength. To meet these requirements, copolymers are necessary. Adding a co-monomer
such as an alkyl methacrylate (for example methyl methacrylate, MMA), vinyl esters
(such as vinyl acetate) or vinyl aromatics (for example styrene and its derivatives) with
Tes above 0°C is common. Additionally, monomers with acrylic or methacrylic acid
functional groups provide potential crosslinking sites which can further improve the shear
and peel strength of the PSA, which can consequently also reduce the tack. To counteract
this, the presence of other components such as tackifiers can be used.

Solvent-based PSAs have been in use since the 19" century, while emulsion-based PSAs
have only been widely used since the 1970s. The shift towards emulsion-based PSAs was
largely due to the need to replace solvent-based formulations with other high-
performance alternatives as a result of increased health and environmental concerns about
using volatile solvents.*** Initially it was expected that emulsion-based PSAs could not
meet the performance standards of solvent-based PSAs. However, novel, flexible and
versatile high performance emulsion-based PSAs are having an impact on today’s market,
with both academic and industrial research focused on preparing emulsion-based PSAs
with improved properties. One method of improving PSA properties is by reinforcement
with inorganic nanoparticles such as silica nanoparticles,**° clays,**’ nanoplatelets,”*’ and
layered silicate.”*® The goal of incorporation is typically to provide reinforcement and
improved mechanical properties. A few studies (by our collaborators) have used CNCs in
PSA latexes and will be discussed in further detail in Section 2.9.

While this thesis work focuses on a model system of PMMA latexes (which are
straightforward to characterize and image) and controlling the location of CNCs in the
latex, it is part of a larger effort to improve commercial latex polymer properties. In our
collaboration with the University of Ottawa we are producing a copolymer PSA by
emulsion polymerization of butyl acrylate (the “soft” monomer) and methyl methacrylate
(the “hard” monomer). A simple PSA is composed of water, surfactant, monomer, and
initiator. In order to understand the role that CNCs can play in an emulsion-based PSAs,
we have studied the interactions of CNCs and surfactants to be used as emulsion
stabilizers (Chapter 6), and have improved the CNC surface activity through adsorption
with methyl cellulose (Chapter 7) with the goal of replacing surfactants in emulsion
polymerization with methyl cellulose-coated CNCs. Furthermore, by tuning the surface
chemistry and modifying CNCs with grafted polymers (Chapters 3 and 4), we anticipate
the ability to incorporate CNCs into emulsion-based latexes in order to provide enhanced
mechanical and adhesive properties (Chapter 8).
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2.9 CNC Latex Nanocomposites

Polymer nanocomposites are hybrid materials where a nanoparticle filler is added to a
polymer matrix. The nanoparticle typically provides enhanced properties such as
mechanical reinforcement, resulting in a polymer material with increased strength.
Polymer nanocomposites containing CNCs have received much attention as CNCs have
high strength, stiffness and a large aspect ratio. However, CNC polymer nanocomposites
are typically made via processes that are not industrial feasible (i.e., solvent casting), or
by melt processing at high temperatures which result in CNC aggregation and thermal
degradation. Furthermore, the incompatibility of CNCs with most hydrophobic polymers
is limiting. One method to overcome these issues is the preparation of latex
nanocomposites, whereby the CNCs are added to a latex suspension. We envision three
possible approaches to incorporate CNCs into synthetic latexes.

The first approach to preparing CNC latex nanocomposites is by blending a CNC
suspension with a pre-formed latex suspension. In this case, the CNCs have no driving
force to interact with the latex particles and are considered free in suspension (Figure
2.13a). This may also be accomplished by adding CNCs to an emulsion polymerization
reaction in situ, where the CNCs are present during the latex polymerization but play a
passive role. For example, this occurs when anionic CNCs are added to an
(mini)emulsion polymerization stabilized using anionic SDS. CNCs can also be used as
Pickering stabilizers in the polymerization of the latex, resulting in larger particles with a
CNC “shell” on the surface (Figure 2.13b). Additionally, CNCs can be hydrophobically
modified to improve their compatibility with the hydrophobic core of the polymer latex
(Figure 2.13c). This thesis aims to tune the location of the CNCs within the latex
nanocomposite in order to provide improved latex properties via all three proposed
approaches.

nanocomposites: (a) blending a CNC suspension with a latex or in situ polymerization
(but CNCs play a relatively passive role), (b) using CNCs as Pickering stabilizers, (c)
hydrophobically modifying CNCs to be incorporated inside the latex particle core.
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The initial reports of using CNCs in polymer latexes were by Favier and Chanzy in the
mid 1990s.”** In this work, CNCs were blended with low T, polymer latexes in order to
prepare nanocomposite films. TEM showed a good distribution of CNCs within the
polymer film, and the nanocomposite film exhibited superior mechanical properties
compared to polymer alone. More recently, Elmabrouk and coworkers used unmodified
CNCs in order to improve the properties of a final polymer coating prepared by
miniemulsion polymerization.>® In their work, the CNCs were added to the water phase
in the miniemulsion polymerization of poly(styrene-co-hexyl acrylate) to produce a final
latex with a solids content of 20 wt.%, with 1-5 wt.% of CNCs added based on polymer
content. Upon imaging the films with TEM, the CNCs were seen between the latex
particles and did not play an active role in stabilizing the polymerization. The same
authors then prepared poly(butyl methacrylate) latexes by miniemulsion polymerization
in the presence of CNCs,”' where unmodified CNCs were added to the water phase with
a cationic surfactant as the stabilizer, and a solids content of 25 wt.% was achieved, with
up to 5 wt.% of CNCs based on polymer content.”>' Due to the negative surface charges
on the CNCs, when imaged by TEM the CNCs tended to appear anchored around the
cationic latex particles, and this was the first report of using CNCs and a cationic
surfactant in miniemulsion polymerization. Furthermore, Elmabrouk et al. studied the
preparation of poly(styrene-co-2-ethyl hexylacrylate) latexes using a reactive silane
(methacryloxypropyl triethoxysilane) in order to stabilize the dispersion and to promote
the anchoring of CNCs on the polymer particles via hydrogen bonding between the
silanol groups and the hydroxyl groups on the CNC surface. This provided improved
mechanical properties in the resulting film, but the CNCs were not the main stabilizers in
the polymerization and their main role was as reinforcing agents in the casted film.

Recently, Geng et al.>* and Pracella et al.”>> used CNCs to improve the mechanical
properties in a poly(vinyl acetate) latex whereby in sifu addition of CNCs during
polymerization gave better properties than the CNC-latex blend and further mixing of the
nanocomposite latex within another bulk polymer also led to improved dispersibility of
CNCs. CNCs played a passive role and provide mechanical reinforcement as opposed to
particle stability within the latex.

Our collaborators have recently published work describing the addition of unmodified
CNCs in situ during the emulsion polymerization of poly(n-butylacrylate-co-methyl
methacrylate).254’255 They showed that the gel content, viscosity, elasticity, tack, shear
strength and peel strength of the resulting pressure sensitive adhesive films increased
with increasing CNC content. In order to build upon this work, we aim to add CNCs into
the emulsion polymerization system where they will play an active role either as latex
particle stabilizers (in miniemulsion or microsuspension polymerization) or as
hydrophobically modified CNCs that will remain in the monomer/polymer phase and act
as reinforcing agents inside the core of individual polymer particles.
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Chapter 3

Poly(methyl methacrylate)-Grafted Cellulose Nanocrystals: One-
step Synthesis, Nanocomposite Preparation, and Characterization.

The modification of cellulose nanocrystals with hydrophobic polymers is required for a
number of applications but the modification methods available pose many challenges.
CNCs have minimal colloidal stability in organic solvents, and therefore water-based
modification routes are ideal. In this work, we have functionalized CNCs with PMMA in
a one step, one pot, water-based free radical polymerization initiated using ceric
ammonium nitrate. The PMMA-grafted CNCs were extensively characterized in order to
determine the ratio of polymer to cellulose. PMMA nanocomposites were prepared via
wet ball milling and melt mixing with unmodified and polymer-grafted CNCs. This work
was one of the first comprehensive reports to include polymer grafting, characterization,
and nanocomposite preparation and testing.

In this work, I prepared and characterized the PMMA-grafted CNCs and wrote the
majority of the manuscript with editorial assistance from my supervisor, Dr. Emily
Cranston. Lexa Graham (MASc student) carried out the nanocomposite preparation and
testing with guidance from Dr. Carolyn Moorlag and Dr. Brynn Dooley at Xerox
Research Centre of Canada. Dr. Tiffany Abitbol performed the AFM and technicians
carried out the XPS, TGA, XRD, and solid state NMR as described in the
acknowledgements. This chapter is reprinted as it appears in The Canadian Journal of
Chemical Engineering, with permission from Wiley © 2016.
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POLY(METHYL METHACRYLATE)-GRAFTED CELLULOSE NANOCRYSTALS:
ONE-STEP SYNTHESIS, NANOCOMPOSITE PREPARATION, AND

CHARACTERIZATION

Stephanie A. Kedzior,' Lexa Graham,' Carolyn Moorlag,? Brynn M. Dooley? and Emily D. Cranston'*
1. Department of Chemical Engineering, McMaster University, 1280 Main St. West, Hamilton, ON, L8S 4L7, Canada

2. Xerox Research Centre of Canada, 2660 Speakman Drive, Mississauga, ON, L5K 2L1, Canada

Cellulose nanocrystals (CNCs) are ideal reinforcing agents for polymer nanocomposites because they are lightweight and nano-sized with a large
aspect ratio and high elastic modulus. To overcome the poor compatibility of hydrophilic CNCs in non-polar composite matrices, we grafted
poly(methyl methacrylate) (PMMA) from the surface of CNCs using an aqueous, one-pot, free radical polymerization method with cericammonium
nitrate as the initiator. The hybrid nanoparticles were characterized by CP/MAS NMR, X-ray photoelectron spectroscopy, infrared spectroscopy,
contact angle, thermogravimetric analysis, X-ray diffraction, and atomic force microscopy. Spectroscopy demonstrates that 0.11 g/g (11 wt %)
PMMA is grafted from the CNC surface, giving PMMA-g-CNCs, which are similar in size and crystallinity to unmodified CNCs but have an onset of
thermal degradation 45 °C lower. Nanocomposites were prepared by compounding unmodified CNCs and PMMA-g-CNCs (0.0025-0.02 g/g
(0.25-2 wt %) loading) with PMMA using melt mixing and wet ball milling. CNCs improved the performance of melt-mixed nanocomposites at
0.02 g/g (2 wt %) loading compared to the PMMA control, while lower loadings of CNCs and all loadings of PMMA-g-CNCs did not. The difference
in Young's modulus between unmodified CNC and polymer-grafted CNC composites was generally insignificant. Overall, ball-milled composites
had inferior mechanical and rheological properties compared to melt-mixed composites. Scanning electron microscopy showed aggregation in
the samples with CNCs, but more pronounced aggregation with PMMA-g-CNCs. Despite improving interfacial compatibility between the
nanoparticles and the matrix, the effect of PMMA-g-CNC aggregation and decreased thermal stability dominated the composite performance.

Keywords: cellulose nanocrystals, ceric-initiated polymer grafting, poly(methyl methacrylate), melt compounding, ball milling

INTRODUCTION

ellulose nanocrystals (CNCs) are nanoparticles derived
‘ from cellulose, the most abundant natural polymer in the

world. CNCs have favourable material properties, including
a specific Young’s modulus comparable to Kevlar and steel, a high
aspect ratio, a high crystallinity, and general biocompatibility.!"?
As such, CNCs have great potential to replace inorganic or
petrochemical-based nanoparticles as the load-bearing component
in composites, both for traditional plastic composite applications
and in specialty composites like gels, foams, coatings, and
scaffolds.

The commercialization of CNCs has accelerated over the past
five years and major programs for developing CNC products have
begun in Canada, the United States, and Europe.”! Aside from
CNCs, other types of cellulosic nanomaterials also exist. Recent
efforts to standardize terminology and test methods for cellulosic
nanomaterials have been undertaken by the Canadian Standards
Association, TAPPI, and the International Standards Organiza-
tion. For further information, the reader is directed to a number of
excellent reviews on CNCs'"** and cellulosic nanomaterials in
general.57)

CNCs are rigid, rod-like particles with widths of 5-10 nm and
lengths from 50nm to several micrometers, depending on the
cellulose source.™ They are typically extracted from plant,
animal, or bacterial cellulose via controlled acid hydrolysis with
sulphuric acid!!! which preferentially breaks down the more
accessible disordered regions of the fibres into small polysacchar-
ides and sugars. The remaining crystalline (or paracrystalline)
portions of the cellulose can then be isolated by centrifugation and
dialysis. Hydrolysis using sulphuric acid leaves anionic sulphate

| VOLUME 94, MAY 2016 |

half-ester groups (i.e. sulphate groups connected to cellulose
through one of their oxygens) on the surface of the CNCs, which
provides colloidal stability in water.!® While the CNCs used in this
work were produced “in-house” from cotton, they are generally
indistinguishable from those industrially produced by sulphuric
acid hydrolysis of wood pulp, based on standard characterization
of commercially-sourced CNCs undertaken in our lab (to be
published in an upcoming “benchmarking” study).
Unfortunately, the high hydrophilicity and low thermal stability
of CNCs can be problematic for preparing nanocomposites via high-
temperature processing with hydrophobic polymers, such as by
melt mixing. CNC hydrophilicity is attributed to the three hydroxyl
groups on each glucose unit (and intermittent surface sulphate half-
esters) which lead to reported water contact angles of 13-25°.°! The
onset of thermal degradation for CNCs is between 200-300°C,
depending on the heating rate and surface modification, and has
been observed to decrease with increasing surface sulphation.%
Impurities and small polysaccharides adsorbed to CNCs™Y may
also reduce thermal stability and cause discolouration when
subjected to heat. Both the hydrophilicity and thermal stability of
nanocelluloses can be tuned through chemical or physical
modification using small molecules, polymers, or surfactants, 3141
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Grafting polymers onto the surface of CNCs is a promising
method to improve compatibility between CNCs and polymer
matrices. This is possible with two strategies, namely “grafting to”
with pre-synthesized polymers or “grafting from,” as shown here.
Habibi et al. were the first to report “grafting from” CNCs using
caprolactone and a ring-opening polymerization technique.!*
Since then, controlled polymerization methods such as atom
transfer radical polymerization (ATRP) have been extended
from working with cellulose filter paper'!*~' to CNCs.[17-19!
ATRP from the surface of filter paper,*!% wood,?® or pulp
fibres'?! is relatively straightforward, since the pre-polymeriza-
tion step to attach the initiator can easily be done (and purified) in
various solvents. However, when modifying CNCs with ATRP,
initiator attachment involves lengthy solvent exchange steps and
destabilization of CNC dispersions.!'”"**! While ATRP allows for
good control over grafting density and chain length, it is both
costly and time-ineffective.

To overcome some of the setbacks of ATRP with CNCs,
Boujemaoui et al. recently prepared initiator-functionalized
CNCs in a single step by combining acid hydrolysis with Fischer
esterification, which allows for CNCs with surface-bound
initiators to be made during nanoparticle production.?? They
went on to graft poly(methyl methacrylate) (PMMA) from
initiator-functionalized CNCs using ATRP in anisole.’??) When
ATRP is used to graft from the CNCs, the length can be controlled
by varying the reaction time or by using a sacrificial initiator to
grow homopolymer alongside the polymer-grafted CNCs where
the graft length is controlled by the ratio of the sacrificial initiator
to the CNC surface hydroxyl groups. The latter approach allows for
easy quantification, assuming the same Kkinetics of the free-
forming polymer as the graft polymer, and in the former case, the
grafts need to be cleaved off the surface in order to determine
the graft length.™'® However, when grafting takes place directly
from an activated carbon atom on the CNC surface, as shown here,
there is no facile method to cleave polymer grafts or fully control
the number of activated grafting sites.

In this work, we use ceric ammonium nitrate (CAN) to initiate
radical polymerization directly from the cellulose backbone. CAN
is a useful redox initiator for CNCs specifically because it is
effective in water where CNCs are colloidally stable. CAN has been
used to graft vinyl monomers from cellulose, starch, and
poly(vinyl alcohol).”>-3 CAN was expected to work only in
amorphous cellulose regions, implying that CNCs may be too
crystalline for grafting to proceed. To the contrary, a recent patent
presents the results of grafting MMA and vinyl acetate from CNCs
using CAN.!! Here, we also use MMA and CAN to modify CNCs,
and our research group has reported using CAN to graft water-
soluble poly(4-vinyl pyridine) and poly(N-isopropylacrylamide)
from the surface of CNCs as well.?*33) To the best of our
knowledge, this is the first peer-reviewed description in the
academic literature of this grafting method including the full
experimental protocol and characterization of purified products.
However, the disadvantage of this polymerization technique is the
formation of homopolymer alongside grafted CNCs, whereas
ATRP is restricted to graft polymerization only and does not
require removing homopolymer after the reaction. Despite this
setback, this reaction can be considered more economically and
industrially feasible than ATRP since it is a one-step, water-based
reaction that does not require tedious steps to modify CNCs with
initiators or linkers.

To date, CNCs have been successfully used as reinforcing agents
in some hydrosoluble polymer matrices,?* 3% and a few
hydrophobic polymers. However, using CNCs in commodity
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polymers such as polyethylene>® and PMMA *”~*! has been more
challenging. PMMA is a relatively common thermoplastic used as
a glass substitute due to its optical transparency, thermal stability,
low density, and high impact strength.[42’43] Furthermore, PMMA
is easily melt-processed and is relatively low cost, leading to a
number of nanocomposite examples with clays,***3 carbon
nanotubes (CNT),[44’47] and inorganic crystals.[46] In 2010, Liu
et al.”*? were the first to report PMMA/CNC composites by
sonicating up to 0.1g/g (10 wt %) CNCs and PMMA in DMF and
preparing films by solvent casting. Since then, Sain and
colleagues®”#8-521 prepared similar nanocomposites using in
situ suspension polymerization of PMMA in the presence of CNCs
and ex situ dispersion techniques, followed by solvent casting
(from chloroform). Generally, they report a weak interface
between CNCs and PMMA but a small increase in Ty of the
composites and improved mechanical properties at high temper-
atures, similar to Kiziltas et al. whose solvent cast composites from
acetone.”® When CNCs were grafted with maleic anhydride to
improve interfacial compatibility,®*°* or MMA was pre-mixed
with CNCs and heated,® no significant improvement in
composite properties was observed. More recently, electrospun
fibre composites of PMMA and CNCs in DMF have been prepared
with up to 0.4 g/g (40 wt %) CNCs, showing improved mechanical
properties only above a 0.17 g/g (17 wt %) loading."*® As such,
most prior work uses simple mixing or sonication to combine
CNCs and PMMA in organic solvents, which implies some CNC
aggregation and unstable mixtures, and focuses on solvent casting
as a fabrication technique.

Herein we compare CNCs and PMMA-grafted CNCs (PMMA-g-
CNCs) in PMMA nanocomposites prepared through melt mixing
and wet ball milling. The work spans all stages of preparing
nanocomposites from CNC production, surface modification, and
characterization, through nanocomposite compounding, sample
fabrication, and final composite testing. Characterization includes
spectroscopy, microscopy, thermal analysis, crystallinity, contact
angle, rheology, and mechanical testing of starting materials and
composites. No previous report of wet ball milling CNC composites
has been presented as this method is generally reserved for
ceramic composites, pharmaceutical solids, metallurgy, and
cement.'®?75%! However, it has advantages for CNCs because it
can be done at ambient temperatures using a range of liquids. !

EXPERIMENTAL

Materials

Ceric ammonium nitrate (CAN; also called diammonium cerium-
(IV) nitrate), sodium chloride, inhibitor removers, poly(methyl
methacrylate) (PMMA, M,, =120000 g/mol), and methyl meth-
acrylate (MMA) were purchased from Sigma-Aldrich. Nitric acid
(0.7 g/g (70 wt %)) was obtained from EMD Chemicals, polyallyl-
amine hydrochloride (PAH, M,,=120000-200000g/mol) was
purchased from Polysciences Inc., sulphuric acid (0.96 + 0.0015 g/g
(96 £0.15wt %)) was purchased from Fischer Scientific, and
sodium hydroxide (0.1 mol/L) and hydrochloric acid (0.1 mol/L)
were purchased from LabChem Inc.

Error Calculations

Unless otherwise stated, error bars are confidence intervals
calculated from the standard deviation (S,) of repeated measure-
ments (N) i.e. Ax=S, x t-value/(N)'/2, where the t-value is the
Student’s t-distribution at a confidence level of 95 % for N-1
degrees of freedom.
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Preparation of Cellulose Nanocrystals

Suspensions of CNCs were prepared by sulphuric acid hydrolysis
as described previously.®”! Forty grams of cotton filter aid
(Whatman ashless filter aid, GE Healthcare, Canada) were treated
with sulphuric acid (700mL, 0.64g/g (64wt %)) at 45°C for
45min with mechanical stirring. Following hydrolysis, the
suspension was diluted 10-fold with cold purified water (resistiv-
ity of 18.2 M cm, Barnstead NANOpure Diamond system,
Thermo Scientific) to quench the reaction. The resulting suspen-
sion was centrifuged repeatedly to concentrate the cellulose and
remove excess acid and water. The suspension was then dialyzed
against purified water until a constant neutral pH was achieved.
The suspension was sonicated in an ice bath for 45 min (Sonifier
450, Branson Ultrasonics, Danbury, CT) at 60 % output. The final
suspension was ~0.01g/g (1wt %) cellulose with a sulphur
content of 0.55-0.71 % (depending on the batch), determined by
conductometric titration with NaOH.>®

Preparation of PMMA-g-CNCs

PMMA-g-CNCs were prepared in a similar way as described in the
recent patent®!) using the following method: 40 mL of a 0.01 g/g
(1 wt %) CNC suspension in water was added to a 50 mL three-
neck round-bottom flask. MMA monomer was purified by passing
it through an inhibitor column, and 1.17 mL purified MMA was
added to the round-bottom flask along with 0.75mL of 0.7 g/g
(70wt %) nitric acid. Constant N, gas flow facilitated de-
oxygenation and maintained an inert N, blanket over the reaction,
and the mixture was probe-sonicated at 60 % output in an ice bath.
After 45 min of de-oxygenating, 143 mg CAN was dissolved in
1 mL of purified (but not de-oxygenated) water and added to the
round-bottom flask. The resulting mixture was sonicated contin-
uously for 2h in an ice bath, then left stirring overnight at
ambient temperature under N, atmosphere. Excess acid and
PMMA homopolymer were removed by ultracentrifugation at
50000 rpm twice. The supernatant was removed and the pellet
was redistributed using sonication and filtered through a glass
microfibre filter (Whatman Grade GF/B, VWR, USA) to remove
any metal particles released from the sonicator probe. The product
was then dialyzed against purified water. Additional cleaning
involved filtering with an ultrafiltration stirred cell (Millipore
solvent-resistant stirred cell with 76 mm ultrafiltration discs, EMD
Millipore) first with water, then with acetone in order to remove
the homopolymer. After 5 rinses with acetone, the suspension was
removed from the stirred cell and solvent exchanged back to
water to yield a 0.005g/g (0.5 wt %) PMMA-g-CNC suspension,
which was then stored in the refrigerator. Samples destined
for ball milling were cleaned by ultrafiltration with methyl
ethyl ketone (MEK) and stored in MEK for compounding, while
PMMA-g-CNCs for melt mixing were freeze-dried from water at
neutral pH.

Preparation of CAN-Oxidized CNCs

As a control, CNCs were oxidized with CAN using the same
reaction profile as above, but without an MMA monomer.
Oxidized CNCs were extensively purified by dialysis and
ultrafiltration to remove residual CAN and any degraded
polysaccharides.

Preparation of CNC/PMMA Nanocomposites

A series of composites with 0.0025, 0.005, 0.01, and 0.02g/g
(0.25,0.5, 1, and 2 wt %) CNC loadings with respect to PMMA for
ball-milled and melt-mixed PMMA-g-CNC/PMMA and CNC/
PMMA nanocomposites were prepared, for a total of 16 samples.
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As a control, pure PMMA without nanocrystals was also melt-
mixed and ball-milled under the same conditions.

Nanocomposites by wet ball milling

Freeze-dried CNCs were sonicated into MEK for 10 min, while
PMMA-g-CNCs were never freeze-dried and were already present
in MEK. The ball milling preparation method is the same for each
set of samples: 0.01 g/g (1 wt %) solutions of CNCs and PMMA-g-
CNCs in MEK were added to plastic Nalgene bottles with
approximately 50g PMMA and 250mL MEK. Stainless steel
milling media (0.8 mm diameter beads) were added to each
container at approximately half the liquid volume. The mixture
was processed by roll milling (175 rpm) for 24 h. The mixture was
then filtered to remove milling media and poured into a large
container to facilitate MEK evaporation inside the fume hood.
Once evaporated, the solid composite was mechanically broken up
using a household blender (BL10450HB, Black and Decker, USA),
transferred into an open container, and put in a vacuum oven at
60 °C for one week to remove remaining MEK. Following this, the
composite was melt-pressed at 160°C, 3175.147kg (Carver
Benchtop Standard Auto Series, Carver Inc., USA) to remove
any MEK and to obtain uniform films.

Nanocomposites by melt mixing

Freeze-dried CNCs and PMMA-g-CNCs were compounded with
50 g of PMMA. Samples were slowly added to a Haake melt mixer
(Haake Rheomix, Thermo Scientific, USA) at 160 °C and allowed
to mix for 10 min at 60 rpm. Following this, the composite was
melt-pressed at 160°C, 3175.147kg (Carver Press) to obtain
uniform films.

Characterization of Cellulose Nanocrystals and PMMA-g-CNCs

Fourier transform infrared spectroscopy (FTIR)

Freeze-dried CNCs and PMMA-g-CNCs were incorporated into KBr
pellets at approximately 0.01 g/g (1 wt %), as was done for a neat
PMMA sample. FTIR spectra were recorded in transmission mode
on a Nicolet 6700 FT-IR spectrometer (Thermo Scientific) running
a background of 32 scans and 64 sample scans with a resolution
of 4cm™ L.

Solid-state nuclear magnetic resonance spectroscopy (NMR)

Solid-state NMR spectra for freeze-dried CNCs and PMMA-g-CNCs
were obtained using a Bruker AVANCE3-850HD NMR spectrome-
ter operating at 20.0 T (214 MHz for carbon-13) and equipped with
a3.2mm H/C-Si/N E-free CP/MAS probe. Spectra were recorded at
amagic angle spinning speed of 15 kHz. The CP/MAS spectra were
acquired using a 1 ms contact pulse, a 3.1 us "H 90-degree pulse, a
15 ms acquisition time, and a 5 s recycle delay. Bloch decay spectra
were recorded using a 3.39 us >C 90-degree pulse and a recycle
delay of 120s. High-power proton decoupling was carried
out using a SPINAL64 sequence on all spectra.

Water contact angle

Contact angle measurements were obtained for films on Piranha-
cleaned Si wafers for CNC, CAN-oxidized CNC, and PMMA-g-CNC
films using the sessile drop method on a Future Digital Scientific
OCA 20 High Speed Contact Angle Measurer (USA). Films of CNCs
and CAN-oxidized CNCs were spin-coated 3 times from 0.03 g/g
(3wt %) aqueous suspensions (4000rpm for 30s, Chemat
Technology KW-4A, USA) giving films ~100 nm thick. PMMA-
g-CNC films were solvent cast of Si wafers from 0.001g/g
(0.1 wt %) acetone suspension, giving films ~500 nm thick.
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X-ray photoelectron spectroscopy (XPS)

XPS samples consisted of unmodified CNCs, CAN-oxidized CNCs,
and PMMA-g-CNCs spin-coated (4000rpm, 30s) on Piranha-
cleaned Si wafers. Spectra were recorded using a Physical
Electronics (PHI) Quantera II spectrometer equipped with an Al
anode source for X-ray generation and a quartz crystal monochro-
mator for focusing the generated X-rays. A monochromatic Al K-«
X-ray (1486.7eV) source was operated at 50 W and 15KkV.
The system base pressure was no higher than 0.1333 pPa
(1.0 x 10 ° torr), with an operating pressure that did not exceed
2.666 pPa (2.0 x 10~%torr). A pass energy of 280eV obtained
survey spectra and 26 eV for high-resolution C1s. All spectra were
obtained at 45° takeoff angles, and a dual beam charge compensa-
tion system for neutralization of all samples. The instrument was
calibrated using a sputter-cleaned piece of Ag, where the Ag 3ds,,
peak had a binding energy of 368.3+0.1eV, and full width at
half maximum for the Ag 3ds,, peak was at least 0.52eV. Data
manipulation was performed using PHI MultiPak Version 9.4.0.7
software.

Thermogravimetric analysis (TGA)

Thermogravimetric analysis measurements were performed
using a thermoanalyzer (STA-409 Luxx, Netzsch Instruments,
USA). 20-25mg of freeze-dried CNCs, CAN-oxidized CNCs,
and PMMA-g-CNCs were heated to 900 °C with a heating rate of
10 °C/min under a dry air atmosphere.

Atomic force microscopy (AFM)

Polished silicon wafers (Grinm Semiconductor Materials Co. Ltd.,
China) were cutinto 1 cm x 1 cm squares and dipped intoa 1 mg/g
(0.1 wt %) PAH solution for 1h and rinsed in purified water to
adsorb a cationic precursor layer on the substrate. The silicon
wafers were then dropped with either 0.01 mg/g (0.001 wt %)
CNC or PMMA-g-CNC suspensions and spun at 4000 rpm on a spin
coater. The CNC-coated silicon wafers were imaged by AFM using
a Nanoscope Illa Multimode Scanning Probe Microscope with an E
scanner (Bruker AXS, Santa Barbara, USA). The tapping mode
images were collected in air with silicon cantilevers (AC 160TS,
Olympus Canada Inc., Canada).

NanoSight nanopatrticle tracking analysis (NTA)

Suspensions of 0.001 mg/g (0.0001 wt %) CNCs, CAN-oxidized
CNCs, or PMMA-g-CNCs in purified water were prepared and
analyzed using a NanoSight LM10 single nanoparticle tracking
instrument (Malvern Instruments Ltd., UK).

Electrophoretic mobility

The electrophoretic mobility was measured using a Zeta Potential
ZetaPlus Analyzer (Brookhaven, USA). All samples were measured
at 0.001 g/g (0.1 wt %) CNC concentrations, with 10 mmol/L NaCl
at 25°C.

X-ray diffraction (XRD)

X-ray diffraction was performed on freeze-dried CNCs, CAN-
oxidized CNCs, and PMMA-g-CNCs on Piranha-cleaned Si wafers
using a Bruker D8 DAVINCI diffractometer (Bruker, USA) with a
cobalt sealed tube (A,yg=0.179 026nm), 35kV, 45mA, and
0.5 mm micro-slit. Two frames were collected to obtain a 26 range
of 8-44°. Frames were also obtained for a blank Si wafer, which
were subtracted from the sample frames. To determine the degree
of crystallinity, the background corrected intensity versus the 26
plots were fitted to five symmetric Lorentzian peaks, four peaks
corresponding to the (100), (010), (002), and (040) crystalline
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planes,’® and one broad amorphous peak fixed at 24.1°. The
degree of crystallinity was calculated by the peak deconvolution
method as the ratio of the area for the crystalline peaks over the
total area for the diffraction plots using a manual peak insertion
method (not the Rietveld method). There are a number of accepted
XRD fitting methods (height, deconvolution, subtraction)®-¢! to
determine the degree of crystallinity for CNCs. All methods have
limitations, and as such, we have used the peak deconvolution
method, making the values presented here internally consistent.
However, the values should not be taken as absolute crystallinity
nor compared with reports that fit XRD data using a different
method. The error in this measurement and fitting procedure is
taken to be 1-2 %.

Characterization of Composites

Tensile testing

Nanocomposite samples were melt-cast into dogbone shapes
consistent with ASTM D638 (gauge length 31.8 mm, width 4.4-
4.6 mm, thickness 2-3 mm) for tensile testing using a 5 kN load
cell at 1 mm/min cross speed. These measurements were taken
using a table-mounted Instron Universal tensile tester Model 3366
(Instron Corp., USA). The datasets for each pair of complementary
samples were statistically analyzed using a t-test assuming
unequal variance with p < 0.05. The significance levels at which
the populations were from different groups are reported with
statistical standards for p values.

Rheology

Shear viscosity measurements of CNC/PMMA and PMMA-g-CNC/
PMMA composites were carried out on an ARES Rheometer at
200 °C on disks that were 7 mm in diameter and 2 mm thick. The
individual strain rate for each sample was found by performing a
strain sweep test. Strain rates near the centre of the linear region
were taken as the strain rate for each sample. Frequency sweep
tests were performed for each sample’s strain rate. All data
reported are an average of three test samples.

Scanning electron microscopy (SEM)

A Hitachi SU8000 STEM (Hitachi, Japan) was used to image
nanocomposite samples. Melt-mixed samples of broken dogbone
shapes used for tensile measurements were imaged at the break
point. Top-view samples were cut using a Leica Ultra Cut-E
Microtome fitted with a diamond knife, and all samples were
coated with 6nm of Pt/Pd using a Cressington HR208 high-
resolution sputter coater before imaging.

RESULTS AND DISCUSSION

Characterization of Poly(methyl methacrylate)-Grafted-CNCs

PMMA-g-CNCs were prepared using CAN-initiated “grafting from”
radical polymerization. The aqueous, one-pot synthesis is shown
schematically in Figure 1a. We find that probe sonication during
polymerization is crucial to avoid the aggregation of CNCs. The
initiation mechanism of CAN with cellulose is still debated, but it
is thought that oxidative cleavage of the cellulose backbone at the
vicinal diol position allows the creation of reactive aldehydes
(Figure 1b).*°! The ceric ion likely forms a chelated complex
with the cellulose backbone and electrons are transferred from
cellulose to Ce(IV), leading to Ce(IlI) and a radical site on the
cellulose backbone from which polymerization propagates. 263

The PMMA-g-CNCs were extensively purified by centrifugation,
filtration, dialysis, and ultrafiltration using water and acetone to
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Figure 1. Schematic representation of: (a) the “grafting from” polymerization of PMMA from sulphated cellulose nanocrystals with CAN redox initiator
under probe sonication, and (b) a simplified view of the reaction mechanism for cellulose with methyl methacrylate and CAN to form PMMA-g-CNCs.
PMMA homopolymer is also produced during this reaction, which requires an additional washing step to ensure unbound polymer is removed.

remove all excess acid, initiator, and unbound PMMA homopoly-
mer. The worked-up suspensions show limited colloidal stability
and slowly sediment in water, ethanol, methyl ethyl ketone, and
acetone. As grafted polymer amounts were low in our previous
studies with CNCs and CAN,"®> we believe the reduction in
colloidal stability arises from having attached sufficient PMMA to
make CNCs incompatible with water, but too little PMMA to make
the hybrid nanoparticles colloidally stable in PMMA-compatible
solvents such as MEK and acetone. Under the grafting reaction
conditions used we do not expect hydrolytic desulphation of CNCs
to occur. This expectation is based on previously reported
desulphation requirements'® and the grafting of other polymers
from CNCs using the same protocol.?

The presence of PMMA on the surface of the CNCs was
confirmed by FTIR (Figure 2) and CP/MAS solid-state NMR
spectroscopy (Figure 3). The FTIR transmittance bands at 2990

PMMA-g-CNC
8
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£
o
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Figure 2. FTIR spectra of PMMA, unmodified CNCs, and PMMA-g-CNCs.

Peaks at 2990 and 1730 cm™" in the PMMA-g-CNC sample confirm the
presence of PMMA.
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and 1730 cm ™! correspond to characteristic C-H and C=0 PMMA
stretching modes, respectively. The NMR spectrum of PMMA-g-
CNCs (Figure 3a) reveals chemical shifts for PMMA at 180, 65, 45,
and 20 ppm. These peaks are not present in the unmodified CNC
spectrum (Figure 3b). Unfortunately, peak integration and
quantification of grafted polymers using NMR Bloch decay
methods were not possible due to the low signal-to-noise ratio,
even after 3000 scans (data not shown). Water contact angle
indicates that the surface modification increases the CNC
hydrophobicity; an increase in contact angle of 17° (to 34.5° for
a spin-coated PMMA-g-CNCs film on Si) was observed after
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Figure 3. CP/MAS solid state NMR spectra showing: (a) PMMA-g-CNCs
and (b) unmodified CNCs. PMMA-g-CNCs show characteristic peaks at
180, 65, 45, and 20 ppm, corresponding to the PMMA grafted from the
CNCs. *-SSB = spinning side bands, and numbered carbon peaks
correspond to carbons in the cellulose structure as labelled in the inset.
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Figure 1S. Schematic of radical addition from the cellulose backbone to an MMA
monomer. Corrected from Figure 1(b).
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Table 1. Comparison of unmodified CNCs, PMMA-g-CNCs, and CAN-oxidized CNCs
Apparent Electrophoretic mobility ~ C3/C4 (XPS Onset of thermal Crystallinity Contact
diameter* (nm) (108 m?/Vs) ratio) degradation (°C) index (%) angle (°)
Unmodified CNCs 87+33 —-2.7+0.2 - 295 90 % 17.6£0.9
Oxidized CNCs 95+37 -2.0+0.2 - 250 89 % 28.7+1.8
PMMA-g-CNCs 105 +40 -2.1+0.3 4.3 250 87 % 34.5+0.9

*Measured by NanoSight nanoparticle tracking analysis assuming spherical particles; confidence intervals are one standard deviation
fCrystallinity index determined by the peak deconvolution method with assumed error of 1-2 %

grafting (Table 1). A slight increase in hydrophobicity is also
observed for CAN-oxidized CNCs (i.e. CNCs submitted to the same
polymerization reaction conditions with CAN but without MMA
monomer) because aldehyde groups are less polar than hydroxyl
groups. Though these results provide evidence for the presence of
PMMA on the surface of CNCs, they cannot distinguish between
PMMA that is covalently bound and PMMA that is closely
associated with the CNCs. Owing to the previous experience
grafting vinyl monomers to CNCs"¥! and the exhaustive purifica-
tion used here to remove homopolymer, we are confident that
PMMA is in fact bound to the CNC surface.

XPS high-resolution carbon (C 1s) spectra for PMMA-g-CNCs
show a C4 peak that is not present in unmodified CNCs (Figure 4).
This peak can be attributed to the carbonyl carbon in methyl
methacrylate. By taking the ratio of C3/C4 peak areas, where C3 is
the C, carbon in cellulose (see Figure 3 inset for cellulose structure
and carbon labels), we obtain a C3/C4 ratio of 4.3 for PMMA-g-
CNC samples. This implies that for every 4.3 anhydroglucose units
(AGU), there is one MMA monomer which is equivalent to a
grafted mass of 0.11g/g (11 wt %). Assuming that 37 % of AGUs
in a nanocrystal are on the surface!®¥! and grafting can only occur
at the surface, we have one MMA monomer for every 1.6 surface
AGUs. These numbers indicate that ~95 % of the MMA added to
the reaction turned into homopolymer. However, we note that for
modifying CNCs with grafted polymers intended for compounding
with the same polymer matrix, this low efficiency is less
significant and the washing step to remove unbound polymer
becomes unnecessary.

Relative Intensity

C1

290 289 288 287 286 285 284 283
Binding Energy (eV)

Figure 4. XPS high-resolution C 1s spectra showing: (a) PMMA-g-CNCs,
and (b) unmodified CNCs. C4 peak is attributed to the carbonyl group on
each MMA monomer. Peak fitting was used to extrapolate the mass ratio of
PMMA to CNCs.
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The previous report of grafting PMMA to CNCs by ATRP found
chain lengths of 25-45kDa (i.e. 25-45 x 10 g/mol).”?? If our
chains were in this size range we would have only one high
molecular mass PMMA chain on every third to fifth CNC.
However, it is more likely to have a few short grafts per CNC as
implied previously by mass spectrometry.'>3! Our grafted mass of
0.11g/g (11wt %) is low compared to using controlled radical
polymerization from CNCs, which typically yields grafted masses
ranging from 0.5-0.92g/g (50-92 wt %).12%?3! 1t is also slightly
lower than the grafting yields reported in the patent disclosing
graft-polymerization of PMMA with CAN on CNCs.?Y One
possibility is that during the polymerization some MMA mono-
mers are hydrolyzed to methacrylic acid which could reduce the
reaction efficiency due to free radical instabilities and chelation of
methacrylic acid with ceric ions. However, similar CAN-initiated
grafting of PMMA from cellulose nanofibrils, which have
significantly more amorphous/accessible cellulose than crystal-
line CNCs, found a grafted mass of 0.36-0.49 g/g (36-49 wt %) but
did not find the presence of methacrylic acid.’®® Varying the ratio
of MMA to CNCs during the grafting reaction has also been found
to affect the final grafting yield and some mechanistic explanations
have been offered.*!) The grafting procedure was not optimized in
our work. Although we cannot determine the exact graft density or
length, XPS provides insight into the efficiency of the reaction and
implies that the overall quantity of PMMA grafted to the CNC
surface is low.

To verify that the CNC nanoparticle size, degree of aggregation,
morphology, and surface charge were not significantly changed
during the polymer grafting reaction, samples were characterized
by AFM (Figure 5), light scattering, XRD, and electrophoretic
mobility (Table 1). AFM height images show that PMMA-g-CNCs
are similar in size to unmodified CNCs, but that small polymer
particles (bright spots in Figure 5c, which is a sample spin-coated
from a more concentrated suspension) are present. AFM also
shows that PMMA-g-CNCs are slightly more aggregated than
unmodified CNCs. This result is unsurprising, given the visible
flocculation in the suspension after the reaction and the tendency
of CNCs to cluster during the reaction at low pH. Despite the
appearance of some aggregates, individualized nanocrystals are
also visible.

The apparent mean diameters of unmodified CNCs (87 +
33nm), PMMA-g-CNCs (105 +40nm), and CAN-oxidized CNCs
(95 £ 37 nm) suspended in water were measured using NanoSight
nanoparticle tracking analysis. The term apparent is used in
recognition that this technique calculates particle size assuming a
spherical shape, which is not the case for CNCs, which are rod-like
particles. The diameters are within similar ranges to each other,
and similar to other CNC batches prepared in our lab. CAN-
oxidized CNCs are not significantly different in size from the
starting CNCs. NanoSight results also imply limited aggregation in
the PMMA-g-CNC sample in water, yet the particles still sediment
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Figure 5. AFM height images of: (a) individual unmodified CNCs, (b) individual PMMA-g-CNCs spin-coated from 0.01 mg/g (0.001 wt %) suspensions
onto a PAH-coated Si wafer, showing similar nanocrystal size and minor aggregation, and (c) a full surface-coverage film of PMMA-g-CNCs. All scale bars are

Tpm.

over time due to their incompatibility with water. The electropho-
retic mobility of grafted CNCs and CAN-oxidized CNCs was
slightly reduced compared to unmodified CNCs, which may be due
to a combination of the oxidation by CAN and/or masking of
anionic surface charge by the uncharged grafted polymer chains.

Polymer-grafted CNCs exhibited decreased thermal stability
compared to unmodified CNCs (Figure 6). Specifically, the
primary onset of thermal degradation shifted from 295°C
for unmodified CNCs to 250°C for both PMMA-g-CNCs and
CAN-oxidized CNCs (Table 1). This implies that the opening of
the cellulose glucose units at the C,-C; position and creation of
aldehyde groups yield a material which undergoes thermal
degradation at a lower temperature. PMMA alone degrades at
385°C and is expected to improve the thermal stability of CNCs
through grafting. However, this was not observed here. The two
thermal degradation peaks observed for PMMA-g-CNCs below
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Figure 6. TGA derivative mass loss as a function of temperature (% mass
loss in inset) for unmodified CNCs (solid line), PMMA (dotted line), PMMA-
g-CNCs (dashed line), and CAN-oxidized CNCs (dashed-dotted line)
showing that CAN-oxidized CNCs and PMMA-g-CNCs have a lower
thermal degradation onset temperature (250 °C) than CNCs (295 °C) and
PMMA (385°C).
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385 °C may be due to non-uniform polymer grafting, or because
oxidized glucose rings with grafted polymer on adjacent carbons
are more thermally stable than dialdehyde groups. Overall the
thermal analysis supports PMMA-g-CNCs being new hybrid
nanoparticles with altered thermal properties, and that the sample
is not a blend of associated CNCs and PMMA.

X-ray diffraction was further performed on unmodified,
polymer-grafted, and CAN-oxidized CNCs to determine whether
the grafting reaction has an effect on the degree of crystallinity
(Table 1). Since the ceric initiator ring opens part of the cellulose
backbone and was observed to lower the thermal stability of the
CNCs, it was expected that CNCs oxidized in the presence of CAN
would have a lower degree of crystallinity. It was previously
shown that CNCs oxidized with sodium periodate exhibit reduced
crystallinity'®® and polymer grafting from CNCs decreases the
overall product degree of crystallinity.[®”) As anticipated, unmodi-
fied CNCs had the highest degree of crystallinity at 90 %, which is
consistent with reported values,® CAN-oxidized CNCs are
slightly less crystalline at 89 %, and PMMA-g-CNCs are 87 %
crystalline. These small decreases in crystallinity are within
the accepted 1-2 % error interval of the technique and may not be
significant despite agreeing with literature trends. While a 3 %
decrease in crystallinity from unmodified to PMMA-grafted CNCs
is not expected to significantly affect the mechanical properties of
CNCs, it does provide some evidence for the effectiveness of the
grafting reaction and is consistent with the thermal degradation
results.

CNC/PMMA Nanocomposites

CNC/PMMA nanocomposites were compounded by melt mixing
with a Haake mixer at 160 °C for 10 min and by wet ball milling in
MEK for 24 h. Both unmodified CNCs and PMMA-g-CNCs were
incorporated into bulk PMMA at loadings of 0.0025, 0.005, 0.01,
and 0.02 g/g (0.25, 0.5, 1, and 2 wt %) with respect to PMMA. Ball-
milled samples were mixed at ambient temperature. However, in
order to prepare samples for mechanical testing, all nano-
composites were hot-pressed at 160 °C.

Although the final hot-pressed samples could be prepared
reproducibly and were uniform in appearance, all ball-milled
samples initially contained residual MEK, believed to be trapped
within the nanocomposite (confirmed by NMR, data not shown).
This led to a foam structure forming as the MEK evaporated during
hot pressing. Repeated pressing eliminated foaming and after
several press cycles, homogeneous and optically clear pellets were
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Figure 7. Photographs of CNC/PMMA nanocomposites with various loadings of unmodified cellulose nanocrystals or PMMA-g-CNCs, as indicated,
showing the optical transparency and different colours obtained from (top two rows) melt-mixed (MM) and (bottom two rows) ball-milled (BM)
compounding methods after hot pressing. Background paper has a 0.5 cm grid and disks are ~2 mm thick.

isolated. Melt-mixed samples did not exhibit any foaming. Once
the foam structure in ball-milled composites was removed by hot
pressing, the overall transparency and colour of ball-milled
samples were similar to the PMMA control, whereas the melt-
mixed samples exhibited significant discolouration (Figure 7).
Melt-mixed composites showed more variation in colour
(darker brown with increasing CNC loading), likely because
they experienced longer exposure to a high temperature (10 min),
compared to the ball-milled samples which were only heated
during pressing (30s 2-min). In addition, the PMMA-g-CNC
composites were noticeably darker than the composites contain-
ing unmodified CNCs (Figure 6). We also observed that adding wet
CNCs, or CNCs from aqueous suspension, led to even more
discolouration. We attribute the colour change to a combination of
caramelization (browning of surface-adsorbed sugars!! above
160 °C), a heat-catalyzed desulphation of the CNCs to produce
H,SO, which hydrolyzes the cellulose in the presence of trace
amounts of water,>** and the non-uniform temperature profile
within the Haake mixer which may expose regions of the melted
composite to temperatures higher than the setpoint. We do not
believe the colour arises from trace CAN, as all initiator was
thoroughly removed after polymerization, and wide-spectrum
scans by XPS did not show the presence of Ce. The discolouration
is non-ideal, as PMMA is often used in optical applications.
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However, it is possible that the melt processing and degree of
PMMA grafting may produce nanocomposites with less discolou-
ration. It is unlikely the discolouration is due to a significant
degradation of the CNCs, but this highlights the thermal sensitivity
of the material and the importance of temperature control and
heating rates. Importantly, the transparency of PMMA was
maintained in all ball-milled composites and low CNC loading
melt-mixed composites, implying reasonable dispersion of the
nanoparticles overall.

Mechanical and Rheological Performance of CNC/PMMA
Nanocomposites

Tensile tests were conducted on hot-pressed samples to compare
unmodified CNC/PMMA and PMMA-g-CNC/PMMA nanocompo-
sites to the PMMA control. Figure 8 presents the measured
Young’s moduli (E). Based on a t-test assuming unequal variance
with p < 0.05, the majority of values within a given compounding
method and between modified versus unmodified CNCs are
statistically the same, implying the surface grafting of CNCs with
PMMA did not improve the composite performance. Only the
composite with the highest nanoparticle loading (0.02g/g
(2wt %) CNCs) prepared by melt mixing shows a significant
increase in modulus compared to the PMMA control (E=
2.82+0.04 versus 2.66 + 0.03 GPa). In melt-mixed samples with
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Figure 8. Comparison of Young's modulus for melt-mixed (a) and ball-milled (b) PMMA nanocomposites with unmodified CNCs and PMMA-g-CNCs.
Loadings are indicated along the x axis in wt % (g/100 g). (Note: * represents statistically significant (p < 0.05) compared to the control (processed
PMMA without nanocrystals, leftmost bar) and n.s. represents not statistically significant compared to the control. In (b) all loadings except

0.005 g/g (0.5 wt %) are statistically lower than the control. Statistical analysis of unmodified versus polymer-grafted CNC series are not indicated on
the plot but were calculated, and only the 0.005 g/g loading for both compounding methods shows a significant difference between unmodified CNCs

and PMMA-g-CNCs.)

0.005 g/g (0.5 wt %) CNCs, the modulus was lower than the control
and for ball-milled samples. In all loadings except 0.005g/g
(0.5wt %), CNCs were statistically lower than the control. This
result is disappointing, considering that a simple law of mixtures®?!
predicts a modulus of 4.8 GPa for 0.02g/g (2.0wt %) loading,
assuming CNCs and PMMA have Young’s moduli of 105 and 1.8-
3.1GPa,™ respectively, and 0.02 g/g (2.0 wt %) CNCs is equiva-
lent to 0.027 L/L (2.7 vol %).5>¢8!

Overall, the ball-milled samples had lower moduli than their
melt-mixed counterparts, including the control, which may be due
to trapped solvent (MEK is a good plasticizer for PMMA) or the
effect of vaporizing MEK out of the composites during hot
pressing. After processing by ball milling, PMMA polymer
globules in dilute solution may not have sufficient time to
interact/entangle and crystallization is likely influenced when the
wet samples are quickly heated under high pressure.””>7? It is
improbable that we induced PMMA degradation (which occurs
above 300°C) or crosslinking in any of the compounding or
pressing steps. Furthermore, no trend in modulus with the degree
of discolouration is seen, implying that the colour is not linked to
reduced mechanical properties or significant degradation of the
composite components.

Based on tensile testing, all samples had the same toughness
within error (~0.8 MPa, data not shown), further supporting that
the mechanical performance is primarily dictated by the PMMA
matrix. The difficulty in determining clear trends from these
measurements stems from the large confidence intervals (i.e. error
bars shown in Figure 8), however in all cases the reproducibility in
tensile testing was higher for unmodified CNC composites
compared to PMMA-g-CNC composites. Additionally, the melt-
mixed composites exhibited a slight increase in stiffness with
particle loading, whereas stiffness decreased with increasing
particle loading for the ball-milled composites. These results are
consistent with previous reports of solvent cast nanocellulose/
PMMA composites which show no statistically significant change
in stiffness’®*®” or a small increase in stiffness with CNC
loading."%%3! Substantial mechanical improvements were only
observed above 0.03g/g (3wt %) loading®”! or even 0.17g/g
(17wt %) loading for electrospun composites, implying that our
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loadings may be below the onset of significant reinforcement by
CNCs.*8 In the majority of studies performend by Sain et al.[3748-52]
0.1g/g (10wt %) CNC loadings were employed, which led to a
14 % increase in modulus but a slight decrease in tensile
strength.™”! A recent study comparing nanocelluloses in PMMA
composites found slight mechanical improvements above the
polymer Ty with 0.005g/g (0.5wt %) loadings and showed that
higher aspect ratios and high crystallinity contribute to improved
composite performance.’!

Overall the mechanical characterization presented here sug-
gests grafting PMMA from CNCs had a minimal effect on the
mechanical properties of this series of nanocomposites. A few
possible explanations exist: this may be due to the grafting
density/length of PMMA which is unknown; it may be linked to
changes in the degree of aggregation of PMMA-g-CNCs during
compounding; or it may be due to the CNCs’ ability to act as a
nucleating agent.”3! If unmodified CNCs can act as nucleating
agents for polymer matrix crystallization”*! and if polymer grafts
on modified CNCs are not of sufficient molecular weight to co-
crystallize with the polymer matrix, nucleation cannot take place
due to different crystallization rates of grafts versus matrix leading
to inferior composites. Ball milling shows promise for use in future
compounding applications, as this processing technique does not
require the use of high temperatures. Solvents other than MEK that
are more easily evaporated and less compatible with the PMMA
matrix may give higher modulus composites with less tendency to
foam.

With the goal of elucidating the strength of the interactions
between CNCs and PMMA, and any mechanical improvement
above the T/ Ty, of PMMA, rheology of composites was carried out
at 200°C (Figure 9). Similar to the tensile testing, melt-mixed
PMMA had a higher storage modulus than ball-milled PMMA (and
the shear viscosity was 44 % higher), suggesting that the
processing method changed the way the polymer chains interact
with each another. In almost all cases, ball-milled samples
mechanically underperform compared to melt-mixed samples.

In the composite melts, a higher viscosity and shear modulus was
observed for the unmodified CNCs compared to the polymer-grafted
CNCs, which may be attributed to PMMA-g-CNC nanoparticle
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Figure 9. Shear viscosity at 200 °C for: (left) melt-mixed (MM) and (right) ball-milled (BM) composites with 0.02 g/g (2 wt %) loadings of unmodified CNCs
(triangles) or PMMA-g-CNCs (squares) in a PMMA matrix, and the control PMMA (circles).

aggregation. Different processing conditions resulted in different
rheological performance relative to the PMMA control. In the case of
the melt-mixed samples, the control had the highest shear viscosity.
However, when the ball-milled composites were compared, the
PMMA/CNC composite exhibited the highest shear viscosity
(Figure 9). The PMMA-g-CNC composites had the lowest shear
viscosity of the series regardless of processing technique. It appears
that while the ball milling process reduced the viscosity of the
PMMA matrix (potentially due to trapped MEK), this decrease in
mechanical and rheological properties could be compensated for by
adding unmodified CNCs. However, PMMA-g-CNCs further re-
duced these properties.

Asthe CNC loadings in all composites described herein are below
the percolation threshold of CNCs (0.025g/g (~2.5 wt %)) and
the concept of percolation has less relevance in the case of surface-
modified CNCs, it is thought that the primary reinforcing
mechanism in this system is the formation of networks and
entanglements between the polymer chains and nanoparticles. The
dispersion of CNCs in the PMMA matrix is therefore of utmost

importance. In fact, the effect of dispersibility on mechanical
performance appears to dominate over interfacial interactions
between the nanoparticle and matrix. While PMMA-g-CNCs have
better interfacial compatibility with PMMA than unmodified CNCs
based on contact angle measurements, the degree of functionaliza-
tion may not be sufficient and reduced dispersibility in both water
and MEK gives them a higher tendency to aggregate due to colloidal
instability and polymer bridging. Aggregation leads to poor
dispersion, less polymer-particle surface area for network formation,
and disruption of the polymer-polymer interactions. As such, all
composites with PMMA-g-CNCs exhibited lower shear viscosity than
either the CNC composites or PMMA control, and as mentioned,
changes in crystallization kinetics for the PMMA matrix and the
nucleating effect of CNCs versus PMMA-g-CNCs may also contribute.

Representative scanning electron microscopy images of melt-
mixed composites with 0.02 g/g (2 wt %) CNCs or PMMA-g-CNCs
are shown in Figure 10 and support the suggestion that reduced
mechanical properties are a result of nanoparticle aggregation.
While the exact identification of components by SEM is

b) 2 % CNC

Figure 10. SEM images of melt-mixed PMMA composites (dogbone samples prepared for tensile testing). Top row = microtomed section top-view with
scale bar 50 pm; bottom row = freeze-fractured edges with scale bar 1 um. (a, d) PMMA control; (b, €) 0.02 g/g (2 wt %) loading of unmodified CNCs; (c, f)

0.02g/g (2wt %) loading of PMMA-g-CNCs.
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challenging, the white particulates are likely CNCs while the
darker regions are attributed to the PMMA matrix. Figure 10
shows that the microtomed sections are smooth and relatively
featureless for pure PMMA, while CNC-rich areas are observed at a
0.02g/g (2wt%) CNC loading (Figures 10b-c). The CNC
agglomerates are larger in the PMMA-g-CNC samples compared
to unmodified CNC samples. The higher resolution edge view
shows a dense network of PMMA while CNC is visible as bright
white spots. The edge view suggests improved dispersion of the
unmodified CNCs relative to the PMMA-g-CNCs as individual CNC
particles are less easily observed in the PMMA-g-CNC composite
when viewed at high resolution on the fractured edge.

CONCLUSIONS

This work thoroughly investigates all stages of preparing CNC-
reinforced nanocomposites starting with CNC production, poly-
mer grafting, compounding, sample fabrication, and final
composite testing. We focus specifically on grafting polymers
from CNCs using a CAN-initiated radical polymerization because it
is a quick, aqueous-based reaction and can be scaled up
industrially.®" Although the total mass of grafted polymer is
reasonable, more methods to quantify graft length and graft
density are still required. Overall, PMMA-g-CNCs had similar size,
morphology, and crystallinity to unmodified CNCs after excess
homopolymer was removed using ultrafiltration. Evidence that
PMMA was successfully bound to CNCs was provided by various
spectroscopies, contact angle, and thermal analysis. Importantly,
XPS enabled quantification of the total mass of grafted polymer.

This is the first report of cellulose nanocrystal/PMMA
composites where compounding is performed by melt mixing
and ball milling. Only sonication and simple mixing of
components in solvents or in situ polymerization have been
demonstrated previously. We believe our methods are scalable
and the insight gained here will bring CNC composites closer to
commercial realization. This is also the first time PMMA-g-CNCs
have been compounded with high molecular weight bulk PMMA
and its properties tested. While an enhancement of mechanical
performance was not observed, we believe that this is due to
heightened particle aggregation after grafting and the low
nanoparticle loadings used overall (and potential changes in
matrix crystallization kinetics). In the case of ball milling, the
interaction of PMMA with MEK and heat decreased polymer-
polymer entanglement led to reduced stiffness and shear viscosity
for all nanocomposites and the control. Increased nanoparticle
loadings and improved melt compounding conditions, such as
compounding below the T, of PMMA to increase shear and
improve dispersion quality, may yield materials with improved
mechanical properties and reduced discolouration.

This study recognizes that modifying CNC surface chemistry is
not sufficient to predict its ability to reinforce polymers. In this
case, polymer graft density and length would need to be tailored
further. Improving interfacial compatibility and particle-polymer
interactions may not lead to stronger composites if particle-
particle aggregation/bridging cannot be overcome. We urge more
researchers to tackle this issue and share testing of compounding
methods and composite mechanical properties in series with CNC
surface modification, rather than keeping chemical synthesis and
materials science and engineering separate. Certainly, there are
many challenges in tuning CNCs for optimal polymer matrix
compatibility; this work is one step towards tailored nano-
materials that take advantage of CNC strength and dimensions to
enhance the properties of polymer products.
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Chapter 4

Grafting-from Cellulose Nanocrystals via Photoinduced Cu-
mediated Reversible-deactivation Radical Polymerization.

In the previous chapter, CNCs were modified with an uncontrolled polymer grafting
approach based on free radical polymerization. In this chapter, a novel controlled
photoinduced Cu-mediated reversible-deactivation radical polymerization method was
applied to CNCs for the first time. This polymer grafting technique proved highly
versatile for the modification of CNCs with hydrophobic poly(methyl acrylate) (PMA),
where considerably high amounts of polymer grafting was achieved in short reaction
times with simple purification. This work led to modified CNCs with controlled polymer
graft lengths and graft densities. While hydrophobic CNCs are needed for various
applications, a similar method to that described here is used in Chapter 8 to compatibilize
CNC:s to allow for their incorporation into polymer latex particles.

In this work, I produced the unmodified CNCs, initiator-modified CNCs, and the initial
UV RDRP from CNCs, and prepared samples for XRD and XPS while on exchange at
KTH Royal Institute of Technology in Sweden. Dr. Fiona Hatton (KTH Royal Institute of
Technology) performed the subsequent series of UV RDRP experiments and carried out
the NMR, SEC, FTIR, TGA, DSC, and contact angle characterization. XPS and XRD
were performed at McMaster by technicians as described in the acknowledgements and I
interpreted the results. The manuscript was drafted by myself and Dr. Fiona Hatton and
edited by our academic advisors, Dr. Emily Cranston and Dr. Anna Carlmark (KTH
Royal Institute of Technology). This chapter and Supporting Information (Appendix 1)
are reprinted as they appear in Carbohydrate Polymers, with permission from Elsevier ©
2017.
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In this work we describe the grafting of cellulose nanocrystals (CNCs) by surface-initiated photoinduced
Cu-mediated reversible-deactivation radical polymerization (RDRP). Initially, CNCs obtained through sul-
furic acid hydrolysis were functionalized with a tertiary bromo-ester moiety as an initiating group for the
subsequent RDRP of methyl acrylate, targeting three different degrees of polymerization for the polymer

grafts: 50, 300 and 600. The polymerizations proceeded in DMSO in the presence of CuBr, and MesTREN

Keywords:
Cellulose nanocrystals
Photoinduced polymerization

as the catalytic system utilizing a UV source (Amax ~ 360 nm). The technique proved highly versatile for
the modification of CNCs with poly(methyl acrylate), where considerably high grafting was achieved
in short reaction times (90 min), with simple purification steps. CNC morphology was maintained and

RDRP polymer grafts were evident through FT-IR spectroscopy, thermal analysis, contact angle measurements,

Polymer-grafted CNC
Characterization
Nanoparticle compatibilization

X-ray photoelectron microscopy and x-ray diffraction.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

The increasing interest in utilizing renewable, sustainable
materials has sparked a large field of research into the use of
nanocellulose in advanced materials such as composites, cosmetics,
food and biomedical applications (Habibi 2014; Klemm et al.,2011).
Cellulose nanocrystals (CNCs) are extracted from cellulose fibers by
the preferential acid hydrolysis of amorphous cellulose resulting
in highly crystalline, needle-shaped particles which exhibit sev-
eral interesting properties including excellent mechanical strength,
high aspect ratio, low density and liquid crystalline behavior
(Habibi, Lucia, & Rojas, 2010; Moon, Martini, Nairn, Simonsen, &
Youngblood, 2011). For the utilization of CNCs in many applications,
modification is necessary to improve compatibility between the
cellulose surface and the surrounding polymer matrix or non-polar
liquids (Eichhorn 2011). Modifications are often achieved through
chemical functionalization of the CNC surface with small molecules
or polymer chains (Eyley & Thielemans, 2014; Habibi 2014). This
modification usually occurs after the production of the CNCs;

* Corresponding authors.
E-mail addresses: f.1.hatton@sheffield.ac (F.L. Hatton), kedziosa@mcmaster.ca
(S.A. Kedzior), ecranst@mcmaster.ca (E.D. Cranston), annac@kth.se (A. Carlmark).
! Present address: University of Sheffield, Department of Chemistry, Dainton
Building, Brook Hill, Sheffield S3 7HF, UK.

http://dx.doi.org/10.1016/j.carbpol.2016.10.064
0144-8617/© 2016 Elsevier Ltd. All rights reserved.
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however, a few publications report the chemical modifica-
tion during the hydrolysis step (Boujemaoui, Mongkhontreerat,
Malmstrom, & Carlmark, 2015; Braun & Dorgan, 2009; Espino-
Pérez, Domenek, Belgacem, Sillard, & Bras, 2014). Modification
of CNCs, or any cellulose substrate, with polymers relies
upon covalent grafting (Malmstrom & Carlmark, 2012; Roy,
Semsarilar, Guthrie, & Perrier, 2009), or physical adsorption
(Hatton, Malmstrom, & Carlmark, 2015). Covalent grafting can be
achieved via either grafting pre-formed polymer chains to the CNC
surface, grafting-to, or by polymerization of monomer(s) from the
CNC surface, grafting-from.

Polymer grafting-from CNCs has been reported utilizing tech-
niques such as free radical polymerization (FRP), ring opening
polymerization (ROP) and Cu-mediated reversible-deactivation
radical polymerization (RDRP) (Kang, Liu, & Huang, 2015). Whilst
free radical grafting-from CNCs is a straight-forward and con-
venient approach, it is not possible to control or predict the
grafting densities, grafted chain lengths or specific polymer archi-
tectures (i.e. block copolymer structures) (Kan, Li, Wijesekera, &
Cranston, 2013; Kedzior, Graham, Moorlag, Dooley, & Cranston,
2016). Furthermore, the formation of free, unbound homopolymer
isunavoidable (Kedzioretal.,2016). ROP grafting-from allows more
control over the chain lengths and polymer architectures; how-
ever, the grafting density cannot be controlled as the initiating sites
for the polymerization are the abundant native hydroxyl groups at
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the CNC surface. Therefore, several groups have reported the use
of Cu-mediated RDRP techniques to graft-from CNCs (Kang et al.,
2015).

RDRP was first used in conjunction with cellulose in 2002
(Carlmark & Malmstrém, 2002; Carlmark & Malmstrom, 2003)
and has since proved a versatile technique for the grafting-from
modification of numerous cellulose substrates (Hansson, Carlmark,
Malmstrom, & Fogelstrom, 2015; Hansson, Ostmark, Carlmark, &
Malmstrom, 2009). The surface-initiated (SI) RDRP of polystyrene
(PS) from CNC was initially reported in 2008, using atom-transfer
radical-polymerization (ATRP) (Yi, Xu, Zhang, & Zhang, 2008). Sub-
sequent investigations into the SI-ATRP of PS from CNCs were
conducted by Thielemans and coworkers (Morandi, Heath, &
Thielemans, 2009). They found that the grafting density could
be tuned by varying the amount of reagents used in the initia-
tor immobilization step. Furthermore, the grafted polymer was
cleaved from the surface, proving that a good-control of the SI-ATRP
was achieved (Morandi & Thielemans, 2012). Since these develop-
ments, various functional polymers have been grafted-from CNCs
via Cu-mediated RDRP, including: PS (Morandi et al., 2009; Yi
etal., 2008; Yin, Tian, Jiang, Wang, & Gao, 2016), poly(methyl acry-
late) (PMA) (Wang, Roeder, Whitney, Champagne, & Cunningham,
2015), poly(methyl methacrylate) (PMMA) (Boujemaoui et al.,
2015), poly(dimethylaminoethyl methacrylate) (Rosilo et al., 2014;
Yi, Xu, Zhang, & Zhang, 2009), poly(N-isopropylacrylamide) (PNI-
PAm) (Hemraz, Lu, Sunasee, & Boluk, 2014; Zoppe, Habibi, & Rojas,
2010), PNIPAm fluorescent copolymers (Wu, Huang, & Pan, 2015),
poly(N,N-dimethylacrylamide) (Zoppe, Xu, & Kdnel, 2016), poly(2-
aminoethylmethacrylate) and poly(2-aminoethylmethacrylamide)
(Hemraz et al, 2015), poly(acrylic acid) through hydroly-
sis of poly(tert-butyl acrylate) (Majoinen, Walther, & McKee,
2011), poly(6-(4-(4-methoxyphenylazo)phenoxy)hexyl methacry-
late) (Xu, Yi, Zhang, & Zhang, 2008) and copolymers of poly(MMA-
co-butyl acrylate) (Yu, Wang, Wang, & Chu, 2016). As well as
stimuli-responsive polymers, the grafting of more hydrophobic
polymers with lower Ty values (e.g. PMA) is highly interesting in the
application of polymer-grafted CNCs in nanocomposites, emulsions
and adhesives, for example, due to the compatibilization these
polymers afford between CNCs and hydrophobic liquids, matrices
or surfaces.

Previously, Yagci and coworkers reported a temporal photoin-
duced Cu-mediated RDRP procedure for the polymerization of
methyl methacrylate (Tasdelen, Uygun, & Yagci, 2011). Anastasaki,
Nikolaou, & Zhang, 2014 utilized this technique for the homopoly-
merization of acrylates using low amounts of copper catalyst
(CuBry) and ligand (MegTREN) in a UV box (Amax~360nm)
commonly used in nail salons (Anastasaki, Nikolaou, Zhang
et al.,, 2014). Since 2014, this polymerization methodology has
been further expanded by Haddleton and coworkers to include
various functional monomers (Anastasaki, Nikolaou, & Simula,
2014), sequence control (Anastasaki, Nikolaou, & McCaul, 2015;
Anastasaki, Nikolaou, & Pappas, 2014) and has been performed
in ionic liquids (Anastasaki, Nikolaou, Nurumbetov, 2015). Due
to the short reaction times, mild conditions and small amount
of catalyst/ligand required, this UV-initiation presents itself
as an ideal methodology for the SI-photoinduced RDRP from
CNCs. Indeed, CNCs have recently been grafted with PS, PMMA,
poly(2-isopropenyl-2-oxazoline) and poly(N-hydroxysuccinimide
methacrylate) by photopolymerization (Hou et al., 2016). However,
this approach proceeded via FRP and does not facilitate control over
the density of initiating sites, polymer chain molecular weights
or architectures as with RDRP techniques. The photoinduced Cu-
mediated RDRP technique allows for low amounts of catalyst, low
temperatures and mild conditions, whilst maintaining control over
the polymer molecular weights, where other Cu-mediated RDRP
techniques typically require 50-fold more catalyst, or the addition
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of a reducing agent. Additionally, we recently successfully applied
the Cu-mediated photoinduced RDRP of methyl acrylate (MA) and
diethylene glycol acrylate (DEGA) to SI grafting from a cellulose
surface (filter paper) (Larsson, Pendergraph, Kaldeus, Malmstréom,
& Carlmark, 2015). Successful grafting was evident through FT-IR
and SEM characterization and thermoresponsive properties were
endowed to the filter paper when PDEGA was present. Photoin-
duced Cu-mediated RDRP promises a facile, convenient approach
to preparing polymer-grafted CNCs with control over the grafted
polymer chains, potentially allowing various polymer architec-
tures, compositions and grafting densities, while maintaining a low
amount of Cu catalyst which leads to a more simple purification of
the final product.

2. Materials and methods
2.1. Materials

a-Bromoisobutyryl ~ bromide (BiB, 98%), ethyl «-
bromoisobutyrate (EBiB, 98%), dimethylformamide (DMF, >99.9%),
4-(dimethylamino)pyridine (DMAP, 99%) and copper(Il) bromide
(Cu(Il)Bry, 99%) were purchased from Sigma Aldrich. Triethylamine
(TEA, 99%) and dimethy]l sulfoxide (DMSO, 99.0%) were purchased
from Merck. Tris(2-(dimethylamino)ethyl)amine (MegTREN), was
synthesized as reported elsewhere (Ciampolini & Nardi, 1966).
Methyl acrylate (MA, 99%) was purchased from Aldrich and passed
through a column of basic aluminium oxide prior to use. All
materials were used as received unless stated otherwise.

2.2. Instrumentation

TH NMR spectra were recorded at room temperature with
a Bruker Avance 400 MHz spectrometer, using dg-DMSO as the
deuterated solvent. Tetramethylsilane (TMS) and the solvent resid-
ual peak were used as internal standards.

Fourier transform infrared spectroscopy (FT-IR) was performed
using a Perkin-Elmer Spectrum 2000 FT-IR equipped with a MKII
Golden Gate, single reflection ATR System from Specac Ltd, (Lon-
don, UK). The ATR-crystal used was a MKII heated Diamond 45° ATR
Top Plate. For each spectrum 16 scans were recorded.

Size-exclusion chromatography (SEC) was used to determine
average molar masses of PMA (number-average molar mass, Mp,
and weight-average molar mass, M) and molar-mass dispersity
(Pm = Mw/[Mp) using a Malvern Viscotek GPCmax system equipped
with a Viscotek VE3580 Rl detector, a TGuard column and 2 LT4000L
columns with THF as the mobile phase at 35°C and a flow rate
of 1.0mLmin~!. A conventional calibration method was employed
using polystyrene standards and N,N-dimethylacetamide was used
as the internal flow marker.

Thermogravimetric analysis (TGA) was performed to char-
acterize thermal degradation profiles for the polymers and
polymer-grafted CNCs using a TA Instruments Hi-Res TGA 2950
analyzer, operating under a N, flow of 30 mLmin~!, a heating rate
of 10°Cmin~!, heating the samples from 40 to 700 °C.

Differential scanning calorimetry (DSC) measurements were
performed with a DSC 1 from Mettler-Toledo. Samples were mea-
sured through a cycle of heating-cooling-heating, with a starting
temperature of —50°C, up to 150°C at a heating/cooling rate of
10°Cmin~!, under a N, flow of 30 mLmin~'.T, values reported
were taken from the second heating step.

Sessile drop water contact angles were measured on films pre-
pared by drop casting each sample from a 1 wt% dispersion in THF
onto a glass slide which had previously been cleaned with acetone
and ethanol. The measurements were conducted at 50% RH and
23°C on a KSV instrument CAM 200 equipped with a Basler A602f
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camera, using 5 pL droplets of MilliQ water. A Young-Laplace fit-
ting model was used to process the images. Contact angle values
reported were those observed after 30 s of measurement. Measure-
ments were performed in triplicate.

X-ray diffraction (XRD) samples were prepared by freeze drying
unmodified and BiB-CNCs and vacuum drying purified CNC-g-
PMAs5p, CNC-g-PMA300, and CNC-g-PMAggg. Measurements were
performed using a Bruker D8 DAVINCI diffractometer with a cobalt
sealed tube source (Aavg =1.79026 A), 35KkV, 45 mA with a parallel
focus Goebel Mirror, 0.5 mm micro-slit and 0.5 mm short collima-
tor over a 20 range of 8—45°. Si wafer blanks were subtracted from
all measurements. Percent crystallinity was determined by decon-
volution using the cellulose I single crystal information file (CIF)
with a linear background and a fixed amorphous peak at 21.4°.
A pseudo-voigt function was used to fit peak intensity and peak
shape. While XRD fitting methods are highly debated (Ahvenainen,
Kontro, & Svedstrom, 2016; Driemeier 2014; Driemeier & Calligaris,
2011; Oliveira & Driemeier, 2013) we note that fitting is done inter-
nally consistent making the comparison between unmodified and
polymer-grafted CNCs valid and the error in these measurements
is taken to be 1-2%.

X-ray photoelectron spectroscopy (XPS) samples of blank-CNCs
and BiB-CNCs were prepared by freeze drying, while samples of
CNC-g-PMA,;, were prepared by vacuum drying after purification.
Spectra were recorded using a Physical Electronics (PHI) Quantera
Il spectrometer equipped with an Al anode source for X-ray genera-
tion and a quartz crystal monochromator for focusing the generated
X-rays. A monochromatic Al K-a X-ray (1486.7 eV) source was
operated at 50W 15KkV. The system base pressure was no higher
than 1.0 x 10~ Torr, with an operating pressure that did not exceed
2.0 x 1078 Torr. A pass energy of 280 eV was used to obtain survey
spectra and 26 eV for high resolution C1s. All spectra were obtained
at 45° take off angles, and a dual beam charge compensation sys-
tem for neutralization of all samples. The instrument was calibrated
using a sputter-cleaned piece of Ag, where the Ag 3ds,_. peak had
a binding energy of 368.3 £0.1 eV and full width at half maximum
for the Ag 3d--5, peak was at least 0.52 eV. Data manipulation was
performed using PHI MultiPak Version 9.4.0.7 software.

2.3. Methods and procedures

2.3.1. Preparation of CNCs through sulfuric acid hydrolysis

CNCs were prepared by sulfuric acid hydrolysis of cotton ash-
less filter aid as described previously (Cranston & Gray, 2006).
Ground Whatman filter aid (40 g, Whatman ashless filter aid, GE
Healthcare) was added to 64 wt.% sulfuric acid (700 mL) under
mechanical stirring for 45 min at 45°C, after which the reaction
was quenched with cold purified water (resistivity of 18.2 M2
cm, Barnstead NANOpure Diamond system, Thermo Scientific). The
resulting suspension was then centrifuged at 6000 rpm for 10 min
intervals until the excess acid was removed and the suspension no
longer formed a pellet. The suspension was then further purified
by dialysis against purified water for several days. Finally, the CNC
suspension was sonicated using a probe sonicator (Sonifier 450,
Branson Ultrasonics) for 45 min in an ice bath and filtered in order
to remove metal particles from the probe sonication. The resulting
cellulose nanocrystals (CNCs) contained 0.7 wt% sulfur (determined
by conductometric titration (Beck, Method, & Bouchard, 2015)
and confirmed with elemental analysis) which corresponds to
1.3 x 1020 equivalents of charge per g of cellulose. The CNCs had a
zeta potential of —40 mV measured using a Zeta Potential ZetaPlus
Analyzer (Brookhaven, USA) at 0.1 wt% with 10mM added NaCl
and average dimensions of approximately 120 nm x 12 nm mea-
sured by atomic force microscopy (MFP-3D, Asylum Research, Santa
Barbara, CA).
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2.3.2. Initiator immobilization on CNCs

BiB-CNCs were prepared by redispersing freeze dried blank-
CNCs (2g) in DMF (200mL, final concentration of 1wt%). The
suspension was sonicated in a sonicator bath (Symphony ultrasonic
bath, 35 kHz) for 45 min to ensure good dispersion. Triethylamine
(3.34 g, 33 mmol) was added along with a catalytic amount of 4-
dimethylaminopyridine and the flask was then sealed and degassed
by bubbling argon while stirring for 15 min 2-Bromoisobutyryl bro-
mide (4.60 g, 20 mmol) was then added dropwise and subsequently
degassed for 5 min. The reaction was then sealed and placed in an oil
bath at 70°C for 18 h. The resulting product, BiB-CNCs, was purified
by centrifugation and washing in ethanol (3x, 14 000 rpm, 10 min,
5°C) then purified water (2x, 14000 rpm, 10 min, 5°C), dialyzed
against purified water and freeze dried.

2.3.3. Photoinduced Cu-mediated RDRP of methyl acrylate

In a typical experiment, MA (2.0 mL, 22.1 mmol), EBiB (65 p.L,
0.44 mmol), MegTREN (12.3 mg, 53 pmol), CuBr; (2.0 mg, 8.8 umol)
and DMSO (2.0 mL) were added to a vial and sealed with a septum.
The reaction mixture was degassed with Argon for 15 min, after
which it was placed inside the UV nail box to commence the poly-
merization. The UV nail box was equipped with four 9 W light bulbs,
Amax ~ 360 nm, as previously described by Haddleton and cowork-
ers (Anastasaki, Nikolaou, Zhang et al., 2014). The polymers were
obtained after 90 min exposure with an intensity of approximately
40 mW cm~2. Samples were removed periodically and analyzed by
TH NMR and SEC analyses. Following polymerization the reaction
mixture was diluted with acetone, passed through a basic alumina
column and concentrated in vacuo. The polymer was purified by
precipitation into cold methanol and dried in a vacuum oven at
50°C.

2.3.4. Photoinduced grafting-from BiB-CNCs

For the grafting-from CNC experiments the same procedure was
followed for the photoinduced Cu-mediated RDRP polymerization
of methyl acrylate described above, however, the DMSO used as the
solvent was substituted for 1 wt% dispersions of BiB-CNCs in DMSO.
In addition to this the polymerizations were scaled-up to ensure
a higher mass of grafted CNCs was recovered for the appropriate
analyses.

Following polymerization the reaction mixture was diluted with
acetone and the free polymer and CNC-g-PMA were separated by
centrifugation at 15 000 rpm for 20 min at 20 °C. The supernatant
was collected and the pellet was redispersed in acetone and cen-
trifuged twice more. The supernatant containing free polymer was
purified as described above. The remaining CNC-g-PMA pellet was
dried in a vacuum oven at 50 °C overnight before further analyses.

2.3.5. Photoinduced Cu-mediated RDRP of MA in the presence of
blank-CNCs

The blank-CNCs in the presence of the RDRP of MA proceeded as
described for the photoinduced Cu-mediated RDRP polymerization
of methyl acrylate described above, however, the DMSO used as
the solvent was substituted for 1 wt% dispersions of blank-CNCs in
DMSO.

Following polymerization the reaction mixture was diluted with
acetone and the free polymer and CNC-g-PMA were separated by
centrifugation at 10,000 rpm for 20 min at 20°C. The supernatant
was collected and the pellet was redispersed in acetone and cen-
trifuged twice more. The supernatant containing free polymer was
purified as described above. The remaining pellet of blank-CNCs
was dried in a vacuum oven at 50 °C overnight before further anal-
yses.
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Scheme 1. Schematic representation of the initiator immobilization and the SI-photoinduced RDRP of MA from BiB-CNC.

3. Results and discussion

Expanding on our previous work, herein we describe the SI-
photoinduced RDRP of MA from initiator-modified CNCs, as shown
in Scheme 1. The aim is to demonstrate the applicability of this
UV-induced procedure to nanocellulose as a facile, mild route to
polymer grafting from CNCs, with a simple purification.

The CNCs used in this work were produced from the sulfuric
acid hydrolysis of cotton and are individual rod-shaped nanopar-
ticles ranging from 100 to 120 nm in length and 10 to 12 nm in
cross section as determined by atomic force microscopy (Online
Resource Fig. S1). Bromoisobutyryl bromide (BiB) was used in the
esterification reaction with the hydroxyl groups on the CNC sur-
face, following a previously described protocol; to yield initiator
immobilized BiB-CNCs (Morandi et al., 2009; Zoppe et al., 2010).
Characterization of the BiB-CNCs by FT-IR (Fig. 1) showed a small
carbonyl peak at 1730cm~" corresponding to the carbonyl in the
ester group in the initiating BiB group. Thermal gravimetric analysis
(TGA, Fig. 2) showed a clear difference between the blank-CNCs and
BiB-CNCs as the thermal stability was reduced in the BiB-CNCs, also
observed by others (Hemraz et al., 2015; Wu et al., 2015). Whilst
the sulfate half-ester groups present on the sulfuric acid hydrolyzed
blank-CNC can lower the CNC thermal stability (Roman & Winter,
2004), the presence of the BiB group had more of an effect on low-
ering the thermal stability in this work. This was most likely due
to the presence of Br, which upon heating may be cleaved from

— Blank-CNC
----CNC-g-PMAs,

CNC-g-PMAgqo
CNC-g-PMAgqo

1800 1700 1600

Absorbance (a.u.)

T T T T
2500 2000 1500 1000

Wavenumber (cm'')

T T
4000 3500 3000

Fig. 1. FT-IR spectra overlaid and offset for blank-CNC, BiB-CNC and CNC-g-PMA,
samples, inset shows the increasing carbonyl peak with PMA graft length, in the
region 1900-1650cm~! (not offset).
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the CNCs to form HBr, causing accelerated acid degradation of the
cellulose (Boujemaoui et al., 2015).

The grafting-from polymerizations were performed in DMSO
with 1wt% BiB-CNCs, maintaining a ratio of monomer:sacrificial
initiator:catalyst:ligand (MA:EBIiB:CuBr;:MegTREN) of
n:1:0.02:0.12, where n was 50, 300 or 600, depending on the
targeted degree of polymerization (DP,) of PMA. It is worth noting
the low amounts of Cu and ligand needed here, compared to tra-
ditional Cu-mediated RDRP techniques. Ethyl a-bromoisobutyrate
(EBiB) was added in the reaction medium as a sacrificial ini-
tiator which allowed for the targeting of the DP, and provided
unbound (free) polymer for analysis. After 90 min reaction time
conversions between 89 and 92% were obtained, see Table 1. The
free polymer and CNC-g-PMA were separated by centrifugation,
and the CNC-g-PMA were further purified using centrifugation
in acetone to remove unreacted monomer, copper, and ligand.
This is significantly more straight-forward compared to the
purification required after typical SI-ATRP of CNCs where up to
50 times the amount of copper is added, requiring several more
centrifugation steps in order to isolate the modified CNCs. The
supernatant containing the free polymer was purified and the free
polymers were analyzed by size-exclusion chromatography (SEC)
showing similar molecular weights and dispersities to the refer-
ence polymerizations conducted in the absence of the BiB-CNCs
(Table 1). The kinetic evaluation of the free PMAs3qg in the CNC-g-
PMA300 polymerization (Online Resource Fig. S2) showed that the

100 —— Blank-CNC
. BiB-CNC
———- CNC-g-PMAg,

80 e - -~ CNC-g-PMAgqq
3 \ Ve CNC-g-PMAgq,
% \
O 60
=
=)
[
= 40

20

0 T

T T T
300 400 500
Temperature (°C)

T T
100 200

Fig. 2. Thermogravimetric weight loss curves for the blank-CNC, BiB-CNC and CNC-
g-PMA, samples.
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Table 1
Conversion, molecular weights and dispersity indices of PMA, synthesized by UV-
photoinduced RDRP.

CNCs present PMADP, Conv? (%) M,°(gmol-') My,"(gmol-') PP
- 50 90 5000 5300 1.07
300 93 27 100 28 800 1.06
600 92 47 700 51900 1.08
Blank- 50 93 4 800 5200 1.09
CNCs 300 92 25600 27 700 1.08
600 92 44 800 50 400 1.12
BiB- 50 91 5300 5700 1.08
CNCs 300 92 27100 29100 1.07
600 89 46 500 51100 1.10

2 Calculated by '"H NMR.
b Determined by SEC analysis utilizing tetrahydrofuran (THF) as eluent with con-
ventional calibration using PS standards.

polymerization followed first order kinetics, with a linear increase
in molecular weight with increasing conversion, in accordance
with reference polymerizations (Online Resource Fig. S3), and as
expected for a RDRP polymerization.

The presence of polymer grafts in the CNC-g-PMA, samples
was confirmed by FT-IR, TGA, differential scanning calorimetry
(DSC), contact angle measurements (CA), x-ray photoelectron spec-
troscopy (XPS), X-ray diffraction (XRD) and redispersion in various
organic solvents. With increasing DP, of PMA the intensity of
the carbonyl peak (1730 cm~1) observed by FT-IR increased dras-
tically (Fig. 1), as did other peaks corresponding to the PMA
segment (2950, 1440, 1155, and 825cm~1). The broad peak cor-
responding to the hydroxyl groups present in the CNC, 3100-3500
cm~!, decreased with increasing PMA content accordingly. In TGA,
Fig. 2, the thermal degradation patterns showed a clear difference
between each sample and were used to estimate the relative wt% of
CNCand PMA in the samples. The first derivatives of the weight loss
curves showed two defined peaks corresponding to CNC and poly-
mer content (Online Resource Fig. S4). From the inflection points
of the first derivative curves the wt% content of CNC and PMA was
estimated showing increased wt% of PMA with increasing target
DPj,, values (Table 2).

Comparable to previous studies, our blank-CNCs and CNC-g-
PMA,, have the same onset of thermal degradation as other sulfuric
acid-hydrolyzed CNCs at ca. 300 °C (Roman & Winter, 2004) (which
isimproved compared to the BiB-CNCs). The higher value of residue
at the end of the TGA experiment for the BiB-CNC compared
with the Blank-CNC can be ascribed to the blocking of primary
oxide groups with the bromo ester which could possibly prevent
the depolymerization of cellulose by acting as a flame retardant
(Kandola, Horrocks, Price, & Coleman, 1996). This is in accordance to
previous work performed in our group in which BiB-CNC was syn-
thesized and analyzed by TGA (Boujemaoui, Mazieres, Malmstrom,
Destarac, & Carlmark, 2016).

CNC-g-PMA,, samples also exhibited a secondary degradation
curve which is shifted towards the onset of thermal degradation
temperature of pure PMA, implying that our final modified CNCs
possess degradation properties of both CNCs and PMA, which is in
line with other reports of polymer-grafted CNCs prepared by ATRP
(Majoinen et al., 2011; Zoppe et al., 2010).

DSC analysis was performed on the PMA homopolymers and
the CNC-g-PMA,, samples (Online Resource Fig. S5, Table S1). The
T values for samples PMAsg, PMA3go and PMAggo, were 5.3, 10.9,
and 16.5 °C respectively, showing an increase in T with increasing
polymer molecular weight. Analysis of the CNC-g-PMA, samples
showed that the Tg of the polymer in the grafted samples was
16.3,19.8 and 21.3 °C for CNC-g-PMA5, CNC-g-PMA309 and CNC-g-
PMAgqo respectively. This corresponds to an increase of 11, 8.9 and
4.8°Cof the T of the grafted PMA, compared to the corresponding
free polymer. This has also been observed in other polymer-grafted
CNCs and is due to the reduced mobility of the grafted (i.e. tethered)
polymer chains (Wang, Siqueira, & Muller, 2016; Zoppe et al., 2010).
These results confirm that the polymers chains in the CNC-g-PMA,
samples were covalently bound to the CNC surface and were not
simply free polymer blended with CNCs.

Water CA measurements of films prepared from the CNC
samples on glass slides showed that the BiB-CNCs were more
hydrophobic than the blank-CNCs as the contact angle increased
from 11 to 36° (Table 2). The CNC-g-PMAs5( sample showed a con-
tactangle of 90° and the CNC-g-PMA3qp and CNC-g-PMAgoo samples
showed very similar contact angles of 125 and 126°. This indicates
that with increasing PMA content the contact angle increases, until
the sample is almost entirely constituted of PMA.

High resolution carbon XPS spectra were obtained in order to
deconvolute the C1s peak; the C1 carbon (carbon bonded to no
oxygen) was of primary interest. Theoretically, unmodified CNCs
only contain C2 and C3 carbon peaks which correspond to carbon
bonded to one and two oxygens, respectively. In our case, the con-
trol (blank-CNCs), had a small C1 peak (7.2%, Table 2), attributed
to minor hydrocarbon-containing contaminants (Dorris & Gray,
1978a; Dorris & Gray, 1978b). BiB-CNCs showed an increase in C1
carbon due to the isopropyl group in the bromo-ester moiety. For
the CNC-g-PMA, samples, a distinct increase in C1 content due to
the hydrocarbon polymer backbone was observed (46.1% for CNC-
2-PMAsg, 52.9% for CNC-g-PMAsqg, and 81.6% for CNC-g-PMAggo)
corresponding to an increase in grafted polymer molecular weight
with target DP;,.

The CNC crystalline morphology is maintained after grafting as
evidenced by characteristic cellulose I peaks visible in the X-ray
diffraction data (Table 2). See Online Resource Fig. S6 for the X-ray
diffractograms. Upon modification with the BiB initiating group,
BiB-CNCs had a lower degree of crystallinity compared to blank-
CNCs (86.4% and 95.6%, respectively). This is due to the disruption
of the crystalline structure at the surface of CNCs where initia-
tor groups are attached. CNC-g-PMA,, with increasing DP similarly

Table 2
Weight% of CNCs and PMA in the samples determined by TGA, water CA of solvent cast films, and high resolution C1 peak from XPS of blank-CNC, BiB-CNC and CNC-g-PMA,,
samples.
Sample Wt% CNC? Wt% PMA? CA(°) C1%¢ Degree of Crystallinity (%)¢
Blank-CNCs - - 11+2 7.2 96
BiB-CNCs - - 36+1 14.4 87
CNC-g-PMAsg 61 39 90+3 46.1 73
CNC-g-PMAs00 24 76 12541 52.9 46
CNC-g-PMAgoo 15 85 126 +3 81.6 48

@ Estimated from TGA analysis, average of duplicate samples.
b Standard deviation calculated over 3 measurements.

¢ Fitted from XPS high resolution carbon spectra.

d Determined using XRD.
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Fig. 3. (a) Photographs of blank-CNC and CNC-g-PMA,, dispersed in various organic
solvents; (a) blank-CNCs, (b) CNC-g-PMAsg, (c) CNC-g-PMA300 and (d) CNC-g-PMAggo
in acetone; (e) blank-CNCs, (f) CNC-g-PMAso, (g) CNC-g-PMA3qo and (h) CNC-g-
PMAggo in toluene; (i) blank-CNCs, (j) CNC-g-PMAsg, (k) CNC-g-PMA3qo and (1)
CNC-g-PMAgqp in tetrahydrofuran. All blank-CNCs and CNC-g-PMA,, suspensions
were prepared at 0.1 wt% in the appropriate solvent.

resulted in a lower degree of crystallinity, as the degree of crys-
tallinity was 72.5% for CNC-g-PMAsg, 45.9% for CNC-g-PMA30 and
48.1% for CNC-g-PMAggo. The small increase from CNC-g-PMA3sqo
to CNC-g-PMAgqo is attributed to measurement error and is not
statistically significant. The decrease in degree of crystallinity with
increase in polymer grafting was expected and has been reported
(Vandamme, Eyley, Van den Mooter, Muylaert, & Thielemans, 2015)
and related the change in crystallinity to the amount of modifi-
cation (i.e. grafted polymer increases the amorphous XRD peak).
Using the assumption presented in their work, the percent polymer
in the CNC-g-PMAsq sample is calculated to be 23%, compared to
50% for CNC-g-PMA3qp and CNC-g-PMAgqo. These values are com-
parable but lower than those determined by TGA.

These data support the composition of the CNC-g-PMA,, sam-
ples, however, one further method which could be utilized would
involve cleaving the polymer chains from the CNC surface for sub-
sequent analysis. In several cases using a cleavable initiator has
proven incredibly useful for this purpose (Hansson et al., 2013;
Larsson et al., 2015; Morandi & Thielemans, 2012). However, it
assumes that the reactivity of the initiating moiety in the cleavable
initiator is the same as the non-cleavable initiator. In the case of
hydrolysis of the sample (Wangetal.,2015), this also hydrolyses the
ester bonds along the polymer chain resulting in poly(acids) which
are typically troublesome to analyze by SEC, or require methy-
lation for analysis. For this work we found that the amounts of
PMA grafted from the CNCs increased as expected, with the relative
increase in DP between samples, therefore we deemed it unneces-
sary to explore cleaving the polymer chains from the CNCs further.

Blank-CNCs, CNC-g-PMAsg, CNC-g-PMA3qg, and CNC-g-PMAggo
samples were dispersed in acetone, toluene and THF as shown
in Fig. 3. Unmodified CNCs settled to the bottom of the vials
in all solvents, whereas the grafted CNCs dispersed to varying
degrees, where increasing cloudiness indicates larger agglomerates
of nanoparticles. The high transparency in toluene is due to refrac-
tive index matching of cellulose and toluene. Overall, compared to
blank-CNCs, CNCs with all three PMA DPs show good dispersion
in the organic solvents, implying that the grafted polymer allows
for better compatibility between the CNC surface and the solvents
tested.

It is well-known that UV irradiation of cellulose causes the for-
mation of free radical species (Phillips, Hinojosa, Arthur, & Mares,
1966), however, in cases where UV light was used to initiate free
radical grafting-from CNCs (Biyani, Jorfi, Weder, & Foster, 2014;
Wang et al., 2016), and also light-induced cellulose cross-linking
(Hufendiek, Carlmark, Meier, & Barner-Kowollik, 2016), no degra-
dation of the CNCs has been reported. Therefore, to investigate the
effects, if any, the UV irradiation had on the CNCs, and to show
that UV-initiated free radical polymerization was not playing a
significant role in the grafting reactions, blank-CNCs were intro-
duced to the polymerizations. Dispersions of 1 wt% blank-CNCs in
DMSO were prepared and subjected to identical conditions to the
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polymerizations described above. The conversions, molecular
weights and dispersities of the free polymers were in accordance
with those found for the PMA,, synthesized in the presence of BiB-
CNCs and the absence of any CNCs (Table 1). Kinetic evaluation
of the PMA3qg free polymer in the presence of blank-CNCs was
very similar to the corresponding polymerization with BiB-CNCs,
see Online Resource Fig. S2, and also the reference polymerization
in the absence of CNCs (Online Resource Fig. S3). The kinetic results
and the agreement in molecular weights and dispersities between
the PMA, free polymers and reference PMA, samples indicated
that the presence of CNC in the polymerization mixtures did not
adversely affect the polymerization mechanism. 'H NMR and FT-IR
analyses confirmed the PMA structure, see Online Resource Fig. S7
and S8 for typical spectra.

The characterization of each blank-CNC sample by FT-IR showed
a small peak at 1730 cm~1 (Online Resource Fig. S9) corresponding
to a carbonyl stretch, which could be attributed to small numbers of
monomer units which are covalently bound to the CNC, or free poly-
mer which had not been removed fully during the centrifugation
purification step. TGA analyses of the blank-CNC-PMA,, samples
show very similar degradation patterns to the blank-CNCs (Online
Resource Fig. S10), and very different degradation patterns from
the homopolymers (Online Resource Fig. S11), indicating that little
to no polymer grafting had occurred.

4. Conclusions

To conclude, we have prepared CNC-g-PMA,;, through a mild
and facile surface-initiated photoinduced Cu-mediated reversible-
deactivation radical polymerization technique. The inclusion of
CNCs in the polymerization reaction appeared to have no effect
on the polymerization of the free polymer, established using sac-
rificial initiator. It was also shown that the BiB immobilization on
the CNC surface was necessary to achieve large amounts of grafted
PMA chains from the CNC surface, which were clearly observable
by FT-IR, TGA, XPS and XRD analyses. DSC analysis of the PMA;
and CNC-g-PMA,, provided evidence that the polymer grafts were
indeed tethered to the CNCsurface, due to anincrease in the T, com-
pared with the free polymer. Redispersion of the modified CNCs in
organic solvents showed that the CNC morphology was maintained
while allowing for improved compatibility in acetone, toluene and
THF compared to unmodified CNCs which are not colloidally stable
in these solvents. The described technique provides an excellent
route for the grafting of CNC owing to high levels of grafting in
short reaction times with a facile purification. This stems from the
fact that utilizing a UV source allows for the reduction in Cu con-
centrations by 50-fold. This enables the further application of this
photoinduced Cu-mediated RDRP to achieve various compositions
and architectures of polymer-grafted CNCs. These polymer-grafted
CNCs may have use in emulsion stabilizing and composite applica-
tions, where the hydrophobic polymer allows for compatibilization
between the CNCs and surrounding hydrophobic liquid or polymer
matrix, and further investigations are being conducted.
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1. Experimental Section

1.1 Atomic Force Microscopy (AFM) samples were prepared by spin coating a 0.1 wt.%
poly(allylamine hydrochloride) (PAH) layer (4000 rpm, 30 s, Chemat Technology KW-4A, USA)
onto a Piranha-cleaned Si wafer. A 0.01 wt.% suspension of unmodified CNCs was then spin coated
onto the PAH layer using the same procedure. The films were then dried at 80 °C overnight. Images
were obtained using a MFP-3D atomic force microscope (Asylum Research an Oxford Instrument
Company, Santa Barbara, CA) in tapping mode using a FMR Si probe from Nanoworld with a force
constant of 2.8 N/m and a fundamental frequency of 75 kHz. The scan size was 5.0 ym x 5.0 pum and

the image was obtained using a scan rate of 0.5 Hz and 512 dots per line.

2. Results

10

pm

-10

Fig S1. Atomic force microscopy height image (5 pum x 5 um) of unmodified CNCs spin coated onto a Si wafer
coated with a cationic poly(allylamine hydrochloride) precursor layer.
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Fig. S4 Thermogravimetric derivative curves of the CNC-g-PMA,, samples.

Table S1 Glass transition temperatures (7,) for the PMA, homopolymers and CNC-g-PMA,, graft copolymers.

Sample T, (°C)*
PMAs5 53
PMA300 13.9
PMAgo0 16.9
CNC-g-PMAs5 16.3
CNC—g-PMA300 204
CNC-g-PMA(,()O 20.7

“Calculated from the 2™ heating curve, average of two runs
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Fig. S5 DSC curve overlays from the 2 heating cycle of PMA, homopolymers (dotted lines) and CNC-g-PMA,
grafted samples (solid lines) for (A) n =50, (B) n =300 and (C) n = 600.
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Fig. S7 FT-IR spectrum of the PM A3, final polymer obtained from the polymerization conducted without CNCs
present.
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Chapter 5

Liquids NMR Toolbox for the Analysis of Chemically Modified
Nanocellulose.

In Chapter 3, a free radical polymer grafting technique was used to modify CNCs with
PMMA. This modification resulted in CNCs with uncontrolled polymer graft lengths and
graft densities and a large range of characterization techniques were used to infer the
amount of grafted polymer. This chapter provides a novel NMR-based method to
characterize polymer-grafted CNCs. PMMA-grafted CNCs were dissolved in ionic liquid
and the grafted polymer was isolated by methanolysis. Solution state NMR was used to
quantify the total polymer amount and degree of polymerization. A similar controlled
polymer grafting method to that demonstrated in Chapter 4 (i.e. surface initiated atom
transfer radical polymerization, SI-ATRP) was also used in this work to produce PMMA -
grafted cellulose filter paper (in the presence of sacrificial initiator) which was used to
confirm the new NMR method. This is the first report of using solution state NMR to
quantify polymer-grafted CNCs when the polymer chains cannot be easily cleaved from
the nanocrystals. This NMR method can be extended to other types of nanocellulose and
other CNC surface modifications.

In this work, I prepared and characterized the PMMA-grafted CNCs via ceric-initiated
free radical grafting. I also prepared the control samples of PMMA-grafted filter paper
and determined the free polymer molecular weight by GPC. Dr. Alistair King (principle
investigator at the University of Helsinki) carried out some of the NMR sample
preparation, measurements and analyzed the data. Drs. Tiina Laaksonen (Analyst — Neste
Oil), Ashley Holding (Consultant — Worn Again), Sami Heikkinen (University of
Helsinki), and Valtteri Mékeld (Professor — University of Helsinki) as well as Jussi
Helminen (PhD Candidate — University of Helsinki) also contributed to optimizing the
cellulose dissolution process, polymer cleavage and running of NMR experiments. The
manuscript was drafted by myself and Dr. Alistair King and edited by my supervisor, Dr.
Emily Cranston as well as Dr. Ilkka Kilpeldinen. This chapter will be submitted to the
Journal of the American Chemical Society for publication.

Liquids NMR Toolbox for the Analysis of Chemically Modified Nanocelluloses

Alistair W. T. King, Stephanie A. Kedzior, Tiina Laaksonen, Ashley J. Holding, Jussi K.
J. Helminen, Sami Heikkinen, Valtteri Mékeld, Emily D. Cranston, and Ilkka Kilpeldinen
Journal of the Americal Chemical Society, to be submitted.
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Liquids NMR toolbox for the analysis of chemically modified
nanocelluloses.

Alistair W. T. King,*T Stephanie A. Kedzior,® Tiina Laaksonen,’ Ashlqy L. Holding,T Jussi K. J. Helminen,” Sami
Heikkinen," Valtteri Mikeld,” Emily D. Cranston,’ Ilkka Kilpeldinen.*"

T Materials Chemistry Division, Chemistry Department, University of Helsinki, Al Virtasen Aukio 1, Helsinki, Finland,
email: alistair king@helsinki.fi, ilkka.kilpelainen@helsinki.fi

§ Department of Chemical Engineering, McMaster University, 1280 Main Street West, Hamilton, ON, L8S 4L7, Canada

KEYWORDS. DOSY, HSQC, nanocellulose, polymer grafting, ionic liquid.

ABSTRACT: Recent developments in ionic liquid electrolytes for cellulose or biomass dissolution has allowed for high-resolution
'H and C NMR on very high molecular weight cellulose. This allows for the development of advanced liquid-state quantitative
NMR methods for characterisation of nano-structured celluloses, before and after chemical modification. As such, we present the
use of tetrabutylphosphonium acetate ([P4444][OAc]) in the 1 and 2D NMR characterization of cellulose nanocrystals (CNCs) and
poly(methylmethacrylate) (PMMA)-grafted CNCs, as a difficult model to study. Diffusion filtered HSQC was shown to be effec-
tive in the discrimination between polymer grafts and low molecular weight peaks, arising from the solvent system. Bulk ratio of
MMA to AGU was determined using a combination of HSQC and quantitative °C NMR. After recovery of the PMMA grafts
through methanolysis, DOSY NMR was used to determine the average self-diffusion coefficient and hence molecular weight of the
grafts, compared against self-diffusion coefficients for PMMA GPC standards, which finally lead to a rough calculation of both
graft length and graft density.

INTRODUCTION tion or esterification reactions.” The degree of polymerization
(i.e. chain length) and grafting density can be highly tuned, as
is in the case of atom transfer radical polymerisation
(ATRP),* although this is typically expensive and reserved
for model studies or high-value applications. Alternatively, a
potentially cheaper industrial method can be through radical
grafting. " However, with this technique the introduction of
radicals and grafting of monomers does not have very specific
chemoselectivity and regioselectivity. As such, mechanistic

Nanocellulose (i.e. cellulose nanocrystals (CNCs) and cellu-
lose nanofibrils (CNFs)) are currently being intensively re-
searched for their applications, mainly in material science.'™
Many niche applications are under development, but for high
volume applications the bulk areas of interest are in the for-
mation of regenerated nanocelluloses and their composites
(e.g. films*® and stagle fibres or yarnH), as surfactants or
emulsion stabilizers,""™ as foam stabilizers,"* or as rheology

modifiers™™ and in packaging.ls’m Many of these applica- understanding is difficult to come by when dealing with heter-
tions require topochemical modification at the nanocellulose ogeneous systems.

surface to tune dispersion in particular media.”' Typical exam- Methods for following the degree of reaction and selectivity of
ples of chemical modification to enhance the dispersion of chemically modified nanocelluloses but of polymer-grafted-
nanocelluloses in aqueous media are surface 2,2,6,6- cellulose nanocrystals in particular, are mostly based on solid-
tetramethyl-1-piperidinyloxy (TEMPO) oxidation, ™ sul- state analyses. These are at best semi-quantitative and include
phate formation during hydrolysis?’ and carboxymethylation® X-ray photoelectron spectroscopy (XPS), *C-cross polarisa-
which are used to increase electrostatic charge on the surface. tion magic angle spinning (CP-MAS) nuclear magnetic reso-
Many of these techniques are applied during the initial isola- nance (NMR), 'H-high resolution magic angle spinning (HR-
tion stages for preparation of nanocelluloses. Further chemical MAS) NMR, attenuated total reflection (ATR)-IR spectrosco-
modifications can then be applied commonly to residual hy- py and elemental analysis. Solution-phase analysis after hy-
droxyl or carboxylate functionalities, to further tune dispersa- drolysis is also problematic as the cellulose nanocrystals are
bility or introduce additional functionality. Specific modifica- often highly unreactive in < 65 % sulphuric acid, due to their
tions of interest for bulk application include grafting polymers highly crystalline state. Avoiding degradation under these
onto the surface of nanocelluloses in order to better compati- conditions is very difficult. However, there is demonstrated
bilize the particles within a hydrophobic polymer matrix, or to potential for liquid-state quantitative analyses after dissolution
better disperse in a polar or non-polar solvent. These can be into direct-dissolution solvents, such as ionic liquids.

through typical ionic reaction mechanisms such as etherifica-
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Recently we demonstrated the dissolution and NMR analysis
of different technical cellulose samples in the ionic liquid elec-
trolyte methyltrioctylphosphonium acetate
([Psss1][OAC]):DMSO-dg.*® Using this system, it was possible
to even run 'H-"C heteronuclear single quantum correlation
(HSQC) NMR on high molecular weight samples, such as
bacterial cellulose, due to the excellent solvating power and
relatively low viscosity of the electrolyte at the concentrations
prepared. Therefore, we would like to present our results con-
cerning the use of a novel ionic liquid electrolyte and methods
for analysis of a difficult to analyse model modified nanocel-
lulose. This is poly(methyl methylacrylate)-grafted cellulose
nanocrystals (PMMA-g-CNCs), prepared by Kedzior et al.,
through ceric ammonium nitrate initiated grafting of methyl-
methacrylate (MMA).Y" The PMMA-g-CNCs were determined
to be nanocrystalline with similar dimensions and crystallinity
(Cellulose 1) to the starting CNCs. Grafting was confirmed
using *C-CP-MAS, contact angle (increased hydrophobicity),
thermogravimetric analysis (TGA) and XPS. However, the
degree of incorporation of MMA vs cellulose, the number of
surface attachment points and hence the graft length, were not
accurately determined. Atomic force microscopy (AFM) re-
sults also suggested that chain-chain termination was not oc-
curring to any significant degree as the PMMA-g-CNCs were
easily redispersed in the bulk phase. As such, in the present
publication we aimed to determine the polymer graft length
and the grafting density of the samples using quantitative 'H&
BC, diffusion-ordered spectroscopy (DOSY) and several
HSQC variants to investigate the possibility of decreasing or
removing our ionic liquid signals and potentially increasing
resolution.

EXPERIMENTAL

Preparation of the PMMA-g-CNCs (Model Nanocel-
lulose)

PMMA-g-CNCs were prepared using the procedure by
Kedzior et al.¥” following the scheme in Figure 1. In short,
sulphuric acid hydrolysed CNCs dispersed in water were add-
ed to methylmethacrylate (MMA) monomer in nitric acid un-
der a nitrogen blanket. After dispersion by sonication, the re-
action was initiated by addition of ceric ammonium nitrate
(CAN) in an ice bath under constant probe sonication. The
PMMA-g-CNCs were then purified by centrifugation, dialysis,
and stirred cell ultrafiltration in acetone. They were then sol-
vent exchanged back to water and freeze dried for further
analysis.

o

N

I. MMA,
nitric acid *

CNCs

II. Ceric
ammonium
nitrate

Figure 1. Preparation of PMMA-g-CNCs and numbering scheme
used throughout the manuscript.37
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Preparation of [P41][OAc]:DMSO-ds (NMR Solvent)

Tetrabutylphosphonium acetate ([Pss44][OAc]) was prepared
according to a previous publication (Figure 2);*° Tetrabu-
tylphosphonium chloride ([P4444]Cl, CYPHOS 443W, 80 wt%
in water) was dried by rotary evaporation and the chloride
anion was exchanged by addition of silver acetate in isopropyl
alcohol (IPA). After settling and filtration through celite to
remove excess salts, the IPA was evaporated away, fresh
methanol was then added and evaporated to help remove trac-
es of IPA and finally the product was dried under high vacuum
to yield a crystalline material (mp 46 °C). To prepare the stock
NMR electrolyte solution, [Py444][OAc] was added to DMSO-
de in the w/w ratio of 1:4. This was found to be sufficient for
dissolution of microcrystalline cellulose up to about 8 wt%
before increasing viscosity prohibited transfer of the solution
to the 5 mm NMR tube.

_\_\P<I + AgOAc _\_\P{_ﬁ
AU

0:_:0 T

[P4444ICl [P 4444][OAc]

¥ AgCl

1H: 0.8-2.3 ppm

13C: 5-25 ppm
Figure 2. Preparation of [Ps444][OAc] and the spectral regions
where the alkyl signals occupy.

Preparation of the CNC Solutions for NMR Analysis

CNC samples (40 mg of freeze-dried CNCs and PMMA-g-
CNCs) were added to the stock solution of
[P4444][OAC]:DMSO-d; (1:4 w/w, 600 uL) and heated at 65 °C
under argon for 1 hr. The samples were initially dispersed with
a fine needle to avoid formation of gelled cellulose, which
would dissolve over a longer period. Once the solutions were
clear, the samples were then transferred into a 5 mm NMR
tube for analysis.

Graft Cleavage Procedure

PMMA-g-CNCs were treated with a mixture of 1.27 M acetyl
chloride in methanol (to generate 1.27 M hydrochloric acid in
methanol) at 80 °C for 18 hr. After the treatment, the system
was rotary evaporated to dryness and extracted into CDCl;.
DOSY NMR, utilising the bipolar pulse pair stimulated echo
(BPPSTE)*™*! pulse sequence was performed directly on this
sample to determine the graft number-average molecular
weight (DP,), against DOSY-analysed PMMA gel-permeation
chromatography (GPC) standards.

NMR Experiments

Standard 'H and "°C experiments were recorded for both CNC
samples. Quantitative °C (inverse gated decoupling), HSQC*
% Carr-Purcell-Meiboom-Gill (CPMG***")-filtered HSQC®,
diffusion-filtered HSQC and 1D diffusion-filtered HSQC ex-
periments were collected for the PMMA-g-CNC sample. The
diffusion-edited HSQC was achieved by applying the diffu-
sion-editing at the start of the HSQCs first INEPT step. A
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DOSY (BPPSTE) experiment was set up for analysis of the
cleaved PMMA grafts and PMMA GPC standards (5 mg in 1
ml CDCl,).

All spectra were processed using MestReNova 10.0,”
(www.mestrelab.com) except the DOSY spectra which were
processed using ‘DOSY Toolbox’ by Nilsson et al.” Self-
diffusion coefficient (D, mz/s) for the PMMA methyl ester
(Dpoim) and residual CHCI; (Ds,,) were determined using the
DOSY module in ‘DOSY Toolbox’ as follows: A 20 Hz
Gaussian line broadening was applied and each increment was
phased individually. Only the methyl ester and residual CHCl;
regions were selected. A threshold was also applied to limit
additional peaks on the baseline. Monoexponential fitting was
then performed which yielded the average self-diffusion coef-
ficients for the two resonances.

Calculation of Graft Ratio, Length and Density

The relative self-diffusion coefficients (Dgz;) were obtained
according to equation 1, where Dp,,, and Ds,;, are the self-
diffusion coefficients for the graft and CHCI;, respectively.
These were then plotted against the number-average degree of
polymerisation (DP,) for the PMMA standards. This yielded a
master curve for determination of graft lengths, which could
be fitted with a power law relationship (R*=0.99), shown in
equation 2. This method of determination of polymer molecu-
lar mass is based on an article by Crutchfield et al.*2

D
DREL = _Polym (equation 1)
DSolv
1.0849
DPn = oo (equation 2)
D REL

The PMMA graft to cellulose anhydroglucose unit (AGU)
ratio (Rgcy) was determined from quantitative BC NMR by
essentially integrating the cellulose resonances against the
PMMA resonances, that were not overlapping with
[P4444][OAc] or each other. The values were averaged for those
peaks, or clusters of peaks, that could be cleanly integrated for
each polymer, as follows: the average molar integral value for
each polymer (EQs) was determined by initial summation of

372

3 T3¢

326

a
3

’ _:\,—(\‘ /—/_
P* “OAc B
= B

[P4444][OAC] [OACq] f\

3
1H (ppm)

the integral values (/) divided by the number of carbons con-
tributing to those resonances (N¢), for integrals y in set S;
where, for cellulose, S is Cl region (Nc~=1), C2-5 region
(Nc=4) and C6 region (N=1); where, for PMMA, § is C2’
(Ne=1) Cl'& C57 region (N=2) and C3’region (N=1). The
summations were then divided by the number of separate res-
onances in each set that were integrated (Cys), to finally give
EQs (equation 3). Rg,cu Was then determined according to
equation 4. The graft density (0z) was then determined ac-
cording to equation 5.

EQS=LXE L

(equation 3)

CS xXES NC
RG/AGU = E_QG (equation 4)
E QAGU
o, = —RG/ AGU (equation 5)
DE,

RESULTS AND DISCUSSION

lonic Liquid Choice

While we have published the use of [Pggg][OAc] for NMR
analysis of cellulose,38 [P4444][OAc] dissolves cellulose suffi-
ciently for NMR analysis, even at a dilution of 80 wt%
DMSO-ds. At this concentration, it was possible to dissolve up
to 10 wt% MCC but practically about 6-8 wt % is the maxi-
mum concentration that can be transferred into a 5 mm NMR
tube, due to high viscosity and depending on the molecular
weight of the analyte. [P4444][OAc] also contains a more sym-
metric cation and has less atoms than [Pggg]J[OAc], which
significantly reduces the potential for overlap of resonances in
the saturated alkyl ppm range. Previously we have also
demonstrated the utility of this electrolyte in analysing pre-
treated wood samples.52 When dissolving cellulose, the use of
a saturated tetraalkylphosphonium cation-containing electro-
lyte salts allows for no overlap of solvent peaks with the cellu-
lose backbone signals in the 'H and “*C spectra (Figure 3). By
comparison, dialkylimidazolium-based ionic liquids, e.g. 1-
ethyl-3-methylimidazolium acetate ([emim][OAc]), have 2 a-
alkyl signals at ~ 4 ppm; one for the 1 position and one for the
b = g
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Figure 3. 'Hand *C spectra for the unmodified CNCs dissolved in [P4444][OAc]:DMSO-d¢ (1:4 w/w).
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3 position on the imidazolium ring. In the "*C dimension, there
is no overlap between the ionic liquid resonances and cellulose
backbone. However, the more critical issue for developing an
NMR solvent for this purpose is to avoid reaction between the
solvent and the solute. In the case of cellulose, it is well
known that [emim][OAc] will react with cellulose,™ due to a
combination of anion basicity and acidity of the imidazolium
ring (carbene formation).* Fortunately, tetraalkylphosphoni-
ums, with saturated alkyl chains, are much more thermally and
chemically stable. They are also very effective at dissolving
cellulose, but only as the electrolyte solutions with dipolar
aprotic solvents, e.g. DMSO.*” This does not matter as we
require a locking solvent (DMSO-d¢). In addition, the more
molecular co-solvent there is the lower the viscosity and there-
fore the higher the resolution.

Initial 2D Resonance Assignments and Resolution

A multiplicity-edited HSQC was performed on the sample
dissolved in [Pus][OAc]:DMSO-ds (Figure 4). 65 °C was
found to be the most suitable temperature to maximise resolu-
tion and signal to noise. It was thought that higher tempera-
tures might start to significantly degrade the cellulosic compo-
nents. From Figure 4 it is obvious that we can clearly resolve
the cellulose backbone peaks (Figure 4, in red) from the graft-
ed PMMA chains (Figure 4, blue). It is also visible at this
stage that the meso-racemo tetrads for 5'-CH,s in the PMMA
chains are somewhat separable. However, due to the high
abundance of the ionic liquid peaks somewhat limiting dynam-
ic range, overlapping with the PMMA 4’-Me triads and gener-
ally causing phasing problems (particularly with the multiplic-
ity-edited spectra), full resolution and signal to noise are not
adequate. Thus, we sought to improve either signal-to-noise
and resolution, somehow.

Diffusion-Editing for Additional Resolution

To achieve this, we investigated the application of DOSY for
separation of the high and low molecular weight components.
This can be implemented as a 'H 1D experiment or incorpo-

rated as single diffusion delay time diffusion-filtering into the
HSQC pulse sequence (Figure 5).

Diffusion editing step incorporating HSQC's Multiplicity
HrstUNEPT-siep adling
[ y [ Froc
bl o Lelele 1 GF el
AQ(t,
2 " “)
1c: I H 4 I I GARP-1
L

Diffusion-filtered, multiplicity-edited HSQC

Figure 5. Implementation of pulsed-field gradients into the
HSQC sequence.

Using this sequence, we found it possible to optimise the con-
ditions for removal of the [Ps][OAc] signals from the 1D
diffusion-edited HSQC, by initial optimisation of the diffusion
gradient and then the post-diffusion gradient delay time (ms).
An array of delay values showed the gradual disappearance of
the [Pys44][OAc] signals and evolution of both the cellulose
backbone and PMMA-graft signals (Figure 6a). Similarly,
optimisation of the DOSY (BPPSTE) experiment yielded a
gradient array, stacked and normalised to the largest peak,
which demonstrated the same thing, expectedly with much
better signal-to-noise. Even from the 'H DOSY we can see
clear emergence of the PMMA-graft resonances, which greatly
aids in identifying the polymeric material (Figure 6b).

After these promising results we analysed the PMMA-g-CNC
sample, yielded a spectrum where we could significantly di-
minish the [P444][OAc] signals from the spectrum, maximis-
ing the gain and thus dynamic range (Figure 7a). Naturally,
however, incorporating the diffusion delay into the existing
long HSQC pulse sequence is expected reduce signal to noise
due to the short T, values typically demonstrated for the rigid
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Figure 4. Multiplicity-edited HSQC spectrum for PMMA-g-CNCs dissolved in [P4444][OAc]:DMSO-d¢ (1:4 w/w); The cellulose
backbone resonances are numbered in red and the PMMA -graft resonances are numbered in blue.
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Figure 6. Arrayed spectra for: a) 1D HSQC with increasing post-gradient diffusion delay, b) DOSY with increasing gradient strength.
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Figure 7. Diffusion-filtered HSQC spectra for PMMA-g-CNC in [P4444][OAc]:DMSO-dg: a) Initial post-processed spectrum, b) spec-
trum where the end of the FID was attenuated by 17 %, c) PMMA-graft CH, tetrad region, d) PMMA-graft Me triad region.

cellulose and PMMA polymers.

In these cases, with longer sequences, the acquisition phase
does not begin until after the signal has started to decay so
there is a compromise between how long the diffusion delay
can be, before signal-to-noise is eroded. From Figure 7a we
can see much better resolution for the PMMA-graft Me (triad)
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and PMMA-graft CH, (tetrad) regions. However, in this spec-
trum, the baseline noise is visible. Thus, we attenuated the fid
(removal of 17 % from the end of the fid) in a bid to increase
signal-to-noise, at the expense of resolution (Figure 7b). This
allowed for a modest improvement in signal-to-noise of the
PMMA -graft CH, region and further reduction in [P444][OAc]
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signals (long T,). Resolution was still sufficient to assign and
integrate the different tetrad peaks (Figure 7c¢). Assignments
are based on previous assignments by Brar et al.*’ but new
peaks are also apparent which do not have previous assign-
ment in the literature. Similarly, the PMMA-graft Me region
(Figure 7d) yielded 3 peaks which agreed with literature as-
signments by Goili et al.*® However, new polymeric peaks also
appeared, which do not have literature assignments. At this
point, further studies were not made to assign these peaks as
our preliminary goal was to assess these electrolyte solutions
for general resonance identification and quantitation, through
the combination of accessible NMR techniques.

Quantification -Graft Ratio

Now that it is possible to assign the expected resonances in the
PMMA-g-CNC sample, the real value of this procedure will
be in the quantification of the grafting, for further process
development. As mentioned previously, long pulse sequences,
such as HSQC, with rigid polymeric materials suffer from
attenuation of resonances with short T, values. This very much
limits the potential for quantitative 2D analyses, unless the
species for quantification are very similar. This might allow
for determination of relative quantities of the species, e.g. for
PMMA-graft CH,s. Fortunately, we still have excellent resolu-
tion in the "*C spectrum. A quantitative *C experiment was
performed to determine the ratio of the graft ratio (Rg/46v), i.e.
molar ratio of methylmethacrylate (MMA) monomer to the
bulk AGU. To minimise error, this was achieved by integrat-
ing the separable cellulose peak regions against the separable
PMMA peak regions and averaging the values. A graft ratio
(Rgucu) for MMA to AGU of 0.46 was determined, with a
standard deviation of 0.058 between the different integral re-
gions. The value determined through XPS by Kedzior et al.,””
was 0.23; by determining the ratio of the peak areas for the
PMMA carbonyl (C2") and Cl1 in cellulose. While XPS is a
quantitative technique to determine elemental composition, it
very much depends on surface penetration depth on the nm
scale, thus, surface layers give different values to bulk sample.
In addition, while signal-to-noise is reasonably good,”” resolu-
tion of the different carbons is poor, requiring deconvolution
to determine the area compositions. While there are these
sources of error to contend with, a rough estimate for R/ cu
can be given. By contrast, how to perform quantitative liquid
1D NMR is very well understood. Resolution of peaks is very
good but the main limitation is signal-to-noise. In the NMR
case a worthy standard deviation of 12.6 % is given from inte-
gration of the different peak regions.

Quantification - Graft Length and Density

These quantitative B3C results, however, do not tell us anything
about the graft length (DP,, number average molecular weight
for each graft) or graft density (o, number of graft points per
bulk AGU). To determine this, we must remove the grafts
from the surface of the CNCs for molecular weight determina-
tion. This was achieved by treatment of the PMMA-g-CNCs
with a methanolic HCIl solution. A methanolic solution was
chosen to avoid hydrolysis of the PMMA chains. This yielded
a CDCl; soluble PMMA sample. DP, for these grafts were
determined by measuring and determining the relative (to
CHCI;) self-diffusion coefficients (Dgg) in CDCls. Dgg was
calculated for the PMMA methyl ester peak. Monoexponential
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fitting was used to give a single value. DP, was then calculat-
ed from the numerical relationship determined after measuring
Dpgg, for PMMA gel-permeation chromatography (GPC)
standards, of known DP, values (Figure 8 and equation 2).
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Figure 8. Master curves and equation for conversion of PMMA
graft relative self-diffusion coefficient (D), determined by
DOSY, into the number-average degree of polymerization (DP,).

The DP, value was determined to be 168 through the DOSY
method. For comparison, GPC (THF eluent) was also used for
comparison and DP, was determined to be 184, rather close to
the NMR determination. A DP, of 168 allowed for graft densi-
ty (o0g) determination of 0.0027 graft points per AGU. Or,
1/0¢ as 365 AGUs per PMMA graft. Or put more clearly, for a
hypothetical cotton nanocrystal (cellulose source for the
PMMA-g-CNCs) of 13 x 13 x 231 AGUs™ (39039 AGUs),
there are only 107 linkages per CNC. This is really a rather
surprising result, as a higher value was expected. It should be
noted that there is of course a small error with the quantitative
C but it is not significant enough to radically alter the graft
density values. The graft cleavage procedure is also unopti-
mised. However, if degradation of the PMMA chains was
occurring this would actually yield a lower graft density
(grafts per CNC).

Future Developments and Best Practice

This work was designed to demonstrate the potential for lig-
uids NMR on modified nanocelluloses and celluloses in gen-
eral. So far, liquid-state analyses have been lacking due to the
insolubility and general recalcitrance of nanocelluloses to-
wards mild acid. The use of tetraalkylphosphonium acetate
ionic liquids are key to the success of this due to their high
chemical stability and cellulose-dissolving capability as the
DMSO-d; electrolyte solutions. This technique should open
the door to much more thorough characterisation of chemical-
ly modified nanocelluloses but can essentially be applied to all
kinds of cellulose. From the analyses described herein, the
main sources of error are in the initial quantification by Bc
NMR. To absolutely guarantee true quantitivity, T; values for
BC should be determined but in reality, this takes too much
spectrometer time due to the already poor signal-to-noise. In
practise, a modest pre-relaxation delay time of 20 s was ap-
plied. A potentially larger source of error is the poor signal-to-
noise afforded by quantitative 3¢, due to a combination of
poor sensitivity towards °C and strictly applied delay times.
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To achieve suitable signal-to-noise, many days collection
times should be used on a probe sensitive for BC.If possible,
averaging of integrals for different resonances should be ap-
plied to minimise errors due to incomplete relaxation. Thus, a
compromise in sources of errors can be applied to minimise
collection time and maximise sample throughput. Unfortunate-
ly, in NMR, signal-to-noise is proportional to the square root
of the collection time. Therefore, maximising concentration,
without compromising on resolution, is also necessary.

The method presented herein, for cleavage of grafts is also
unoptimised. However, clearly it works in principal but should
be validated in the future, using different well characterised
samples. Within this method, hydrolysis or decarboxylation of
PMMA may yield a polymer which has a different hydrody-
namic radius in solution, which introduces error to the molecu-
lar weight determination. There is also potential for depoly-
merisation but significant depolymerisation is not apparent
after this procedure and HSQC NMR analysis of the recovered
grafts does not show significant degradation. In any case, dif-
ferent methods must be sought for different grafted polymers.
Radical-initiated polymer grafting is also an extreme case as
generation of radicals is often non-specific. Carbon-carbon
bonds are also typically formed, which are difficult to break,
requiring hydrolysis of the attached sugar. Functionality that
can be introduced or cleaved through two electron transfer
processes, e.g. esterifications, etherifications, should be easier
to analyse, potentially allowing for assignment and integration
of the attachment points or the functionality itself. Thus, in
this case we have the drawback that we have not been able to
identify these. The structure proposed in Figure 1 is also likely
inaccurate, based on the many articles on CAN-initiated graft-
ing onto cellulose. More than likely, the graft points are not
specific to C2 or C3, aldehydes formed will be in the form of
acetals and oxidation may preferentially occur at C6 or even
the reducing end. This requires further detailed work with
carefully prepared models to elucidate the mechanisms.

An additional feature of this method that would have been
useful was if it would be possible to quantify surface sulphate
groups, arising from sulphuric acid digestion of the cotton
substrate. However, sulphate esters are known to be labile and
are likely cleaved off by trace water in the samples. In the
future, it may be possible to use a scavenger to bind and quan-
tify sulphate esters. Storage of the NMR stock solution over
molecular sieves would also be good practise.

CONCLUSIONS

It has been demonstrated that it is possible to determine graft
ratio, length and density through liquids NMR analysis of
PMMA-g-CNCs, derived from ceric ammonium nitrate initiat-
ed monomer grafting. This is a very difficult model to analyse
as the attachment points are likely non-selective and have not
been well defined in the literature for cellulose, compared to,
e.g., ATRP polymerisation where a reactive C2,3 or 6 ester
forms the initiation point. In fact, prior to now there has been
no high resolution methods to do this type of non-destructive
quantitative analyses. While the ratio of MMA monomer to
AGU was possible to determine using quantitative °C NMR,
cleavage of the grafts by methanolysis and DOSY NMR anal-
ysis, against PMMA GPC standards allowed for an integrated
method of determining also the graft length and density. It was
found that for this specific PMMA-g-CNC sample, the graft-
ing density (PMMA grafts per AGU or crystallite) was sur-
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prisingly low. Furthermore, diffusion-edited HSQC allowed
for rough relative quantification of the tacticity of the PMMA
grafts on the CNC backbone, after dissolution.

The media used for the dissolution is a highly chemically sta-
ble ionic liquid, [P4444][OAc], in DMSO-dg. This of course not
only dissolves nanocelluloses but can be applied to technical
celluloses and many forms of chemically modified celluloses.
Thus, the PMMA-g-CNCs served as a good model to demon-
strate the potential of this method for process optimisation
where the modified cellulose samples are not soluble in mo-
lecular solvents. This is particularly relevant for heterogeneous
cellulose chemistry or reactions where very low DS products
are formed.
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Chapter 6

Tailoring Cellulose Nanocrystal and Surfactant Behavior in
Miniemulsion Polymerization.

While Chapters 3 and 4 discussed covalent surface modification methods to impart new
properties to CNCs, this chapter focuses on non-covalent modification via electrostatic
interactions. This chapter aims to better understand the interactions between CNCs and
the surfactants commonly used in latex synthesis. Anionic and cationic CNCs were
combined with anionic and cationic surfactants and their binding was studied in
suspension and using model CNC films. The surfactant-CNC combinations were used to
stabilize the miniemulsion polymerization of methyl methacrylate; whether electrostatic
interactions led to surfactant-modified CNCs or non-interacting surfactant-CNC pairs
controlled the latex particle size and polymer molecular weight. This work aims to extend
the use of CNCs in latex systems where surfactants are present and provides a method of
incorporating CNCs into existing formulations to produce adhesives, paints and coatings.

In this work, I designed and performed all syntheses and characterization experiments
except the colloid probe AFM measurements, carried out by Heera Marway (MASc
student). I analyzed and interpreted all data and wrote the manuscript. The manuscript
was edited by Heera Marway and my supervisor, Dr. Emily Cranston. This chapter and
the Supporting Information (Appendix 2) are reprinted as they appear in Macromolecules,
with permission from the American Chemical Society © 2017.
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ABSTRACT: Cellulose nanocrystals (CNCs) combined with surfactants were used to stabilize miniemulsion polymerization
reactions. Anionic CNCs with H* and Na* counterions and cationic-modified CNCs were investigated with anionic and cationic
surfactants. When oppositely charged CNCs and surfactants were mixed, CNC size increased and absolute zeta-potential
decreased, indicating surfactant adsorption and the ability to costabilize the monomer/water interface. Colloid-probe atomic
force microscopy showed that surfactant adsorption to CNCs is strongly dependent on the CNC surface charge and counterion.
Miniemulsion polymerization of poly(methyl methacrylate) (PMMA) was performed in the presence of CNC—surfactant
mixtures; latexes were produced giving PMMA nanoparticles when there was no interaction between CNCs and surfactant and
PMMA microparticles when CNCs and surfactant acted as costabilizers. This shows that CNCs can be used with surfactants to
stabilize miniemulsion polymerization, reducing the need for a hydrophobe and leading to latexes with tunable properties (size,
size distribution, surface charge, and polymer molecular weight) for coatings, adhesives, and household/personal care products.

B INTRODUCTION

Cellulose nanocrystals (CNCs) are rigid, rod-shaped nano-
particles derived from renewable resources such as wood pulp
and cotton."” Typically, a sulfuric acid hydrolysis is used to
isolate the ordered (crystalline) nanoparticles from the
disordered (amorphous) regions of the starting cellulosic
material, resulting in stable colloidal suspensions. Hydrolysis
with sulfuric acid grafts anionic sulfate half ester groups
(0S0;7) on the CNC surface, which in the “acid form” possess
an H" counterion. Acid-form CNCs may be neutralized using
sodium hydroxide, effectively exchanging the counterion to
sodium, a step necessary if the CNCs are to be dried and
redispersed at a later time.> CNCs can also be rendered cationic
by grafting trimethylammonium moieties to the surface using
water-based epoxide chemistry.* This cationization requires a
partial desulfation of CNCs prior to the grafting of cationic
groups. Although the resulting CNCs have a net positive
surface charge, both anionic and cationic surface groups are
present. Controlling the type of counterion associated with
CNC:s as well as the overall surface charge density will play an
important role in expanding the use of CNCs in formulated

v ACS Publica‘tions © 2017 American Chemical Society
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liquid products such as a variety of traditionally surfactant-
based systems.

There has been a growing interest in using CNCs and
surfactants together. Habibi et al. were the first to exploit
electrostatic attraction between anionic CNCs and a cationic
surfactant to prepare Langmuir—Schaefer model films.®
Following that work, reports of modifying CNCs by adsorbing
cationic surfactants and studying the governing parameters for
adsorption have emerged. Dhar et al® investigated the
adsorption of cationic tetradecyltrimethylammonium bromide
(TTAB) with anionic CNCs by isothermal titration calorimetry
and showed that the formation of CNC—TTAB complexes are
electrostatically driven, followed by hydrophobically driven
micellization of TTAB on the CNC surface. This work was
expanded upon by Brinatti et al,” who studied the interactions
between C,TAB (n = 12, 14, and 16) and anionic CNCs. They
identified the same driving forces for surfactant adsorption and
micellization as Dhar et al. and furthermore showed that when
the surfactant concentration was increased, charge neutraliza-
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tion and association of the surfactant-coated CNCs led to
flocculation.” This indicates the delicate balance of surfactant
adsorption and CNC colloidal stability which must be
optimized if CNCs and surfactants are to be used in
combination.

In other CNC and surfactant work, Salajkova et al.® used
quaternary ammonium surfactants to hydrophobically modify
carboxylated CNCs. This study was intended as a facile surface
modification route for CNCs and was similarly demonstrated
using the more common sulfated CNCs with CTAB.”'® This
modification is essentially an jon exchange reaction where the
CNC counterion is exchanged for a bulky amphiphilic salt.
Since these pioneering studies, cationic surfactant-modified
CNCs have been used in the preparation of a range of materials
including semiconducting nanoparticles,'’ poly(lactic acid)
composites,'”'® poly(lactic acid)—poly(hydroxybutyrate)
blends,'”'® metal nanoparticles,'® nanoclay/epoxy compo-
sites,’” drug delivery vehicles,'® coatings,'” and films.*
However, to the best of our knowledge, no prior work has
systematically studied the use of CNCs and surfactants as
stabilizers for miniemulsion polymerization.

It was Capron and co-workers who recently discovered that
CNC:s can effectively stabilize oil—water interfaces and produce
robust oil-in-water emulsions.”' ">* CNCs with higher aspect
ratios and/or lower surface charge densities were found to be
the best emulsion stabilizers.”* To screen the surface charge on
sulfated CNCs (with ca. 0.5 charges/nm?), they demonstrated
that salt can be added which allows CNCs to pack close enough
to provide adequate oil droplet coverage,’” in either a
monolayer or a multilayer at the interface, depending on the
surface charge.” To improve the inherent stabilizing properties
of CNCs, their surface activity can be enhanced by covalently
grafting polymer brushes,”* > small molecules,” > and
functional nanoparticles®™* or throu%h adsorption of surface
active polymers*™*” and surfactants.”® These surface mod-
ifications generally provide emulsions which are more stable to
coalescence and eliminate the need to remove or screen CNC
surface charge. This newly recognized amphiphilicity of CNCs,
and ways to augment it, can also be taken advantage of to
stabilize emulsion g(—:ls,24 double emulsions,®® water-in-water
emulsions,” and dried oil powders,*® which demonstrates the
versatility of CNCs as Pickering stabilizers.

Despite the existing work on CNCs in emulsions, little work
has examined emulsion or suspension polymerization with
CNCs. In the few cases that have been reported, CNCs did not
play a role in the monomer droplet or latex particle stabilization
due to the choice of components.*™* For example, CNCs
were shown to act as a nanofiller in the final composite when
styrene and hexyl acrylate were copolymerized via mini-
emulsion polymerization using an anionic surfactant.*>*'
There was no driving force for the CNCs and surfactant to
act as costabilizers due to their similar charge, and the TEM
images indicated that the CNCs and latex garticles remained as
separate entities in the final dispersion.*”*' Similarly, CNCs
were blended with a poly(butyl acrylate-co-methyl methacry-
late) latex prepared using an anionic surfactant in a traditional
emulsion polymerization and were able to increase the
mechanical properties of the resulting latex composite;
however, the CNCs were added to the preprepared latex and
therefore did not act as stabilizers during the polymerization.**
Furthermore, Mabrouk et al.** prepared poly(butyl methacry-
late) particles via miniemulsion polymerization with a cationic
surfactant and anionic CNCs and found that due to
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electrostatic attraction the CNCs were anchored around the
particles. Polymerizing polymers in situ with CNCs is one of the
many routes that researchers have attempted to produce
CNC—polymer composites (to overcome the general challenge
of compatibilizing CNCs with hydrophobic polymers). In this
work, we have used anionic and cationic surfactants with
anionic and cationic CNCs to directly probe the difference
between interacting costabilizers and noninteracting stabilizers
to elucidate the range of roles that CNCs can play in
miniemulsion polymerization specifically.

The interest in miniemulsion polymerization stems from the
fact that uniform nanoscale particles of a wide range of
polymers can be prepared, often allowing for an increase in
solids content which is important for industrial applications of
latexes. Miniemulsion polymerization is differentiated from
traditional emulsion polymerization by the use of sonication to
compartmentalize nanoscale monomer droplets (i.e., “nano-
reactors” which have kinetics similar to bulk or solution
polymerization) with limited diffusion of monomer during the
reaction.** The addition of a hydrophobe is typically used to
prevent droplet coalescence and monomer diffusion such that
the size of the monomer droplets and corresponding polymer
particles are the same.* Applications of latexes produced by
miniemulsion polymerization include adhesives," packaging
films,*” microencapsulation,”* and drug delivery,*® among many
others.

Herein, we describe the use of anionic acid-form (H-CNCs),
anionic sodium-form (Na-CNCs), and cationic cellulose
nanocrystals (Cat-CNCs) with anionic and cationic surfactants
as miniemulsion polymerization stabilizers. The interactions
between surfactants and CNCs in suspension and on model
surfaces were used to predict the ability of oppositely charged
CNC-—surfactant combinations to act as costabilizers during
polymerization. This work aims to understand the fundamental
interactions between CNCs and surfactants with the goal of
expanding their use to emulsion polymerization systems. We
believe this is a straightforward way to synthesize hybrid
CNC—polymer materials which may find application in paints,
coatings, and household and personal care products and
whereby CNCs may enhance the mechanical, adhesive,
rheological, shelf life, and structural properties of latex products.

B EXPERIMENTAL SECTION

Materials. 2,3-Epoxypropyltrimethylammonium chloride (EPT-
MAC), cetyltrimethylammonium bromide (CTAB) with a critical
micelle concentration (CMC) of 1 mM,* sodium dodecyl sulfonate
(SDS) with a CMC of 8.2 mM,*° aluminum oxide (activated, basic),
benzoyl peroxide (Luperox A98), methyl methacrylate (MMA),
Dowex Marathon hydrogen form ion-exchange resin, and cellulose
dialysis tubing (14 kDa MWCO) were purchased from Sigma-Aldrich.
MMA was purified to remove inhibitor by passing it through an
aluminum oxide column before use. Dowex Marathon hydrogen form
ion-exchange resin was rinsed with purified water before use.
Whatman ashless filter aid was purchased from GE Healthcare
Canada. Sodium hydroxide (NaOH) pellets, sulfuric acid, and sodium
chloride (NaCl) were purchased from Caledon Laboratories Ltd.

Preparation of Sodium and Acid Form CNCs. Cellulose
nanocrystals used in the miniemulsion polymerization of methyl
methacrylate were provided by CelluForce Inc. Acid form CNCs (H-
CNCs) were prepared by redispersing dried sodium form CelluForce
CNCs (Na-CNCs, or CNCs where the counterion on the sulfate half
ester group is a sodium ion, at a pH of 6.4) in purified water (2 wt %)
and passing the suspension through an ion-exchange resin column
(Dowex Marathon hydrogen form). The resulting H-CNCs (where

DOI: 10.1021/acs.macromol.7b00516
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the counterion is a proton) were then collected, diluted to 1.5 wt %,
and characterized.

CNCs used in the zeta-potential, NanoSight particle size analysis,
and colloid-probe atomic force microscopy study were prepared
according to previous literature”' and are considered to be comparable
to CelluForce CNCs.”” Briefly, 40 g of Whatman ashless filter aid was
ground and added to a 45 °C water bath. 64 wt % sulfuric acid was
added, and the hydrolysis was allowed to proceed for 45 min under
mechanical agitation. The resulting suspension was then quenched
with cold purified water (10X dilution) and centrifuged at 6000 rpm in
10 min increments until a pellet was no longer formed. Residual acid
was then removed from the suspension by dialysis against purified
water for several water changes. Finally, the resulting CNCs were
sonicated with a probe sonicator (Sonifier 450, Branson Ultrasonics,
Danbury, CT) for 45 min in an ice bath and filtered to remove excess
metal from the probe. The resulting H-CNCs were used as is and as
Na-CNCs after being neutralized with sodium hydroxide to replace all
proton counterions with sodium ions.

Preparation of Cationic CNCs. In order to prepare cationic
CNCs (Cat-CNCs), dried Na-CNCs were redispersed in purified
water and concentrated to 10 wt %. The 10 wt % suspension was then
desulfated by the addition of an equal volume of 3 M NaOH for S h at
65 °C. The resulting CNCs (DS-CNCs) had approximately two-thirds
of the sulfur content as the starting CNCs and were dialyzed against
purified water until a neutral pH was obtained. Cat-CNCs were
prepared by bringing DS-CNCs to a pH of 13.2 and adding EPTMAC
dropwise at a 1:16 CNC:EPTMAC weight ratio under constant
stirring and at 65 °C. The suspension turned light yellow and was
allowed to react for § h. Upon completion of the reaction, the product
was dialyzed against purified water and diluted to 1.5 wt %, and a
neutral pH of 8.4 was measured.

Miniemulsion Polymerization. The miniemulsion water phase
was prepared by dissolving surfactant at 2 times the CMC for the given
surfactant (CTAB or SDS) in a 1.5 wt % CNC suspension. The oil
phase was prepared by dissolving benzoyl peroxide (BPO) in purified
methyl methacrylate. In a typical reaction with CTAB and Na-CNCs,
5.1 mg of CTAB was dissolved in 7 mL of 1.5 wt % Na-CNCs through
continuous magnetic stirring. Meanwhile, 2.82 g of purified MMA was
weighed into a separate vial, and 0.141 g of BPO was added and
dissolved by gentle agitation. The water and oil phase were then mixed
and sonicated using a sonicator probe for 30—60 s in an ice bath. The
resulting emulsion was 0.3:0.7 oil:water by volume. The emulsion was
then added to a round-bottom flask with a magnetic stir bar, sealed,
and degassed by bubbling Ar under continuous stirring in an ice bath
for 15 min. The emulsion was then added to an oil bath at 60 °C, and
the reaction was allowed to proceed for 6 h, after which the reaction
was terminated by exposing the resulting latex to air. The PMMA
particles were collected for further characterization.

Characterization of CNCs and Surfactant in Suspension.
Zeta-Potential. Zeta-potential samples of CNC—surfactant suspen-
sions were prepared by diluting a bulk sample of CNCs with the given
surfactant concentration (0.2, 0.5, 1, 2, 5, and 10 times the CMC of
the surfactant) to 0.1 wt % and adjusting the salt concentration to 10
mM NaCl. Zeta-potential of the resulting suspension was measured
using a zeta-potential ZetaPlus analyzer (Brookhaven, USA). Electro-
phoretic mobility and zeta-potential were both recorded, and it is
noted that electrophoretic mobility is directly proportional to the
particle surface charge without assumptions of particle shape/size/
charge density; however, zeta-potential is more commonly reported in
the literature. As such, the Smoluchowski equation was used to covert
electrophoretic mobility to zeta-potential.

NanoSight. NanoSight samples were prepared by diluting zeta-
potential samples to 0.0001 wt %. The apparent diameter was
measured using a NanoSight LM10 single nanoparticle tracking
instrument (Malvern Instruments Ltd, UK). The term “apparent
diameter” is used in recognition of the fact that NanoSight models
spherical particles, as opposed to rod-shaped particles as in the case of
CNCs. We take the “apparent diameter” as an approximate size
measurements suitable for internal comparison of samples.
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Characterization of Surfactant Interactions with CNC Films.
Colloid-Probe Atomic Force Microscopy. Colloid-probe atomic force
microscopy (AFM) was performed on spin-coated films of Na-CNCs,
H-CNCs, and Cat-CNCs using a MFP-3D AFM (Asylum Research an
Oxford Instrument Company, Santa Barbara, CA). Films were spin-
coated onto Si wafers cleaned with piranha solution from a 1 wt %
CNC suspension at 4000 rpm for 30 s (G3P Spin-coat, Specialty
Coating Systems Inc., Indianapolis, IN). Colloid-probe AFM was used
to measure normal forces between CNC films and a 2.5 um Si colloid
glued to an AFM cantilever with a nominal spring constant of 0.09 N/
m (Novascan Technologies Inc., Ames, IA) in aqueous surfactant
environments. An “open fluid cell” made by adding the surfactant
solution dropwise to the sample surface until a drop was formed was
used to perform these experiments. The Si probe was calibrated using
the Sader method.*® For normal force measurements, the probe was
withdrawn from the surface, and “force pulls” were collected by
ramping the probe perpendicular to the substrate at a scan rate of 0.5
Hz (500 nm/s), using a trigger point of 0.8 V and an approach (pull)
distance of 500 nm. The Derjaguin approximation for a sphere of a
known radius, R, and a flat plane (eq 1) was used to normalize the
force data.**

¢V

where W, expressed as force/2zR, is the interaction energy per unit
area between two flat surfaces. All colloid-probe AFM force data were
processed using Igor Pro version 6.3 (Wavemetrics, Portland, OR).
Force measurements were performed over 150 measurements, and
data presented show one representative curve from each data set.

Characterization of Miniemulsion Polymerization. Surface
Coverage Calculation. Surface coverage calculations were carried out
following previous reports.”>*>*> The surface coverage C is given by
the ratio of the theoretical maximum surface susceptible to be covered
by the particles and the total surface displayed by the oil droplet.
Assuming that all the particles are adsorbed at the interface, the total
coverage (the percentage of droplet surface area covered by CNCs)
can be expressed according to eq 2.

F = 27RW

_ mD
6hpVy

@

where m is the mass of the CNCs used in the emulsion, D is the
diameter of the particle (taken from SEM or measured by Mastersizer
as D, 3), h is the thickness of the CNCs as determined by AFM,*” p is
the density of CNCs (1.5 g/mL),"**” and V,; is the volume of the oil
phase.

Conversion. Conversion of all miniemulsion polymerization
reactions was carried out through gravimetric analysis and calculated
via eq 3 using the final wt % of the actual latex (wt %,.y,) and the wt
% of the latex had all of the monomer reacted (Wt %eoretical)-

wt %,

. actual
conversion =

Wt Biheoretical (3)
Conversions of less than 100% were achieved in most cases, likely due
to the controlled reaction time and long half-life for BPO. Conversion
was not optimized in this study.

Zeta-Potential. Zeta-potential samples were prepared by diluting
the PMMA particles to 0.1 wt % and adding 10 mM NaCL
Electrophoretic mobility and zeta-potential were measured using a
zeta-potential ZetaPlus analyzer (Brookhaven, USA).

Dynamic Light Scattering. Dynamic light scattering (DLS)
samples were prepared in order to measure the diameter of the
nanoscale monomer droplets (D,) as well as the nanoscale PMMA
particles (Dp) using a Malvern Zetasizer Nano particle analyzer at 20
°C. Samples were prepared by diluting zeta-potential samples to a
concentration of 0.025 wt % and measured by DLS assuming the
refractive index (RI) of MMA (1.41)*® in the case of D, and of PMMA
(1.49)* in the case of D,.

Mastersizer. Mastersizer was used to measure the diameter of the
microscale monomer droplets (Dy) and of the microscale PMMA
particles (D,) using a Malvern Mastersizer 2000G (Malvern
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Instruments, UK) equipped with a HeNe laser operating at 633 nm.
The RI of MMA was used in the case of Dy, and the RI of PMMA was
used in the case of D;,. The mean droplet diameter was taken to be the
volume mean diameter (D,/;) from three replicate measurements,
which is mathematically expressed as shown in eq 4.

b= ZD'N
2T ¥DN, (4)

Particle size span was calculated using D(0.9) which represents the
diameter greater than 90% of measured particles, D(0.1) which
represents the diameter greater than 10% of measured particles, and
D(0.5) which represents the median diameter and is calculated using
eq S.

[D(0.9) — D(0.1)]

span =
P D(0.5)

©)

Differential Scanning Calorimetry. Differential scanning calorim-
etry (DSC) samples were prepared by drying the latex samples at 80
°C. Samples of 5 mg were sealed in aluminum hemetic pans. DSC
curves were collected under Ar using a heat/cool/heat cycle at with a
heating rate of 10 °C/min, cooling rate of 5 °C/min, upper
temperature of 250 °C, and lower temperature of —20 °C using a
Q20 DSC (TA Instruments, New Castle, DE). Glass transition
temperature (T,) was determined using the second heating cycle.

Gel Permeation Chromotography. Gel permeation chromatog-
raphy (GPC) samples were prepared by drying the latex particles at 80
°C overnight. The dried samples were redispersed in THF in order to
solubilize the PMMA polymer. The insoluble CNCs were removed by
centrifugation at 11000 rpm for 10 min. The supernatant was
collected, dried, and redispersed in THF to be centrifuged again in
order to remove any remaining CNCs. Molecular weight and
polydispersity indices (PDI) were analyzed via GPC using a Waters
2695 separations module, equipped with a Waters 2414 refractive
index detector, and a Jordi Fluorinated DVB mixed-bed column.
Polystyrene standards were used for calibration, with THF as the
eluent at a flow rate of 3.0 mL/min.

Scanning Electron Microscopy. Scanning electron microscopy
(SEM) samples were prepared by drying the latex at 80 °C. The
samples were ground and dispersed on carbon tape on a SEM stub and
subsequently coated with 6 nm platinum. Images were obtained using
JEOL JSM-7000F SEM with a 3 kV acceleration voltage.

Hl RESULTS AND DISCUSSION
Characterization of CNC Starting Materials. Na-CNCs,
H-CNCs, and Cat-CNCs were characterized to measure the

apparent diameter, zeta-potential, and pH of the starting
materials (Table 1). The apparent diameter of Na-CNCs, H-

Table 1. Characterization of CNC Starting Materials

apparent diameter (nm)“  zeta-potential (mV) pH
Na-CNC 100 + 40 -27+ 4 64
H-CNC 100 + 40 —-29+2 2.7
Cat-CNC 120 + 40 +30 £ 2 8.4

“Measured using NanoSight single nanoparticle tracking analysis and
considered “apparent diameter” since spherical particles are assumed
and CNCs are rod-shaped.

CNCs, and Cat-CNCs were statistically indistinguishable;
however, we believe that aggregation is more likely in the
Cat-CNC system. This is possible because of the potential for
Cat-CNCs to undergo ionic bridging (if they are forced close
enough) since they contain both negative and positive surface
charge groups. Na-CNCs and H-CNCs showed negative zeta-
potential and good colloidal stability in water, while the Cat-
CNCs showed a positive zeta-potential. Finally, the pH of all
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CNCs at 1.5 wt % was measured and showed Na-CNCs and
Cat-CNCs were close to neutral pH while the H-CNCs were
acidic. While this indicates neutral or acidic reaction conditions
during miniemulsion polymerization, the monomer and
initiator are not pH sensitive and as such we do not expect
pH to play a significant role.

CNC-Surfactant Interactions in Suspension. In order
to elucidate the interactions between the anionic and cationic
CNCs and surfactants used in this work, zeta-potential and
apparent diameter of Na-CNCs, H-CNCs, and Cat-CNCs with
increasing concentration of surfactant were measured. Zeta-
potential measurements are plotted against increasing CNC
concentration in order to display the trends in surface charge
with increasing amounts of surfactant added to a CNC
suspension (Figure 1). As the concentration of CTAB in
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Figure 1. Zeta-potential of CNCs in suspension with increasing
concentrations of (a) CTAB and (b) SDS. Surfactant concentrations
(w-axis) run from O to 10 times the CMC. Each point is an average of
three measurements, and error bars represent the standard deviation.
Lines drawn between points are provided to guide the eye.

suspension increases with Na-CNCs, the zeta-potential
increases sharply, passing through neutral as the cationic
surfactant heads neutralize the anionic CNC surface charges,
and ultimately reaching a positive zeta-potential due to
surfactant aggregates forming on the Na-CNCs (Figure la,
black circles). This trend is expected and has been shown
previously in the literature.” " However, for H-CNCs the
increase in zeta-potential with increasing CTAB concentration
is more gradual and does not reach as high a positive value as
the Na-CNCs (Figure la, gray circles), suggesting that H-
CNCs do not accommodate the same electrostatic binding of
CTAB. Additionally, for Cat-CNCs with increasing CTAB no
statistically significant change in zeta-potential is observed
(Figure 1la, white circles), indicating little electrostatic
attraction. In contrast, anionic SDS with Cat-CNCs shows a
sharp decrease in zeta-potential with added surfactant (Figure
1b, white circles). For SDS with Na-CNCs and H-CNCs, no
apparent change in zeta-potential is observed (Figure 1b, black
and gray circles, respectively).

Complementary to the shift in zeta-potential, the apparent
diameter of oppositely charged CNCs is expected to increase
due to surfactant binding (Figure 2). In the case of CTAB with
Na-CNCs, an increase in apparent diameter occurs at the same
concentration (1 mM) of CTAB as the sharp increase in zeta-
potential (Figure 2a, black circles). In contrast, the apparent
diameter of H-CNCs is relatively unchanged (Figure 2a, gray
circles), which is the same as Cat-CNCs with CTAB (Figure 2a,
white circles).

The difference in CTAB adsorption to Na-CNCs and H-
CNCs is attributed to different adsorption mechanisms and
bound surfactant morphologies, which stem from the ability of
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Figure 2. “Apparent diameter” of CNCs in suspension measured by
NanoSight, with increasing amounts of (a) CTAB and (b) SDS. Each
point represents the mean diameter measured for all particles tracked
(N > 1000), and error bars are calculated as 95% confidence intervals.
Lines drawn between points are provided to guide the eye.

CTAB (or more precisely, CTA") to displace H* or Na* (i.e,
reactivity series), or due to the electrostatic/hydrophobic drive
in solution for surfactants to adsorb vs aggregate. According to
the Hofmeister series, Na* promotes hydrophobic interactions
more than H*.®° We therefore propose two possibilities: (1)
Individual CTAB molecules adsorb onto CNCs and then
hydrophobic “tail” interactions lead to more surfactant binding
with the cationic surfactant “heads” pointed outward. This
would imply significant adsorption at low surfactant concen-
trations and more uniform surface coverage, which might be
more detectable as a particle size increase by NanoSight. The
second option (2) is that cationic surfactant aggregates
(micelles, hemimicelles, etc.) adsorb to anionic CNCs directly
leading to charge overcompensation. This mechanism would
only occur above surfactant aggregation concentrations and
could imply less uniform surface coverage which might not be
detectable by NanoSight.

Na-CNCs appear to follow (1) closer and H-CNCs appear
to follow (2). The apparent diameter of Cat-CNCs also shows
an increasing trend upon the addition of oppositely charged
SDS (Figure 2b, white circles), and the size of Na-CNCs and
H-CNCs remains relatively unchanged because of the lack of
electrostatic attraction (Figure 2b, black and gray circles,
respectively). Overall, NanoSight results agree well with the
zeta-potential, as well as trends seen in previous works (which
only look at Na-CNCs), and highlight that there are significant
differences in interactions and physical progerties depending on
the CNC surface charge and counterion.”

Surfactant Interactions with CNC Films. The inter-
actions between CNCs and surfactants can be further
elucidated through colloid-probe AFM. Spin-coated CNC

films were covered by a CTAB solution at 0.5 times the
CMC (though we anticipate a higher local concentration of
CTAB at the surface of the film), and precontact interactions
were assessed from the AFM force curves on approach. While
the force increases monotonically as the probe approaches the
surface in all cases (Figure 3), the profiles are not all typical of
purely electrostatic interactions. In the case of Na-CNCs
(Figure 3a) and H-CNCs (Figure 3b), there are additional
features which imply soft surface contact of the probe with
structures (ie., surfactant aggregates) leading to steric forces
apparent near the surface. These “soft surface features” are
shown in the force curves as an initial limit to the decreasing
separation (a bump in the curve), but upon the application of
additional force, a “jump” to contact with the hard CNC surface
is observed.

The jump-in distance varies indicating that the features have
different sizes on Na-CNC vs H-CNC films. For Na-CNCs, the
bump in the force curve is at approximately 10 nm, which
corresponds to 3 times the length of a fully extended CTAB
molecule.®! Considering that there is also surfactant adsorbed
on the anionic silica probe, the feature in the force curve may
be due to a bilayer of surfactant adsorbed on each surface
(where the tails interpenetrate and thus a bilayer is less than 2
times the surfactant molecule size). This feature is easy to push
through, requiring only 0.2 mN/m of force. For H-CNCs, the
bump in the force curve is at approximately 6 nm, which
corresponds to the size of a CTAB micelle.®” This highly
ordered surfactant aggregate required a significantly larger force
(3.3 mN/m) to push through compared to the soft features
observed on the Na-CNC film. The inferred CTAB aggregate
structures on Na-CNC and H-CNC films are shown in the
inset of Figures 3a and 3b, respectively. (Although
representative curves are provided in Figure 3, these features
are highly reproducible as shown by the overlapping of force
curves in Supporting Information Figure S1.) Colloid-probe
AFM provides further indication that Na-CNCs and H-CNCs
bind CTAB differently, as evidenced by both the size of the
features and the forces required to push through the structured
surfactant layers.

The lack of bumps in the force curves for CTAB with Cat-
CNCs (Figure 3c) implies that there is insignificant adsorption
of CTAB to Cat-CNC films but that a cationic layer of CTAB is
adsorbed on the silica probe leading to a cationic probe—
cationic film interaction. The approach curves for Na-CNCs,
H-CNCs, and Cat-CNCs with SDS are nearly identical to
Figure 3c (data not shown), suggesting that there is no
significant binding of SDS below its CMC to any of the CNC
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Figure 3. Representative colloid-probe AFM force curves (on approach) in a CTAB solution using a silica probe for a (a) Na-CNC film, (b) H-CNC
film, and (c) Cat-CNC film. Insets in (a) and (b) show a zoomed-in curve and suggested surfactant structuring.
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surfaces—this was also predicted from the zeta-potential and
NanoSight measurements.

The work of adhesion between the probe and the CNC films
in the presence of surfactant can provide insight into how
strongly CNCs coated with surfactant can adhere at interfaces
or to other polymers or particles in composite materials.
Adhesion is calculated from the integrated area between the
colloid-probe AFM approach and retraction curves (represen-
tative curves shown in Supporting Information Figure S2) and
averaged over 150 measurements. In cases where surfactant
structuring is seen on the CNC surface, such as for H-CNCs
with CTAB, a higher adhesion was measured (Table 2). Less

Table 2. Force of Adhesion Measured by Colloid-Probe
AFM and Calculated from the Area between the Attraction
and Retraction Curves for Solutions of CTAB and SDS at 0.5
X CMC on a Na-CNC, H-CNC, and Cat-CNC Film”

adhesion in CTAB (pJ/m) adhesion in SDS (pJ/m)

Na-CNCs 4749 0°
H-CNCs 110 + 10 o’
Cat-CNCs o” 19+3

a

Each value represents an average of 150 measurements, and
confidence intervals are the standard deviation. “Zero indicates no
adhesion measured with a standard deviation of +15 pJ/m.

adhesion was observed for Na-CNCs with CTAB, likely due to
the less ordered bilayer surfactant morphology on the surface.
Cat-CNC films in SDS showed some adhesion, which is in line
with the interactions measured in solution by zeta-potential and
NanoSight. This is consistent with previous AFM studies of
surfactants which highlight the difference between ordered and
disordered surfactant structures at the surface; generally, there
is higher adhesion with more surfactant and more micelles, as
the micelle structure is more complete/ordered, and micelles
require a higher force for the probe to push through.®>** All
colloid-probe AFM data on CNC films agree well with the
trends seen in suspension, highlighting the potential to
elucidate surfactant—CNC interactions (and furthermore,
bound surfactant morphologies) for the purpose of predicting
particle properties in various systems such as miniemulsion
polymerization.

Miniemulsion Polymerization. Here we used a combina-
tion of cellulose nanocrystals and surfactants to control the
monomer droplet size (and corresponding polymer particle
size) as well as the latex surface charge in the miniemulsion
polymerization of methyl methacrylate. We also compared the
resulting polymer particle properties of those made with and
without hydrophobe. A schematic of the miniemulsion
polymerization is shown in Figure 4.

Water Phase

|7

\
CNC
Surfactant

Qil Pr:ase
qu/

Methyl methacrylate (monomer)
Benzoyl peroxide (initiator)

Mix and sonicate
1 min

Ar, 60°C, 6 hr

Figure 4. Schematic of miniemulsion polymerization stabilized by
CNCs and/or surfactants, where oppositely charged CNCs and
surfactants result in PMMA microparticles, and like charged CNCs
and surfactants result in PMMA nanoparticles (not drawn to scale).
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The stability of the miniemulsions before polymerization was
studied in order to assess the resistance to coalescence of the
monomer droplets. In the case where CNCs and surfactants
costabilize the monomer/water interface (Na-CNCs + CTAB,
H-CNCs + CTAB, Cat-CNCs + SDS), the emulsions show
improved stability 1 h after emulsification (Figure Sab,f)

@ 1o lalole] ]
’»T ~ Y <z <z < 2 9

2 . N 5en

—~z

N e -~

Figure S. Emulsions of 0.3:0.7 MMA:water by volume stabilized by
(a) Na-CNCs + CTAB, (b) H-CNCs + CTAB, (c) Cat-CNCs +
CTAB, (d) Na-CNCs + SDS, (e) H-CNCs + SDS, (f) Cat-CNCs +
SDS, (g) CTAB only, (h) SDS only, (i) Na-CNCs only, (j) H-CNCs
only, and (k) Cat-CNCs only. Emulsions remained at room
temperature for 1 h after sonication before the photograph was taken.

compared to cases where CNCs and surfactants have no affinity
for each other (Cat-CNCs + CTAB, Figure Sc; Na-CNCs +
SDS, Figure 5d; and H-CNCs + SDS, Figure Se). Costabilized
systems also show improved stability over CTAB alone (Figure
Sg) and SDS alone (Figure Sh). Neither Na-CNCs, H-CNCs,
nor Cat-CNCs with 50 mmol NaCl were able to effectively
stabilize an emulsion of MMA monomer in water on their own
(Figure Si, j, and k, respectively). The emulsion droplet sizes
and how they correspond to polymer particle size after
polymerization is discussed later.

Miniemulsion polymerization reactions were carried out with
the three types of CNCs combined with either cationic CTAB
or anionic SDS at 2 times the CMC. The surfactant
concentration is based on our previous work with CTAB
which indicates that CNCs are sufficiently coated in surfactant
at these concentrations in order to be surface active.”*® The
reactions with oppositely charged CNCs and surfactants (Na-
CNC + CTAB, H-CNC + CTAB, and Cat-CNC + SDS)
showed particle sizes in the micrometer range and non-
interacting CNC—surfactant systems (Na-CNC + SDS, H-
CNC + SDS, and Cat-CNC + CTAB) gave particles in the
nanometer range (Table 3). Na-CNCs with CTAB produced
PMMA particles that were 9.3 ym, while H-CNCs with CTAB
resulted in 4.5 ym PMMA particles (Table 3). We have shown
above (Figure 2) that at twice the surfactant CMC CTAB binds
more to Na-CNCs than H-CNCs, leading to a larger apparent
diameter, which appears to correlate to larger PMMA particles.
We note that the droplet size in our particle-stabilized
emulsions has a lower limit due to the stabilizing particle size
and geometry, and since CNCs are rigid and 100—200 nm in
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Table 3. Miniemulsion Polymerization Conditions and Resulting Conversion, Particle Size, Weight Fraction of Micro- and
Nanoparticles, Zeta-Potential, and Glass Transition Temperature (T,)

CNCs present surfactant conv” (%) size” (nm) size® (um)
Na-CNC CTAB 64 9+ 10
H-CNC CTAB 51 5+3
Cat-CNC CTAB 46 206 + 40
CTAB 59 144 + 1

Na-CNC SDS 98 133+ 1

H-CNC SDS 99 124 + 1

Cat-CNC SDS 21 185 + 10 18+3
SDS 85 138 + 10

wt fraction nano” wt fraction micro? zeta-potential (mV) i (°c)®
0.02 0.98 -31+4 123
0.004 0.99 —-11+3 122
0.33 0.67 +11 +1 125
1 0 +8 + 2 122
1 0 —43 + 1 118
1 0 —38+ S 118
0.73 027 —S51+6 125
1 0 —61 + 10 118

“Determined gravimetrically. “Measured by dynamic light scattering; error is the standard deviation from three measurements. “Measured by
Mastersizer, error is calculated as span, shown in eq S. “Determined gravimetrically by filtering with a 1 ym filter. “Measured by DSC.

Figure 6. Scanning electron micrographs of PMMA particles stabilized using (a) Na-CNCs + CTAB, (b) H-CNCs + CTAB, (c) Cat-CNCs +
CTAB, (d) Na-CNCs + SDS, () H-CNCs + SDS, and (f) Cat-CNCs + SDS.

length, nanometer-sized droplets stabilized by CNCs are
unfeasible.

The emulsion stability results (Figure S) and the size of the
PMMA particles produced with oppositely charged CNCs and
surfactants imply that surfactant-modified CNCs act as
stabilizers at the monomer—water interface and remain there
during the polymerization. Micrometer-sized particles with
CNCs at the interface have also been demonstrated previously
in an emulsion polymerization reaction of polystyrene with
CNCs (without surfactant).?”*>*® The presence of CNCs on
the surface of the microparticles in costabilized systems is
further supported by the fact that the PMMA particles
synthesized in the presence of anionic CNCs have negative
zeta-potentials, and with cationic CNCs the PMMA particles
have positive zeta-potentials (Table 3). This is not the case for
Cat-CNCs with SDS where the majority of the polymer
particles are nanosized and anionic, likely due to their
stabilization by SDS alone.

The particle size distribution was roughly estimated by
separating the nano and micro fractions of the PMMA latex.
For Na-CNCs and H-CNCs with CTAB, 99% of the particles
produced were above 1 um (by weight, as measured by the
percent mass of particles passing through a 1 ym filter, Table
3). However, when Cat-CNCs were combined with CTAB,
two-thirds of the particles were microparticles. We attribute this
to the fact that Cat-CNCs contain both negative and positive
surface charge groups, allowing for the interaction of the
anionic surface groups with cationic CTAB to produce some
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micrometer-sized particles. The opposite was observed for Cat-
CNCs with SDS where two-thirds of the particles produced
were nanoparticles. In surfactant-only, or noninteracting
CNC-—surfactant systems, 100% of the particles produced
were in the nanometer range, and we infer that they were
stabilized by surfactant alone.

In miniemulsion polymerization, the monomer droplet
diameter and the resulting polymer particle diameter should
be nearly identical.** In this study, for the systems where CNCs
and surfactants are used as costabilizers, the droplet size was on
the same order of magnitude as the polymer particle size
(Supporting Information Table S1), though this may not meet
the specific criteria for a traditional miniemulsion polymer-
ization. For example, the Na-CNCs + CTAB stabilized
monomer droplet diameter increased from 2.3 um to a particle
diameter of 9.2 um. Similarly, H-CNCs + CTAB stabilized
monomer droplets have a diameter of 1.4 um, while the
resulting PMMA particles have a diameter of 4.5 pm. This
implies that CNCs have the capacity to prevent droplet
coalescence and, furthermore, to reduce monomer diffusion
which is generally the role of the hydrophobe. As a direct
comparison, we repeated all polymerization reactions reported
in Table 3 with the addition of octadecyl acrylate (ODA) as the
hydrophobe (the full characterization is shown in Supporting
Information Table S2); the same trends were observed but the
particles sizes were slightly smaller in the presence of the

hydrophobe.
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For the three polymerizations with noninteracting CNCs and
surfactants (Cat-CNCs + CTAB, Na-CNCs + SDS, and H-
CNCs + SDS), we predict that the polymerization proceeds
more closely to a traditional emulsion polymerization, whereby
the monomer droplets are stabilized by surfactant alone, with
the CNCs dispersed in the aqueous phase. In this case, we
expect the monomer to be contained in large monomer
droplets and the remaining surfactant to form surfactant
micelles after the emulsification step.” In these three cases,
when the droplet size is measured by DLS, a peak is observed
between 80 and 150 nm (Supporting Information Table S1 and
Figure S3). Because the surfactant micelles are <5 nm,*”** and
the monomer droplet is larger than what is measurable by DLS,
this peak is attributed to the free CNCs in suspension. This is
supported by the fact that when CNCs are measured by DLS in
a surfactant solution at 2 X CMC, only one predominantly
monomodal peak is seen centered around 100 nm (Supporting
Information Figure S4). Furthermore, the presence of large
monomer droplets in noninteracting CNC—surfactant systems
was confirmed via optical microscopy (Supporting Information
Figure SS). The PMMA particles produced from these
noninteracting systems were 124—206 nm (Table 3).

The polymer particle size and morphology were also
investigated by SEM (Figure 6) and agree with the trends
shown in Table 3 regarding the fraction of nano- and
microparticles. When CNCs and oppositely charged surfactants
were used, microparticles were observed. Interestingly, when
Na-CNCs were used with CTAB, the particles have a rough,
nonspherical morphology. When H-CNCs were used with
CTAB, the resulting PMMA microparticles are smoother and
spherical. Since H-CNCs with CTAB led to the highest
adhesion systems (Table 2), this may suggest that the H-CNCs
are more strongly attached to the particle surface, resulting in
more spherical particles. Cat-CNCs and CTAB produced some
large microparticles which are attributed to the remaining
anionic surface groups on Cat-CNCs interacting with CTAB, as
discussed above. Particles stabilized with Na-CNCs or H-CNCs
with SDS were all nanometers in size, and upon closer
investigation, some rodlike nanoparticles can be seen in
between the latex particles (Supporting Information Figure
S6). Additionally, particles stabilized with CTAB and SDS
without CNCs both result in PMMA nanoparticles, as seen in
Supporting Information Figure S7. The PMMA particle sizes
measured by SEM correlate well with both Mastersizer and
DLS which supports that minimal artifacts occurred during
SEM sample preparation.

For cases where Na-CNCs or H-CNCs were used as
costabilizers with CTAB, no free CNCs could be detected upon
separation of the latex particles from the reaction media. As
such, we assume that all of the CNCs added to the reaction
were used to stabilize monomer droplets and become
incorporated on the surface of the latex particles. With this
assumption, the surface coverage, C, of the PMMA particles
with CNCs can be calculated using eq 2. The surface coverage
of the particles may be plotted against the particle diameter
(Supporting Information Figure S8). Correlating this plot with
the particle size measured by SEM of 2.5 ym, we can conclude
that the surface coverage of the particles is 97%. This correlates
well with Capron and co-workers, who showed that a surface
coverage of 84% is required in order to stabilize polystyrene
droplets with CNCs.>® Therefore, the remaining surface area of
the particle is either uncovered or stabilized by surfactant.

2652

103

Thermal properties of the PMMA particles were investigated
by DSC. For the reactions run with either CTAB or SDS and
CNCs, the resulting micro- or nanoparticles of PMMA showed
similar glass transition temperatures (Table 3) in agreement
with literature values for PMMA.®®®” This suggests that the
polymer mobility is unchanged and that the polymers are not
tethered to the CNCs themselves.”® The only significant
increase (+7 °C) in T, was observed for the PMMA particles
prepared using Cat-CNCs and SDS (which we assume provide
costabilization of the interface) which implies that CNCs are
more closely associated, or incorporated into, the latex particles.
We also observed that the polymer T, was increased in all
reactions where ODA was used, since ODA is also a
hydrophobic monomer that gets incorporated into the
PMMA polymer chains and is known to act as a plasticizer
(Supporting Information Table $3).*

In order to elucidate the kinetic effect of CNCs on
miniemulsion polymerization, monomer conversion (Table 3)
and polymer molecular weight (MW, Table 4) were measured;

Table 4. Molecular Weight Distribution of PMMA Latexes

CNCs present surfactant M, (kDa) M, (kDa) PDI
Na-CNC CTAB 75 207 2.74
H-CNC CTAB 207 770 3.72
Cat-CNC CTAB 118 575 323

CTAB 181 923 5.09
Na-CNC SDS >1000" >1000" b
H-CNC SDS >1000 >1000“ b
Cat-CNC SDS >1000" >1000" b

SDS >1000 >1000“ b

“Not accurately measurable due to high MW. ”Not calculated due to
inaccuracy in estimated M, and M,,.

however, we emphasize that neither parameter was intended to
be optimized in this study. Since the reaction proceeds at 60 °C
for 6 h, and the half-life of benzoyl peroxide is 25 h at 60 °C
(using styrene monomer as a solvent, comparable to MMA
used in this work),”” the molecular weight values were expected
to be very large. Monomer conversion shows that most CTAB
reactions do not proceed to complete conversion, while SDS
reactions reach 100% conversion more easily. Indeed GPC
results, shown in Table 4, confirm that for all cases with SDS
(alone and with CNCs) the MW is too large to be measured
with the standard calibration curve and is therefore larger than
3000 kDa. In this case, a broad distribution is measured and
thus polydispersity cannot be accurately quantified.

For all CTAB-stabilized polymers, a polydisperse MW was
measured; however, the PDI was lower when CNCs were
present (Table 4). This suggests again that CNCs provided a
barrier for monomer and/or initiator diffusion between
particles. Indeed, the lowest PDI measured was for particles
stabilized by Na-CNCs and CTAB which have the strongest
interaction and most adsorbed surfactant on the CNC surfaces
(Figures 1 and 2). Therefore, we propose that the adsorption of
surfactants to CNCs, and their ability to costabilize the
monomer droplets/polymer particles, hinders monomer
diffusion and droplet coalescence, leading to polymers with
lower PDI and MW. Similarly, CTAB had some affinity for H-
CNCs and Cat-CNCs which produced microparticles with
CNC:s at the interface, thus leading to relatively good resistance
to monomer diffusion and measurable MWs. In comparison,
SDS did not show significant adsorption to any type of CNC,
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thus leading to monomer diffusion and very large MWs. The
higher MW produced with SDS compared with CTAB
(especially in surfactant-only systems) is primarily due to the
concentrations of surfactant used: since the CMCs are different
and we were working at 2 X CMC, we used 2 mM CTAB but
16.4 mM SDS; therefore, there are many more SDS micelles”!
and fewer initiator molecules per micelle, which should lead to
higher MW.”* The MW for miniemulsions performed with and
without the ODA hydrophobe are comparable (Supporting
Information Table S4).

B CONCLUSIONS

Poly(methyl methacrylate) particles were synthesized by
miniemulsion polymerization in the presence of CNCs and
surfactants. CNC—surfactant interactions were governed by the
CNC counterion, surface charge, and hydrophobic interactions.
The choice of CNC and surfactant type could be used to tailor
PMMA particle size, particle size distribution, particle rough-
ness, particle zeta-potential, polymer molecular weight, and PDI
without affecting the thermal properties or latex stability.
Overall, when oppositely charged CNCs and surfactants were
used in miniemulsion polymerization, they acted as costabilizers
and prevented monomer diffusion between droplets, and the
resulting PMMA particles were on the order of micrometers.
For noninteracting CNC and surfactant combinations, nano-
scale PMMA particles stabilized by surfactant were produced.
This work provides design rules for the use of CNCs in
surfactant-based systems such as emulsion polymerization and
may lead to the use of CNCs in applications including
composites, adhesives, cosmetics, and coatings.
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Methods

Miniemulsion Polymerization with ODA Hydrophobe

The miniemulsion water phase was prepared by dissolving surfactant at 2 times the
critical micelle concentration (CMC) for the given surfactant in a 1.5 wt.% CNC suspension. The
oil phase was prepared by dissolving benzoyl peroxide (BPO) and octadecyl acrylate (ODA) in
purified methyl methacrylate. In a typical reaction with CTAB and Na-CNCs, 5.1 mg CTAB was
dissolved in 7 mL 1.5 wt.% Na-CNCs with continuous stirring. Meanwhile, 2.82 g of purified
MMA was weighed into a separate vial and 0.141 g ODA and 0.141 g BPO were added and
dissolved by gentle agitation. The water and oil phase were then mixed and sonicated using a
sonicator probe for 30-60 s in an ice bath. The resulting emulsion was 0.3:0.7 oil:water by
volume. The emulsion was then added to a round bottom flask with a magnetic stir bar, sealed,
and degassed by bubbling Ar under continuous stirring in an ice bath for 15 min. The emulsion
was then added to an oil bath at 60°C and the reaction was allowed to proceed for 6 h, after
which the reaction was terminated by exposing the latex to air. The resulting PMMA particles
were collected for further characterization.

Dynamic Light Scattering

Dynamic light scattering (DLS) samples were prepared by diluting either the monomer
droplets or a 1.5 wt.% suspension of CNCs using a surfactant solution at 2x the critical micelle
concentration of the given surfactant. Apparent diameter was measured using a Malvern
Zetasizer Nano Particle Analyzer at 20°C.

Optical Microscopy

Optical microscopy samples were prepared by casting a drop of emulsified monomer
onto a glass slide and covering the drop with a cover slip. Optical micrographs were obtained at
10 fold magnification using a Nikon Eclipse LV100POL microscope.
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Figure S1. A set of 50 approach force curves between a Si probe and a (a) H-CNC film in a
CTAB solution at 0.5% CMC - force curves before shifting to zero separation, (b) the mostly
indistinguishable normalized curves in this system. (c) shows 100 approach curves for a Cat-
CNC film in a CTAB solution at 0.5 CMC before being normalized and (d) overlapping
normalized curves showing the reproducibility in this measurement technique.
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Figure S2. Representative colloid probe AFM retraction curves for films of (a) Na-CNC in a
CTAB solution, (b) H-CNC in a CTAB solution, (¢) Cat-CNC in a CTAB solution, (d) Na-CNC
in a SDS solution, (¢) H-CNC in a SDS solution, (f) Cat-CNC in a SDS solution.

Table S1. Droplet diameters for MMA monomer droplets without hydrophobe.

CNCs present | Surfactant Droplet Droplet
diameter (nm), | diameter (um)®
Na-CNC CTAB -- 23+10
H-CNC CTAB -- 14+£5
Cat-CNC CTAB 150 + 30 -
-- CTAB 23+0.8 -
Na-CNC SDS 79+2 -
H-CNC SDS 85+1 -
Cat-CNC SDS -- 50+2
-- SDS 2.1+0.1 -

*Measured with MasterSizer, standard deviation calculated as span, shown in Eq. 1. "Measured
with dynamic light scattering.
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Figure S3. DLS raw data for monomer droplets stabilized by (a) Cat-CNCs+CTAB, (b) Na-
CNCs+SDS, and (¢) H-CNCs+SDS.
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Figure S4. DLS raw data for (a) Cat-CNCs in 2XCMC CTAB, (b) Na-CNCs in 2xCMC SDS,
and (¢) H-CNCs in 2xCMC SDS.
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Figure SS. Optical micrographs showing monomer droplet sizes of (a) CTAB+Cat-CNCs, (b)
CTAB alone, (c) SDS+Na-CNCs, and (d) SDS alone.

Table S2. Characterization of miniemulsion polymerizations of methyl methacrylate with 5
wt.% ODA.

CNCs | Surfactant | Monomer | Conv® Size® Size® Wt Wt Surface
present (%) (nm) (um) fraction | fraction | Potential
nano’ | micro* (mV)
Na-CNC CTAB | MMA, ODA 41 - 25+6 0 1 -31+3
H-CNC CTAB MMA, ODA 21 - 29+10 0 1 31+2
Cat-CNC | CTAB | MMA, ODA 89 350 £ 40 - 0.91 0.09 52+20
-- CTAB MMA, ODA 86 330+ 60 - 1 0 27+5
Na-CNC SDS MMA, ODA 91 80+1 -- 1 0 42+ 7
H-CNC SDS MMA, ODA 88 82+1 - 1 0 -46+£3
Cat-CNC SDS MMA, ODA 31 155+7 - 0.95 0.05 -56+£2
-- SDS MMA, ODA 85 74+ 1 -- 1 0 -42 +10

“Determined gravimetrically. "Measured with dynamic light scattering. ‘Measured with
MasterSizer, standard deviation calculated as span, shown in Eq. 1. “Determined gravimetrically
by filtering with a 1 pm filter.
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Figure S6. SEM images of PMMA particles stabilized by (a) SDS+Na-CNC and (b) SDS+H-
CNC. Images are larger than manuscript figure to show potential CNCs between the polymer

particles.
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Figure S7. SEM images of PMMA particles stabilized by (a) CTAB only and (b) SDS only.
Both scale bars are 1 pm.
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Figure S8. Theoretical droplet surface coverage plotted against particle diameter, as determined

by Equation 2.

Table S3. Glass transition temperature of PMMA particles with ODA.

CNCs present Surfactant Monomer T, (°C)
Na-CNC CTAB MMA, ODA 111
H-CNC CTAB MMA, ODA 99
Cat-CNC CTAB MMA, ODA 107
- CTAB MMA, ODA 103
Na-CNC SDS MMA, ODA 112
H-CNC SDS MMA, ODA 105
Cat-CNC SDS MMA, ODA 118
-- SDS MMA, ODA 111
Table S4. Molecular weight and PDI of PMMA particles prepared with ODA.
CNCs present Surfactant M, (kDa) M, (kDa) PDI
Na-CNC CTAB 200 878 4.38
H-CNC CTAB 201 939 4.66
Cat-CNC CTAB 198 688 3.47
Na-CNC SDS >1000* >1000* *x
H-CNC SDS >1000* >1000* ok
Cat-CNC SDS 193 331 1.71

* Not accurately measurable due to extremely high MW.

** Not calculated due to inaccuracy in estimated M, and M.
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Chapter 7

Cellulose Nanocrystals and Methyl Cellulose as Co-stabilizers for
Nanocomposite Latexes with Double Morphology.

In the previous chapter, CNC-surfactant combinations were used to stabilize
miniemulsion polymerization. This chapter aims to explore the role CNCs can play as
Pickering stabilizers in latex synthesis without using surfactants. CNCs were non-
covalently modified with the surface active polymer methyl cellulose (which is known to
adsorb to CNCs) in order to stabilize the microsuspension polymerization of methyl
methacrylate. PMMA latex particles with hierarchical double morphology were produced
and particle size, size distribution and roughness could be tuned based on the ratio of
CNC to methyl cellulose used. This work provides a new method for the incorporation of
CNCs into surfactant-free polymer latexes.

In this work, I designed and performed all syntheses and characterization experiments
and wrote the manuscript. The manuscript was edited by Dr. Marc Dubé (our collaborator
and polymer reaction engineering expert from the University of Ottawa) and my
supervisor, Dr. Emily Cranston. This chapter has been submitted to ACS Sustainable
Chemistry & Engineering for publication.

Cellulose Nanocrystals and Methyl Cellulose as Co-stabilizers for Nanocomposite
Latexes with Double Morphology.

Stephanie A. Kedzior, Marc A. Dubé¢, Emily D. Cranston

ACS Sustainable Chemistry & Engineering, submitted (manuscript ID: sc-2017-02510q).
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Abstract

Cellulose nanocrystals (CNCs) are sustainable rigid rod-shaped nanoparticles that have
potential as reinforcing agents in polymer nanocomposites. CNCs can also act as
Pickering stabilizers in emulsions and foams due to their amphiphilic nature. In this work,
CNCs were rendered surface active through adsorption with the biopolymer methyl
cellulose (MC) to produce MC-coated CNCs. MC-coated CNCs were used to stabilize
the microsuspension polymerization of methyl methacrylate. Monomer conversion, latex
size, and gel content were studied. The microsuspension polymerization resulted in a
double morphology where poly(methyl methacrylate) (PMMA) microparticles and
nanoparticles were produced simultaneously. The ratio of micro- to nanoparticles could
be tuned based on the CNC:MC ratio. Most nanoparticles were attached to the
microparticles offering hierarchically structured latexes, although approximately 2 wt.%
were free in suspension. Drying conditions could be used to control the surface roughness
of the dry latex particles. This work provides a new strategy for the incorporation of
CNCs into polymer latexes and the ability to control their morphology. This method
could be used to produce CNC-based adhesives, toners, cosmetics, and coatings,
providing a greener route compared to solvent-based polymerization while replacing
synthetic surfactants with CNCs and MC which are derived from renewable resources.

Keywords
cellulose nanocrystals, methyl cellulose, suspension polymerization, latex, double
morphology
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Introduction

Cellulose nanocrystals (CNCs) are whisker-like nanoparticles extracted from wood pulp,
cotton and other renewable cellulose sources, most commonly via acid hydrolysis.'
Hydrolysis with sulfuric acid removes the disordered cellulose, leaving ordered,
crystalline nanoparticles that possess sulfate half-ester surface groups as well as a
hydrophobic plane (void of hydroxyl groups) that provides amphiphilic properties.”
These amphiphilic, anionic nanoparticles form stable colloidal suspensions in water and
are desirable due to their low cost, high strength, and light weight.>* CNCs are finding
increasing interest in a broad range of applications due to the shift towards greener
chemistry and sustainable practices, and have shown suitable life cycle assessments to be
used as a green alternative to synthetic chemicals.™®

In recent years, much work has focused on the incorporation of CNCs into polymer
matrices to produce CNC-polymer nanocomposites with improved properties.”® If the
polymer matrix is hydrophilic, unmodified CNCs may be easily incorporated, however
when hydrophobic polymers are used, the uniform incorporation of unmodified CNCs
poses many challenges. Accordingly, surface modification of CNCs to increase their
hydrophobicity has been the focus of many recent papers and patents.” Various surface
modification routes have been applied, mainly polymer grafting,'”"* polymer
adsorption," or small molecule attachment'®?" in order to provide CNCs with improved
compatibility and functionality. These methods typically require organic solvents,
hindering colloidal dispersion of CNCs and inducing nanoparticle aggregation, and
additionally must be extensively purified in order to remove unreacted species. Because
of this, water-based (and green) chemistry approaches have also been developed to
functionalize CNCs, with many reports of water-based polymer grafting,”>® or non-
covalent modification such as polymer adsorption®” >’ and surfactant adsorption.”'** Still,
these reactions are typically multistep and require purification which is both time and
cost inefficient. In this work, we use the biopolymer methyl cellulose which is an
uncharged, water-soluble cellulose derivative that binds to CNCs.”” By mixing CNCs
with MC in water, CNCs are surface modified and are rendered surface active through
polymer adsorption, and there is no need for further purification. The work presented
here shows that MC-coated CNCs are easily incorporated into polymer latexes where
they play the role of Pickering stabilizers in situ during polymerization.

Pickering emulsions using CNCs were first prepared by Capron and co-workers; they
showed that reducing the CNC surface charge density or using salt to screen the anionic
surface charge promoted improved CNC packing at the oil-water interface.>” They
further demonstrated that changing the aspect ratio of the CNCs had a direct influence on
the surface coverage of the oil droplets.’* Since this pioneering work, Capron’s group has
also used CNCs to stabilize high internal phase emulsions and water-in-water
emulsions;*® the surface functionality of CNCs has been shown to provide emulsions with
tailorable properties.”’ In these studies, the focus was on oil-in-water emulsions but in a
few cases, CNC stabilized polystyrene (PS) latexes were prepared to visualize the CNCs
at the interface.>**>**"*® Since this was performed for imaging purposes only there was
no optimization of CNC stabilized latex systems. Recent work has shown that
heterogeneously modified CNCs can be used to stabilize PS latexes with amino-rich
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surfaces that can be further treated to produce PS latexes that are crosslinked to one
another.” Hierarchical structures were formed, however, this morphology was not
controlled and required several steps to produce the final crosslinked latex.

29,40,41 28,32

Our previous work has used both surface active polymers and surfactants as co-
stabilizers with CNCs to produce Pickering emulsions, emulsion gels, oil powders, and
aqueous foams. These co-stabilized systems showed better stability to coalescence
compared to emulsions stabilized by CNCs alone and due to their enhanced robustness
we set out to test and optimize a latex polymerization stabilized by MC-coated CNCs. To
the best of our knowledge, this is the first work to use polymer-coated CNCs to produce
CNC nanocomposite latexes and furthermore, it is the first to show that a double latex
morphology can be readily obtained and tuned using a one pot, water-based
microsuspension polymerization route.

Unmodified CNCs have been used previously in nanocomposite latexes where they could
be incorporated in situ but played a passive role in the polymerization reaction (since a
surfactant was used to stabilize the monomer droplets), or the CNCs were blended with
the latex post-synthesis. Irrespective of the route of incorporation, CNCs have typically
demonstrated the ability to improve latex nanocomposite and coating properties: for
example, Elmabrouk et al. used CNCs to reinforce poly(styrene-co-hexyl acrylate),
poly(styrene-co-2-ethyl hexyl acrylate) and poly(butyl methacrylate) latex coatings that
were prepared via miniemulsion polymerization with CNCs present in the water
phase.”* More recently, Geng et al.** and Pracella et al.* used CNCs to improve the
mechanical properties in a poly(vinyl acetate) latex whereby in situ addition of CNCs
during polymerization gave better properties than the CNC-latex blend and further
mixing of the nanocomposite latex within another bulk polymer also led to improved
dispersibility of CNCs. Similarly, CNCs have been added in situ during the emulsion
polymerization of poly(n-butyl acrylate-co-methyl methacrylate) by Dastjerdi et al.
showing that the gel content, viscosity, elasticity, tack, shear strength and peel strength of
the resulting pressure sensitive adhesive films increased with increasing CNC
content.***” In these past studies, CNCs were located primarily in the water phase while
surfactants were used to stabilize the growing polymer particles, which is in contrast to
the work presented here, where the CNCs are necessary in stabilizing the monomer-water
interface during the microsuspension polymerization. We also show that the presence of
CNC:s at the interface influences the resulting latex size, morphology, surface charge and
surface roughness.

In contrast to emulsion polymerization and miniemulsion polymerization employed in the
work described above, microsuspension polymerization is a type of suspension
polymerization used to synthesize particles with sizes above those made by emulsion
polymerization (hundreds of nm to 1 pum) yet below those made using conventional
suspension polymerization (20-3000 pm).** In this polymerization method, a water
insoluble monomer with an oil soluble initiator is dispersed in the continuous aqueous
phase using a small amount of suspending agent or stabilizer™ (in our case CNCs),
resulting in micron sized monomer droplets that are converted to polymer particles during
the polymerization step. The stabilizer hinders the coalescence of the monomer droplets
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such that each monomer droplet is converted to a polymer particle. Microsuspension
polymerization provides many advantages such as low dispersion viscosity, low
separation costs, and a final product in particle form.”® Furthermore, microsuspension
polymerization provides a method in which polymer nanocomposites can be prepared by
simply adding a reinforcing agent into the continuous phase or by using reinforcing
agents as Pickering stabilizers. In this work, MC-coated CNCs are used to stabilize
microsuspension polymerization reactions of methyl methacrylate (MMA), providing a
facile method for incorporating CNCs into latex polymer particles.

The combination of CNCs and MC as co-stabilizers is shown here to lead to a double
morphology in the resultant latex, which is defined as a polymeric system of
microparticles decorated with a secondary morphology of nanoparticles (alongside some
free nanoparticles in suspension). Other methods to produce polymer particles with
hierarchical morphology (e.g., raspberry-like particles) and/or controlled aggregated latex
structures  include variants on emulsion,”' > suspension,”*”> and dispersion®®
polymerization. Furthermore, a sustainable emulsion polymerization method was recently
reported where non-ionic poly(ethylene oxide)-grafted-lignin was used to stabilize PS
latexes.”” The “green” surfactant resulted in a double morphology where both nano and
microparticles were prepared, but the morphology was not tuned and was not the focus of
the work. Morphological control is generally used to tailor particle interfacial interactions
for various applications such as toners.”® Additionally, a double morphology can increase
the total solids content of a latex in a single reaction, as opposed to preparing latexes of
two different sizes in two separate reactions and blending. Latexes with multiple sizes or
different chemical compositions can be synthesized in various “one pot” reactions, for
example, using a multi-step process of seeded conventional emulsion and seeded
miniemulsion polymerization.””*

This work aims to provide a facile, water-based approach to prepare CNC nanocomposite
latexes with controllable size, surface roughness, and morphology. This is a more
sustainable approach to polymerization, polymer morphological control, and
compounding compared to traditional solvent-based polymerization and solvent/melt
processing of composites, and furthermore only employs bio-based stabilizers and no
surfactants. In order to increase the sustainability of the method overall, a more
renewable monomer could be chosen, such as alpha-methylene-gamma-valerolactone.
However in this work, CNCs and MC were used to stabilize MMA droplets as they were
converted to PMMA particles via microsuspension polymerization. PMMA was chosen
as a model methacrylate system as its high glass transition temperature allows for facile
characterization and imaging. The monomer/polymer properties were tracked over the
course of the reaction and the latex properties were shown to be tunable based on the
ratio of CNCs to MC in the reaction, as well as the latex drying method.

Experimental Section
Materials

Methyl cellulose (M, 40 000, D.S. (methoxy) 1.60-1.90), aluminum oxide (activated,
basic), benzoyl peroxide (BPO, Luperox A98), methyl methacrylate (MMA),

119



PhD Thesis —Stephanie Kedzior McMaster University — Chemical Engineering

poly(vinylidene fluoride) (PVDF) membrane filters, and cellulose dialysis tubing (14 kDa
MWCO) were purchased from Sigma Aldrich. MMA was purified by passing it through
an aluminum oxide column to remove inhibitor prior to use. Whatman ashless filter aid
was purchased from GE Healthcare Canada. Sodium hydroxide (NaOH) pellets, sulfuric
acid, and sodium chloride (NaCl) were purchased from Caledon Laboratories Ltd. All
water used had a resistivity of 18.2 MQ-cm and was purified by a Barnstead GenPure Pro
water purification system from Thermo Fisher Scientific (Waltham, USA).

Sulfuric acid hydrolysis of cellulose nanocrystals. Cellulose nanocrystals were
prepared according to the literature.®' Briefly, 40 g of dried Whatman ashless filter aid
was ground and placed in a 45 °C water bath. 700 mL of 64 wt.% sulfuric acid was added
and the hydrolysis proceeded for 45 minutes, after which the reaction was quenched in 7
L of cold purified water. Residual acid was removed by centrifugation at 6000 rpm for 10
minutes and repeated until a pellet no longer formed, and then by dialysis against purified
water until the pH of the CNC suspension in the dialysis tube no longer changed. The
resulting suspension was then probe sonicated (Sonifier 450, Branson Ultrasonics,
Danbury, CT) for 45 minutes (3 x 15 min intervals) in an ice bath and filtered to remove
metal released from the sonicator probe. The CNCs were then neutralized with NaOH
and freeze dried. The CNCs had an average length of 130 £ 50 nm and an average cross
section of 8 + 3 nm (determined using AFM), surface charge of 0.4 e/nm” (0.7 %S), zeta
potential of -30 mV and crystallinity of 93% (determined by X-ray diffraction).”>

Microsuspension polymerization. The microsuspension polymerization water phase
was prepared by mixing 3.5 mL of a 0.6 wt.% CNC aqueous suspension with 3.5 mL of a
0.4 wt.% MC aqueous solution, resulting in a 3:2 CNC:MC ratio and referred to as the
“base case”. In a separate vial, 0.0564 g BPO (an oil soluble, radical initiator) was added
to 2.82 g of purified MMA and dissolved using gentle agitation. It is of note that MMA
has a surface tension of 24 mN/m,” comparable to that of dodecane (25 mN/m®*) which
we have used in previous work™ in order to determine the interfacial tension of MC-
coated CNCs. The water phase was then added to the oil phase and the mixture was first
mixed via vortexing and was then sonicated using a probe sonicator for 60 s. The
emulsion was transferred to a round bottom flask with a magnetic stir bar, sealed, and
degassed by bubbling Ar under continuous stirring in an ice bath. The emulsion was then
added to a 60 °C oil bath and the polymerization proceeded for 6 h until it was removed
from the oil bath and exposed to air. Similar reactions were run with varying CNC:MC
ratios of 6:2 and 3:4 (by weight) as well as a control with MC only (0.4 wt.% MC).

Dynamic light scattering (DLS). Dynamic light scattering samples were prepared as
0.025 wt.% suspensions. The diameter of the latex particles was measured using a
Malvern Zetasizer Nano Particle Analyzer at 20 °C using the refractive index of PMMA
(1.49).° The apparent size by DLS was also measured for CNC suspensions and MC
solutions (also at 0.025 wt.%) and the term “apparent” is used in recognition that the
CNCs are rod-shaped and MC is a loose coil therefore neither are hard spheres as
assumed by DLS when converting diffusion coefficients to particle diameter.”® The
reported DLS values are an average of three measurements with the error reported as one
standard deviation.
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Zeta potential. Zeta potential samples were prepared as 0.1 wt.% suspensions in 10 mM
NaCl. Zeta potential was measured using a Zeta Potential ZetaPlus Analyzer
(Brookhaven, USA) whereby electrophoretic mobility was converted to zeta potential
following the Smoluchowski theory.®® In each measurement, electrophoretic mobility was
measured over 10 runs, with the error reported as the standard deviation of the average.

Mastersizer. The PMMA particle diameter was measured using a Malvern Mastersizer
2000 G (Malvern Instruments, UK) equipped with a HeNe laser operating at 633 nm. The
refractive index of PMMA (1.49)*° was used. The mean diameter was taken to be the
volume mean diameter (D4s3) from 3 replicate measurements which is expressed
mathematically in Equation 1.

L D{N;
som,

Particle size span (shown as error bars in later figures) was calculated using Equation 2.
[D(0.9)-D(0.1)] 2)

D(0.5)
D(0.9) represents the diameter greater than 90% of measured particles, D(0.1) represents
the diameter greater than 10% of measured particles, and D(0.5) represents the median
diameter.

D4/3 =

span =

Monomer Conversion. Conversion during the microsuspension polymerization was
calculated gravimetrically and was based on dried polymer. After each hour, the wt.% of
the reaction was calculated and Equation 3 was used to calculate the monomer
conversion.

. wt.%
monomer conversion = ———2<48_x100% (3)
Wt Yotheoretical

where Wt.%acal 1S the wt.% measured at the given time point and wt.%heoretical 1S the wt.%
assuming all of the monomer had reacted.

Gel Content. Gel content of the latex was measured in order to provide information
about the amount of insoluble high molecular weight (MW) polymer chains within the
latex, as the MW of the polymer was too large to be measured by gel permeation
chromatography (GPC). Gel content samples were prepared by heat sealing 0.1 g dried
nanocomposite latex samples in PVDF membranes that were pre-weighed (membrane
weight), and weighed with samples (membrane + sample weight) and submerged in
tetrahydrofuran (THF) for 16 hours. After 16 h, the THF was poured off and the
membranes were allowed to dry. The dry membranes were then weighed (dry weight).

Gel content was calculated according to Equation 4.
(dry weight—membrane weight)

gel content = X 100% (4)

(membrane+sample weight—membrane weight)

Surface Tension. Surface tension of the 3:2 CNC:MC in water and the resulting base
case latex was measured by the pendant drop method using a Kriiss Drop Shape Analysis
System DSA10 instrument. A drop of either 3:2 CNC:MC (total concentration of 0.5
wt.% in water, as used in the microsuspension polymerization), or the resulting latex was
formed at the end of a stainless steel needle in air.
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Scanning Electron Microscopy (SEM). Scanning electron microscopy samples were
prepared by drying the PMMA particle suspension at 60 °C, unless otherwise specified.
Dried samples were ground using a mortar and pestle, dispersed on carbon tape on an
SEM stub, and coated with a 6 nm gold layer. Images were obtained using a JEOL JSM-
7000F SEM with a 3 kV acceleration voltage.

Results and Discussion

Microsuspension Polymerization Kinetics

Microsuspension polymerization was carried out according to the schematic shown in
Figure 1. An aqueous suspension of CNCs and a solution of MC were mixed in the water
phase prior to adding methyl methacrylate monomer with BPO. The two phases were
vortexed and sonicated, which resulted in a stable emulsion with a milky white
appearance. While the conversion and polymer molecular weight were not specifically
optimized in this study, the particle size, conversion, and gel content of the resulting latex
were studied as a function of reaction time. Additionally, the ratio of CNC:MC used as
co-stabilizer was varied in order to tune the double morphology of the resulting polymer
particles.

MC-coated CNC
stabilized PMMA
microparticles

Water Phase Oil Phase

Mix and sonicate
2 &
Ar,60 °C,6 h

MC stabilized PMMA

=2 0 1 L1 nanoparticles
T o

CNC Methyl methacrylate (monomer) ‘ !

Methyl cellulose  Benzoyl peroxide (initiator) i R

Figure 1. Schematic of the microsuspension polymerization of MMA (grey) stabilized by
CNCs (beige) and MC (purple).

Methyl cellulose was used to non-covalently functionalize the CNCs, which on their own
are amphiphilic but not sufficiently surface active to stabilize oil-in-water emulsions over
long time periods.”> CNCs also partition slowly to interfaces due to their size, compared
with small molecule or polymeric surfactants.”’ Methyl cellulose is surface active and as
such, having MC-coated CNCs and some free (or loosely bound) MC helps to lower the
energy requirements to quickly form stable monomer-in-water emulsions.

Previous work has studied the adsorption of MC to CNCs and determined that above a
ratio of 20:1 CNC:MC, the surface of the CNCs was saturated with MC (corresponding
to ca. 0.16 mg of MC per square meter), and the dodecane/water interfacial tension was
lowered to the value measured with MC alone.” Because of this previous work, and since
MMA has similar physical properties to dodecane, comparable behavior was expected.
However, at a ratio of 20:1 CNC:MC, the monomer emulsion formed was not stable to
coalescence, and could not be uniformly polymerized.”> Therefore, a base case of 3:2
CNC:MC (by weight) was chosen as it is well above the concentration where the CNC
surface is fully covered with MC, and where approximately 90% of the MC is free MC
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not bound to CNCs. Using this amount of CNCs and MC as co-stabilizers during the
microsuspension polymerization resulted in the double morphology of PMMA latex
particles depicted in Figure 1.

During the microsuspension polymerization, aliquots were taken after each hour in order
to determine the reaction kinetics (Figure 2). Since sonication of the methyl methacrylate
in water produced micron-sized droplets and microsuspension polymerization is known
to polymerize monomer droplets following bulk polymerization kinetics, the polymer
particle size should be maintained throughout the reaction. Figure 2a shows the polymer
microparticle size at each time point (t = 1-6 h) for the base case reaction (3:2 CNC:MC).
As expected, the diameter of the particles remained fairly constant (8-15 um) within error
as the polymerization proceeded. This size range is of particular interest as it is difficult
to achieve with other polymerization methods such as emulsion and suspension
polymerization. Notably, the error bars (calculated as the span from Mastersizer
measurements) narrowed as the polymerization proceeded, implying that the final latex
particle size became less polydisperse with time.
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Figure 2. (a) PMMA microparticle size (measured by Mastersizer) over time produced
by microsuspension polymerization stabilized by 3:2 CNC:MC, (b) conversion versus
time of PMMA produced by microsuspension polymerization stabilized by 3:2 CNC:MC.
(each value is the average of three measurements with the error bars representing the
standard deviation of the average), and (c) gel content of the PMMA latex produced by
microsuspension polymerization stabilized by 3:2 CNC:MC over time.

The monomer conversion in the microsuspension polymerization was also monitored
after each hour and is shown in Figure 2b. As expected, the reaction followed kinetics
typical of bulk radical polymerization, where the conversion increased relatively quickly
in the first few hours and then began to plateau (within error) as the remaining monomer
in each droplet was slowly consumed.

In order to indirectly measure the polymer molecular weight as the polymerization
proceeded (and since the molecular weight of the polymer chains within the latex
particles was too large to determine via GPC), gel content of the latex was studied. Gel
content refers to the portion of the latex that consists of crosslinked or essentially
insoluble high molecular weight polymer chains that are not able to diffuse from the latex
particles through the PVDF membranes. High molecular weight polymer chains are likely
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a result of limited monomer diffusion between droplets as well as the long half life of
BPO," while crosslinking may occur via chain transfer and termination reactions. Gel
content measurements assume that all polymer chains that are not entangled in a polymer
“gel” (crosslinked or high MW) are soluble in THF. Gel content kinetics (Figure 2c)
showed that the gel content remained constant over time at 35% during the first four
hours of the polymerization, suggesting that the amount of high MW chains was
relatively similar during the same phase as when the conversion began to plateau (Figure
2b). However, after 5 and 6 h respectively, the gel content increased, suggesting that past
4 h of polymerization the molecular weight of the polymer chains increased, and either
very high MW polymers or crosslinking (by chain transfer/termination) were formed
within the latex particles. This increase in gel content is likely due to the Trommsdorff®®
or gel effect, where high MW polymer limits the diffusion of monomer within individual
particles, resulting in “runwaway reactions” and potential crosslinking within individual
polymer particles.” However, because the high MW polymer chains are contained in the
particles, the viscosity of the latex suspension does not increase over time and the latex
can be easily processed and handled similar to commercial latex products. Furthermore,
this implies that the MC-CNC shell on the droplet/particle may provide an additional
barrier that restricts the diffusion of high MW polymers.

In order to determine if any remaining stabilizer such as excess MC or MC-coated CNCs
were left after the polymerization, the surface tension of the base case latex was
measured. The surface tension of a suspension of 3:2 CNC:MC was measured to be 58
mN/m, while the surface tension of the base case latex was 71.2 mN/m, similar to 72.8
mN/m for water,” implying that no excess stabilizer was free in suspension in the final
latex.

Latex Particle Morphology

PMMA particle morphology was investigated by SEM and a double morphology was
observed, where both PMMA microparticles and PMMA nanoparticles were formed. The
double morphology for the 3:2 CNC:MC base case can be seen in Figure 3a, where
spherical PMMA microparticles appear to be decorated with spherical nanoparticles.
When the amount of CNCs was doubled (6:2 CNC:MC), the microparticles had a
smoother surface, and less of the secondary nanoparticle morphology was present (Figure
3b). In contrast, when the amount of MC was doubled (3:4 CNC:MC), the amount of
nanoparticles increased and the surface roughness of the microparticles increased as well
(Figure 3c). In all cases, the latex microparticles produced were spherical and fairly
consistent in size (15 = 3 um, measured by Mastersizer) and the nanoparticles produced
were spherical and ranged in size from 100 to 200 nm. The microparticle size remained
constant for all CNC:MC ratios which is likely a compound effect of the MMA-water
interfacial tension and CNC size.

The change in particle morphology and ratio of micro- to nanoparticles was shown to be
tunable based on the ratio of CNC:MC stabilizers used. When the polymerization was
performed with only MC as the stabilizer, only nanoparticles were observed and tended
to be highly aggregated (Figure 3d). This suggests that in the double morphology samples,
the microparticles were stabilized by MC-coated CNCs, while the nanoparticles were
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stabilized by excess MC. Because of the rigid structure of the MC-coated CNCs, the fact
that they themselves are 100-200 nm in length, and that previous work demonstrated that
CNCs (functionalized or not) can only stabilize micron-sized droplets or polymer
particles,”**~*** the MC-coated CNCs are geometrically unable to stabilize the nanosized

fraction of latex particles produced here. Furthermore, having a large excess of MC
(~90%) implies the nanoscale morphology to be stabilized by MC alone, hence why
adding more MC resulted in more nanoscale particles.

B O S T arff o
, - PEER 5 . ks i
Figure 3. Double morphology of PMMA particles stabilized by (a) 3:2 CNC:MC, (b) 6:2
CNC:MC, (c) 3:4 CNC:MC, (d) MC only. Top row scale bars are 5 pm and bottom row
shows a zoomed in version of the top row with scale bars of 500 nm.

In order to further understand the latex double morphology, a suspension of the polymer
particles (synthesized using the 3:2 MC:CNC ratio) was diluted, the concentration was
measured gravimetrically, and the suspension was then passed through a 1 pm syringe
filter. The starting suspension had a total solids content of 1 wt.%. By measuring the
concentration of the sample that passed through the filter, it was determined that 2 wt.%
of the solids content consisted of free nanoparticles that were able to pass through the
filter. The sample was then back-filtered, and the microparticles that did not pass through
the filter were imaged by SEM. The microparticles still showed some surface roughness
and the presence of the secondary spherical nanoparticle morphology (Figure 4a and b)
indicating that most of the nanoparticles were attached to the surface of the
microparticles in solution, and the appearance of the nanoparticles on the microparticle
surface (such as those shown in Figure 3) was not merely an effect of drying during SEM
sample preparation. Additionally, some rod-shaped particles, which we interpret as CNCs,
were visible at the surface of the microparticles (Figure 4b). Since a very small amount of
stabilizer was used overall (ca. 1.2%), it was difficult to detect the MC/CNC coatings on
the latex particles with techniques other than SEM such as spectroscopy and thermal
analysis, and DSC measurements showed a glass transition temperature of the base case
latex to be the same as pure PMMA. Additionally, SEM images of the microfiltered
particles (Figure 4c) revealed a spherical morphology identical to the PMMA latexes that
were produced using MC alone (Figure 3d), further indicating that the free nanoscale
morphology was PMMA particles stabilized by MC.
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Figure 4. SEM images of (a) back-filtered PMMA latex particle showing the secondary

nanoscale morphology attached to the microparticles (stabilized by a 3:2 CNC:MC ratio),
(b) surface of a back-filtered microparticle showing the presence of CNCs and (c) filtered

PMMA latex showing only the nanoscale morphology.

The size and surface charge of the filtered and back-filtered samples (for the base case of
3:2 CNC:MC) were also measured and the results are shown in Table 1. The initial latex
suspension of PMMA particles had a zeta potential of -17 mV, suggesting that the CNCs
were at the surface of the PMMA particles as they were the only charged species in the
polymerization. When the back-filtered particles (those that did not pass through the 1
um filter) were collected, they had a zeta potential of -35 mV, comparable to -30 mV for
a pure CNC suspension. This further supports that the large particles have CNCs on the
surface. Additionally, the filtered nanoparticles had a neutral zeta potential, resulting
from an uncharged surface, which is comparable to a solution of MC which is uncharged.
Because of this, and since it was confirmed that only nanoparticles were formed when
MC was used alone as a stabilizer, it can be concluded that the microparticles of PMMA
were stabilized by CNCs coated with MC, and the secondary nanoparticle morphology
was stabilized by MC only.

Table 1. Size and zeta potential of particles before and after filtration through a 1pm
filter.

Zeta Potential (mV) Particle Size
Initial -17.1£0.5 19 um®*
Back-filter -35+2 43 um*
Filter -6+3 266 nm®
CNC -30+3 78 nm°
MC 3+2 70 nm©
"Determined by MasterSizer.
°Determined by DLS.

‘Determined by DLS for a separate CNC suspension and MC solution, unrelated to the
filtration/back-filtration investigation of PMMA latexes.

In order to elucidate the effect of drying temperature on the morphology of the PMMA
particles, base case 3:2 CNC:MC samples were dried at three different temperatures
(Figure 5). Since the glass transition temperature (7,) of PMMA is around 105 °oc,”t
temperatures were chosen above and below the 7,. Importantly, in samples dried at all
three temperatures, spherical microparticles with diameters >20 pum were seen, while
those <20 um likely coalesced and were not as apparent in the SEM images. Nonetheless,
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samples dried below the T, at 80 °C (Figure 5a) and 100°C (Figure 5b) showed no
difference in surface morphology from those dried at 60 °C (shown in Figure 3); PMMA
microparticles decorated with PMMA nanoparticles were observed for both samples. For
the sample dried above the T, at 140 °C (Figure 5c), less of the secondary nanoparticle
morphology was observed on the microparticle surface, and at higher magnification the
nanoparticles on the surface appear coalesced/sintered, resulting in a smoother surface.
This suggests that the PMMA polymer chains inside the nanoparticles were mobile
enough above their 7, to coalesce and form a smooth PMMA shell on the surface of the
PMMA microparticles. This was also seen when PMMA nanoparticles stabilized by MC
alone were dried at 140 °C, they showed a smooth, coalesced morphology where the
nanoparticles appeared to be melted into one another (data not shown). Therefore, in the
large microparticles produced in the base case latex, no change in the microparticle
morphology was observed even at temperatures well above the 7, of the polymer,
suggesting that the CNC shell on these particles is able to improve resistance to
coalescence at high temperatures and that the microparticle surface morphology may be
tuned based on drying conditions.

Figure 5. Morphology of PMMA particles stabilized by 3:2 CNC:MC after oven drying
for 30 min at (a) 80 °C, (b) 100 °C, (c) 140 °C. Top row shows microparticle morphology
(20 um scale bars) and bottom row shows a zoomed in version of the microparticle

surfaces (1 pm scale bars).

This work presents a new “greener” method that uses cellulose nanocrystals and methyl
cellulose as co-stabilizers in the microsuspension polymerization of methyl methacrylate
to produce PMMA latexes with a double morphology. A higher CNC:MC ratio gave
more microparticles stabilized by MC-coated CNCs and a lower CNC:MC ratio gave
more nanoparticles stabilized by MC alone. Most of the nanoparticles were attached to
the microparticles offering a novel secondary latex structure achievable in only one
synthetic step. Overall, the latex morphology, surface charge and roughness were tunable
based on the ratio of co-stabilizers and the latex drying protocol, and a facile method to
incorporate CNCs into latexes was presented. While PMMA was chosen as a model
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system, these findings are translatable to other suspension polymer systems and may
extend the use of CNCs into products such as adhesives, toners, cosmetics, paints and
coatings.
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Synopsis

Cellulose nanocrystals and methyl cellulose (both sustainable biopolymers from
renewable resources) are used replace toxic and synthetic surfactants to produce polymer
latexes with unique morphologies.
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Chapter 8

Polymer-grafted Cellulose Nanocrystals for Incorporation into the
Core of Latex Polymer Particles.

This chapter uses controlled polymer grafting techniques similar to those presented in
Chapter 4 to graft poly(butyl acrylate) and poly(methyl methacrylate) from CNCs with
varying graft lengths. The modified CNCs were added to the hydrophobic monomer
phase during the miniemulsion polymerization of MMA to incorporate polymer-grafted
CNCs into the core of the polymer latex particles. This is in contrast to Chapter 6 and 7
where CNCs were either passive entities in the water phase during latex synthesis or
played the role of Pickering stabilizers (and became incorporated into the polymer at the
latex-water interface). This is proof of principle work that demonstrates that CNC surface
chemistry can be tailored to control the location of CNCs in latexes where improved
mechanical and adhesive properties may be achieved.

In this work, I designed and performed all syntheses and characterization experiments
with assistance from Michael Kiriakou (BEng student). Dr. Elina Niinivaara collected the
transmission electron microscopy images. I wrote the manuscript with editorial assistance
from my supervisor, Dr. Emily Cranston. Prof. Marc Dubé¢ from the University of Ottawa
advised on the reaction engineering aspects of the project and guidance was provided by
our industrial sponsors, Dr. Carole Fraschini (FPInnovations) and Dr. Richard Berry
(CelluForce). This chapter is in the final stages of preparation for submission.
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ABSTRACT

Cellulose nanocrystals (CNCs) are stiff anisotropic nanoparticles derived from renewable
resources such as wood pulp and cotton. CNCs are growing in popularity in academic
and industrial research because they have the potential to be used as modifiers and
reinforcing agents in nanocomposites. However, challenges due to incompatibility
between cellulose and hydrophobic polymers, and processing difficulties such as
aggregation and low thermal stability have limited the performance of nanocomposites
produced to date. In this work, we have used surface initiated atom transfer radical
polymerization to graft hydrophobic poly(butyl acrylate) and poly(methyl methacrylate)
(PMMA) from the surface of CNCs to overcome the incompatibility issue. The polymer-
grafted CNCs were used in the miniemulsion polymerization of methyl methacrylate
whereby the modified CNCs were added to the monomer phase. Polymer-grafted CNCs
with short graft lengths (degree of polymerization = 50) were incorporated inside the core
of the latex particles, producing a PMMA-CNC nanocomposite latex in situ. The effect of
grafted polymer type, length and loading on the latex size, surface charge, and
morphology was investigated. Transmission electron microscopy indicated that grafted
polymer type did not have a significant effect on CNC incorporation and that CNCs with
long polymer grafts (degree of polymerization = 200) may be too large/aggregated to be
integrated into the latex core. This work provides a novel method for incorporating CNCs
into nanocomposite latexes and is anticipated to extend the use of CNCs in applications
such as adhesives, coatings, and other synthetic latex-based products.
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Introduction

In recent years, cellulose nanocrystals (CNCs) have gained attention in both academic
and industrial research due to their unique properties."” They are strong, rod-shaped, light
weight, bio-based nanoparticles that have the potential to be used as reinforcing agents,
modifiers, and stabilizers in polymer nanocomposites and hybrid materials.” CNCs are
most commonly extracted from sources such as wood pulp and cotton through a sulfuric
acid hydrolysis which yields anisotropic nanoparticles with anionic sulfate half ester
groups on the surface. Both lab-made and industrially produced CNCs are isolated via
this process and have near identical properties.* Despite having slight amphiphilic
properties and a hydrophobic plane void of hydroxyl groups, the majority of the CNC
surface has an abundance of hydroxyl groups resulting in a nanoparticle that is overall
hydrophilic in the unmodified state. This hydrophilicity leads to compatibility and
processing issues when CNCs are combined with hydrophobic polymer matrices.

In order to overcome the hydrophilicity of CNCs, many surface modification methods
have been used to prepare hydrophobic CNCs, most of which are summarized in recent
reviews.>° In short, ionic interactions between the anionic sulfate half ester groups on the
surface of CNCs and quarternary ammonium salts bearing long alkyls tails can be used to
prepare hydrophobic CNCs, though ionic bonds may not be robust enough to withstand
some processing techniques and solvents.”” Covalent modification with small molecules
offers a more robust modification. Methods include esterification,'”'" modification with
urethanes, ' grafting of castor oil,"” oxidation," acytelation,15 the attachment of silane
groups,'® and the use of tannic acid as a primer for decylamine addition.'” These
modification routes provide hydrophobically modified CNCs that retain their morphology,
with contact angles typically within 67 to 85°.

CNCs can also be rendered hydrophobic via polymer grafting. Two methods for polymer
grafting are typically used: “grafting to” where pre-formed polymers are attached to the
surface of CNCs, or “grafting from” where the polymerization is initiated from the CNC
surface. Polymer “grafting to” CNCs is typically limited by steric hinderance, and
therefore high grafting density is difficult to achieve.” Polymer “grafting from” CNCs
may occur via free radical polymerization,'®** ring opening polymerization,” *’
nitroxide mediated polymerization,”® or surface initiated atom transfer radical
polymerization (SI-ATRP), which is used in this work.

SI-ATRP from CNCs was first reported by Yi et al.’! who grafted polystyrene (PS) from
CNCs. Morandi et al.’* also grafted PS from CNCs and presented a series of PS-g-CNCs
with varying graft densities. In their work, the grafted polymer was cleaved from the
surface and characterized to show that good control of the SI-ATRP was achieved.”
Since these first reports, other polymers have been grafted from CNCs including
ps,’! %3 poly(methacrylate),*>~° poly(methyl methacrylate) (PMMA),”’
poly(dimethylaminoethyl methacrylate),”®” poly(N-isopropylacrylamide) (PNIPAm),*""
" PNIPAm fluorescent copolymers,” poly(N,N-dimethylacrylamide),** poly(2-
aminoethylmethacrylate) and poly(2-aminoethylmethacrylamide),” poly(acrylic acid)
through hydrolysis of poly(tert-butyl acrylate),*® poly(6-(4-(4-
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methoxyphenylazo)phenoxy)hexyl methacrylate),”’” copolymers of poly(MMA-co-butyl
acrylate),”®  poly(dimethylaminoethy — methacrylate) and  poly(diethylaminoethyl
methacrylate),” poly(ethylene glycol methylacrylate),” poly([(2-
methacryloyloxy)ethyl]trimethylammonium  chloride),”” and  poly(sodium  4-
vinylbenzenesulfonate).** SI-ATRP provides many benefits over other polymer grafting
techniques including the ability to control the polymer graft density (via the ratio of
initiating groups to hydroxyl groups on the CNC surface) as well as the polymer graft
length (or degree of polymerization, DP). In this work, we have used SI-ATRP to modify
CNCs with the hydrophobic polymers poly(butyl acrylate) (PBA) and PMMA, resulting
in CNC-g-PBA, or CNC-g-PMMA,, (where n is the target DP). PBA was grafted from
the CNC surface at two different graft lengths in order to determine the effect of graft
length on the incorporation of CNC-g-PBA, into the core of latex polymer particles, with
the goal of preparing novel nanocomposite latexes.

Previously, nanocomposite latexes with CNCs have been prepared by blending CNCs
with a pre-made latex, or by adding CNCs in situ during the (mini)emulsion
polymerization. CNC/latex blends were first prepared by Favier and Chanzy.’"** In their
work, CNCs were blended with low T, polymer latexes in order to prepare
nanocomposite films. Transmission electron microscopy (TEM) showed a good
distribution of CNCs within the polymer film, and the nanocomposite film exhibited
superior mechanical properties compared to polymer alone. The CNCs were unmodified
and remained in the water phase. Similar to this work, Vatansever et al.”> blended CNCs
with a poly(butyl acrylate-co-methyl methacrylate) latex and showed good dispersion of
the CNCs within the latex suspension and an increase in mechanical properties. Blending
CNCs with latex provides a facile method for the addition of CNCs into latex
nanocomposites, however the location of the CNC:s is restricted to the water phase. In this
work, we aim to incorporate CNCs into the hydrophobic core of the polymer latex
particles.

Elmabrouk and coworkers used unmodified CNCs in situ in order to improve the
properties of a latex-based coating.* The CNCs were added to the water phase in the
miniemulsion polymerization of poly(styrene-co-hexyl acrylate). Upon imaging the films
with TEM, the CNCs were observed between the latex particles, and remained in the
water phase during the polymerization. The nanocomposite latex films showed improved
properties compared to those without CNCs. Elmabrouk et al. also prepared poly(butyl
methacrylate) latexes by miniemulsion polymerization in the presence of CNCs,” where
unmodified CNCs were added to the water phase with a cationic surfactant as the
stabilizer.” In this case, the anionic CNCs tended to appear anchored around the cationic
latex particles. Furthermore, Elmabrouk et al. studied the preparation of poly(styrene-co-
2-ethyl hexylacrylate) latexes wusing a reactive silane (methacryloxypropyl
triethoxysilane) in order to stabilize the dispersion and to promote the anchoring of CNCs
on the polymer particles via hydrogen bonding between the silanol groups and the
hydroxyl groups on the CNC surface. This provided improved mechanical properties in
the resulting films. Most recently, Dastjerdi et al.”® added unmodified CNCs to the water
phase in the preparation of poly(n-butyl acrylate/methyl methacrylate)/CNC latex
nanocomposites. They showed a significant increase in gel content, latex viscosity, and
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storage and loss moduli. We have also shown the ability to use CNCs as co-stabilizers in
miniemulsion®” and microsuspension polymerization®® of PMMA latexes whereby CNCs
were combined with either surfactant or polymer in order to enhance their surface activity
and their use as Pickering stabilizers. In all of these cases, the CNCs were trapped in
between latex particles or incorporated at the latex-water interface, and to the best of our
knowledge there are no literature examples of CNCs inside the core of a latex particle.

In the work presented here, we have used SI-ATRP to prepare polymer-grafted CNCs
with varying graft lengths and polymer type in order to incorporate hydrophobic CNCs
into the core of acrylate polymer latex particles. Polymer-grafted CNCs were dispersed in
the monomer phase of the miniemulsion polymerization of methyl methacrylate (MMA)
along with an oil soluble initiator, and anionic sodium dodecyl sulfate (SDS) was used as
the stabilizing agent in order to prepare PMMA latexes where polymer-grafted CNCs
were incorporated inside the PMMA particles.

Experimental Section

Materials

a-Bromoisobutyryl Bromide (BiB), ethyl a-Bromoisobutyrate (EBiB), N.N,N',N'".N"-
Pentamethyldiethylenetriamine (PMDETA), copper (I) bromide (CuBr), 4-
(dimethylamino)pyridine  (DMAP), trimethylamine (TEA), aluminum oxide,
ethylenediaminetetraacetic acid (EDTA), sodium dodecyl sulfate (SDS), and benzoyl
peroxide (Luperox A98, BPO) were purchased from Sigma Aldrich and used as
received. Dimethylformamide (DMF), toluene, and ethanol (95%) were purchased from
Caledon Labs. Poly(allylamine hydrochloride) (PAH, M,, = 120 000 — 200 000 Da) was
purchased from Polysciences. Methyl methacrylate (MMA) and butyl acrylate (BA) were
purchased from Sigma Aldrich and passed through a column of basic aluminum oxide
prior to use. All water used was purified using a Barnstead GenPure Pro water
purification system from ThermoFisher Scientific. Unmodified cellulose nanocrystals
were provided as a spray dried powder (sodium form) by CelluForce Inc.

Methods

Initiator modified CNCs were prepared by redispersing dried CelluForce CNCs in DMF
at a concentration of 1 wt.%. The suspension was sonicated in a sonicator bath for 60-120
min in order to promote proper dispersion of the CNCs. In a typical reaction, 2 g of
CNCs were dispersed in 200 mL of DMF. After sonication, the suspension was
transferred to a round bottom flask, and 4.6 mL of TEA and a catalytic amount of DMAP
were added. The suspension was degassed by bubbling Ar for 15 min, after which 3.0 mL
of BiB was added dropwise. The suspension was degassed for 5 additional minutes and
then added to a 70°C oil bath for 18 h, after which the reaction was stopped by opening
the flask to air. The BiB-CNCs were purified by centrifugation at 5000 rpm for 5 min at
15°C in order to remove DMF and unreacted reagents. The resulting CNCs, denoted BiB-
CNCs, were then redispersed in ethanol and centrifuged and washed three additional
times at 7000 rpm, then redispersed in water, dialyzed against purified water for 10 rinses,
and freeze dried.
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Polymer-grafted CNCs were prepared by redispersing dried BiB-CNCs in toluene. BiB-
CNCs were grafted with either BA or MMA. In a typical reaction to graft BA, 1 g of
BiB-CNCs was dispersed in 100 mL toluene, resulting in a 1 wt.% suspension that was
stirred via magnetic stirring for 24 h and sonicated for 120 min in a sonicator bath in
order to ensure proper dispersion. The suspension was then transferred to a round bottom
flask, where 101.8 mL of purified butyl acrylate was added, along with 1.47 mL
PMDETA and 1.0 mL EBiB as a sacrificial initiator. Sacrifical initiator was added to
provide free polymer not grafted from CNCs in order to determine grafted polymer
molecular weight. The reaction was degassed for 30 min, after which 1.0 g CuBr was
added and the reaction was degassed for 15 additional min. The degree of polymerization
(DP, or polymer graft length) was controlled based on the molar ratio of
monomer:initiator, and a target DP of 200 was chosen for both PBA and PMMA
modified CNCs, and DP 50 for PBA in order to evaluate the effect of graft length. After
degassing, the flask was sealed and added to an oil bath at 90°C for 6 h. The reaction was
stopped by opening the flask to air. The reaction mixture was centrifuged at 11 000 rpm
for 10 min, and the first supernatant was collected and contained free polymer dissolved
in toluene. The free polymer was purified using an aluminum oxide column, precipitated
in cold methanol, and collected for analysis. The CNC-g-PBA,y were then purified by
excessive washing and centrifugation first in methanol then in acetone until the
supernatants were no longer coloured (assuming the Cu catalyst was fully removed). In
order to remove any remaining Cu, the CNC-g-PBA»yy were redispersed in toluene and
added to a separation funnel. A 0.5 wt.% solution of EDTA in water was also added to
the separation funnel in order to selectively bind any remaining copper. After several
EDTA solution changes, the CNC-g-PBA,y were collected and dried under vacuum.
CNC-g-PMMA,;( were prepared and purified using a similar procedure but with MMA
monomer.

Poly(methyl methacrylate) latexes were prepared via miniemulsion polymerization.
The miniemulsion water phase was prepared by dissolving SDS in purified water to a
final concentration of 4.2 mM. The miniemulsion oil phase was prepared by dispersing
polymer-grafted CNCs into purified MMA (resulting in either a 0.5 wt.% or 2.5 wt.%
polymer-grafted CNC suspension in MMA) using a bath sonicator for 120 min in an ice
bath. After proper dispersion was ensured, BPO was dissolved in the MMA. For each
reaction, 7 mL SDS solution was used as the water phase, and 3 mL of the monomer
suspension was used, resulting in a 30:70 monomer:water ratio by volume. The two
phases were mixed and sonicated using a probe sonicator (Sonifier 450, Branson
Ultrasonics, Danbury, DT) at 60% output for 1 min in an ice bath. The emulsion was then
transferred to a round bottom flask with a stir bar, sealed, and degassed by bubbling Ar
while stirring in an ice bath for 15 min. The emulsion was then added to a 60°C oil bath
and allowed to react for 6 h, after which the reaction was ended by opening the flask to
air. Samples were collected and stored at room temperature for characterization.

Zeta potential was measured using a Zeta Potential ZetaPlus Analyser (Brookhaven,

USA). All samples were measured at 0.1 wt.% CNC or latex, with 10 mM NaCl at 25°C.
Zeta potential was calculated from the electrophoretic mobility assuming Smoluchowski
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behaviour. Reported data is an average of three measurements with the standard deviation
reported as the error.

Dynamic light scattering was used to measure the apparent size of CNC samples as well
as the diameter of PMMA latexes. Unmodified CNCs, BiB-CNCs, and PMMA latexes
were measured at a concentration of 0.025 wt.% in water. All samples were measured
using a ZEN3600 — Zetasizer Nano ZS at 20°C. Reported data is an average of three
measurements with the standard deviation reported as the error.

Elemental analysis was performed on BiB-CNCs in order to determine the Br content.
Bromine content was determined via Schoniger Combustion and was carried out by
Midwest MicroLab (Indianapolis, IN) on freeze dried BiB-CNCs.

Attenuated total reflectance Fourier transform infrared spectroscopy (ATR-FTIR)
was performed on dry polymer-grafted CNC samples using a Bruker Vertex 70 FTIR
with a background of 32 scans and 64 sample scans.

Contact angle samples were prepared by drop casting a 1 wt.% suspension of polymer-
grafted CNCs in toluene on Piranha cleaned Si wafers until a full and complete film was
observed. Measurements were obtained using the sessile drop method on a Future Digital
Scientific OCA 20 High Speed Contact Angle Measurer (USA). Water contact angles
were measured 2-3 seconds after placing the drop on the CNC film.

Gel permeation chromatography (GPC) samples were prepared by dissolving a small
amount of free PBA or PMMA in THF, resulting in a 1 mg/mL solution. Molecular
weight and polydispersity index (PDI) were analyzed using a Waters 2695 separations
module, equipped with a Waters 2414 refractive index detector, and a Jordi Fluorinated
DVB mixed-bed column. Polystyrene standards were used for calibration, with THF as
the eluent at a flow rate of 3.0 mL/min.

Differential scanning calorimetry (DSC) samples were prepared by weighing 3-5 mg of
dried latex samples into TZero hermetic sealed aluminum pans. DSC measurements were
conducted using a Q200 differential scanning calorimeter (TA Instruments, New Castle,
DE) under a nitrogen gas purge of 50 mL/min following a heat/cool/heat cycle with a
heating rate of 10°C/min, cooling rate of 5°C/min, maximum temperature of 250°C and
minimum temperature of -20°C. The glass transition temperature (T,) was calculated
using the software provided.

Transmission electron microscopy (TEM) samples were prepared by drop casting dilute
latex suspensions (0.025 wt.%) onto Formvar-coated copper TEM grids and air drying for
~18 h. TEM images were acquired using a JOEL 1200 EX TEMSCAN microscope
operating at 80 kV. No staining was used.
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Results and Discussion
Polymer-grafted CNCs

Unmodified CNCs were first modified with ATRP initiator groups to prepare BiB-CNCs
(Figure 1). The reaction was carried out in DMF, which has been shown to be a relatively
good polar organic solvent for the dispersion of CNCs.” Upon extensive purification in
order to remove unreacted reagents, the BiB-CNCs were freeze dried. The SI-ATRP
reactions were performed in toluene, and therefore proper dispersion of BiB-CNCs was
critical in order to ensure individual BiB-CNCs were grafted with polymer. BiB-CNCs
were redispersed via bath sonication until no aggregates or sedimentation was observed
by eye. The SI-ATRP was then performed in the presence of sacrificial initiator
(schematic shown in Figure 1) in order to collect free homopolymer for GPC analysis.
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Figure 1. Schematic showing the modification of unmodified CNCs (left), to prepare
BiB-CNCs (center) in DMF using TEA and DMAP which were then polymerized using
SI-ATRP to prepare CNC-g-PBA,, (top right) or CNC-g-PMMA,, (bottom right).

Unmodified CNCs and BiB-CNCs were characterized in order to ensure that the BiB
modification did not effect the CNC size and surface charge (Table 1). The apparent size
of the CNCs was measured in an aqueous suspension by DLS and is denoted “apparent
size” as DLS measures the radius of spherical particles, while CNCs are rod-shaped.
However, DLS remains an important tool in order to perform an internal comparison.
DLS shows that after BiB modification, BiB-CNCs show some aggregation which is
attributed to the fact that during the modification CNCs are extensively centrifuged,
likely resulting in some irreversible aggregation. Nonetheless, BiB-CNCs retain their
nanoscale dimensions. The zeta potential of unmodified and BiB-CNCs is within error,
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implying that the BiB modification does not effect the sulfate half ester groups on the
CNC surface, or their colloidal stability. Furthermore, elemental analysis showed that the
BiB-CNCs used to graft PBA had a Br content of 3.5% (by mass), and BiB-CNCs used to
graft PMMA had a Br content of 2.3% (by mass). Using average CNC dimensions of 120
nm in length and 15 nm in width," and an approximate molar mass of CNCs of 6.9 x 10°
g/mol (calculated using CNC and cellulose unit cell dimensions®), the grafting density
(chains/nm”) can be calculated. BiB-CNCs for PBA had a grafting density of 0.5
chains/nm®, meaning that if all reactive sites were grafted from, there would be 0.5
polymer chains/nm”, while BiB-CNCs for PMMA had a grafting density of 0.33
chains/nm”. The difference in grafting density was not anticipated to provide significant
differences in the hydrophobicity of the polymer-grafted CNCs, and in fact we performed
SI-ATRP from BiB-CNCs with a grafting density of 1 chain/nm” and found that the
polymer-grafted CNCs had similar properties to those with a grafting density of 0.5
chains/nm” (data not shown).

Table 1. Characterization of unmodified and initiator modified CNCs.

Apparent | Zeta potential %Br Grafting density
size" (nm) (mV)
Unmodified CNCs 65+ 1 365 -- --
BiB-CNCs 123+7 -39+5 3.5 0.5 chains/nm’
(for PBA modification)
BiB-CNCs 166 + 7 373 2.4 0.33 chains/nm’
(for PMMA modification)

"Measured by DLS under the assumption of spherical particles.

BiB-CNCs were then grafted with butyl acrylate at two different graft lengths, DP 50 and
DP 200, and with methyl methacrylate at DP 200, resulting in three different polymer
grafted samples: CNC-g-PBAs), CNC-g-PBAsgy, and CNC-g-PMMA,, respectively.
The modified CNCs were characterized using ATR-FTIR in order to determine the
presence of polymer on the CNC surface (Figure 2). All modified CNCs showed a
carbonyl peak at 1730 cm™, indicating the carbonyl in the polymer backbone (PBA and
PMMA), which is not present in unmodified CNCs and is also present to a lesser degree
in BiB-CNCs.
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Figure 2. ATR-FTIR spectra showing the carbonyl peak (1730 cm™', highlighted with the
black box) present in BiB-CNCs (orange) and in all polymer-grafted CNCs: CNC-g-
PBAs5 (blue), CNC-g-PBA; (green), and CNC-g-PMMA, (purple), while the carbonyl
peak is not present in unmodified CNCs (red).

The polymer grafted CNCs were further characterized by water contact angle
measurements. Films were prepared by drop casting CNCs from toluene. Unmodified
CNCs have a reported contact angle < 20°," while BiB-CNCs prepared using the same
protocol reported here have been shown to have a contact angle of 36°, with the increase
being attributed to the grafting of more hydrophobic moieties on the CNC surface.”
CNC-g-PBA5s had a contact angle of 53°, while CNC-g-PBA»yy had a contact angle of
121°, and CNC-g-PMMA o had a contact angle of 131° (Table 2). This suggests that at a
lower DP, the CNC-g-PBAs, are hydrophobically modified, but with longer polymer
chains (DP 200) the polymer-grafted CNCs become significantly more hydrophobic.

The free polymer produced in the SI-ATRP reactions was characterized in order to
determine the polymer graft length and polydispersity (PDI) (Table 2). For DP 200
samples, the free polymer showed low PDI, implying that good control was maintained
over the course of the reaction, with either PBA or PMMA grafting. For the PBA
prepared at DP 50, a slightly higher PDI was measured in the free polymer MW but
relatively good control was maintained and the target DP was reached. As the initiator
group used here is not cleavable we rely on sacrificial initiator as shown in the
literature®>>**%43:4648 ¢ quantify DP and PDI, however previous work has shown that
this is a reasonable assumption in CNC grafting-from using SI-ATRP.>
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Table 2. Characterization of free polymer prepared during the SI-ATRP reactions of
BiB-CNCs to prepare three different polymer-grafted CNCs.

Free Free Free Target | Actual | Contact angle
polymer | polymer | polymer DP DP,’ of polymer-
M, (Da) | My (Da) PDI grafted CNC
films
CNC-g-PBA5 6833 7994 1.17 50 53 53°
CNC-g-PBAyy 21 647 22 995 1.06 200 170 121°
CNC-g-PMMA,y | 19 686 22 585 1.16 200 196 131°

*Number average degree of polymerization determined using M, measured by GPC.

Nanocomposite Latexes

Nanocomposite latexes of PMMA were prepared by miniemulsion polymerization,
whereby the polymer-grafted CNCs were dispersed in the MMA monomer phase in order
to promote their incorporation inside the latex particles. In order to determine if the
polymer-grafted CNCs would remain in the monomer phase during the reaction, a
monomer suspension of 0.5 wt.% CNC-g-PBA,y was prepared via bath sonication and is
shown in Figure 3a. The polymer grafted CNCs are colloidally stable in MMA monomer
and impart a slight yellow cloudy appearance to the normally transparent liquid. After the
CNC-g-PBAy) MMA suspension shown in Figure 3a was prepared, 7 mL of water was
added giving a 30:70 monomer:water (vol.) mixture, which is the same ratio used in the
miniemulsion polymerization. For this test, the water phase did not contain surfactant and
the mixture was heavily vortexed and then allowed to phase separate over 5-10 minutes.
Figure 3b shows that the polymer-grafted CNCs remained in the monomer phase after
intense mixing and contact with both phases, as indicated by the colored cloudy monomer
top phase and transparent lower water phase. This suggests that during sonication, the
polymer-grafted CNCs remain in the monomer phase as they are more compatible in
monomer than in water.
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Figure 3. Photographs of (a) a suspension of 0.5 wt.% CNC-g-PBA,y in MMA, and (b)
after the water phase was added (without surfactant) and the monomer and water phase
were allowed to separate, showing that the CNCs remain in the monomer phase.

PMMA latexes were prepared via miniemulsion polymerization with four different
loadings/types of CNCs in the monomer phase: 0.5 wt.% CNC-g-PBAs, 0.5 wt.% CNC-
g-PBAjg0, 0.5 wt.% CNC-g-PMMA ), and 2.5 wt.% CNC-g-PBA;g. The effect of graft
length, polymer graft type, and CNC loading could then be studied. In this work we chose
to omit the hydrophobe which is typically used in miniemulsion polymerization in order
to compartmentalize the monomer droplets such that the number of monomer droplets is
the same as the number of polymer particles. The hydrophobe was omitted in order to
provide a simple system where the effect of polymer-grafted CNC properties could be
studied. Furthermore, the concentration of anionic SDS surfactant was chosen below the
critical micelle concentration (CMC) of SDS in order to form larger monomer droplets to
incorporate the relatively large polymer-grafted CNCs.

Table 3 shows the size and zeta potential of the resulting PMMA latexes with each
type/loading of polymer-grafted CNC. Without the addition of polymer-grafted CNCs,
the latex diameter is around 200 nm, and with the addition of either PMMA or PBA
grafted CNCs, the size by DLS remains similar. However, it is of note that the PMMA
latex with CNC-g-PBAs, appears larger by DLS, with a diameter of 248 nm, indicating
the possibility of latex particles that contain polymer-grafted CNCs. An increase in latex
diameter is anticipated if the polymer-grafted CNCs are incorporated into the latex
particles, since the polymer-grafted CNCs themselves are on the order of several hundred
nm in length (including grafted polymer chains). The zeta potential of the PMMA latex is
negative for all PMMA latexes (with or without polymer-grafted CNCs), implying that
the anionic surfactant is present at the polymer/water interface and that good colloidal
stability of the PMMA particles is maintained throughout the reaction.

DSC was used to measure the glass transition temperature (T,) of the PMMA
nanocomposite latexes. A shift in T, implies a change in the polymer mobility, and
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tethering of PMMA polymer within the latex to or from the polymer-grafted CNCs.
However, no observable difference in T, was observed, indicating that the polymer-
grafted CNCs are not necessarily tethered to the PMMA latex, or that polymer-grafted
CNCs are not added in high enough quantities to detect a change.

Table 3. Characterization of PMMA nanocomposite latex properties with polymer-
grafted CNCs in the monomer phase. The wt.% of CNCs added was 0.5 wt.% of the
monomer unless otherwise stated.

Average | Latex Zeta | Latex | Wt% | Wt.%
Latex Potential | T, (°C) | Micro | Nano
Size (nm) (mV)

PMMA 204 + 16 -30+£8 100°C 65% | 35%
PMMA + CNC-g-PBAj5 248+ 9 -15+6 103°C 81% | 19%
PMMA + CNC-g-PBAj 162+ 7 -36+6 103°C 65% | 35%
PMMA + CNC-g-PMMA 172 +42 -29+6 102°C | 48% | 52%

PMMA + 2.5 wt.% CNC-g-PBAjy | 189 +28 2142 101°C 20% | 80%

Since the CNCs are hundreds of nanometers long, we anticipate that if the CNCs were to
be incorporated inside the PMMA latex core that the diameter should be in the micron
range. In order to determine if any latex particles were above 1 pm in diameter, the
latexes were diluted and passed through a 1 um filter. The difference in the starting wt.%
and the filtered wt.% was used to determine mass percent of micro and nanoparticles. We
anticipate that the particles > 1 pm are more likely to contain CNCs (which is supported
by TEM imaging below). Table 3 shows that the nanocomposite latex containing CNC-g-
PBA5, has the most microparticles compared to the other nanocomposite latexes and the
PMMA base case latex (without CNCs). The other nanocomposite latexes contained 20-
65% microparticles by mass meaning that they may also have a fraction of latex particles
that contain CNCs in their core. The nanocomposite latex with the highest CNC loading
(2.5 wt.% CNC-g-PBA,y) had the lowest number of microparticles, suggesting that
higher loadings of CNCs does not encourage incorporation and potentially leads to more
CNC aggregation/phase segregation. Furthermore, the microparticles measured in the
PMMA base case latex are attributed to the fact that the miniemulsion polymerization is
carried out below the critical micelle concentration of SDS, therefore some aggregation
was expected.

The PMMA latexes were imaged using TEM in order to determine their size and
morphology and to locate the polymer-grafted CNCs within the latex (either inside or
outside of the particles). In the PMMA latex without CNCs, only nanoparticles with some
aggregation were observed (Figure 4a). However, in the case of nanocomposite latexes
with CNC-g-PBA»y and CNC-g-PMMA,, large latex particles were observed, but the
polymer-grafted CNCs could not be seen inside the latex as it appeared too dark and
lacked any contrast (Figure 4c and 4d). In the nanocomposite latex where 2.5 wt.% CNC-
g-PBA»y was added (i.e., higher CNC loading), the latex nanoparticles are small enough
such that it is highly unlikely that the polymer-grafted CNCs would be included in the
core of the particles (Figure 4e). However, the miniemulsion polymerization carried out
with CNC-g-PBAs, showed larger latex particles (500 nm — 1.5 pm) and polymer-grafted
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CNCs inside the polymer particles (Figure 4b). This is further shown in Figure 5, where
several larger latex particles were imaged with TEM and appear to contain rod-like
polymer-grafted CNCs inside the particles. It has been reported that highly crystalline
particles cause a distinct diffraction of the electron beam in TEM,®' and interestingly,
when the CNCs were uniformly dispersed throughout the latex suspension, such
diffraction was undetectable; however, the opposite was observed when the CNCs were
clustered within the individual latex particles as in the latex containing CNC-g-PBA5.

g §

Figure 4. TEM images of PMMA latexes prepared (a) w1thout CNCs, (b) with 0.5 wt.%
CNC-g-PBAs in the MMA phase, (¢) with 0.5 wt.% CNC-g-PBA( in the MMA phase,
(d) with 0.5 wt. % CNC-g-PMMA,( in the MMA phase, and (e) with 2.5 wt.% CNC-g-
PBA;y in the MMA phase. All scale bars are 400 nm.

While sample preparation and the drying of latexes for TEM imaging may change the
appearance and degree of aggregation of the samples, we believe that the combination of
DLS/zeta results and TEM give us a reasonable picture of the nanocomposite latexes.
Overall they are colloidally stable, well dispersed and mostly nano and we have strong
indication that in the case of CNC-g-PBAs, the CNCs were inside the PMMA latex
particles. To the contrary, CNC-g-PBA,( were not observable inside the latex, perhaps
due to their size or degree of aggregation. By rough calculation, PBA chains with DP 50
have an end to end distance (for a fully extended chain) of 15 nm, while PBA chains with
DP 200 have an end to end distance of 62 nm. This increase could result in entanglement
of polymer chains on neighbouring CNCs, which likely leads to loose CNC-g-PBA;g
agglomerates that are too large to be incorporated into the monomer droplets. We
anticipate that shorter polymer chains (DP 50) allow for a sufficiently hydrophobic
polymer-grafted CNC without the tendency to entangle or form a separate CNC rich
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phase and therefore the DP 50 polymer-grafted CNCs are small enough to be
incorporated inside the polymer latex (Figure 5).

i \‘w" e ’
Figure 5. TEM images showing CNC-g-PBA5 inside the PMMA nanocomposite latex in
three different particles from the same sample.

In order to determine if the CNCs could be located in the latex that was able to pass
through the 1 pum filter (since free polymer-grafted CNCs should also be able to pass
through the 1 pum filter), the filtered latex was imaged via TEM (Figure 6). For the
nanocomposite latex with 0.5 wt.% CNC-g-PBAs), no CNCs were observed in the
filtered water phase (Figure 6a), indicating that they are indeed incorporated in the
PMMA latex as implied in Figures 4 and 5. However, for the nanocomposite latexes
containing CNC-g-PBA;o and CNC-g-PMMA,( (Figure 6b and 6¢, respectively), rod-
shaped polymer-grafted CNCs were observed among the filtered latex nanoparticles,
implying that not all polymer-grafted CNCs were incorporated inside the latex particles.
A fraction of the polymer-grafted CNCs may be present in the large dark latex particles
observed in Figure 4, but a fraction remain at the interface/water phase. In the latex
containing CNC-g-PMMA,(, the CNCs appear aggregated amongst the nanoscale latex,
suggesting they may be located at the interface as opposed to fully incorporated in the
core of the particle. For the 2.5 wt.% loading of CNC-g-PBA;yy, many CNCs are visible
in both the filtered (Figure 6d) and unfiltered (Figure 4¢) samples, suggesting that CNC-
g-PBA;y are not incorporated at either loading, likely due to their long polymer chains
resulting in CNC aggregation.
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Figure 6. TEM of ltexes after filtering through a 1 um filter for PMMA latex containing
(a) 0.5 wt.% CNC-g-PBAs5, (b) 0.5 wt.% CNC-g-PBA», (¢) 0.5 wt.% CNC-g-PMMA,,
and (d) 2.5 wt.% CNC-g-PBAyg. All scale bars are 500 nm.

The grafted polymer type did not have an observable role on the incorporation of
polymer-grafted CNCs, as no difference between CNC-g-PBA,¢ and CNC-g-PMMA
was seen by TEM and other physical properties (Table 3) were similar. This is likely due
to the higher DP used in both samples, which may result in polymer-grafted CNC
aggregation, making them unable to be incorporated into the monomer droplets.
Furthermore, this shows that the type of polymer grafted from the CNCs does not play a
critical role in incorporation but simply changes the CNC hydrophobicity, and in this case
with a contact angle of 53° the PBA-grafted CNCs at DP 50 were sufficiently
hydrophobic and small enough to be successfully incorporated into a PMMA latex.

Conclusions

SI-ATRP was used to prepare polymer-grafted CNCs with varying graft lengths and
polymer type. The polymer-grafted CNCs were added to a miniemulsion polymerization
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of MMA to prepare PMMA nanocomposite latexes. Shorter grafted polymer chains
resulted in CNCs being incorporated inside the polymer particles as imaged via TEM.
While the polymer-grafted CNCs with longer chains were not directly shown to be inside
the polymer particles, other characterization implied that a fraction may be inside the
large latex particles, while the remaining fraction remained aggregated at the surface of
the PMMA particles or was not incorporated. No observable difference in grafted
polymer type were seen via the characterization methods used, suggesting that a variety
of hydrophobic polymers may be used to allow for the incorporation of CNCs into
hydrophobic polymer latexes. This work provides a new mechanism for the incorporation
of CNCs into latex nanocomposites and is expected to result in products with improved
mechanical properties.
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Chapter 9 Concluding Remarks

This thesis provides a range of methods to incorporate CNCs into polymer latexes. The
specific interactions between CNCs and polymer latex components were studied in order
to prepare novel nanocomposite latexes whereby CNCs either played an active or passive
role as emulsion stabilizers or as reinforcing agents. The ability to surface modify CNCs
through polymer grafting or adsorption was key to controlling their role during latex
synthesis. The results of this thesis will help to extend the use of CNCs in emulsion-based
systems such as adhesives, cosmetics, and coatings. The information presented here,
along with our collaborative work with the University of Ottawa, will hopefully facilitate
transfer of knowledge to industry and show the versatility of CNCs and the ease with
which they can be incorporated into commercial latex products. The research objectives
proposed in Chapter 1 were fully achieved and the major contributions to knowledge are
described below.

1. Investigation of novel surface modification routes yielded two different methods of
polymer grafting. The first method, presented in Chapter 3, was a water-based free
radical polymerization method whereby CNCs were grafted with hydrophobic PMMA.
This work was one of the first comprehensive reports to include polymer grafting,
characterization, and nanocomposite preparation and testing. The method provides a
water-based “green” protocol for compatibilizing CNCs for use in polymer
nanocomposites.

In Chapter 4 we used a photoinduced Cu-mediated RDRP method to prepare CNCs
grafted with PMA. This method overcame the setbacks associated with free radical
polymer grafting and allowed for control over graft density and graft length. While other
RDRP methods from CNCs have been reported, the novelty of this method was the short
reaction times and simple purification compared to traditional Cu-mediated RDRP. This
method is anticipated to allow for facile modification of CNCs for their incorporation
into new products containing hydrophobic polymer matrices.

Chapter 5 presented a new method for characterizing modified CNCs which was a
collaborative project with NMR experts at the University of Helsinki. This method is
expected to be used widely by other nanocellulose researchers and addresses the
difficulties in characterizing CNCs modified by free radical polymerization or other non-
specific modification routes.

2. Control of the location and function of CNCs in latex polymer systems was

achieved by modifying the CNC surface either non-covalently via surfactant or polymer
adsorption or covalently by grafting polymers from the CNC surface.
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a. The work presented in Chapter 6 describes the role of CNCs in surfactant-
based systems, and uses the miniemulsion polymerization of MMA as a model
system. We showed that oppositely charged CNCs and surfactants were able
to co-stabilize PMMA latexes and that like charged CNCs and surfactants
resulted in PMMA latexes stabilized by surfactant alone, while the CNCs
remained passive in the water phase. This work will extend the use of CNCs
in existing emulsion formulations where surfactants are required, and provides
design rules for controlling the location of CNCs within these systems. This
was the first report of a systematic study regarding the use of CNCs and
surfactants as co-stabilizers in miniemulsion polymerization.

b. CNCs were surface modified by the adsorption of methyl cellulose in Chapter
7, where they were shown to stabilize the microsuspension polymerization of
MMA to produce PMMA latexes with a hierarchical double morphology. The
latex could be tailored based on the ratio of CNC and methyl cellulose used as
co-stabilizers, and on the drying conditions. This work provides a new route to
produce latexes with an “in between” size of ~10 pum, which is large for
emulsion but small for suspension polymerization. Importantly this
polymerization method may be considered overall “greener” since it avoids
the use of synthetic surfactants.

c. With the goal of incorporating CNCs into the core of polymer latex particles,
Chapter 8 described polymer grafting from CNCs using traditional Cu-
mediated RDRP and the incorporation of polymer-grafted CNCs into PMMA
nanocomposite latexes. Polymer-grafted CNCs were successfully incorporated
into the core of the PMMA latex particles, providing an entirely novel way of
preparing CNC nanocomposite latexes that has not been reported previously
in literature.

The work presented in this thesis provides novel methods to functionalize and incorporate
CNCs into latex systems which should extend the use of CNCs in emulsion-based
products. The results are expected to be used by researchers in the adhesive, coating,
paint, and cosmetic industries, to name just a few. We have shown that CNCs have the
potential to replace potentially toxic surfactants, with the ability to impart new properties
and morphologies to latex particles. The three approaches for incorporating CNCs
provide a wide range of properties which may be used to tailor new or existing
formulations.

Currently, we are collaborating with pressure sensitive adhesive experts at the University
of Ottawa to explore the role of CNCs in adhesive latexes. Our goal is to use the
knowledge gained in this thesis to impart new properties to PSAs. Modified CNCs will
be added to the large scale production of PSA latexes and their mechanical and adhesive
properties will be tested. We have preliminary evidence for improved latex properties and
believe that emulsion polymerization with CNCs may be able to replace some traditional
solvent polymerization methods, giving comparable or better performance. Emulsion
polymerization routes are favourable from an environmental perspective because the bulk
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phase is water, no solvents are needed and separation/purification is straightforward.
CNCs show promise to provide new properties in polymer systems and overall “greener”
materials.

157



