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Lay Abstract

When the adhesives used in tapes, labels or sticky notes are produced using water-based
reactions, they normally underperform compared to conventional adhesives produced using toxic
solvents. To improve such water-based adhesives, adding nanocellulose (tiny particles derived
from wood pulp) during synthesis has been shown to be an asset. Nanocellulose can be
chemically modified to improve its compatibility with adhesive ingredients, and thus change the
role of nanocellulose during adhesive manufacturing. In this thesis, modified nanocelluloses
were added to water-based adhesives to evaluate their effect on performance (i.e., strength and
stickiness). It was found that the reaction conditions during nanocellulose modification were
crucial for obtaining highly modified particles that are compatible with adhesive ingredients.
This work aims to provide insight for future production of less environmentally taxing adhesives
made in water and expand the use of nanocellulose in new commercial products.
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Abstract

This thesis investigates the effect of reaction media on the efficiency of grafting hydrophobic
polymers from cellulose nanocrystals (CNCs) via surface-initiated atom transfer radical
polymerization (SI-ATRP), with the goal of producing highly-modified CNCs for incorporation
into latex-based pressure sensitive adhesives (PSAs). A latex is a dispersion of polymer particles
in water made by emulsion polymerization; latexes are commonly used in paints, coatings,
elastomers, inks/toners, household products, cosmetics, and adhesives. However, latex-based
PSAs often underperform compared to their organic solvent-polymerized counterparts due to a
lack of cohesive strength in the cast latex films. The environmental benefit of using latex-based
PSAs synthesized in water is significant, but the development of strategies to improve their
performance are required.

CNCs are hydrophilic rod-shaped nanoparticles with high mechanical strength. Adding CNCs to
latex-based PSAs has been shown to improve both adhesive (i.e., tack and peel strength) and
cohesive (i.e., shear strength) properties and offers a degree of sustainability because CNCs are
derived from natural cellulose sources such as wood pulp. However, their hydrophilicity,
particularly relative to the hydrophobic polymers used in PSAs, has constrained CNCs to the
continuous (i.e., water) phase of the latex. To improve CNC compatibility with the dispersed
(i.e., polymer) phase and improve their distribution in cast latex films, hydrophobic polymers can
be grafted from CNCs. However, CNCs with a high polymer graft density are required to ensure
their compatibility with monomers/polymers during latex synthesis.

To begin, grafting poly(butyl acrylate) (PBA) from CNCs using SI-ATRP in polar
dimethylformamide (DMF) versus non-polar toluene was directly compared. The enhanced
colloidal stability of initiator-modified CNCs in DMF led to improved accessibility to surface
initiator groups during polymer grafting. As such, PBA-grafted CNCs produced in DMF had up
to 30 times more grafted polymer chains than PBA-grafted CNCs produced in toluene. The
PBA-grafted CNCs produced in DMF showed high contact angles when cast in a film and
formed stable suspensions in toluene. This work highlights that optimizing CNC colloidal
stability in a given solvent prior to polymer grafting is a more crucial consideration than solvent—
polymer compatibility in the context of obtaining high graft densities and thus hydrophobic
CNCs via SI-ATRP.

The improved polymer grafting method in DMF was then used to produce PBA and poly(methyl
methacrylate) (PMMA)-grafted CNCs at two polymer chain lengths. Polymer grafted CNCs
were incorporated in situ during a seeded semi-batch emulsion polymerization to produce PBA
latex nanocomposite PSAs. Viscosity measurements revealed significant differences between
latexes prepared with CNCs versus polymer-grafted CNCs, with the lower viscosities of the
latter suggesting their incorporation inside the polymer particles. When CNCs with short
polymer grafts were introduced into PSAs at 1 wt. % loading, they exhibited comparable tack
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and improved peel strength compared to unmodified CNCs (and all properties improved relative
to the base latex without any CNCs). This is attributed to their improved distribution throughout
the PSA, the enhanced wettability of the substrate with the CNC containing latex, and the
increased polymer chain mobility achieved based on the low molecular weight of the grafts.
CNCs with long polymer grafts aggregated in the latex and did not improve PSA properties.
PMMA-grafted CNCs slightly outperformed PBA-grafted CNCs likely due to the higher glass
transition temperature of PMMA. These results provide insight into future optimization of more
sustainable latex-based PSA formulations as well as new commercial CNC-latex products, where
the presence of low molecular weight grafts on CNC surfaces could improve polymer mobility
and tack and peel strength.

Vi
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Chapter 1: Introduction and Objectives

1.1 Introduction

In recent years, there has been a push for sustainability across a wide range of industries,
specifically to reduce the use of petroleum-derived chemicals. This drive towards sustainable
practices, as well as safer chemistries, has led many industries to improve the efficiency of their
processes, reduce the use of harmful chemicals, minimize waste, and implement as many non-
toxic synthetic routes as possible without diminishing the quality of their services or products.
Some of these goals have been, at least partially, achieved through the use of nanotechnologies,
specifically those based on renewable resources. In particular, cellulose nanocrystals (CNCs)
stand out based on their steadily increasing popularity in the academic'* and patent literature,>*
and their growing use in industrial applications.””’

While CNCs were discovered in the 1940s by Nickerson and Habrle,® their widespread
popularity only occurred after a series of publications by Derek Gray and coworkers at McGill
University in the 1990s.” CNCs are produced after natural cellulose containing materials, such as
wood pulp or cotton, undergo an acid hydrolysis that degrades disordered cellulose regions into
sugars, leaving behind crystalline cellulose nanorods.' Recently, this process has been scaled up
to much success, with companies mass producing CNCs following a range of methods from a
variety of starting materials. For example, CelluForce Inc. has achieved a ton-per-day output of
CNCs produced by sulfuric acid hydrolysis, with various recycling and collection procedures
which allow them to recover acid from the process for reuse and capture sugars to be used in
other processes (e.g. fermentation to biofuels).

CNCs have been envisioned for a wide range of applications such as polymer and cement
nanocomposites, oil & gas, food/cosmetics and biomedical materials.'’ However, their use often
remains limited due to the abundance of surface hydroxy groups and their generally hydrophilic
nature.'® While problematic for compatibility and dispersion in non-polar organic solvents and
hydrophobic polymers, the hydroxy groups enable CNCs to undergo a plethora of chemical
modification pathways that can be used to improve these properties. A common covalent
modification route for CNCs has been controlled polymer grafting, which allows for the growth
of polymer chains from the CNC surface via the attachment of an initiating chemical group."'
Specifically, surface-initiated atom transfer radical polymerization (SI-ATRP) has become the
most popular form of controlled polymer grafting due to the wide range of monomers and
solvents that can be used, allowing for the grafting of hydrophilic and hydrophobic polyrners.12
In the case of grafting hydrophobic polymers, a range of solvents with varying polarity has been
demonstrated with success but without any direct comparison of how a given solvent may be
more beneficial. The first objective of this thesis is thus to investigate the effect of reaction
media on the grafting density achievable when CNCs undergo polymer grafting via SI-ATRP.
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CNCs have been implemented as reinforcing agents, stabilizers, and rheological modifiers
due to their unique properties such as high aspect ratio, large surface area, and high mechanical
strength.” In polymer nanocomposites, defined as hybrid materials composed of a polymer
matrix with a dispersed nanofiller, CNCs are often able to impart their high mechanical strength
and stiffness even at low loadings.” However, the use of CNCs in CNC-polymer
nanocomposites is generally limited due to the processing requirements in a variety of
applications, such as the use of solvents or high temperatures which can aggregate or degrade the
CNCs, respectively. Because of this, water-based CNC-polymer nanocomposites have become
appealing for a variety of applications such as coatings, adhesives, and paints.'* In many cases,
the addition of CNCs into water-based polymer systems aims to produce materials that are
comparable or even superior to their solvent-based counterparts, which in turn can help to
improve the sustainability of the industries that have been using such solvent-based products to-
date.

Pressure sensitive adhesives (PSAs) are a class of polymer-based adhesives that can be
applied to a surface with gentle pressure and removed afterwards. Common examples of PSAs
include masking tapes, sticky notes and labels. While conventional PSAs are produced through
solvent-based polymerization, latex-based PSAs have become attractive as a means to improve
the “greenness” of such products. Latex-based PSAs are produced via emulsion polymerization,
a water-based heterogeneous polymerization process that produces polymer nanoparticles
dispersed in the aqueous phase. However, latex-based PSAs are known to underperform
compared to their solvent-based counterparts, leaving researchers to find ways to improve their
overall performance while minimizing their environmental impact.'

CNCs can improve the performance of latex-based PSAs, leading to an increase in peel, tack
and shear strength when blended into an existing polymer latex or added in situ during latex
polymerization.'® The in situ method produces better latex-based PSAs compared to blending
due to a better dispersion of CNCs throughout the latex and more interactions between the
polymer and the CNCs.'” Notably, the addition of only 1 wt.% (based on monomer mass) of
CNCs has been shown to greatly improve both the adhesive and cohesive properties of latex-
based PSA, leading to better PSA film formation and enhanced reinforcement without requiring
large amounts of (relatively high cost) CNCs.'® While CNCs are often introduced into the water
phase of these formulations, the use of hydrophobic CNCs in latex-based PSAs has not been
fully realized. The second objective of this thesis is thus to use hydrophobic CNCs produced via
polymer grafting in latex-based PSA formulations and asses their effect on the latex and adhesive
properties. While the bulk latex is poly(butyl acrylate) and not a true PSA “recipe” that would
normally contain both a low and high glass transition temperature polymer, this work acts as a
precursor to answer questions about the advantages and disadvantages of covalently surface-
modifying CNCs and incorporating such CNCs into latex-based PSAs.

In this thesis, CNCs were covalently modified with hydrophobic polymers (poly(butyl
acrylate) and poly(methyl methacrylate) through a controlled grafting method, SI-ATRP, prior to

2



MASc Thesis — M.V. Kiriakou; McMaster University — Chemical Engineering

their incorporation into latex nanocomposites. However, before producing the latex
nanocomposites, the grafting of poly(butyl acrylate) from CNCs was maximized by using (polar)
dimethylformamide as the reaction medium for SI-ATRP compared to (non-polar) toluene;
hydrophobic CNCs were obtained. While previous work on CNCs and latex-based PSAs have
used either unmodified or “slightly less hydrophilic” CNCs, this thesis presents the synthesis and
application of a range of novel latexes and PSAs based on hydrophobic polymer grafted CNCs.

1.2 Thesis Objectives

CNCs have been shown to significantly improve the properties of latex-based PSAs, but a
full understanding of how CNC surface chemistry (and thus the location of CNCs within a
polymer latex) affects PSA performance has yet to be determined. While there are simpler and
more ‘“green” methods to modify the CNC surface with hydrophobic chemical groups or
polymers, the control attainable when using SI-ATRP will enable us to elucidate what
characteristics are most desirable when trying to compatibilize CNCs with monomers and
polymers used in latex-based PSAs. The main objectives of this thesis are:

1. To improve the grafting of hydrophobic polymer from CNCs via SI-ATRP though an
assessment of the grafting density as a function of the reaction media. Specifically, poly(butyl
acrylate) was grafted from CNCs using SI-ATRP in both DMF and toluene, which are good
solvents for CNC dispersion and the polymer respectively. This work provides insight into how
the choice of solvent is important to obtain highly grafted CNCs when attaching hydrophobic
polymers.

2. To incorporate polymer-grafted CNCs into latex-based PSAs and evaluate their effect on
latex properties and adhesive performance. Polymer type, degree of polymerization, and the
CNC loading into poly(butyl acrylate) latexes will be altered to understand what characteristics
will maximize PSA properties and if these novel nanocomposites should be used in future PSA
formulation or other latex applications (e.g. coatings, paints).

1.3 Thesis Outline

Chapter 1: Introduction

This chapter introduces the main themes, objectives, and outlines the work presented in this
thesis.

Chapter 2: Background and Literature Review

This chapter presents an in-depth review of the current literature and critical concepts relevant to
the research described in this thesis.

Chapter 3: Effect of Reaction Media on Grafting Hydrophobic Polymers from Cellulose
Nanocrystals via Surface-initiated Atom Transfer Radical Polymerization
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This chapter provides a side-by-side comparison of grafting hydrophobic poly(butyl acrylate)
from CNC surfaces using either toluene (non-polar) or dimethylformamide (polar) as the reaction
medium. Polymer grafting occurred regardless of the solvent used, but the graft density was 30
times larger when a polar organic solvent was used due to the enhanced colloidal stability of
CNCs prior to grafting. Extensive characterization showed that highly hydrophobic CNCs could
be produced while maintaining the CNC crystal structure and particle morphology, and the
presence of more polymer chains on CNCs improved their overall thermal stability. This chapter
has been submitted to Biomacromolecules for publication.

Chapter 4: Incorporation of Polymer-grafted Cellulose Nanocrystals into Latex-based Pressure
Sensitive Adhesives

This chapter reports the synthesis of polymer latex nanocomposites containing poly(butyl
acrylate)- and poly(methyl methacrylate)-grafted CNCs in a bulk poly(butyl acrylate) latex. The
effect of polymer type, degree of polymerization, and CNC loading on latex and PSA properties
was evaluated. Final latex particle size, viscosity, glass transition temperature, water contact
angle, and transmission electron microscopy images determined that polymer-grafted CNCs with
a low degree of polymerization were uniformly dispersed and/or located on the latex polymer
particles. Polymer-grafted CNCs were found to improve both PSA tack and peel strength at
higher loadings but did not improve shear strength. Additionally, CNCs grafted with low
molecular weight polymers outperformed their higher molecular weight counterparts due to
better incorporation and dispersion of the CNCs within the polymer matrix. This chapter is in
preparation for publication.

Chapter 5: Concluding Remarks

This chapter summarizes the major contributions to knowledge resulting from this thesis work
and presents suggestions for future work.
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Chapter 2: Background and Literature Review

2.1 Cellulose

Cellulose is the most abundant type of renewable organic matter on earth, with an estimated
10" tons produced globally every year.!* There are an abundance of sources from which
cellulose can be extracted, with plants, bacteria, fungi and even some animals (e.g. tunicates)
being the most notable.’® Cellulose is a high molecular weight homopolymer of B-1,4-linked
anhydro-D-glucose units where every unit is corkscrewed 180° with respect to its neighbouring
units.> Figure 2.1 shows the chemical structure of cellulose, where the repeated segment is
comprised of glucose dimers known as cellobiose. Each cellulose chain has two distinct end-
groups, the reducing and nonreducing ends that contain a hemiacetal and pendant hydroxy group
respectively. The number of anhydroglucose units, or the degree of polymerization (DP) of
cellulose, varies with the source of cellulose and the cellulose location in the organism, such as
the plant primary cell wall.!

As a consequence of the chair conformation of glucose rings, hydroxy groups are positioned
in the ring (equatorial) while hydrogen atoms are in the vertical (axial) position, resulting in a
hydrophobic contribution to the chemical structure. While generally considered fairly
hydrophilic, cellulose is probably more correctly labeled as amphiphilic?, dictating for example
its behavior at interfaces, reactivity, and solubility.”’ The chemical structure and ring
conformation allow for chain aggregation via hydrophobic interactions, van der Waals forces and
extensive inter- and intramolecular hydrogen bonding. The current understanding is that
cellulose is biosynthesized as bundles of 10-36 cellulose chains (depending on the organism)
known as elementary fibrils.??% In plants, the elementary fibrils assemble further into
microfibrils which pack into larger cellulose fibers. The packing of these cellulose structures and
the relative composition of hemicelluloses, lignin and proteins are dictated during biosynthesis,
which varies between cellulose sources.

Along an elementary fibril there exist highly ordered, or crystalline, regions and disordered,
or amorphous, regions of cellulose. The crystalline regions, which are stabilized by the
aforementioned inter- and intramolecular hydrogen bonded networks, can represent different
amounts of the fibril depending on the cellulose source, method of extraction, or treatment. For
example, the cellulose extracted from some plant species can represent 50% of the fibril structure
while cellulose extracted from some algae can be almost 100% crystalline.?* The disordered
regions are less tightly bound, making them more prone to chemical, mechanical, or enzymatic
degradation.*

2.2 Nanocellulose

The term nanocellulose defines cellulosic materials that have at least one dimension in the
nanoscale. Nanocellulose is often organized into three categories: bacterial nanocellulose (BNC),
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cellulose nanofibrils (CNFs), and cellulose nanocrystals (CNCs). All nanocelluloses are high
aspect ratio, ribbon-like or rod shaped nanoparticles with varying dimensions based on the
method of extraction and the cellulose source. A summary of nanocelluloses is shown in Table
2.1, which provides an overview of typical sources, production methods and dimensions.

While chemically extracted CNCs are the focus of this work, BNC and CNFs have been used
for a variety of similar research and applications. BNC is produced through the fermentation of
sugars and plant carbohydrates via microorganisms. The cellulose in BNC has the identical
structure to cellulose from plant sources, but is highly crystalline, has a higher DP, offers good
mechanical properties, and consists of pure cellulose as opposed to being combined with other
plant biopolymers.? This makes BNC ideal for medical and food applications, such as in vivo
scaffolds and thickening agents respectively.??®> On the other hand, CNFs are isolated from plant
cellulose via mechanical disintegration, tearing large cellulose fibers into fibrils with cross-
sections in the nanometer range.? Because of their preparation, CNFs often contain both ordered
and disordered cellulose and have a large size polydispersity, which coupled with their high
aspect ratio allow for significant entanglement and gel formation at low concentrations. This
makes CNFs excellent for use in hydrogel materials, flexible “plastic-like” applications, and the
reinforcement of various polymer matrices.>?

2.2.1 Cellulose Nanocrystals

The first reported case of CNCs produced via acid hydrolysis was in 1947 by Nickerson and
Habrle,® followed by Ranby in 1949.° The conditions during the acid hydrolysis of cellulose
produces the rod-shaped nanocrystals due to the chemically induced degradation of the
disordered regions while the more acid resistant crystalline regions remain intact.’”?® CNCs have
gained academic and industrial interest due to their non-toxic and biodegradable nature as well as
their amphiphilicity, high aspect ratio, and high mechanical strength.

OH

OH

NI.'II'II'L'IJUL'iH}' end Cellobose i I{wjul.:in'a: end

Figure 2.1. Chemical structure of cellulose. Figure reproduced from reference 1.
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Table 2.1. Different types of nanocelluloses, their sizes, typical sources and production methods.
Adapted from reference 25.

Type of Synonyms Typical sources Production methods and
nanocellulose average size
Bacterial Bacterial cellulose | Low molecular weight | Bacterial synthesis

nanocellulose
(BNC)

sugars and alcohols

Width = 20-100 nm
Different type of nanofiber

networks

Cellulose Microfibrillated Wood, sugar beet, High pressure homogenization
nanofibrils cellulose (MFC) hemp, flax (often with chemical or
(CNFs) Nanofibrillated enzymatic pre-treatment)
cellulose (NFC) Width = 5-60 nm
Nanofibrils Length = up to several um
Microfibrils
Cellulose Nanocrystalline Wood, cotton, hemp, | Acid hydrolysis or oxidation
nanocrystals cellulose (NCC) flax, tunicate, algae, Width =5-70 nm
(CNCs) Cellulose whiskers | bacterial cellulose, Length = 100-250 nm (from

wheat straw, ramie plant sourced material), 100-
several um (from tunicate,

algae, bacteria)

When produced by sulfuric acid hydrolysis, anionic sulfate half-ester (-OSOj3) groups are
covalently attached via esterification of surface hydroxy groups (Figure 2.2), leading to colloidal
stability of CNCs in water due to electrostatic repulsion between individual nanoparticles. The
grafting density of sulfate groups is typically in the range of 0.3-0.6 charges/nm? on the CNC
surface.?® Other acids may be used for acid hydrolysis, such as phosphoric or hydrochloric acid;
both have a reduced colloidal stability as compared to sulfated CNCs. It has also been
demonstrated that CNCs made by different routes have different thermal stabilities. Sulfated
CNCs thermally degrade at lower temperatures than phosphoric or hydrochloric acid CNCs
because of their higher surface charge density, whereas hydrochloric acid CNCs are uncharged
and have the highest thermal stability.3**! Alternatively, CNCs can be produced though oxidative
methods without the need for acids. Oxidative methods often provide CNC surfaces with
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carboxyl groups while still maintaining nanoscale particles that are highly crystalline.®* The
presence of carboxyl groups can open up CNCs to a variety of chemical modifications, whereas
acid-based productions methods like the aforementioned sulfuric acid hydrolysis would require a
post-synthesis modification step to obtain this functionality. Additionally, using peroxides can be
highly-scalable and cost-effective since the reactive peroxides can be almost fully used up by the
end of the reaction.

Due to the tightly packed cellulose chains in the crystalline regions, CNCs have a large
elastic modulus when stress is applied perpendicular to their long axis. CNCs with a cellulose 1
structure (the native crystal structure of cellulose) have an average transverse elastic modulus of
137 GPa as determined by atomic force microscopy and x-ray diffraction, which is comparable
to that of Kevlar (60-125 GPa) and almost as high as steel (200-220 GPa).?* This mechanical
performance and their inherent sustainability as a bio-based material make CNCs ideal
candidates as natural reinforcing agents in polymer™*® and cement'® nanocomposites.

The CNC aspect ratio (length/cross-section) is dependent on the cellulose source and has
been shown to impact properties such as packing density,® rheological behaviour,** and
mechanical reinforcement potential.*> Average values span from 50-3000 nm in length and
cross-sections of 3-20 nm**? and are typically lower for cotton cellulose nanocrystals, with
bacterial or tunicate crystals having the higher aspect ratios.*

Due to increasing interest in the development of commercial CNC-based products, CNC
production has been scaled up over the last decade for high volume applications. CelluForce Inc,
located in Windsor, Quebec currently operates the largest production facility producing one ton
per day of sulfated CNCs using the typical sulfuric acid hydrolysis with bleached Kraft pulp and
has recently started production of a variety of surface-modified CNCs as well. Other producers
include Innotech Alberta (formerly Alberta Innovates Technology Futures), the USDA Forest
Products Laboratory, Blue Goose Biorefineries, FPinnovations, Anomera, CelluloseLab and
Melodea, who have the capacity to produce on the kg scale using wood and cotton cellulose
sources.”® It is important to note that while all of the aforementioned companies produce similar
products, sufficient characterization of any CNC should be performed before its use since slight
variation in CNC characteristics may affect their desired properties for a given application.
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Figure 2.2. Schematic of sulfuric acid-based hydrolysis of cellulose fibers into cellulose
nanocrystals with surface sulfate half-ester groups. Figure reproduced from reference 37. %

2.2.2 Surface Modification of Cellulose Nanocrystals

The surface of CNCs can be modified to impart new functionalities, tailor CNC
compatibility with a given liquid/solid environment, or to improve dispersion/colloidal
stability.*® Methods of surface modifying CNCs include non-covalent modifications®** (i.e.,
adsorption of polymers or surfactants), and covalent attachment of small molecules® or polymer
chains.**? The most common non-covalent route is the adsorption of auto-adsorbing polymers
or cationic surfactants, which generally offers the simplest approach to CNC modification.
Common small molecule covalent modifications include esterification, etherification, silylation,
amidation and urethanization and are often employed to impart functionality for further
modification.”

Polymer Grafting

CNCs can be surface modified with polymer chains through two main methods: polymer
grafting to, in which pre-synthesized polymers are attached to the CNC surface, and polymer
grafting from, in which polymerization is initiated from the surface and monomers are added one
at a time (Figure 2.3).*> While both methods lead to polymer grafting, each has benefits and
setbacks, as outlined in the following sections.



MASc Thesis — M.V. Kiriakou; McMaster University — Chemical Engineering

>

grafting to

grafting from

Figure 2.3. Schematic of A) grafting to CNCs with a given reactive group (blue) and a pre-
formed polymer (green) and B) grafting from CNCs with attached initiator group (red) — the
initiation site may be inherent to the CNC surface chemistry or added in a initiator attachment
pre-polymerization step. Individual purple circles indicate monomeric units and chains of purple
circles are polymers.

Grafting to

The grafting to method generally takes advantage of the abundance of hydroxy groups on the
CNC surface and polymers with specific end-functionality. The main benefit of the grafting to
method is the ability to characterize the polymers prior to their attachment to CNCs, obtaining
information about their physical/chemical properties. However, the grafting density with grafting
to is limited by steric hindrance, whereby long polymer chains entangle with one another or
hinder the ability for polymer chain ends to find the CNC surface. For example, the work by
Habibi et al.** grafted poly(caprolactone) (PCL) to the surface of CNCs using isocyanate-
mediated coupling. In order to obtain a high density of polymer grafting, a reaction time of one
week was required with continuous addition of coupling agent, which is less than ideal for high
volume modification of CNCs.

10
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Grafting from

The grafting from method can provide high grafting densities of hundreds of polymer chains
per CNC. In contrast to grafting to, polymers that are grafted from are unable to be characterized
fully without cleaving the polymers off the CNCs. To combat this, free polymer in solution is
often produced (from “sacrificial imitator” in the liquid phase) and characterized, which has been
shown to be comparable in DP to the grafted polymer.** Despite its characterization challenges,
grafting from has become more popular than grafting to for CNCs, with most reports of CNC
polymer grafting now using the grafting from approach.'

Grafting from is often divided into three groups: free radical polymerization, ring-opening
polymerization (ROP), and controlled radical polymerization (CRP). Free radical is often carried
out in aqueous conditions using a water soluble initiator. These reactions are favorable for CNCs
since they are colloidally stable in water and will therefore be individually modified in their
unaggregated state. Common water soluble initiators used for free radical polymerization
including ceric ammonium nitrate,***® potassium persulfate® > and ammonium persulfate®® !
have been used with a variety of water-soluble monomers. Free radical polymerization, while
favourable due to its simplistic approach and use of water as a reaction solvent, lacks any control
over the grafted polymer length and graft density, leading to a modification that is difficult to
predict and characterize. Additionally, due to the use of water-soluble initiators, initiation occurs
mostly in the aqueous phase rather than the particle surface, resulting in large amounts of free
polymer in solution; This reduces the efficiency of polymer grafting and leads to a mixture that is
difficult to purify.*?

ROP is a method used to polymerize cyclic monomers from the CNC surface. ROP was first
used by Habibi et al.®? who grafted PCL from CNCs; the resulting CNCs were shown to maintain
their morphology after grafting and were able to enhance the mechanical properties of solvent-
casted PCL nanocomposites. Since then, ROP has been used to graft other cyclic monomers
under different reaction conditions,?%473-826583-9266.93-956772 \\ith ROP representing a method
of polymerizing cyclic monomers from CNCs with good control of graft length and density.

Controlled radical polymerization has given rise to the majority of the polymer grafted CNCs
to-date, with most processes designed based on atom transfer radical polymerization (ATRP),
reversible addition-fragmentation chain-transfer polymerization (RAFT) and nitroxide-mediated
polymerization (NMP) approaches.” In each case, the reactions are enabled by a combination of
fast initiation and limited termination, with an equilibrium established between active radicals
and dormant species. The fast exchange between the active and dormant species is what provides
CRP with its excellent control over the dispersity and molecular weight of the grafted polymer.*?
Additionally, the requirement for initiator attachment to the CNC surface prior to polymerization
allows for moderate control over graft density. ATRP has been the most explored method, not
only out of CRP methods more generally but also among all grafting from methods reported for
CNCs.**2% The popularity of ATRP comes from its tunability, the variety of monomers that

11
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can be polymerized, and wide range of solvents and other reactants that can be employed to
optimize polymer grafting. There have not been many examples of using RAFT or NMP for
grafting polymers from CNCs, mainly due to the complex nature of the chain-transfer agent
attachment for the former and the limited monomer/reaction conditions that lead to effective
polymerization for the latter. The main disadvantage of ATRP, unlike RAFT and NMP, is the
requirement for extensive purification to remove the metal catalyst, which can lead to issues
around product purity and process up-scaling.

ATRP was first reported by the Matyjaszewski group,®” with the mechanism shown in Figure
2.4. Its adaptation as a general cellulose modification route was pioneered by the Malmstrom
group, first with filter paper®® as the substrate and later extended to nanocellulose.” There are
now dozens of research groups worldwide that are skilled in surface-initiated ATRP (SI-ATRP)
from CNCs, which has helped to move the field forward quickly.™*** In ATRP, an equilibrium
between the propagating radicals and dormant species is achieved, allowing for control over the
polymerization. The activation of growing polymer chains occurs when the dormant species and
the transition metal complex in their lower activation state react to radicalize the particle surface;
conversely, chains are deactivated when transition metal complexes in their higher oxidation
state react with the propagating radicals. To control the reaction, the rate constants of the
reaction, defined as kac (activation), Kqeact (deactivation) and k, (propagation), can be altered by
the choice of reaction solvent, temperature, monomer and transition metal complex.!®® In
general, a high rate of initiation coupled with a fast deactivation step allows for the concurrent
growth of polymer chains while still exhibiting proper control over chain length.

The first reported case of polymer-grafting from CNCs via SI-ATRP was in 2008 by Xu et
al.,’® who grafted poly(1,1,4,7,10,10-hexamethyltriethylenetetramine) from the CNC surface
followed shortly thereafter with poly(styrene)’®* and poly(N,N-dimethylaminoethyl
methacrylate)*®. Important investigations into how SI-ATRP can be optimized followed next,
with studies highlighting the tunability of surface-initiator immobilization,'® grafting density
limits,'® and the use of sacrificial initiator and its role in estimating the molecular weight of the
grafted polymer.** While initiator densities of up to 4.6 groups/nm? have been reported*®, most
reports of SI-ATRP to date have achieved polymer chain densities of less than 1 chain/nm?!2
That being said, 1 chain/nm? is still considered to be a highly modified material, resulting in
thousands of polymer chains grafted per CNC. With respect to polymer chain length, the highly
tuneable nature of SI-ATRP has allowed for researchers to achieve chains as short as 10
monomer units®*%® and as high as 1000 monomer repeat units’®. In the last decade, most
reports of using SI-ATRP for polymer-grafting from CNCs has focused on applying the method
to hydrophilic polymers like poly(N-isopropylacrylamide)'®*°** and hydrophobic polymers
like poly(butyl acrylate)'®** for the material’s use in applications such as nanocomposites and
emulsions.***2

12
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Figure 2.4. ATRP reaction mechanism. Figure reproduced from reference 97.

The complex nature of ATRP leads to a variety of factors that can affect the values of the
rate constants Kac; and Kgeact, including the structure of the ligand, the monomer/dormant species,
and the reaction conditions (i.e., solvent, temperature and pressure). In this thesis, the effect of
solvent on the grafting of hydrophobic polymer from the CNC surface was evaluated.
Specifically, the polar solvent dimethylformamide (DMF) and non-polar toluene were used as a
reaction solvent to graft poly(butyl acrylate) from the CNC surface in order to assess the benefits
of using a specific solvent for SI-ATRP of CNCs. We believe that the polymerization kinetics
and the dispersibility of the CNCs in the chosen solvent both play a crucial role. While both
DMF107:108.124-120.116123 a0 toluene'*>1? have been used to graft polymers from CNCs before,
this study is the first direct comparison of solvents in which all other reaction conditions and
components are kept constant. This work adds new insight into the choice of solvent when
grafting hydrophobic polymers via SI-ATRP from CNCs while working toward the optimization
of CNC polymer grafting.

Characterization of Surface-modified Cellulose Nanocrystals

The most common techniques for characterizing surface-modified CNCs are elemental
analysis, Fourier-transform infrared spectroscopy (FTIR), x-ray photoelectron spectroscopy
(XPS), x-ray diffraction (XRD), thermogravimetric analysis (TGA), differential scanning
calorimetry (DSC), and solid-state or liquid-state NMR (ssNMR/ISNMR). Additionally,
transmission electron microscopy (TEM) and atomic force microscopy (AFM) are used to
visualize surface-modified CNCs and UV-visible spectroscopy (UV-vis) can be used to evaluate
their colloidal stability in suspension. The following sub-section will summarize these
characterization methods, which are outlined in detail in a review by Foster et al.**®

Elemental analysis, FTIR and XPS are all used to learn about the chemical composition of
modified CNCs. Elemental analysis is particularly useful when the modification contains an
element different than carbon, oxygen or hydrogen, but can also be used to assess differences
between C/H/O after modification. For example, when grafting bromine-bearing initiator groups
for SI-ATRP, elemental analysis can be used to determine the bromine content in order to
calculate the degree of substitution of the modification. Similarly, FTIR can be used to confirm
the presence of chemical groups that are characteristic of a specific modification. For example,
when grafting acrylate polymers from CNCs, the presence of a carbonyl peak implies that the
polymer is present.®* XPS can be used to confirm the presence of new elements and provide
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high resolution spectra for chemical bond information. A useful high resolution spectra is that of
carbon and can be used to differentiate between four different types of carbon: C1 (C-C), C2 (C-
0-C), C3 (0O-C-0) and C4 (C=0); all have different binding energies. Unmodified CNCs only
contain C2 and C3, while the presence of C4 or an increase in C1 is indicative of most acrylate-
based polymers.*® If using XPS, samples must be extremely pure since the presence of any
carbon contamination will show up in the C1 peak.™*® Additionally, XPS is strictly a surface
characterization technique, so the thickness of the modification on the CNC surface will affect
the results.

XRD can be used to evaluate any changes in CNC crystallinity after modification. In
particular, the maintenance of the characteristic peak for cellulose I can confirm that the
modification did not disrupt the CNC crystal structure. In the case of grafting amorphous
polymers, the maintenance of the cellulose | peak will confirm that any reduction in the
calculated crystallinity % is only due to the presence of polymer.*?’

TGA is often used to examine changes in thermal stability after CNC modification. TGA
measures the mass of a given sample as a function of temperature and can be used to determine
the temperature at which a material thermally degrades. For example, the covalent attachment of
polymers to CNCs will often yield a secondary degradation curve attributed to the polymer.*? In
some cases in which the grafted polymer has a higher thermal stability than the CNC, this can
lead to an overall improvement in the thermal stability, as indicated by an increase in the
temperature at which CNCs usually degrade (166°C for sulfated CNCs in acid form).* If the
difference in temperature between cellulose and polymer degradation is large enough, TGA can
be used to estimate the wt. % of polymer based on the mass loss attributed to each component.

DSC is used to determine the glass transition temperature (T) of the grafted polymer. Tyis a
measure of polymer chain mobility and is the temperature at which a “glassy” polymer
transitions into a soft rubbery state.’3* Covalently attaching a polymer to a hard surface such as a
CNC will reduce chain mobility and thus increase Tg. Therefore, DSC can be used to confirm the
covalent attachment of polymer chains.

The most common method of ssSNMR for CNCs is **C- CP-MAS-NMR, which is a powerful
tool to characterize phase transitions, crystallinity, physical transformation, and chemical
modification.’* For chemical modification, chemical shifts assigned to the newly formed bonds
can be detected and used to quantify the extent of CNC maodification. In the case of polymer-
grafting, sSNMR can be used to determine the graft length of the grafted polymer chains.
Additionally, ISNMR and ionic liquids have been used to quantify chain length and the degree of
modification of the cellulose backbone, with the latter not being possible though ssNMR. For
either ssSNMR or ISNMR, the complexity of the methods and analysis make them tedious as
compared to the previously mentioned techniques. Regardless, either method is a powerful tool
for surface-modified CNC characterization and can be considered when the cleavage of a
surface-grafted polymer for analysis cannot be completed.
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When trying to visualize surface-modified CNCs, TEM or AFM can be used.'?® When using
TEM or AFM, sample preparation is very important in order to reduce aggregation and drying
artifacts. Films for TEM are cast on continuous carbon or copper grids, while hard substrates like
silicon wafers are used for AFM. In the case of modified CNCs, the type of solvent needed to
properly disperse CNCs may be vastly different than water. In that case, the compatibility
between your substrate and the solvent should be considered. Additionally, the type of CNC
modification should be compatible with the substrate so that CNC deposition is maximized.

In order to assess the colloidal stability of CNCs, UV-vis spectrophotometry can be used.
Transmittance mode is typically used, in which the amount of light that penetrates the suspension
is detected and can indicate the presence of well-dispersed nanoparticles.*® If particles are well-
dispersed, less light is scattered and thus a higher transmittance value is recorded. In water, a
wavelength of 500 nm is often used to assess the colloidal stability of CNC suspensions. If the
CNC modification makes it incompatible with water, solvents can be used but measurements
must be conducted at a wavelength at which the solvent does not absorb light. CNC
concentrations of 0.5-3 wt. % are often used for these experiments but should be optimized based
on the material synthesized."?®

2.3 Latex-based Pressure Sensitive Adhesives

Pressure sensitive adhesives (PSAs) are adhesives that instantaneously adhere to a surface
upon light pressure and can be removed with a light pulling force. The most common products
that utilize PSA technology are tapes, labels, and film applications. The polymerization methods
that are commonly used to produce PSAs include emulsion, solution, hot-melt or radiation
curing. The emerging emphasis on sustainable processes in the polymer industry has made
emulsion polymerization (i.e., latex)-based PSAs attractive due to their use of water as a
reaction solvent, which can reduce the possibility of runaway reactions and offer a better control
over final product properties.™

Emulsion polymerization is classified as a heterogeneous free-radical polymerization.
During an emulsion polymerization, monomer droplets are stabilized via surfactant and dispersed
throughout water; when surfactant is added above the critical micelle concentration, a small
fraction of monomer is located inside micelles. After the addition of a water-soluble initiator,
free radicals polymerize dissolved monomer in the water phase. As these chains grow, their
affinity for monomer-swollen micelles increases to a point where they enter and continue to
propagate by reacting with the monomer present in the micelle. This particle nucleation step is
completed once all monomer-swollen micelles that are not nucleated disband to supply growing
particles with surfactant and monomer (i.e. phase 1). Next, monomer droplets act as reservoirs
for the growing particles, supplying monomer and surfactant as polymerization continues to take
place primarily in nucleated particles, thus growing the nucleated particles (i.e. phase 2). Once
all monomer droplets are used up, only residual monomer remains inside latex particles and is
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consumed in the presence of remaining initiator radicals (i.e. phase 3). A not-to-scale schematic
of this process is shown in Figure 2.5.

For PSA applications, latex particles are often 100-300 nm in diameter in order to optimize
latex viscosity and particle packing during film formation.*® In order to obtain consistent
particle sizes, a seeded semi-batch technique can be used in which the seed latex (produced via
an initial batch process) acts as a nucleation agent and the feed stage (via continuous process)
grows the seed particles to their desired size. In most cases, monomers used for the production of
latexes for PSA production have slight water solubility which facilitates monomer diffusion
between larger monomer droplets and growing polymer particles.’®® These latexes can be used
as-synthesized to produce PSAs or modified with additives either post-polymerization or in situ.
Once latex synthesis is complete, PSAs are produced by casting a wet film against a backing
material (known as a carrier) and drying the film though the evaporation of the solvent (i.e.
water).

PSAs are often comprised of multiple polymers that vary in their glass transition temperature
(Tg). Low Tq4 polymers (< 0°C) are used for their tackiness and fluid-like behavior at ambient
temperatures. The most common low Ty monomers include 2-ethylhexyl acrylate (EHA), n-butyl
acrylate (BA) and isobutyl acrylate (IBA). Additionally, high T4 polymers (> 0°C) like methyl
methacrylate (MMA), vinyl acetate (VAc) and styrene (St) are used to improve the cohesive
strength of PSAs, generally being incorporated at low concentrations such that the stickiness of
the low T4 polymers is not lost.” The ideal formulation is usually comprised of 70-90% low and
10-30% high T4 polymers; however, the ratio between the two is often dependent on the PSA
properties targeted. PSAs comprised of the previously mentioned monomers and other acrylic
esters have become the most competitive PSA formulations in recent times due to the balance
achieved between final PSA properties, reproducibility, and compatibility with other additives.

Aside from the type of polymer used, there are other factors that will affect the adhesive
properties of a latex-based PSA. The polymer microstructure (i.e., molecular weight,
crosslinking density, gel content) can affect the adhesive and cohesive properties of a PSA.* For
example, low molecular weight polymers show a high level of flowability and wettability toward
a surface, which will translate to good adhesive properties. However, lower molecular weight
often leads to a reduced crosslink network and in turn a reduced cohesive strength. Conversely, a
high molecular weight will show an improved cohesive strength at the expense of adhesive
strength. In common formulations, either chain transfer agents (CTAS) or cross linkers are used
to either reduce or increase the molecular weight of the polymer(s) respectively, often leading to
latex-based PSAs that would suffer from either low adhesive or cohesive strength.**

While the production of latex-based PSAs is more sustainable than solvent-based methods,
such latex-based formulations often suffer from performance issues. Specifically, the fast
evaporation of solvents and reactions with atmospheric oxygen during film formation result in
solvent-based PSAs forming a continuous gel network with high cohesive strength, something
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harder to achieve given the slower evaporation of water from latex-based PSAs.*** In order to
improve the adhesive properties of latex-based PSAs, researchers have employed the use of
nanomaterials. The presence of nanoparticles in a PSA would produce a strong interphase layer
between the nanoparticle and the polymer chains, thus regulating the load transfer between the
two and improving the overall mechanical strength.*® This improvement would be especially
beneficial for latex-based PSAs, which usually suffer from low cohesive strength. To date
different nanoparticles have been used to form PSA nanocomposites, including nano-SiO,,
nanoclays, carbon nanotubes, and CNCs.*®

° Initiator
Surfactant
Monomer

Polymer

Polymerization

Figure 2.5. Emulsion polymerization schematic of polymer initiation in water phase, and then
polymer chain growth in monomer-swollen micelles when the surfactant concentration is above
the critical micelle concentration. Not drawn to scale.

2.3.1 Pressure Sensitive Adhesive Testing

PSAs are conventionally characterized by their peel adhesion, tack force, and shear strength.
A summary of these tests is outlined in a review by Jovanovi¢ and Dubé™ and described in the
remainder of this section. Peel adhesion is the force required to peel a PSA film away from an
adherend. These tests are often done with standard dimensions of a PSA film and on a standard
surface with a pre-defined peel rate and angle (i.e. 90° or 180°). The mode of failure is also
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important when performing a peel test. While an adhesive failure is desired in which no residue
remains after the adhesive is removed from the testing surface, cohesive failures (i.e., residues
remain on substrate), unstable modes (i.e. the peeling force is unstable), or adhesive transfer (i.e.,
complete transfer of adhesive from support liner to test surface) may occur, all of which are
undesired. Tack is defined as the ability of an adhesive to from a “quick” bond with another
surface after brief contact with the adherend under light pressure. Tack depends not only on the
interfacial and bulk properties of a PSA but also on the method used to measure tack. The three
most common methods are 1) rolling ball, where a stainless steel ball is rolled down an inclined
ramp of adhesive, 2) probe tack, where a probing material comes into contact with a PSA and
pulled away, and 3) the loop method, where a loop of PSA comes into contact with a testing
substrate and is pulled away at a 90° angle (Figure 2.6B). The differences between these testing
methods and the metrics used to quantify them (i.e. displacement, force/probe area, force/unit
area respectively) makes comparison between different test methods difficult. Lastly, shear
strength is an indication of the adhesive’s resistance to shearing forces and is related to the
PSA’s cohesive strength. The standard shear strength test is performed by applying a constant
shear stress to an adhered sample and waiting until de-bonding occurs, similar to a creep test
commonly used to assess the viscoelastic properties of polymers. As such, shear strength is
measured in the number of hours it takes for an adhesive strip to fall after hanging a weight on it.
A visual representation of these tests can be seen in Figure 2.6.

When testing PSAs, it is important that the environmental conditions, backing material, and
adherend are kept constant. The choice of each of these factors is subject to change depending on
the type of adhesive being produced and/or the standard chosen for use. The Pressure Sensitive
Tape Council (PSTC) is a trade association responsible for PSA testing standards and has
supplied a variety of testing methods for different PSAs for 60 years. For example, the standards
chosen in chapter 4 of this thesis are PSTC16 (tack), PSTC101 (180° peel) and PSTC107A
(shear), all which are done under room temperature and 50% relative humidity.*

Figure 2.6. Graphical representation of A) peel strength, B) tack and C) shear strength PSA
testing. Figure adapted from reference 148.
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2.4 Polymer Latex Nanocomposites

Polymer nanocomposites have two phases: a polymer matrix and a dispersed phase
containing a nanomaterial. The polymer matrix is the primary phase, making up most of the
nanocomposite, while the dispersed phase is physically embedded into the polymer matrix. The
addition of a nanomaterial to polymer latexes can improve both the latex (e.g. stability, viscosity)
and casted film (e.g. mechanical, adhesive) properties, which can lead to product improvement
or new applications all together.!*'® In the context of a polymer latex nanocomposite, the
primary phase would be latex polymer particles.

There are a variety of nanomaterials that have been employed as the dispersed phase for
polymer latex nanocomposites, including spherical (e.g. nano-silicon dioxide, nano-titanium
dioxide), fibrous (e.g. carbon nanotubes, nanofibers), layered (e.g. nanolayered silicate) and rod-
shaped (e.g. cellulose nanocrystals) particles.***® Nanomaterials are attractive due to their high
specific surface area, surface chemistry and, in the case of fibrous or rod-shaped particles, high
aspect ratio that can regulate a variety of chemical and physical interactions between the primary
and dispersed phases. Additionally, a small amount of nanomaterial (0.5-5 wt. % total mass) is
often enough to see substantial changes in desired properties like the ones previously
mentioned.**® This is attributed to high specific surface area of the nanomaterials and makes
their use industrially feasible and cost-effective.

With the goal of producing more environmentally benign and sustainable polymer
nanocomposites, the use of emulsion polymerization for the production of polymer latexes has
become more popular. For coatings and adhesives, latex-based systems can eliminate the need
for solvents during synthesis. Furthermore, the use of a sustainable nanomaterials (e.g. CNCs)
can further reduce the environmental impact of a polymer latex nanocomposite. The following
subsections investigate the use of CNCs in water-based polymer systems.

2.4.1 Cellulose Nanocrystals in Water-based Heterogeneous Polymer Systems

CNCs have been employed in dispersion, suspension, miniemulsion, and Pickering emulsion
polymerization reactions, either as a particle stabilizer (Pickering stabilizer) or a co-stabilizer.*
Additionally, CNCs have been used as an additive in miniemulsion and emulsion polymerization
either though post-synthesis blending or in situ addition. We note here that the term “Pickering
emulsion polymerization” defines any emulsion polymerization in which a traditional small-
molecule surfactant was not used, regardless of the kinetic similarities to the traditional method
that uses such a surfactant.

Both unmodified™**> and surface-modified CNCs*** %! have been used as stabilizers for

monomer droplets in water-based heterogeneous polymerization. The first series of reports on
this topic was from Capron and co-workers, who were attempting to produce CNC-stabilized
emulsions but polymerized their oil phases via suspension polymerization for imaging
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purposes.**°21%3 Since then, other researchers have employed this method of CNC-based
stabilization in suspension, miniemulsion, and Pickering emulsion polymerization intentionally.
In a study by Limousin et al.,”** CNCs were used to stabilize methyl methacrylate and butyl
acrylate latexes in the presence of a cationic initiator. The use of said initiator promoted the
adsorption of CNCs onto the monomer droplets, which resulted in the formation of highly coated
polymer particles known as “armoured latex particles”. The resulting latex had an improved
Young’s modulus but led to brittle films.**®

A variety of surface modified CNCs has been used to stabilize monomer droplets, and the
subsequent polymer particles, including carboxylated CNCs,**® CNCs modified with alkyl
compounds,****° acetylated CNCs,'* aldehyde CNCs,*" and polymer-grafted CNCs.'** In each
case, the surface modification was employed as a way to improve droplet/particle stabilization as
compared to using unmodified CNCs. Regardless of surface chemistry, using CNCs as stabilizers
allows for the elimination of surfactants while still maintaining the potential to tune latex
stability, particle size and viscosity.

When paired with electrostatically bound surfactants or auto-adsorbing polymers, CNCs can
be used as a co-stabilizer. Work by Kedzior et al.**® used CNCs with either anionic or cationic
surface charge in conjunction with anionic or cationic surfactants to tune the polymer particle
structure, showing that micrometer-sized particles could be achieved when using oppositely
charged CNCs and surfactant. In addition, CNCs were combined with methyl cellulose (MC) to
prepare PMMA particles with a double morphology.** In this example, PMMA nanoparticles
were stabilized by excess MC via dispersion polymerization while MC-modified CNCs
stabilized micrometer sized PMMA particles. While co-stabilized polymers do not achieve the
same level of “greenness” as their CNC-only stabilized counterparts, these systems have shown
to provide a high level of particle size tunability.

Recently, a study by Jiménez-Saelices et al.*** used CNCs in suspension polymerization and

investigated the effect of monomer water solubility on latex particle size. This worked showed
that the monomer solubility in water was a key factor for tuning the particle size distribution. For
example, the stabilization of styrene monomer resulted in both a nano- and micron-sized droplets
(and later polymer particles) while the use of the more hydrophobic monomer lauryl
methacrylate resulted in only micron-sized droplets/particles. Additionally, the use of both oil
and water-soluble initiators yielded both micro- and nanoparticles from isobornyl acrylate
despite there only being micron-sized droplets prior to polymerization, suggesting the
importance of initiator on latex particle size. Building on this, Glasing et al.*** produced CNC
and polymer-grafted CNC stabilized latexes via microsuspension polymerization and
investigated the effects of initiator solubility and surface charge on particle size. The results
showed that the polymer-grafted CNCs could produce smaller (5-9 um) styrene droplets than
unmodified CNCs (18-20 pm); additionally, initiators with slight water solubility produced
surfactant-free nanoparticles, which was a result of homogenous nucleation in the water phase.
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Overall, these studies showed that not only CNC type and concentration but also monomer and
initiator solubility characteristics will affect the particle size of CNC/polymer latexes. 314

Cellulose Nanocrystals in Emulsion Polymerization

As an additive to emulsion polymers, CNCs have been either blended post synthesis or
added in situ during latex polymererization.** The first ever CNC/polymer nanocomposite was
reported by Favier et al.™®* in 1995, who blended CNCs and acrylic latex. While these methods
are straightforward, CNC incorporation though blending is often done by first dispersing CNCs
in water at low concentrations, which in turn dilutes the resulting CNC-loaded latex. Since most
applications call for high concentration latex (> 30 wt.%) to be used, the post-blending method
can be problematic. Adding dried CNC powders to latexes does not result in uniform CNC
dispersion, and extensive mixing/sonication can damage the latex; as such, this is not a
recommended route. Overall, blending CNCs into a range of latexes has been employed in the
last 25 years and generally improves the mechanical properties of water-borne heterogeneous
polymer systems.**

The alternative to blending is to incorporate the CNCs in situ, by which they are distributed
in the water phase of the reaction before polymerization. In this case, no dilution of the latex is
necessary since the water designated for the reaction can be used to disperse the CNCs. This
method also eliminates the need for post-synthesis processing and can lead to more cost-effective
one-pot nanocomposite production methods. The first case of incorporating CNCs in situ was
reported by Mabrouk et al.™® for a poly(styrene-co-hexylacrylate) latex produced via
miniemulsion polymerization. The addition of 5 wt.% (based on monomer mass) of CNCs to a
20 wt.% (of polymer) latex enhanced the storage modulus of the latex by 500% when above the
glass transition temperature of the polymer. In this case, the CNCs alone were not able to
stabilize the latex, so reactive silane was added.

To ensure that CNCs stay un-aggregated during polymerization, the dispersion of CNCs in
the suspension before adding them to the reaction mixture has been investigated. For example,
Dastjerdi et al.,*"**® Ouzas et al.,”"**® Pakdel et al.,"> and Gabriel et al.*®® demonstrated that for
CNC-loaded emulsion polymerization reactions spray dried CNCs should be magnetically stirred
for one hour before undergoing three 5 minute probe sonication cycles (in an ice bath with
resting periods between each cycle to minimize heat build-up). Other considerations include the
type of surfactant used (where oppositely charged surfactant to the surface charge of the CNCs
may induce CNC-surfactant interactions which are undesired if CNCs need to remain dispersed
though the water phase), pH, and system impurities, all of which affect latex stability,
polymerization kinetics, CNC colloidal stability, and thus the properties of the final latex.
Additional considerations are needed when working with hydrophobic CNCs, which must be
dispersed into the oil phase to minimize aggregation in water.
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Another challenge when adding CNCs in situ during polymerization is the limitation of
loading CNCs without inducing polymer coagulation or low monomer conversion. To date, CNC
suspensions have been loaded into the reactor using the available water for the reaction either
with other reactants for a miniemulsion>>*®*%3 or added in the seed'®****® (j.e., batch) for
semi-batch emulsions. CNC loadings are generally limited to maximum 2 wt.% (based on
monomer mass) to reduce complications associated with increased viscosity and mixing issues
that can jeopardize the stability of a given system.

Loading limitations are especially present when using hydrophobic CNCs, for which
dispersing in water is not possible. From this, the oil phase must be used as a dispersing medium
in order to obtain a proper dispersion of CNCs, which can further limit the concentration of
hydrophobic CNCs added since the oil phase is often less than 50% of the total latex mass. This
method of hydrophobic CNC dispersion in the oil phase has been employed in previous work®
to disperse poly(butyl acrylate)-grafted CNCs (PBA-g-CNCs) into methyl methacrylate
monomer before a miniemulsion polymerization. The goal was to incorporate PBA-g-CNCs
inside the monomer droplets such that they would be incorporated into the latex particles after
polymerization (Figure 2.7)'®. We note that CNCs that remain in the monomer/polymer phase
must be hydrophobic and unaggregated; intermediate wettability would favor CNCs as Pickering
emulsifiers at the monomer-water interface, while aggregation would make the CNCs too large
for incorporation into the polymer particles.®* The same method of dispersing polymer-grafted
CNCs into the monomer phase prior to polymerization was employed in the work described in
Chapter 4 to maximize the efficiency of polymer-grafted CNC loading, herein using a semi-batch
emulsion polymerization instead of a miniemulsion polymerization.

- —— J)(-),JrJ y Miniemulsion

"= Polymer grafting lf(_)[\'.\ polymerization

Figure 2.7. Schematic showing polymer-grafted cellulose nanocrystals incorporated into PMMA
latex particles. Figure reproduced from reference 135.
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Cellulose nanocrystals in Latex-based Pressure Sensitive Adhesives

As mentioned, CNCs have been incorporated into latex-based PSAs either though post-
synthesis blending®” or in situ addition."****%°% Adding CNCs in situ has become the preferred
way of making CNC-latex PSAs, leading to significant adhesive property enhancement
compared to blending. For example, Dastjerdi et al.'” showed that a CNC-poly(butyl acrylate-co-
methyl methacrylate) latex to which CNCs were added in situ offered a 3.8x improvement in
tack, a 6x improvement in peel, and a 20x improvement in shear strength; CNCs added though
post-synthesis blending offered a 2.4x improvement in tack, a 1.5% improvement in peel, and a
6.4x improvement in shear strength. . Regardless of the CNC incorporation method, CNCs were
able to improve all three PSA properties, which is very uncommon for PSAs containing
nanoparticles for which normally the improvement in adhesive strength results in a decrease in
cohesive strength (or vice versa).!” The improvement of latex-adhesive performance with the
addition of CNCs was attributed to the presence of well-dispersed CNCs throughout the water
phase, leading to a good distribution of CNCs after film formation. Other effects include changes
in wettability, an improved crosslinked network, and film forming abilities, all which were
attributed to the addition of CNCs.

CNCs have been employed for a variety of co-polymer formulations, which are summarized
in Table 2.2. While a variety of polymers has been used, their compatibility with CNCs can
affect the ability for CNCs to improve PSA properties. When using polar monomers, Pakdel et
al.** found that the addition of 4 wt. % of acrylic acid improved PSA shear strength by 8 h, but
by 70 h in the presence of CNCs. This synergistic effect was attributed to the compatibility
between acrylic acid and CNCs, between which could from strong hydrogen bonds between the
carboxyl and hydroxyl groups.* This work further exemplified the necessity for CNC/monomer
compatibility in PSA formulations. With more hydrophobic formulations, CNC/polymer
incompatibility can affect the dispersion quality of CNCs. This was observed in the case of a
CNC-poly(2-ethyl hexyl acrylate-co-butyl acrylate-co-methyl methacrylate) latex, for which the
hydrophobicity of 2-ethyl hexyl acrylate resulted in CNC aggregation during the
polymerization.™> While the resulting CNC-polymer latex adhesive still showed improved
adhesive properties, it was hypothesized that an improved compatibility between CNCs and the
monomers would result in a further improvement.
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Table 2.2. Summary of latex-based PSAs containing CNCs in literature to date.
Monomers | CNC type | CNC Parameters Key conclusions Refs
used addition studied .
BA/EHA | Unmod. In situ Effect of CNC | -CNC addition up to 4 wt. % could improve | 16°
CNC loading on PSA | PSA peel and shear strength (176 and 518%)
properties -CNC addition up to 2 wt. % could improve
probe tack before decreasing due to PSA
surface roughness
-CNCs can improve all PSA properties
BA/MMA | Unmod. In situ/blend | Effect of CNC -in situ addition improved tack, peel strength | 17
CNC loading: in situ | and shear by 3.8, 6, and 20x respectively and
vs blending was higher than that of blending (2.4, 1.5,
6.4x for blend)
-Increased PSA wettability attributed to
addition of CNCs
IBA/BA/ | Unmod. Novel -Addition of CNC improved all PSA 158
MMA CNC formulation properties
-Improvement in shear strength due to
possible CNC/polymer grafting or hydrogen
bonding
EHA/BA/ | Unmod. In situ/blend | Effect of latex | -Addition of EHA reduced CNC-particle 157
MMA CNC hydrophobicity | interactions and lead to poor distribution of
aggregation of CNCs in latex and inhibited
PSA improvements
-Compatibility between monomers and
CNCs is important for PSA optimization
BA/St/AA | Unmod. In situ Effect of high -Location of CNC addition (i.e. seed, feed, or | 160
CNC (< 2wt.%) CNC | both) did not have an significant effect on
loadings and PSA properties
loading location | -High CNC loadings improve shear strength
on PSA but decrease tack and peel strength
properties -CNC concentration in water when added in
situ must not be too high such that
aggregation occurs prior to latex synthesis
BA/VAc/ | Unmod. In situ Effect of AA, -AA strengthened CNC/polymer interactions | 1°9
AA CNCs sodium dodecyl | and improved shear strength
sulfate (SDS) -Increasing SDS reduces tack and peel but
and chain was exaggerated in the presence of AA
transfer agent -CTA addition at high CNC concentrations
(CTA) on PSA drastically reduced shear strength, suggesting
properties CNC/polymer physical interactions
BA/EHA/ | Unmod./ In situ -Reactive vinyl groups on y-MPA 166
HEA/MM | y-MPA Effect of {CNCs | incorporated fCNCs into or on polymer
AJAA CNCs on PSA particles, improving dispersion in PSA.
(FCNC) performance -PSA tack and peel strength with fCNC was
superior to PSAs with unmod. CNC but shear
was unchanged
BA/VAC/ | Unmod. In situ Effect of less -CNC-103s were closely associated with 167
AA CNCs/ hydrophobic polymer during film formation, improving
Jeffamine- and surface their dispersion in PSA
modified charged CNCs -Tack and peel of PSAs with CNC-103 was
CNCS on PSA superior to PSAs with unmod. CNCs
(CNC-103) properties -Better dispersion of CNC-103 improved

film wetting/chain stretching but reduced the
elasticity of the PSA (low shear strength)
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To date, there are only two reports that use “less hydrophilic” CNCs in latex-based pressure
sensitive adhesives. Yu et al.®® modified CNCs with 3-methacryloxypropyltrimethoxysilane
coupling agent (y-MPA) and incorporated them in situ into a poly(butyl acrylate-co-2 ethyl hexyl
acrylate-co-2 hydroxyethyl acrylate-co-methyl methacrylate-co-acrylic acid) latex. The resulting
PSAs containing y-MPA CNCs exhibited a better tack and peel strength than those with
unmodified CNCs, while the improvement in shear was the same for both CNC types. Due to the
presence of reactive vinyl groups on y-MPA, copolymerization between the bulk polymer and vy-
MPA occurred, embedding y-MPA CNCs into polymer particles via covalent grafting.'*® Pakdel
et al.'®” also explored the use of less hydrophilic CNCs (CNC-103) in latex-based PSA
formulations, with CNC-103 addition in situ outperforming unmodified CNC (CNC-101)-loaded
PSAs in both tack and peel strength. The superior tack and peel was attributed to the improved
compatibility between CNC-103 and the polymer by which, upon film formation, CNCs were
less aggregated. However, PSAs containing CNC-103 exhibited lower shear strength than PSAs
containing CNC-101, with the formation of small CNC-101 aggregates acting as polymer chain
anchors to improve cohesive strength.*®” While the use of “less hydrophobic” CNCs were
demonstrated in the above studies, the effect of incorporating hydrophobic CNCs into polymer
latexes on PSA properties has yet to be investigated. In particular, through the use of polymer
grafting, CNCs can be surfaced-modified with the exact same surface chemistry as the polymer
latex particles, further offering advantages in improving compatibility and dispersion throughout
the polymer matrix.

In this thesis, polymer-grafted CNC-poly(butyl acrylate) latex-based PSAs were produced
via semi-batch emulsion polymerization. The polymer-grafted CNCs were produced via Sl-
ATRP and added in situ at concentrations of 0.5 and 1 wt.% (based on monomer mass) to
evaluate the effect of CNC concentration on the adhesive properties. Two polymers commonly
used in PSAs but with different Ty values (poly(butyl acrylate) and poly(methyl methacrylate))
were used to evaluate the effect of polymer T, and compatibility with the bulk latex.
Additionally, two chain lengths were used to evaluate the effect of a low and high DP on CNC
incorporation and adhesive properties. To our knowledge, this is the first time that polymer-
grafted CNCs have been used in a latex-based PSA formulation.
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Chapter 3: Effect of Reaction Media on Grafting
Hydrophobic Polymers from Cellulose Nanocrystals via
Surface-initiated Atom Transfer Radical Polymerization

3.1 Abstract

Hydrophobic polymer-grafted cellulose nanocrystals (CNCs) were produced via surface-initiated
atom transfer radical polymerization (SI-ATRP) in different solvents to examine the role of
reaction media on the extent of surface modification. Poly(butyl acrylate)-grafted CNCs were
synthesized in either dimethylformamide (DMF) (D-PBA-g-CNCs) or toluene (T-PBA-g-CNCs)
alongside free polymer from sacrificial initiator, which was analyzed by gel permeation
chromatography. UV-visible spectroscopy in transmittance mode was used to evaluate the
colloidal stability of unmodified CNCs, initiator-modified CNCs and PBA-g-CNCs in
suspension in water, DMF, and toluene. The enhanced colloidal stability of initiator-modified
CNCs in DMF led to improved accessibility to surface initiator groups during polymer grafting,
with D-PBA-g-CNCs facilitating up to 30 times more grafted chains relative to T-PBA-g-CNCs
as determined by thermogravimetric and elemental analysis. Consequently, D-PBA-g-CNCs
dispersed well in toluene and were hydrophobic, with high molecular weight (>13 kDa) grafted
CNCs resulting in a water contact angle of 124° compared to 25° for similar CNCs grafted in
toluene. X-ray diffraction and transmission electron microscopy confirmed that the cellulose
crystal structure was preserved and that individual nanoparticles were retained when grafting was
carried out in either solvent. This work highlights that optimizing CNC colloidal stability in a
given solvent prior to grafting is a more crucial consideration than solvent—polymer
compatibility to obtain high graft densities and highly hydrophobic CNCs via SI-ATRP.

3.2 Introduction

Cellulosic materials that have at least one dimension in the nanoscale are referred to as
nanocellulose. Nanocellulose is organized into three categories: bacterial nanocellulose (BNC),
produced through the fermentation of sugars and plant carbohydrates via microorganisms,
cellulose nanofibrils (CNFs), produced after mechanically disintegrating cellulose fibers, and
cellulose nanocrystals (CNCs), produced via chemical hydrolysis or oxidation.? Due to their
extraction from renewable resources and their potential to replace existing non-renewable
materials, nanocelluloses have gained popularity over the last two decades, with their suggested
use in a wide range of applications.’

Unlike CNFs and BNC, plant-derived CNCs are rigid, rod-like nanoparticles that are nano-
sized in all dimensions. CNCs are most commonly produced through a sulfuric acid hydrolysis
process that results in sulfate half-ester groups being grafted to the nanoparticle surface,
imparting a negative surface charge and colloidal stability in polar solvents. The abundance of
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hydroxy groups in the cellulose structure additionally makes CNCs highly water compatible and,
as such, they are generally considered hydrophilic. However, the arrangement of cellulose chains
into the cellulose | crystal structure results in a hydrophobic crystal plane edge void of hydroxy
groups which may give CNCs somewhat amphiphilic properties.®® Furthermore, the rigid and
crystalline nature of CNCs gives them exceptional mechanical properties, making them highly-
promising as additives for improving the mechanical strength of polymer and cement
nanocomposites.™*31°

The colloidal stability of CNCs produced via sulfuric acid hydrolysis in aqueous media has
been previously studied.*® CNCs form stable suspensions in water between pH values of 3 and
11; highly acidic conditions can cause further hydrolysis of CNC chains'®® while highly basic
conditions are known to desulfate CNCs,*® causing destabilization of the suspension. The
colloidal stability of CNCs in polar organic solvents such as dimethylformamide (DMF) and
dimethyl sulfoxide has also been studied, with stable suspensions shown to be possible.*™
However, other organic solvents such as ethanol, chloroform, toluene, and other non-polar
organic solvents are not good dispersing media for CNCs, limiting their use in reactions and
processes that require such solvents.

To solve the inherent compatibility issues between CNCs and non-polar solvents (and by
extension, hydrophobic polymers often used in nanocomposites), a variety of surface
modification routes have been employed to improve CNC hydrophobicity. These methods
include non-covalent modifications (i.e. adsorption),**** small molecule covalent modifications
such as esterification, etherification, silylation, amidation and urethanization,*** and polymer
grafting.*"** The most common non-covalent modification routes involve the adsorption of auto-
adsorbing polymers or cationic surfactants. As an example of the adsorption route, Khandal et
al.'”> modified CNC surfaces with polyethyleneimine (PEI) via physical adsorption to change the
rheological properties of CNC suspensions. The modification of CNCs showed no change in
nanoparticle morphology, suggesting that a very thin and uniform layer of PEI was present on
the surface. As an example of a small molecule functionalization route, Yoo and Youngblood "
functionalized CNC surfaces with poly(lactic acid) oligomers and various fatty acids though a
two-step esterification and demonstrated improved compatibility with solvents such as
chloroform and toluene due to their enhanced hydrophobicity. However, polymer grafting serves
to covalently attach polymer chains which can lead to a variety of different surface chemistries
and morphologies as compared to other methods of CNC modification.

Polymer grafting can be achieved by grafting already synthesized polymer chains to the
CNC surface (grafting to) or growing new polymers from the CNC surface (grafting from). In the
work by Araki et al.,'"* polymer grafting to was used to sterically stabilize CNCs, pioneering the
field of polymer grafting with nanocellulose. Polymer grafting to is beneficial since the polymer
can be synthesized and characterized before it is attached to the CNCs. However, steric
hindrance limits the density of polymer chains that can be grafted.> When grafting from is used,
polymer chains can be grown directly from hydroxy groups on the cellulose surface though free
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radical or ring-opening polymerizations or through a controlled radical polymerization method in
which initiator-bearing chemical groups are first immobilized on the CNC surface. Carlmark and
Malmstrom,*®demonstrated surface-initiated atom transfer radical polymerization (SI-ATRP)
grafting of poly(methyl acrylate) from cotton filter paper as the first reported case of controlled
radical polymerization from the surface of cellulose. Polymer grafting from techniques allow for
a much higher density of grafting compared to grafting to but often require multiple steps due to
the need for initial initiator attachment and lengthy purification protocols; furthermore,
characterization of the resulting polymer chain length, grafting density and polymerization
kinetics is much more challenging since the reaction occurs directly from the interface rather
than in free solution.'%*

SI-ATRP with CNCs has gained popularity in the last two decades.*? As a controlled radical
polymerization, SI-ATRP can produce polymers with low dispersity values that make comparing
the effects of polymer molecular properties straightforward. Additionally, the range of solvents
that can be used for SI-ATRP allows for a variety of hydrophilict®105:120-123.125.127.175-
178,107,179,180,110-114,117,118 and hydrophobiC41,101,128,181—185,102,104,106,108,112,116,124,125 polymers to be
grafted. The most common hydrophilic and hydrophobic polymers grafted via SI-ATRP from
CNCs are poly(N-isopropylacrylamide)'®*°** (PNIPAM) and polystyrene, 102104112124 ity
PNIPAM employed for its thermoresponsive properties and polystyrene as a model system that
has been grafted from a variety of substrates in literature and is capable of enhancing CNC
compatibility in polymer composites. The critical first step enabling SI-ATRP is the attachment
of an initiator-baring group to produce macroinitiated CNC surfaces. This is typically done in
organic solvents like DMF and uses trimethylamine (TEA) and 4-(dimethylamino)pyridine
(DMAP) to attached alpha-bromoisobutyryl bromide (BiB) to the CNC surface via
esterfication.> Additionally, the highly crystalline nature of CNCs can withstand the slightly
acidic conditions that arise during BiB-modification, despite evidence that suggests minor
defects can arise as a result of the reaction.’® In contrast, the less crystalline nanocelluloses like
CNFs can undergo degradation of the amorphous regions present in each nanofibril under such
reaction conditions, making SI-ATRP of CNFs challenging.*®

The effects of CNC properties and SI-ATRP reaction parameters on polymer grafting have
been studied previously. CNC properties like BiB grafting density,’%>!%® ATRP initiator
source,*® and CNC surface charge’ have been investigated to optimize polymer grafting via Sl-
ATRP. Studies on BiB grafting density have shown that there is a threshold of BiB groups that
can be initiated during SI-ATRP, limiting the number of polymer chains that can be grafted from
the surface due to steric hinderances.’®®'® Using a secondary ATRP initiator such as 2-
bromopropanoic acid results in larger dispersity values, suggesting that the use of BiB provides
better control over the polymerization.’® Lastly, CNCs with higher anionic sulfate half-ester
group densities yield higher grafting efficiencies at the expense of higher polymer dispersities
when grafting is performed in aqueous media due to inefficient radical deactivation.”® The effect
of catalyst source can also affect polymer grafting efficiency, with copper wire treated with
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hydrochloric acid resulting in polymer-grafted CNCs that required little post-synthesis
purification.’®* Overall, the number of publications that focus on the optimization of polymer
grafting from CNCs via SI-ATRP is low compared to the total number of papers discussing
polymer grafting to CNCs, highlighting the potential for future optimization of this
polymerization technique.

A variety of solvents has been used when grafting polymers from CNCs, including water,*”
Water/methanol,105’110_114’177 methanol,103’180 Water/DMF,m DMF,106’107’124'125'127'175'108'116_118’120_
123 DMSO,181'183 DMF/THF,184 THF,109’185 toluene,lls‘m anisole,41’104’112’182 and
chlorobenzene.'®* When grafting hydrophobic polymers from CNCs via SI-ATRP, polar solvents
such as DMF or non-polar solvents like toluene have most commonly been used but are never
compared directly. The choice of solvent can affect multiple parameters of the grafting reaction,
with increasing solvent polarity resulting in an increase in the ATRP equilibrium rate constant
(thereby accelerating the rate of polymerization’®) and better dispersion of BiB-modified CNCs
prior to grafting; however, if the polymer graft is hydrophobic, non-polar solvents are more
compatible with the produced polymer and thus polymer-modified CNCs after the grafting
reaction. While solvent polarity can thus have competing effects on the SI-ATRP reaction, the
comparative benefits of using more or less polar solvents to graft hydrophobic polymers from
CNCs have not yet been explored.

In this work, we directly compare the grafting of the hydrophobic polymer poly(butyl
acrylate) (PBA) to CNCs using either toluene or DMF as the solvent, keeping all other reaction
conditions and purification steps constant. To our knowledge, this is the first known comparison
of the effect of reaction solvent on the grafting of a hydrophobic polymer from any surface via
SI-ATRP (not just CNCs). The resulting polymer-grafted CNCs were characterized using a
variety of bulk techniques (Fourier-transform infrared spectroscopy, elemental analysis,
thermogravimetric analysis, UV/visible spectroscopy, x-ray diffraction, and gel permeation
chromatography) and surface characterization methods (transmission electron microscopy,
contact angle). The resulting insight into the benefits of using a specific reaction solvent for SI-
ATRP with CNCs is beneficial to optimize the grafting of hydrophobic polymers from CNCs and
may find broader use in tailoring the compatibility of this and other nanoparticles in polymer
composite systems.

3.3 Experimental Section

4.3.1 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), dichlorodimethylsilane, aluminum
oxide, hydrogen peroxide and ethylenediaminetetraacetic acid (EDTA) were purchased from
Sigma Aldrich and used as received. Dimethylformamide (DMF) (anhydrous, 99.8%), toluene
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(anhydrous, 99.8 %), acetonitrile (ACS reagent, > 99.5%), xylenes (ACS reagent, > 99.5%),
ethanol (95%), tetrahydrofuran (THF) (for HPLC, > 99.9%) and sulfuric acid were purchased
from Caledon Labs. Polyallyamine hydrochloride (PAH, Mw = 120 000 — 200 000 g/mol) was
purchased from Polysciences. Butyl acrylate (BA) was 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 (in the sodium form) by
CelluForce Inc.

3.3.2 Preparation of Initiator-modified CNCs (BiB-CNCs)

Initiator-modified CNCs (BiB-CNCs) were produced by using a similar protocol to Kedzior
et al.’® First, 2 g of dried CelluForce CNCs were re-dispersed in 200 mL of DMF by stirring for
24 h and bath sonicating (Bransonic Ultrasonic MH, Branson) for an additional 2 h in a 500 mL
round bottom flask. Under magnetic stirring, 4 mL of TEA was added followed by a catalytic
amount (~ 0.5 g) of DMAP. The suspension was sealed with a rubber septum and degassed with
argon for 1 h, followed by the addition of 4 mL of BiB added dropwise with continuous argon
flow during the addition. The suspension was degassed for an additional 5 min with argon before
being placed in a 70°C oil bath for 18 h, after which the reaction was terminated by exposing the
suspension to air. The BiB-CNCs were purified through centrifugation (Allegra 64R, Beckman)
at 5000 RPM for 15 min at 15°C. The BiB-CNCs were then re-dispersed in ethanol and
centrifuged at 7000 RPM for 5 min at 15°C three times before being re-dispersed in water and
dialyzed against purified water for 15 x 6 h cycles to remove any unreacted reagents and DMF.
Finally, the purified BiB-CNCs were freeze dried (Benchtop Manifold BT85A, MillRock) and
stored for further use.

3.3.3 Synthesis of Polymer-grafted CNCs via SI-ATRP in Toluene and DMF

In a typical reaction, 1 g of BiB-CNCs was mixed in 100 g of toluene or DMF for 24 h
though magnetic stirring and bath sonicated for 2 h. The suspension was then transferred to a 250
mL round bottom flask, at which point purified monomer was added along with PMDETA and
EBIiB as sacrificial initiator. The components were added in a molar ratio of x:1:1:1
BA:PMDETA:EBIB:CuBr where x is the desired degree of polymerization (DP) of the grafted
polymer. The suspension was sealed with a rubber septum and degassed with argon for 1 h in an
ice bath before adding CuBr (catalyst). The suspension was degassed for an additional 15 min
before the round bottom flask was moved to a 70°C oil bath with magnetic stirring and left to
react for 18 h. The reaction was stopped by exposing the round bottom flask to air. The reaction
mixture was centrifuged at 10,000 RPM for 15 min and the first supernatant, containing free
polymer dissolved in solvent, was collected. The polymer grafted-CNCs were purified through
repeated washing and centrifugation in methanol until the supernatant was clear. The purified
polymer grafted-CNCs were redispersed in toluene and added to a separation funnel containing a
0.5 wt. % EDTA mixture in water to remove any residual Cu catalyst before being vacuum dried
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and collected for use. The free polymer was purified in a column of neutral aluminum oxide and
precipitated in cold methanol to remove any remaining Cu catalyst. CNCs with high (H) and low
(L) degrees of polymerization (DPs) were synthesized. The target DPs of polymer-grafted CNCs
synthesized in toluene (T-PBA-g-CNCs) were 70 (T-PBAL-g-CNCs) and 150 (T-PBAH-g-
CNCs), while for those produced in DMF (D-PBA-g-CNCs) the target DPs were 50 (D-PBAL-g-
CNCs) and 100 (D-PBAH-g-CNCs).

3.3.4 Fourier-transform Infrared Spectroscopy (FTIR)

Spectra were obtained from KBr pellets containing 10 mg of unmodified CNCs, freeze-dried
BiB-CNCs and vacuum-dried polymer grafted-CNCs using a Nicolette 6700 spectrometer
operating in absorbance mode. All spectra were collected with a 4 cm-1 resolution and 32
continuous scans.

3.3.5 UV-visible Spectroscopy/transmittance

UV-visible spectroscopy was performed on a Cary 5000 UV-Vis-NIR (Santa Clara, CA)
operating in transmittance mode with the wavelength set to 500 nm for all experiments. CNC,
BiB-CNC, and PBA-g-CNC suspensions in water, DMF and toluene were evaluated at a
concentration of 10 mg/mL. Measurements were taken 30 minutes after shaking samples.
Additionally, data points were omitted if the sample was unable to disperse into a given solvent
(i.e. high transmittance due to no dispersion). Triplicate measurements of each sample were
performed to calculate the average and standard deviation of the transparency for each sample.

3.3.6 Elemental Analysis

Bromine elemental analysis was performed on freeze-dried BiB-CNC samples to obtain the
mass percent of Br determined via Schoniger Combustion by Midwest MicroLab (Indianapolis,
IN). C/H/N/S combustion elemental analysis (UNICUBE in C/H/N/S mode, Elementar,
Langenselbold, Germany) was performed on unmodified CNCs, BiB-CNCs and polymer
grafted-CNCs to quantify the mass fractions of carbon and hydrogen. Triplicate measurements of
each sample were used to calculate the average and standard deviation of the carbon and
hydrogen mass fraction.

3.3.7 Thermogravimetric Analysis (TGA)

Thermogravimetric analysis (TGA) was performed on dried unmodified CNCs, BiB-CNCs,
polymer grafted-CNCs and free polymer using a Simultaneous Thermal Analyzer (STA) 6000
from PerkinElmer (Waltham, MA). All CNCs were in the acid form so that comparisons could
be made between samples. In each experiment, the dried material (5 mg) was placed in the
instrument pan and loaded under argon. The chamber was heated from 30°C to 600°C at a rate of
10°C/min under argon.
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3.3.8 Gel Permeation Chromatography (GPC)

Gel permeation chromatography samples were prepared by dissolving a small amount (5-7
mg) of the dried free polymer obtained from the sacrificial initiator added during SI-ATRP from
both DMF and toluene reactions in a 1 mg/mL solution in THF. Molecular weight and dispersity
were analyzed by a Waters 2695 separations module equipped with a Waters 2414 refractive
index detector (Milford, MA) and a Jordi Fluorinated DVB mixed-bed column (Mansfield, MA).
Polystyrene standards were used for calibration, with an eluent flow rate of 2 mL/min.

3.3.9 Water Contact Angle

Contact angle samples were produced by drop casting a 1 wt. % suspension of D-PBA-g-
CNCs in toluene, T-PBA-g-CNCs in acetonitrile, or unmodified CNCs in water onto a piranha-
cleaned silicon wafer 10 times to ensure full coverage of the substrate surface. Measurements
were obtained using the sessile drop method on a Future Digital Scientific OCA 20 High Speed
Contact Angle Measurer (Westbury, NY). Water contact angle images and measurements were
captured both 2-3 s and 1 min after placing the purified water droplet on the sample. Triplicate
images were processed using SCA 20 (Filderstadt, Germany) and used to calculate the average
and standard deviation of the contact angle for each sample.

3.3.10 X-ray Diffraction (XRD)

XRD measurements were performed using a Bruker D8 DAVINCI diffractometer (Bruker,
USA) with a cobalt sealed tube source (Aavg=1.79026 A), 35 kV, 45 mA with a parallel focus
Goebel Mirror, VANTEC 500 area detector and 0.5 mm micro slit and 0.5 mm small collimator
over a 20 range of 8-45° Si wafer blanks were subtracted from all measurements. Two-
dimensional area detector frames were integrated to produce diffraction patterns which
underwent Rietveld refinement. Percent crystallinity was calculated though deconvolution using
the cellulose 1 single crystal information file (CIF) with a linear background and a fixed
amorphous peak at 24.1°. Samples were prepared by freeze-drying BiB-CNCs, vacuum drying
PBA-g-CNCs, or using CelluForce CNCs as received.

3.3.11 Transmission Electron Microscopy (TEM)

TEM images were acquired on a JEOL 1200 EX TEMSCAN microscope operating at 80 kV.
Samples were prepared by drop-casting 0.01 wt. % CNC, BiB-CNC, or PBA-g-CNC suspensions
onto either Formvar-coated (for CNCs, BiB-CNCs and D-PBA-g-CNCs) or carbon-coated (for
T-PBA-g-CNCs) copper TEM grids and air dried until no solvent remained. CNCs and BiB-
CNCs were drop-casted from suspensions in water, while PBA-g-CNCs were drop-casted from
suspensions in toluene to reduce aggregation after drying. A 1 wt. % uranyl acetate stain was
used in order to better visualize the CNCs and BiB-CNCs and to enhance CNC visibility in both
PBAH-g-CNC samples.
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3.4 Results

To allow for SI-ATRP-mediated polymer grafting from CNCs, the CNCs were first surface
modified with the BiB initiator through the esterification of cellulose surface hydroxy groups
(Figure 3.1, first step). Two batches of BiB-modified CNCs (BiB-CNCs) were produced by the
reaction of BiB with CNCs in DMF. Elemental analysis indicated that both batches had similar
bromine contents of 5.8 and 7.4 wt. %, corresponding to 1.05 and 1.40 BiB groups per nm? of
CNC surface area or 4600 and 6100 BiB groups per CNC respectively (Table 3.1). Details of
BiB density calculations based on elemental analysis results are provided in the Supporting
Information (Appendix A). These bromine content values are comparable to other reports of
BiB-CNCs, 0918175180181 \vith only a small fraction of those surface initiator groups normally
reported to lead to chain growth'® due to steric hindrance.
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OH 0so3oH QH Br OH  0s0i 0 ~ o/\/\ OH  0s03 O

DMF TEA DMAP EBiB, CuBr,

OH 0803 0S03 0803
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Figure 3.1. Synthesis of poly(butyl acrylate)-grafted CNCs by SI-ATRP by immobilizing the
BiB initiator on the CNC surface (step 1) and polymerizing BA from CNCs, where “solvent” is
either toluene or DMF (step 2). The EBIB added during the polymerization step is sacrificial
initiator that concurrently initiates polymerization in solution to assist with graft polymer
characterization.

FTIR was used to assess the successful covalent attachment of the BiB initiator to CNCs,
with an increase in the intensity of the C=0 peak at 1735 cm™ observed for the BiB-CNCs
compared to the unmodified CNCs (Figure 3.2). Due to extensive solvent washing and dialysis
prior to characterization, we expect the peak increase at 1735 cm™ to be a result of BiB grafting
only. No noticeable change in the OH stretch region was observed in the BiB-CNC spectrum,
consistent with the low overall content of grafted BiB content relative to the total number of
surface hydroxide groups as well as the signal from internal hydroxyl groups inside the CNCs
that are not accessible for initiator attachment.
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Table 3.1. Quantification of CNC esterification with BiB initiator based on elemental analysis of
two separate batches of BiB-CNCs.

BiB-CNC Br (mass %)* BiB" BiB"
(Sample number) chains/nm? chains/CNC

1 5.80 1.05 4600

2 7.44 1.40 6100

®From elemental analysis.
PCNC surface area and volume calculated assuming rectangular geometry. CelluForce
CNC dimensions taken from reference *°.

Photographs and transmittance measurements using UV-Vis spectrophotometry (Figure
3.3A) indicated that surface modifying CNCs with the BiB initiator allowed for their dispersion
in DMF; while the dispersion consisted of smaller aggregates rather than individual CNCs, no
sedimentation occurred over time (in contrast to all non-polymer grafted CNCs in toluene, Figure
3.3A). BIiB-CNCs were not dispersible in toluene or water, the latter due to the increased
interfacial hydrophobicity following BiB grafting. The absence of particle sedimentation in DMF
implied that DMF is a better reaction media for BiB-CNCs than toluene and suggests the
potential for more CNC uniformity/stability over the course of the polymerization reaction and
thus more accessible initiating sites due to the higher available surface area. Additionally, it is
suspected that dispersions of BiB-CNCs in DMF could be improved further if the particles were
kept in a never-dried state rather than being re-dispersed after freeze drying, as carried out here.
The challenge with re-dispersion after freeze-drying may also be amplified due to the fact that
BiB-CNCs are in the acid form after initiator attachment (pH ~ 3), which is also known to cause
issues for the re-dispersion of unmodified CNCs.**®
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Figure 3.2. FTIR spectra of unmodified CNCs (black) and BiB-CNCs (grey).
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Figure 3.3. Photographs (A) and UV-Vis (transmittance) values (B) of CNC, BiB-CNC and
PBA-g-CNC suspensions in water, DMF and toluene. All suspensions were kept at a
concentration of 10 mg/mL and photos were taken after the samples were allowed to sit for 30
minutes.

The BiB-CNCs were then used as macroinitiators in SI-ATRP (Figure 3.1, second step)
using butyl acrylate (BA) as the monomer. BA was chosen due to its hydrophobic nature
(compared to the relatively hydrophilic CNCs) and use in polymer latex applications such as
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adhesives;***®" our goal was to evaluate whether the polymerization reaction solvent should be

more compatible with the polymer being grafted or the starting CNCs to give the highest grafting
densities. The polymerization was conducted with a CuBr/PMDETA catalytic system using
either toluene or DMF as the reaction media. EBIB was also added to the reaction mixture as
sacrificial initiator. Due to the low concentration of BiB-CNCs used during SI-ATRP (1 wt.%)
there are not that many initiator groups, and as a result deactivator species, which can make it
difficult to achieve good control over the molecular weight and dispersity of the grafted
polymers. The use of a sacrificial initiator allows for a better control over the polymerization
kinetics and, ultimately, the polymer properties'®*® and has been employed for a variety of
polymers grafted from CNC surfaces,'04106125127.183.187188.115 Tha simyltaneous production of
free polymer under the same polymerization conditions has the additional benefit of providing an
easy route to characterize the properties of the synthesized polymer, with the molecular weight
and composition of the polymers formed in solution having been shown to be comparable to
surface-grafted polymer.*+1%°

Four different PBA-grafted CNCs (PBA-g-CNCs) were then synthesized, the properties of
which are summarized in Table 2. PBA-g-CNCs synthesized in the two solvents each took on the
colour of CuBr when dispersed in their respective solvent, consistent with previous reports of Si-
ATRP for CNCs and believed to be related to the presence of adsorbed Cu?*.*%:1%

The molecular weight and dispersity of free polymer was obtained via GPC (Table 3.2). In
all four cases, dispersity values indicated good control over the polymerization in either solvent
(B < 1.3). The molecular weights for the low and high DP set are not identical between the
polymer grafted-CNCs produced in toluene and DMF due to the slightly different target
molecular weights set in the synthetic protocol (i.e. these materials were produced for different
purposes at different times); however, in both cases, there is a two-fold difference in molecular
weight between the high and low DP (i.e., 9 and 20 kDa for toluene polymerized samples and 6
and 13 kDa for DMF), enabling suitable comparisons to be made with regards to the effect of
molecular weight in each case. All molecular weights are maintained to be relatively low (<20
kDa), motivated by previous work indicating that entanglement of polymers can cause
complications in dispersing modified CNCs and processing, e.g. in composite and emulsion
applications.™® Instead, given that the goal of polymer grafting is to improve CNC
hydrophobicity, polymer graft density is likely to be as much as, or more, influential than the
grafted polymer DP.
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Table 3.2. Summary of polymer grafted-CNCs and homopolymer properties after
polymerization in toluene (T) and DMF (D), including homopolymer molecular weight and
dispersity for the targeted low (L) and high (H) molecular weights, polymer mass % in the
grafted CNC samples, calculated graft density (chains/CNC) from combining elemental analysis
and molecular weight analysis, water contact angle of dried CNC films, and crystallinity index
(Crl) from XRD.

PBA homopolymer Elemental TGA Contac:‘)t angle o
analysis ©)
Sample Reaction M, b DP, % PBA PBA % PBA PBA t=0 t=1 Crl
solvent (9 mol'l) (%wt) chains/ (% wt) chains/ min min (%)
CNC? CNC?

Unmodified
CNC None - - - - - - - 20+1 15+1 86
I:_,\T(?AL_Q_ Toluene 9400 118 73 7 60 3 30 129+1 -0 73
;_I\TEAH_Q_ Toluene 19 900 121 155 11 50 10 40 110+1  25+1 59
ENP(? Acg- DMF 6000 1.18 47 48 1170 42 910 134+2 128+2 36
ENP(? Arrg- DMF 12900 1.18 101 64 1040 62 100 130+1 12445 17

2 Calculated using elemental analysis, M, and the CNC specific surface area of 350 m°/g. CelluForce
CNC dimensions taken from reference *°.

FTIR was performed on all PBA-g-CNCs (after extensive purification) and compared to the
BiB-CNC spectrum to confirm the presence of grafted PBA on the CNCs (Figure 3.4). To make
meaningful comparisons between each spectrum, the same CNC mass was used in all FTIR
measurements. An increase in the intensity of the peak located at 1735 cm™ confirms the
presence of PBA via the carbonyl groups present in each monomeric unit, with high DP grafted
polymers showing a larger peak than low DP grafted polymers in all cases as expected.
Additionally, the intensity of the carbonyl peak for both high and low DP polymer grafted-CNCs
polymerized in DMF is significantly higher than that observed for CNCs grafted in toluene,
despite the slightly higher molecular weights of the polymers synthesized in toluene, suggesting
significantly higher efficiency of grafting when DMF was used as the reaction solvent.
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Figure 3.4. FTIR spectra of BiB-CNC and polymer grafted-CNCs.

To confirm the improved grafting efficiency observed using DMF as the solvent, TGA was
used to quantify the mass % of polymer grafted to each polymer grafted-CNC (Table 3.2 and
Figure 3.5). The presence of a first derivative thermogram DTG peak at ~400°C for all polymer
grafted-CNC samples indicated the presence of the PBA polymer, a degradation peak clearly
distinct from that of unmodified CNCs (in their acid form) that have an onset of thermal
degradation at 175°C. An estimation of the mass % of both CNCs and PBA was made by
integrating the curve using the respective regions attributed to each material (details of
calculations in Supporting Information, Appendix A). Table 2.2 shows the significantly larger
polymer mass obtained when DMF was used as the reaction solvent for polymer grafting, with
42 and 62% of the total mass of the low and high DP D-CNC-g-PBA materials respectively
attributable to grafted polymer while only 3 and 10% of the mass of low and high DP T-CNC-g-
PBA materials respectively was attributable to grafted polymer. C/H/N/S combustion elemental
analysis yielded similar results (Table 3.2), with PBA mass percentages of 7 and 11% observed
for low and high DP T-PBA-g-CNCs respectively but 48 and 64% for low and high DP D-PBA-
g-CNCs respectively. The calculated densities of grafted polymer chains for T-PBA-g-CNCs are
thus significantly lower than D-PBA-g-CNCs; however, the calculated chain densities (i.e., 25 —
1041 chains/CNC) are within the range of previous literature on grafting acrylates from CNCs in
non-polar solvents, 9128182
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Figure 3.5. Thermogravimetric analysis (A) and first derivative thermogram (B) curves for BiB-
CNCs, polymer grafted-CNCs and free PBA homopolymer.

Of note, the TGA curves for all samples containing polymer grafted-CNCs were shifted to
the right compared to unmodified CNCs in the onset of cellulose degradation region. Therefore,
the grafting of polymers improved the overall thermal stability of polymer-grafted CNC
materials, consistent with previous work 101102127:128182,106.109.111 113,118 120.121.125 The jntensity of
the shift increased with the mass of polymer grafted. For example, no thermal degradation is
observed for the highest graft density material (D-PBAy-g-CNC) until 270°C indicating a
substantial improvement in thermal stability. Past work indicates that in some cases a reduced
thermal stability of nanocellulose occurs after ATRP initiator attachment, which is attributed to
the formation of HBr during heating in TGA experiments '08111120.180.182183 15\ yever g
comparison between the thermal stability of CNCs and BiB-CNCs in their acid forms
(Supporting Information, Figure Al) yielded similar degradation profiles, suggesting that the
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presence of any in situ acid formation (either from sulfate half-ester or BiB groups) will reduce
the thermal stability of any CNC. Specifically, after neutralizing both the CNCs and BiB-CNCs
using NaOH (pH ~ 7), an increase in thermal stability for both was observed (Supporting
Information, Figure Al); however, in this state, the sodium salt form of the BiB-CNCs showed
reduced thermal stability relative to their CNC counterparts due to the in situ acid formation by
the BiB groups upon heating. From this, we encourage researchers to be certain that all CNCs
(either modified or not) bare the same sulfate half-ester counterion before making thermal
stability comparisons.

To assess the affinity of the grafted CNCs for different solvents, water contact angles were
measured on films of drop-cast PBA-g-CNCs. A significant increase in contact angle was
observed between the unmodified CNCs and PBA-g-CNCs (Table 3.2) due to the introduction of
hydrophobic PBA on the CNC surface, with the D-PBA-g-CNCs achieving contact angles as
high as 134° compared to only 20° for unmodified CNCs. Of note, the contact angle decreased
with time for unmodified CNCs but remained constant for D-PBA-g-CNCs, indicating less water
penetration and a more hydrophobic surface (Table 3.2 and Supporting Information, Figure A2).
In contrast, T-PBA-g-CNCs underwent a major reduction in the water contact angle after one
minute from 110° to 25° (Table 3.2 and Supporting Information, Figure A2), attributed to the
very low PBA graft density around the CNCs. As such, while both T-PBA-g-CNCs and D-PBA-
g-CNCs have improved hydrophobicity as compared to their unmodified counterparts, the higher
graft densities in D-PBA-g-CNCs result in substantially higher hydrophobicity at the CNC-water
interface for CNCs grafted in DMF relative to toluene.

The differences in polymer chain density and polymer chain length grafted to the CNCs in
each solvent had significant impacts on the dispersion properties of the different polymer-grafted
CNCs. In all cases, we note that dispersions were prepared from dried CNCs/BiB-CNCs/PBA-g-
CNCs, which reduces dispersibility regardless of the compatibility between CNC type and
solvent.'® CNCs grafted with PBA in toluene (T-PBA-g-CNC) could not be dispersed in
toluene and formed highly aggregated dispersions in both water and DMF (Figure 3.3). This
result is consistent with the low amount of polymer grafted from the surface (Table 3.2), leading
to both less compatibility in non-polar solvents and a reduced ability to sterically stabilize the
CNCs; indeed the polymer content is sufficiently low that T-PBA-g-CNCs could disperse in
water similarly to the BiB-CNCs. Conversely, both low and high molecular weight PBA-grafted
CNCs in DMF (D-PBA-g-CNCs) could be well dispersed in toluene and partially dispersed in
DMF but were no longer dispersible in water. Furthermore, D-PBAy-g-CNCs were better
dispersed in toluene than D-PBA_-g-CNCs as indicated by their higher transparency observed by
UV-Vis spectroscopy (Figure 3.3B, plotted as a function of the solvent Hansen solubility
parameter from most to least polar solvent); this result is consistent with the improved steric
stabilization and compatibility with the hydrophobic environment achieved with the longer DP
grafts'*'%°. Of note, although DMF is not a good solvent for PBA, the compatibility between
PBA and DMF was sufficient such that sedimentation did not occur during the reaction.
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Finally, XRD and TEM were employed to demonstrate that polymer grafting does not
compromise the crystalline cellulose core of the CNCs. XRD demonstrates the clear persistence
of cellulose | peaks but increasing amorphous peak scales with the amount of grafted polymer
present on the CNC (Supporting Information, Figure A3). Similarly, TEM imaging indicated that
the BiB-CNCs remain rod-shaped with similar morphology to their unmodified precursors while
PBA-g-CNCs have similar lengths but increased width consistent with polymer grafting
(Supporting Information, Figure A4). For T-PBA-g-CNCs, the change in cross-section was less
significant compared to D-PBA-g-CNCs, again reflective of the much higher polymer density
grafted to CNCs using DMF as the solvent. Of note, individual nanoparticles were observed on
the TEM grid for all functionalized CNCs, confirming that the grafting reactions do not induce
permanent aggregation of individual CNCs; however, images for PBA-g-CNCs contain
noticeably less nanoparticles than their unmodified or initiator-modified counterparts, attributed
to poor adhesion between the nanoparticles and the TEM grid. Staining the samples with a 1 wit.
% uranyl acetate stain (which improves visualization of the CNC core) showed the persistence of
the cellulose core of both PBAy-g-CNCs (Supporting Information, Figure A5). Additionally, a
noticeable aura of brightfield can be seen around the D-PBAK-g-CNCs, which is indicative of
negatively stained polymer and supports the presence of a large polymer shell; no such aura is
observed for T-PBAx-g-CNCs due to the low grafted polymer density.

3.5 Discussion

While ATRP equilibrium constants are higher for polar solvents and can result in faster
polymerization kinetics (and thus worse control over the polymerization and chain dispersity),™*
GPC results (Table 3.2) confirm that each reaction reached completion (i.e. the targeted
molecular weights of the free polymer were obtained) and maintained good molecular weight
control (i.e. similar low dispersity values). Since all other reaction conditions were kept constant
between the preparation of T-PBA-g-CNCs and D-PBA-g-CNCs, the lower grafting densities
achieved with toluene-grafted CNCs were attributed to the reduced stability of BiB-CNCs in
toluene prior to polymerization (Figure 3.3B), which could limit the number of accessible
surface initiator groups during radical initiation. Conversely, D-PBA-g-CNCs obtained much
higher polymer grafting densities that are comparable to other reports of grafting acrylates from
CNC surfaces in polar solvents.*®*2718118 gince BiB-CNCs formed more stable suspensions in
DMF (Figure 3.3A), the availability of surface initiator groups would be higher than the case of
BiB-CNCl/toluene suspensions, allowing for more grafted polymer chains. Thus, the graft
densities achieved following the grafting of hydrophobic polymers to CNCs appear to be
primarily correlated with the colloidal stability of the CNC in the polymerization solvent rather
than the potential of the solvent to dissolve the grafted polymer, at least for the shorter polymer
grafts targeted herein.

While BiB-CNC sample 1 and 2 (Table 3.1) were used for the synthesis of T-PBA-g-CNC
and D-PBA-g-CNC respectively, the difference in initiator density on the BiB-CNC surface is
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not expected to have a significant effect on the number of polymer chains grafted. . The idea of a
polymer graft threshold for SI-ATRP of CNCs was first identified by Zoppe et al.'®® when
attempting to graft the same molecular weight of PNIPAM from BiB-CNCs containing different
initiator densities but observing no difference in the polymer content between samples. For PBA
specifically, Majoinen et al.’® reported nearly identical polymer graft densities of poly(tert-butyl
acrylate) using CNCs containing approximately four times higher initiator concentrations than
the ones reported herein. The effect of different initiator densities for both BiB-CNC samples on
the density of polymer grafts was therefore considered negligible.

The preservation of CNC morphology and crystallinity after polymer-grafting should be a
priority if the desirable properties attributed to CNCs are to be utilized. If either morphology or
crystallinity are altered (i.e. rod shape is forfeited or crystal structure is compromised), the
intended behavior of the polymer-grafted CNC in an application such as nanocomposite
reinforcement or interfacial stabilization may not be maintained. The high aspect ratio of the rod-
shaped CNCs facilitates the use of less nanofiller to obtain highly-loaded systems, while the
preserved crystallinity of CNCs provides mechanical strength in the resulting nanocomposite.**?

3.6 Conclusions

PBA was grafted from the surface of BiB-modified CNCs via SI-ATRP using either toluene
or DMF as the reaction medium. TGA and elemental analysis demonstrated that using DMF as
the solvent yielded high graft density PBA-g-CNCs while using toluene as the solvent resulted in
sparsely grafted CNCs. Consequently, D-PBA-g-CNCs were highly dispersible in non-polar
solvents due to the enhanced compatibility and steric stabilization resulting from the higher
number of grafted polymer chains while T-PBA-g-CNCs remained dispersible in water. The
improvement in polymer-grafting for D-PBA-g-CNCs was attributed to the increased number of
accessible surface initiator groups due to a more dispersed BiB-CNC suspension prior to
polymerization, while BiB-CNCs in toluene were highly aggregated and sedimented. CNC
morphology was not compromised during grafting, and the CNC cross-section increased slightly
when large amounts of higher molecular weight polymer were grafted.

Overall, the results herein demonstrate that CNC colloidal stability at the beginning of the
polymer grafting reaction is the crucial consideration when choosing a solvent for CNC
hydrophobic modification, with the colloidal stability/compatibility of the polymer or polymer-
grafted CNCs in the solvent being less important for obtaining high densities of surface
modification. This result provides insight for the future development of CNCs grafted with
hydrophobic polymers and highlights the potential use of more polar solvents for obtaining
significantly enhanced graft densities from CNCs.
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Appendix A: Supporting Information for Chapter 3

BiB CNC Macroinitiator Density Calculation. The method for calculating the degree of
substitution of bromine initiator sites (DS) on the BiB-CNCs was adapted from Rosilo et al.'”

and was performed using the following equation:

79.90 DS

Br =
r 12.01(6 + 3DS) + 1.008(10 + 5DS) + 16.00(5 + DS) + 79.90DS

where Br is the bromine content as measured by elemental analysis. In the case of BiB-CNC-2

(Br % =7.44):

79.90 DS

0.058 =
12.01(6 + 3DS) + 1.008(10 + 5DS) + 16.00(5 + DS) + 79.90DS

79.90 DS = 162.14 (0.0744) + 136.97(0.0744)DS

DS = 0.17 Br
U AGU

Assuming that 1/3 of the total number of cellulose chains are on the surface,' the corrected DS
is equal to 0.52 Br/surface AGU. Assuming the CNC has a rectangular geometry and that the
density of a CNC is 1.6 x 10! g/nm’, the number of AGUs per unit CNC volume (based on
CelluForce CNC dimensions from Reid et al.”) is calculated as follows:

,1 9 AGU mol AGU

1.6 x 10~ x (1 X 6 X 6 X ——
(I1nm nm nm) 162 g AGU

nm3

=4x10"%2 mol AGU
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The surface bromine molarity is therefore:

1 Br
4 x 10722 mol AGU X = AGU X 0.52———— — =6 x 10™**mol B
mo 3 surface surface AGU mol Br

while the number of bromine groups per unit surface area is:

6 X 10~%3mol Br units int.Sites
X 6.02 X 1023 =14 ——
24 nm? mol nm?

PBA-g-CNC Chain Density Calculation. The method of calculating PBA surface density was
adapted from Wang et al."® Assuming a theoretical CNC specific surface area (Asss) of 350
m?/g, the density of PBA chains per unit surface area (p) can be calculated from the following

equation:

_ mNA
My(1 —m)Agsy

p

where Ny is Avogadro’s number and m and My are the mass % and number-average molecular
weight of the grafted and free polymer determined by TGA and GPC, respectively. For the case
of D-PBA|-g-CNC:

units

0.62 X 6.02 ol

p= nm?

12896-2-(1-10.62) 3.5 x 1020
mol

PBA chains

=0.22
P nm?2
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Assuming rectangular CNC geometry and dimensions by Reid et al.,” the number of chains

per CNC can be calculated:

PBA chains ) PBA chains
0.22 ————— X 4 ssides (6nm x 183 nm) = 996 ———
nm? CNC

—H-CNC
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Figure Al. Thermogravimetric analysis (A) and first derivative thermogram (B) curves of CNCs
and BiB-CNCs in both acid and sodium-form.
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A) CNC F) CNC
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Figure A2. Water contact angle photographs for unmodified and PBA-g-CNCs taken
immediately (A-E), and after one minute (F-J).
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Figure A3. X-ray diffraction (XRD) spectra of CNCs, BiB-CNCs and PBA-g-CNCs.
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Figure A4. Transmission electron microscopy (TEM) images of A) CNCs, B) BiB-CNCs, C) T-
PBA_-g-CNCs, D) T-PBAy-g-CNCs, E) D-PBA_-g-CNCs and F) D-PBAL--CNCs. A 1 wt. %
uranyl acetate stain was used in the case of a) and b) in order to improve visibility of the CNCs,
while no stain was used for the remaining PBA-g-CNCs images. All scale bars are too 100

nm.
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Figure A5. TEM images of A) T-PBAy-g-CNCs and B) D-PBAy -g-CNCs stained with 1 wt. %
uranyl acetate. Scale bars = 100 nm.

50



MASc Thesis — M.V. Kiriakou; McMaster University — Chemical Engineering

Chapter 4: Incorporation of Polymer-grafted Cellulose
Nanocrystals into Latex-based Pressure Sensitive Adhesives

4.1 Abstract

While the improvement of water-based adhesives containing renewable additives is important for
sustainable practices, an understanding of how the compatibility between adhesive additives and
polymer formulations affects their performance is currently lacking. Cellulose nanocrystals
(CNCs) were functionalized via surface-initiated atom transfer radical polymerization with
hydrophobic polymers poly(butyl acrylate) and poly(methyl methacrylate) to facilitate their
incorporation into latex-based pressure sensitive adhesives (PSAs). Poly(butyl acrylate) latex
nanocomposites were then synthesized using a seeded semi-batch emulsion polymerization
technique with CNCs or polymer-grafted CNCs added in situ at 0.5 or 1 phm (parts per hundred
parts monomer by mass) loadings. Viscosity measurements revealed significant differences
between latexes prepared with CNCs versus polymer-grafted CNCs, with the lower viscosities of
the latter suggesting their incorporation inside the polymer particles. PSAs containing CNCs
with low number average degree of polymerization (DP) grafts exhibited comparable tack and
improved peel strength at 1 phm loadings relative to unmodified CNCs due to their improved
distribution throughout the PSA and ability to improve PSA wettability and chain mobility due to
the presence of low DP grafts. PSAs containing high DP grafts underperformed due to large
CNC aggregates which did not improve PSA wettability or mobility. PSAs containing
poly(methyl methacrylate)-grafted CNCs with low DP grafts exhibited the highest tack and peel
strength; all PSAs containing polymer-grafted CNCs had poor shear strength compared to PSAs
containing unmodified CNCs. These results provide insight into how CNC surface chemistry and
the presence of low DP polymer-grafts can affect latex-based PSA properties for future CNC-
latex PSA optimization.

4.2 Introduction

Many polymer products, and their manufacturing practices, are currently being redesigned to
become more sustainable, with a particular focus on decreasing the environmental footprint of
the synthesis method and expanding the use of renewable raw materials.'®> Water-based
polymerization techniques satisfy the requirement of a greener polymer production route. In
particular, emulsion polymerization is a more sustainable technique than solution polymerization
given that it removes the need for volatile and/or toxic organic solvents.’®* An additional
advantage is that the resulting polymer is in the form of an aqueous nanoparticle dispersion
(a.k.a. a latex) that is highly tuneable, whereby the polymer particle size, colloidal stability and
molecular weight can be altered though process alterations (e.g. batch vs. semi-batch systems)
and/or the use of additives (e.g. nanofillers, chain-transfer agents).!®® The use of water as a
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reaction media also acts as a heat sink during the free radical polymerization process, making the
process more industrially feasible from a safety perspective. 9%

Among renewable material additives, cellulose nanocrystals (CNCs) have gained attention
due to their green production process, relatively low cost, and now commercial availability.?
CNCs are rod-shaped nanoparticles produced though the degradation of the amorphous (or
disordered) regions of cellulose via acid hydrolysis or oxidation, leaving behind highly-ordered
crystalline cellulose regions.?® These particles can vary in size (2-20 nm in width and 100 nm-2
um in length) depending on the cellulose source used, with cotton or wood pulp being the most
common.*® CNCs have a large surface area, high aspect ratio,* and are considered non-toxic,
making them an ideal candidate for renewable and cost-effective additives in polymer-based
products.

The use of CNCs in polymer nanocomposites to-date has not only improved product
sustainability but also offered enhanced mechanical, rheological, thermal and barrier
properties.™ Favier et al.™>* were the first to blend CNCs with soft polymer latexes in suspension,
observing a drastic increase in the measured shear storage modulus of a cast latex film upon
loading a concentration above the CNC percolation threshold of 1.5 wt. %.*" Since then,
researchers have mixed CNCs with variety of polymer latexes though post-synthesis blending or
in situ addition techniques where CNCs do not act as stabilizers but are dispersed throughout the
continuous (water) phase.** When CNCs have been used directly as Pickering stabilizers for
emulsions and emulsion/suspension polymerization, they often produce micron-sized
droplets/particles.**>? However, a recent study by Jiménez-Saelices et al.'*®* showed the
presence of latex (nano) particles with a sparse coating of CNCs when monomers with some
water solubility were used, despite the formation of micron-sized monomer droplets prior to
polymerization. Additionally, Glasing et al.***> has shown that the initiator solubility in water can
also influence the formation of latex particles when CNCs or polymer-grafted CNCs (g-CNCs)
act as Pickering stabilizers, with more water soluble initiators inducing homogeneous nucleation
and producing latex particles with few CNCs on the surface.

Pressure sensitive adhesives (PSAs) are composed of mostly low glass transition temperature
(Tq < -30°C) polymers. When produced from polymer latexes, the evaporation of water and
formation of a polymer film yields a sticky surface that, upon the application of a force, can bond
to another surface but can be easily removed without any residue for some applications such as
masking tapes or sticky notes.”®> Due to the favourable properties observed when combining
CNCs with latex particles, recent interest has emerged in using CNCs as a reinforcing and/or
viscosity modifying agent in PSA production. Dastjerdi et al.™>® were the first to incorporate
CNCs in a seeded semi-batch emulsion polymerization to form CNC—polymer nanocomposite
PSAs, reporting significant improvements in both adhesive (i.e. tack and peel strength) and
cohesive (i.e. shear strength) properties for in situ addition of CNCs at a 1 wt. % loading.
Shamsabadi and Moghbeli*® incorporated CNCs into a PSA formulation produced via
miniemulsion polymerization and found that both peel and shear strength could be improved
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with CNC loadings up to 4 wt. %, with tack remaining constant. However, the total solids
contents of these latexes were 25 wt. %, which is low for industrially produced PSA
formulations (typically 35-40 wt. % is the minimum). Gabriel et al.*® loaded CNCs into a seeded
semi-batch emulsion polymerized PSA at concentrations up to 4 wt. % obtaining a total solids
content of 40 wt. %. Results showed that CNC loadings higher that 2 wt. % did not improve tack
or peel strength but could improve shear strength. Furthermore, the local concentration of CNCs
prior to polymerization (i.e. the CNC concentration in the water phase during the seed or feed
stage) was the key to forming stable latexes; above a critical concentration of 13.85 and 17.87
gone Lwater in the seed and feed stage respectively, CNC aggregation reduced the adhesive
properties of the PSA.*® Pakdel et al.**® studied the effect of polar monomer acrylic acid (AA),
sodium dodecyl sulfate (SDS) concentration and the use of chain transfer agent 1-dodecanethiol
(NDM) on PSA properties of CNC—latex nanocomposites using a sequential design approach.
Interactions between AA and CNCs provided a synergistic effect whereby shear strength was
improved by 70 h as compared to a PSA with no CNCs. Additionally, increasing the SDS
concentration had a negative effect on PSA properties which was minimized when AA was not
used. Lastly, the incorporation of NDM in the presence of CNCs could improve tack and peel
strength up to 1.5 and 5x respectively but at the cost of shear strength. Since NDM reduces
polymer molecular weight, the reduction in shear strength was attributed to the lack of physical
interactions between CNCs and polymer chains. Collectively, these results suggest promise
around the use of CNCs for improving adhesive properties but also some cautionary data around
how PSA chemical composition and aggregation state can undo or even reverse these positive
effects, making further studies to better understand the fundamentals of PSA-CNC interactions
important to enable the practical use of CNCs in PSAs.

While the colloidal stability of CNCs in water generally makes them useful in water-based
systems, surface modification of CNCs to better improve the compatibility between CNCs and
the more hydrophobic PSA latexes enables tuning of the location of CNCs in the polymer latex
and thus the ultimate performance observed. The importance of CNC—polymer compatibility was
exemplified by Ouzas et al.,”’ who incorporated 2-ethylhexyl acrylate (EHA) (a monomer that
has a low water solubility < 0.001 g L™) into a latex-based PSA formulation and observed
extensive CNC aggregation during film formation and thus poor PSA properties. On the other
hand, Yu et al.’®® incorporated CNCs modified with 3-methacryloxypropyltrimethoxysilane
coupling agent (fCNCs) in situ into EHA-containing latexes and observed significantly improved
adhesive properties relative to unmodified CNCs, attributable to the ability of fCNCs to
copolymerize with the bulk polymer due to the presence of reactive vinyl groups on 3-
methacryloxypropyltrimethoxysilane and thus compatibilize the CNC-PSA interface.*®
Similarly, Pakdel et al.*®" demonstrated that “less hydrophilic” CNCs (produced by CelluForce,
product grade: CNC-103) of lower surface charge density and higher surface activity resulted in
reduced CNC aggregation during PSA film formation and consequently improved tack and peel
strength compared to unmodified CNCs. While Kedzior et al.*** have demonstrated that the
location of CNCs within high T4 poly(methyl methacrylate) (PMMA) latex particles produced
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via miniemulsion polymerization can be tuned based on the surface grafting of the PSA-relevant
polymer poly(butyl acrylate) (PBA) on the CNCs, the effect of CNCs with a hydrophobic surface
modification on latex-based PSA properties has not yet been reported.

Herein, highly modified, hydrophobic CNCs were synthesized via surface-initiated atom
transfer radical polymerization (SI-ATRP) and incorporated into PBA latex polymers for PSA
production. Both PBA-grafted CNCs (PBA-g-CNCs) and PMMA-grafted CNCs (PMMA-g-
CNCs) were synthesized, each with two different degrees of polymerization (DP) denoted as low
DP (PBA. and PMMA,) and high DP (PBA4 and PMMAy), and used to produce CNC-PBA
latex nanocomposites (40 wt. % solids) using seeded semi-batch emulsion polymerization. The
type and length of polymer grafted to the CNCs is correlated to the resulting adhesive properties
of cast films, providing insight into how CNC surface chemistry and its consequent effect on the
CNC distribution inside the polymer latex can influence the adhesive properties of PSAs.

4.3 Experimental Section

4.3.1 Materials

a-Bromoisobutyryl bromide (BiB), ethyl o-bromoisobutyrate (EBiB), N,N,N’,N" N"-
pentamethyldiethylenetriamine  (PMDETA), copper  (I)  bromide  (CuBr), 4-
(dimethylamino)pyridine (DMAP), trimethylamine (TEA), aluminum oxide, hydrogen peroxide,
sodium dodecyl sulfate (SDS), potassium persulfate (KPS), ethylenediaminetetraacetic acid
(EDTA), and dimethylformamide (DMF) were purchased from Sigma Aldrich and used as
received. Toluene, ethanol (95%), and sulfuric acid were purchased from Caledon Labs. Butyl
acrylate (BA) and methyl methacrylate (MMA) 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 (in the sodium-salt form) by
CelluForce Inc.

4.3.2 Preparation of Initiator-modified CNCs (BiB-CNCs)

Initiator-modified CNCs (BiB-CNCs) were produced as outlined in Chapter 3. First, 2 g of
dried CelluForce CNCs were redispersed in 200 mL of DMF by stirring for 24 h and bath
sonicating (Bransonic Ultrasonic MH, Branson) for an additional 2 h in a 500 mL round bottom
flask. Under magnetic stirring, 4 mL of TEA was added followed by a catalytic amount of
DMAP. The suspension was sealed with a rubber septum and degassed with argon for 1 h,
followed by the addition of 4 mL of BiB added dropwise with continuous argon flow during the
addition. The suspension was degassed for an additional 5 min with argon before being placed in
a 70°C oil bath for 18 h, after which the reaction was terminated by exposing the suspension to
air. The BiB-CNCs were purified through centrifugation (Allegra 64R, Beckman) at 5000 RPM
for 15 min at 15°C. The BiB-CNCs were then redispersed in ethanol and centrifuged at 7000
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RPM for 5 min at 15°C three times before being redispersed in water and dialyzed against
purified water for 15 x 6 h cycles to remove any unreacted reagents and DMF. Finally, the
purified BiB-CNCs were freeze dried (Benchtop Manifold BT85A, MillRock) and stored for
further use.

4.3.3 Synthesis of g-CNCs via SI-ATRP

Poly(butyl acrylate)-grafted CNCs (PBA-g-CNCs) and poly(methyl methacrylate)-grafted
CNCs (PMMA-g-CNCs) were produced using the protocol as outlined in Chapter 3 where DMF
was used as the reaction solvent. In a typical reaction, 1 g of BiB-CNCs was mixed in 100 g of
toluene or DMF for 24 h though magnetic stirring and bath sonicated for 2 h. The suspension
was transferred to a 250 mL round bottom flask, to which purified monomer, PMDETA, and
EBIB (as sacrificial initiator) were added. The components were added in a molar ratio of x:1:1:1
BA:PMDETA:EBIB:CuBr, where x is the desired number average degree of polymerization
(DP) of the grafted polymer; CNCs with low (DP = 50) and high (DP = 100) DP were targeted
for both PBA-g-CNCs and PMMA-g-CNCs. The suspension was sealed with a rubber septum
and degassed with argon for 1 h in an ice bath before adding CuBr (catalyst). Following, the
suspension was degassed for an additional 15 min before the round bottom flask was moved to a
70°C oil bath with magnetic stirring and left to react for 18 h, after which the reaction was
stopped by exposing the round bottom flask to air. The reaction mixture was centrifuged at
10,000 RPM for 15 min and the first supernatant, containing free polymer dissolved in solvent,
was collected. The g-CNCs were purified through extensive washing and centrifugation in
methanol until the supernatant was clear. The purified g-CNCs were redispersed in toluene and
added to a separation funnel containing a 0.5 wt. % EDTA mixture in water to remove any
residual Cu catalyst before being vacuum dried and collected for use. The free polymer was
purified in a column of neutral aluminum oxide and precipitated in cold methanol to remove any
remaining Cu catalyst.

4.3.4 In situ Semi-batch Emulsion Polymerization for Latex Synthesis.

Prior to synthesis, unmodified CNCs, PBA-g-CNCs or PMMA-g-CNCs were re-dispersed into
either the available water (unmodified CNCs only) or PBA monomer (all CNC types) for the
seed and feed emulsions. Re-dispersion was achieved by stirring CNCs in the appropriate
medium overnight followed by probe sonication with a Qsonica Q700 sonicator (Qsonica, CT)
for 5 minutes (50 A, pulse mode 2 s on/1 s off) in an ice bath. The resulting CNC suspension was
then added to the rest of the emulsion components and emulsified via probe sonication (50 A, 5-
10 min, pulse mode 2 s on/1 s off) in an ice bath. The resulting seed emulsion was added to a 500
mL three-necked round bottom flask and degassed for 1 h under argon under 250 RPM
mechanical stirring. The seed emulsion was then placed in a 60°C oil bath and, after 5 minutes of
heating, an initiator solution (0.01 g mL™ in water) was injected, with the seed stage proceeding
over the next hour. In parallel, the feed emulsion and feed initiator solutions were degassed for
30 min. in separate 100 mL round bottom flasks and, after the one hour seed stage, were injected
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using a Chemyx Fusion 4000 syringe pump (Chemyx, TX) at rates of 1.2 and 0.2 mL/min for the
feed emulsion and initiator solution, respectively. Upon completion of the feeding process, the
latex was left to react for an additional hour, after which the reaction was ended by exposing the
latex to air. A general recipe to produce the latex is shown in Table 4.1.

4.3.5 Partitioning Experiments

Partitioning experiments were performed to assess the compatibility between g-CNCs and BA
prior to polymerization. For each g-CNC type, a 1 wt. % suspension of g-CNCs in BA was
produced by bath sonication for 4 h (Branson MH Series 5800, Danbury, CT) and added to water
at a BA:water mass ratio of 40:60 in order to simulate polymerization conditions. The resulting
monomer-water mixtures containing g-CNCs were then vortexed, and the partitioning of g-CNC
was assessed qualitatively via visual inspection. The monomer and water phases were then
removed and weighed before and after drying to estimate the extent of g-CNC in the monomer
phase. This experiment was also repeated using unmodified CNCs as a control.

4.3.6 Fourier-transform Infrared Spectroscopy (FTIR)

Spectra of unmodified CNCs, freeze-dried BiB-CNCs, and vacuum-dried polymer grafted-
CNCs were obtained from KBr pellets containing 10 mg of material using a Nicolette 6700
spectrometer operating in absorbance mode. All spectra were collected using a 4 cm™ resolution
and 32 continuous scans.

4.3.7 Elemental Analysis

Elemental analysis was performed on freeze-dried BiB-CNC samples to obtain the mass percent
of Br via Schoniger combustion by Midwest MicroLab (Indianapolis, IN).

4.3.8 Gel Permeation Chromatography (GPC)

Gel permeation chromatography samples were prepared by dissolving a small amount of the
dried free polymer obtained from the sacrificial initiator added during SI-ATRP in a 1 mg/mL
solution in THF. Molecular weight and dispersity were analyzed using a Waters 2695 separations
module equipped with a Waters 2414 refractive index detector (Milford, MA) and a Jordi
Fluorinated DVB mixed-bed column (Mansfield, MA) operating at an eluent flow rate of 2
mL/min. Polystyrene standards were used for calibration.

4.3.9 X-ray Diffraction (XRD)

XRD measurements were performed using a Bruker D8 DAVINCI diffractometer (Bruker,
USA) operating with a cobalt sealed tube source (Aag=1.79026 A) at an accelerating voltage of
35 kV (current 45 mA) with a parallel focus Goebel Mirror, VANTEC 500 area detector, 0.5 mm
micro slit and 0.5 mm small collimator over a 26 range of 8-45°. Si wafer blanks were subtracted
from all measurements. Two-dimensional area detector frames were integrated to produce
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diffraction patterns which underwent Rietveld refinement. Percent crystallinity was calculated
though deconvolution using the cellulose I single crystal information file (CIF) with a linear
background and a fixed amorphous peak at 24.1°. Samples were prepared by freeze-drying BiB-
CNCs, vacuum drying g-CNCs, or using CelluForce CNCs as received.

4.3.10 Thermogravimetric Analysis (TGA)

Thermogravimetric analysis (TGA) was performed on all CNC types and dried polymer latex
nanocomposites using a Simultaneous Thermal Analyzer (STA) 6000 from PerkinElmer
(Waltham, MA). In each experiment, the dried material (5 mg) was placed in the instrument pan
and loaded under argon. The chamber was heated to 600°C at a rate of 10°C/min under argon,
and the residual weight % as a function of temperature was recorded. Grafted polymer mass was
quantified by integrating the area under the first derivative thermogram (DTG) curve associated
with the degradation of the grafted polymer (350-450°C) and cellulose (150-300°C) respectively.

4.3.11 Dynamic Light Scattering (DLS).

DLS was used to calculate the mean particle diameter and polydispersity index (PDI) of
polymer latexes. Latexes were diluted to 0.1 wt. % and measured on a NanoBrook 90Plus PALS
(Brookhaven, NY) with a 90° backscattering angle at 25°C. Reported data is an average of three
measurements with standard deviation reported as error.

4.3.12 Differential Scanning Calorimetry (DSC)

DSC measurements were obtained on polymer latex nanocomposites using a Q200 differential
scanning calorimeter (TA Instruments, DE) to determine the T4 of each sample. 10-15 mg of
each latex were placed in TZero hermetic sealed aluminum pans and measured under a nitrogen
atmosphere. For the first heat cycle, samples were heated from 20 to 100°C (10°C/min) and then
cooled to -70°C (10°C/min) to erase the thermal history of the polymer. Next, the sample was
heated from -70 to 100°C (10°C/min), with the inflection point of the reverse heatflow curve
reported as Tg.

4.3.13 Rheology

Viscosity measurements of the final latexes were obtained from dynamic flow sweep
experiments on a dynamic hybrid rheometer 2 (DHR-2) (TA Instruments) at a shear rate of 10 s
using a cone (diameter = 40 mm, angle = 1.004°) and plate geometry. Five measurements were
taken per sample at 25°C, and the data was processed by TRIOS version 4.4.1. (TA Instruments).

4.3.14 Water Contact Angle

Contact angle samples were produced by drop casting g-CNCs or polymer latex on a piranha-
cleaned silicon wafer. Measurements were obtained via the sessile drop method using a Future
Digital Scientific OCA 20 High Speed Contact Angle Measurer (Westbury, NY). Water contact
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angle images and measurements were captured 60 times over a one minute period. Triplicate
images were processed using SCA 20 (Filderstadt, Germany) and used to calculate the standard
deviation of the contact angle for each sample.

4.3.15 UV-visible Spectroscopy

UV-visible spectroscopy was performed on a Cary 5000 UV-Vis-NIR spectrophotometer
(Santa Clara, CA) operating in transparency mode at an operating wavelength of 500 nm. Dry
latex discs were produced by drop casting latexes onto glass slides overlaid with silicone molds
(diameter = 1.5 cm, thickness = 1 mm) to ensure the thickness of each film was constant.

4.3.16 Transmission Electron Microscopy (TEM)

TEM images were acquired on a JEOL 1200 EX TEMSCAN microscope operating at 80 kV.
Samples were prepared by drop-casting 0.01 wt. % CNC, BiB-CNC and g-CNC suspensions
onto Formvar-coated TEM grids and air drying until no solvent remained. CNCs and BiB-CNCs
were drop-casted from suspensions in water, while g-CNCs were drop-casted from suspensions
in toluene to reduce aggregation after drying. A 1 wt. % uranyl acetate stain was used to better
visualize the CNCs and BiB-CNCs. Latexes were diluted to 0.1 wt. % and prepared using the
same technique as CNC suspensions for imaging.

4.3.17 PSA Properties

Pressure Sensitive Tape Council standards (PSTC) including PSTC16, PSTC101 and PSTC107A
for tack, 180° peel, and shear strength respectively were followed for sample preparation and
testing.™*® Final latexes were cast on 50 um corona-treated Mylar sheets using either a #50 Meyer
rod for samples containing 0 or 0.5 phm (parts per hundred parts monomer by mass) CNCs/g-
CNC or a #20 Meyer rod for samples containing 1 phm CNCs/g-CNCs and dried under
controlled conditions (temperature = 25°C, relative humidity (RH) = 50+5) for 48 h. An Instron
3000 Universal tester and Bluehill 2 Materials Testing Software were used to measure the tack
and peel strength as the force per unit width require for removing the PSA from the substrate. All
tests were performed 6 times, with the average results and standard deviations were reported.

Tack measurements: Tack strips were 1” x 6” and formed into a drop loop by taping 1” of each
end of the strip that was then secured under the grip of the Instron. The upper grip was moved
downward at a rate of 1 mm/s until an area of 1” X 1” of a stainless steel substrate mounted on
the lower grip was fully covered. The upper grip was then pulled up at 5 mm/s, and the
maximum force require for removal was recorded as tack.

Peel strength measurements: A 180° peel strength test was employed. PSA strips of 17 x 5”
were cut and adhered to a stainless steel substrate via the application of a 2040 g roll coater.
Next, the PSA and the substrate were fixed in the lower and upper grips, with the latter pulled
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upward at a rate of 5 mm/s. The average force required for peeling (N/m) was reported as the
peel strength.

Shear strength measurements: Shear testing was performed using a home-made tester in order to
see how long a PSA strip can hold against a constant vertical force. Strips of 0.5 X 5 were cut
and one strip end was laminated on a stainless steel substrate, similarly to that described for the
peel strength (0.5 % 0.5 area of contact). A c-clamp was then used to hand a 500 g weight to
the other end of the strip. The time required (h) until the covered area was removed was reported
as shear strength.

Table 4.1. General formulation for in situ seeded semi-batch emulsion polymerization.

Component Seed stage (phm) Feed stage (phm) Total (phm)
Monomer 20 80 100
Surfactant 0.3 1.2-1.7 1.5-2.0
Initiator 0.06 0.26 0.32

CNC 0.1-0.2 0.4-0.8 0.5-1.0
Water 70.6 86.6 157.2
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4.4 Results and Discussion

4.4.1 g-CNC Characterization

CNCs were surface modified via SI-ATRP to improve the compatibility between CNCs and
hydrophobic monomers/polymers. The reaction can be divided into two parts: 1) immobilizing
bromine-bearing initiator groups on the CNC surface though the esterification of surface hydroxy
groups; and 2) covalently grafting polymer, either PBA or PMMA, from the CNC surface
(Figure 4.1).

Step 1
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Figure 4.1. Two-step process of grafting polymers from CNCs with 1) the immobilization of an
ATRP initiator, and 2) synthesis of either PBA or PMMA-grafted CNCs via SI-ATRP in
DMF.

FTIR spectra confirmed the covalent attachment of both the BiB initiator groups and the
grafted polymers (Figure 4.2). The absorption peak located at 1730 cm™ is assigned to the
stretching vibrations of C=0 in both the BiB initiator and the polymer backbones. An increase in
absorbance at 1730 cm™ is observed after the addition of polymer; due to the extensive
purification of all PBA-g-CNCs and PMMA-g-CNCs to remove unbound polymer, this increased
absorbance can be attributed to the covalent attachment of polymer and not free polymer or
contamination.
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Figure 4.2. FTIR spectra of CNCs, BiB-CNCs and g-CNCs.

TGA was performed to evaluate the thermal stability of the modified CNCs and quantify the
amount of polymer-grafted for each CNC type. CNC degradation (in acid form) is observed
starting at 158°C (Figure 4.3), consistent with previous reports (onset 160-180°C).*! The initial
degradation is attributed to the self-catalyzed desulfation of sulfate half-ester groups on the CNC
surface, a reaction that produces localized acid that, coupled with available bound water,
catalyzes further de-esterification, hydrolysis, and ultimately depolymerization of cellulose.®
Figure 4.3A and 4.3C show a right shift in the TGA curve for all g-CNCs, indicative of an
improvement in the overall thermal stability of the hybrid material. This improved thermal
stability is due to the abundance of PBA or PMMA at the CNC surface, which acts as an
insulator and delays thermally-induced desulfation.*® This phenomenon has also been observed
for other g-CNCs in the cases where the grafted polymer is more thermally stable than
cellulose, 101102127.128.182.106. 109, 111113118 120121125 pqr the case of PBA-g-CNCs, there is a clear
distinction between the degradation of cellulose (200-300°C) and PBA (350-400°C), allowing a
first derivative thermogram (DTG) to provide a good estimation of the wt. % of both components
(Figure 4.3B). For PMMA-g-CNCs, the PMMA and CNC components degrade over a similar
temperature range, complicating such an analysis; however, the wt. % of PMMA can still be
estimated through integration of the cellulose and PMMA degradation that occurs separately
with an understanding that the ratio of PMMA to cellulose is likely underestimated (Figure
4.3D). A summary of TGA analysis results are shown in Table 4.2.
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Figure 4.3. Thermogravimetric analysis (A and C) and first derivative thermograms (B and D)
curves for PBA-g-CNCs (A and B) and PMMA-g-CNCs C and D).

GPC was performed on the free polymer produced from sacrificial initiator during each Sl-
ATRP reaction to estimate the molecular weight (M,) and DP of grafted polymer (Table 4.2).
Using the free polymer is not as accurate as de-grafting surface polymers for characterization,
but has been validated as a method for grafted polymer characterization*" and is often used in
cases where the de-grafting of hydrophobic polymers is difficult.'® The dispersity index of all
the grafted polymers is <1.2, indicating good control over the polymerization.
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Table 4.2. Summary of g-CNC characterization including free polymer molecular weight, TGA
analysis results, water contact angle and crystallinity index (Crl).

PBA homopolymer TGA Contact angle (°) XRD
Sample M, b DP, % PBA t=0m t=1m Crl
(g mol™) PBA  chains (%)

(%wt) /CNC

Unmodified CNC - - - - 20+1 15+1 86
PBAL-g-CNC 6000 1.18 47 42 900 13442 128+2 36
PBAx-g-CNC 12 900 1.18 101 62 1000 130+1 12445 17
PMMA_-g-CNC 4400 1.26 44 41 1200 131+1 130+1 Thd?
PMMAy-g-CNC 7500 1.24 75 53 1150 133+1 130+1 Thd?

* analysis of XRD spectra is pending

The particle morphology for CNCs, BiB-CNCs and all g-CNCs was visualized though TEM
imaging (Figure 4.4). CNCs and BiB-CNCs were found to have a comparable morphology,
indicating that there is no significant alteration of the CNC structure as a result of initiator
attachment. XRD measurements confirm that there is no change in the crystallinity index (Crl) of
the CNCs when BiB was added (Table 4.2). Images of PBA-g-CNCs and PMMA-g-CNCs
indicated that the grafted CNCs, while similar in length, had a significantly increased width
compared to their un-grafted counterparts. PBA-g-CNCs were found to have the largest width (~
50 nm), consistent with the low T4 of PBA (~ -48°C) allowing for spreading of the grafted
polymer on the TEM grid that is not possible with the high T4 (~100°C) PMMA-g-CNCs. XRD
confirmed that the primary crystalline cellulose | peak was unchanged as a result of all grafting
reactions, suggesting that the underlying CNCs remain intact after polymer-grafting (Supporting
Information, Appendix B, Figure B1); however, the overall Crl for all g-CNCs was reduced due
to the presence of amorphous polymer chains on the nanoparticle surface (Table 4.2).
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Figure 4.4. Transmission electron microscopy images of A) CNCs, B) BiB-CNCs, C) PBA_-g-
CNCs, D) PBAL-g-CNCs, E) PMMA_-g-CNCs and F) PMMAy-g-CNCs. Scale bars = 100 nm.

To assess the effect of polymer grafting on the hydrophilicity of CNCs, a CNC partitioning
experiment was performed in which CNCs and g-CNCs were dispersed in BA monomer, added
to water (monomer:water 40:60 wt. %) and vortexed to see where the nanoparticles partition.
When g-CNC suspensions in BA were added to water and agitated, they preferred to stay in the
monomer phase; in contrast, unmodified CNCs transferred into the aqueous phase (Figure 4.5).
Additionally, PMMA-g-CNCs with both low and high DP were observed to partition closer to
the monomer—water interface after agitation, indicative of the higher surface activity of PMMA-
grafted CNCs relative to PBA-grafted CNCs. While the water contact angles of both PBA-g-
CNCs and PMMA-g-CNCs are similar at ca. 130° (Table 4.2), pure PMMA is more hydrophilic
than PBA and thus PMMA-g-CNCs are more likely to migrate to the monomer—water interface,
suggesting their potential role as particle stabilizers (i.e., Pickering emulsifiers) during emulsion
polymerization. While the contact angle measurements act as an indication of improved
hydrophobicity of g-CNCs when cast as films the partitioning study provides additional
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information that is crucial for understanding g-CNC/monomer compatibility in relevant liquid
environments. Gravimetric analysis of the monomer phases confirmed that the extent of g-CNC
retention in the monomer phase after agitation was much higher than that observed with
unmodified CNCs (Supporting Information, Appendix B, Table B1), while the retention of
PMMA-g-CNCs in the monomer phase was lower than that of PBA-g-CNCs due to their
partitioning more at the monomer—water interface.
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Figure 4.5. Partitioning experiment for g-CNCs. A) Photographs of all CNCs tested after 4 h of
bath sonication in the monomer, BA; B) Photographs of all CNCs tested following the addition
of the BA-suspended CNCs into the water phase (40:60 wt. % BA:water); C) Photographs of all
CNC:s tested following 1 min of vortex mixing of the BA/water mixture from (B), showing the
partitioning of unmodified CNCs into the water phase while all g-CNCs remained in the
monomer phase (as shown through the enhanced turbidity). Arrows point to g-CNCs partitioning
at a monomer—water interface.

4.4.2 Characterization of Latexes and PSAs

Seeded semi-batch emulsion polymerization of PBA with in situ addition of CNCs and g-
CNCs produced 13 stable latexes (one base case with no CNCs, four unmodified CNC
containing latexes, and eight latexes with g-CNCs). Table 4.3 provides a summary of the final
latex properties for all 13 samples. For latexes containing any CNC type, loadings were
normalized to total cellulose mass to ensure that the number of CNCs in each sample was
consistent. Latexes containing 0.5 phm of any CNC type had a larger average particle size
measured by DLS than their 1 phm counterparts (~10-15 nm). This difference is likely due to the
fact that a lower SDS concentration was employed to prepare latexes with 0.5 phm CNCs/g-CNC
(1.5 phm SDS) as compared to those with 1 phm CNCs/g-CNCs (2 phm SDS), and less
surfactant is known to lead to bigger particles.® The minimization of the total amount of
surfactant needed to obtain stable latexes was prioritized over the use of a constant SDS
concentration in order to maximize product sustainability. Furthermore, recent work by Pakdel et
al. showed that the range of SDS concentrations used here has no major effect on PSA properties
but in general more surfactant decreases adhesive performance.*™
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Latexes containing PMMA-g-CNCs exhibited a much smaller average particle size than
those prepared with PBA-g-CNCs as determined by DLS (Table 4.3); this result is consistent
with the tendency of PMMA-g-CNCs to partition at the monomer—water interface (Figure 4.5)
and thus potentially stabilize the growth of more (and thus overall smaller) particles during the
seeded emulsion polymerization process. Overall, latexes containing g-CNCs or CNC dispersed
in the water phase (CNC-W) have relatively low polydispersities (PDI, < 0.1) while latexes
containing unmodified CNCs initially dispersed into the monomer phase (CNC-M) contain
higher PDI values consistent with the relatively poor dispersion of CNCs into BA that likely
results in persistent CNC aggregates during the polymerization process.

Table 4.3. PBA latex properties as a function of different CNC types and loadings.

Sample CNC type CNC CNC Solids Particle PDI Viscosity Ty Contact

ID loading dispersion  (wt. %) Size (mPa-s) (°C) Angle (°)
(phm) location (nm)

1 No CNCs 0 n/a 38 187+1 0.03£0.02  11#2 -48.4 94+1
2 CNC-W 0.5 Water 40 193+2 0.0920.02 386+25  -47.3 901
3 CNC-M 0.5 Monomer 40 218+3 0.12+0.01 Unstable -46.9 91+1
4 PBA -g-CNC 0.5 Monomer 39 193+2  0.04£0.04  11#1 -47.6 91+1
5 PBA,-9g-CNC 0.5 Monomer 40 201+1 0.07+0.04  14+2 -49.0 91+1
6 PMMA, -g-CNC 0.5 Monomer 38 135+1 0.10+0.04 174 -46.7 90+1
7 PMMA -g-CNC 0.5 Monomer 38 142+2  0.11+0.03 11+3 -47.8 90+1
8 CNC-W 1 Water 40 182+3  0.03x0.02 485#12  -47.1 704
9 CNC-M 1 Monomer 39 187+#1 0.13x0.02 2879  -48.1 7011
10  PBA-g-CNC 1 Monomer 37 182+1 0.01+0.01 1342 -47.7 91+1
11 PBA_-g-CNC 1 Monomer 37 187+2  0.04+0.05 12+1 -47.8 91+1
12 PMMA -g-CNC 1 Monomer 37 159+3 0.10+0.01  12#3 -46.8 88+3
13 PMMA -g-CNC 1 Monomer 37 180+1 0.04+0.05 1545 -47.9 84+4

Rheological measurements were performed on final latexes to assess the effect of CNC type
on latex viscosity (Table 4.3). Samples containing unmodified CNCs exhibited higher viscosities
than any of the other latexes produced regardless of which phase was used to initially disperse
the CNCs. Increasing the CNC concentration in water is known to increase the solution viscosity
in conjunction with a phase transition from the isotropic (random orientation) to a bi-phasic
(random and ordered) and ultimately a gel structure.***?° While concentration of CNCs in the
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water phase for all latexes produced is not high enough to induce gel formation, the increased
viscosity of latexes containing unmodified CNCs is attributable to the increased volume fraction
of suspended particles and possible interactions between CNCs and the polymer particles.
Conversely, the viscosities of latexes prepared with g-CNCs showed no significant increase
compared to latexes prepared without CNCs, suggesting that g-CNCs are not dispersed in the
water phase but rather incorporated into (or onto) the latex particles. This observation is
consistent with that of Yu et al. with silane-modified CNCs, which were found to be located
either at the water—polymer interface or inside the latex particles and thus induced minimal
impacts on the overall latex viscosity.'®®

DSC was used to measure the (Ty) of the CNC-modified latexes (Table 4.3), an important
factor influencing the tack, peel strength, and shear strength of PSAs.**! Overall, a slight increase
in Ty (2.1°C or less) was observed for all latexes containing CNCs or g-CNCs, suggesting
potential interactions between the polymer particles and nanocrystals that may cause small
interfacial reduction in the chain mobility at the CNC-PBA interface within the PBA latex.
However, all latexes maintained a very low T4 value consistent with their intended utility as a
PSA, independent of the type or concentration of CNC incorporated. Additionally, the presence
of a Tgrelated to PMMA for PSAs containing PMMA-g-CNC was not observed likely due to the
small amount of g-CNCs added relative to bulk polymer (i.e. < 1g in total latex).

The effect of CNC and g-CNC loading on the water contact angle of PSA films was measured to
gain an understanding of the resulting PSA wettability (Table 4.3). Previous work has shown that
CNCs improve the hydrophilicity and thus wettability of hydrophobic polymer films, which can
greatly improve both tack and peel strength;*>" however, higher loadings of CNCs (> 1 phm)
have also been demonstrated to improve the elasticity of PSAs, simultaneously improving shear
strength while decreasing tack and peel strength.’> The contact angle of PSAs containing
unmodified CNCs decreases with increasing CNC content, consistent with the addition of more
CNCs increasing PSA hydrophilicity. However, the largest variability (standard deviation + 11°)
was found for CNC-M at a 1 phm loading, likely attributable to CNC aggregation creating a
more heterogeneous interface in which the contact angle would strongly depend on the location
of the water droplet used to measure the contact angle. For all PSAs containing g-CNCs, a
decrease in the water contact angle was also observed but to a significantly lesser extent than
their unmodified CNC-loaded counterparts. PMMA-g-CNCs exhibited a larger water contact
reduction given that PMMA is more hydrophilic than PBA; however, the ability for PBA-g-
CNCs to at least minimally decrease the contact angle may suggest that some CNCs are not fully
or uniformly modified and thus could still impart some hydrophilicity to the PSA.

Transmission electron microscopy was used to image PSAs containing no CNCs and 1 phm
CNCs/g-CNCs to visualize the location of CNCs within the polymer matrix. Latexes were
diluted to 0.01 wt. % before being cast onto TEM grids for imaging so that individual particles
could be observed. For PSAs containing CNC-W, CNC aggregates were observed around some
of the latex particles (Figure 4.6B), indicating the ability of CNCs to physically (i.e.
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physisorption) or chemically (i.e. crosslinking via initiation of CNC surface hydroxy groups by
KPS) interact with, and ultimately bridge upon film formation, the latex particles. The same was
found for PSAs prepared with CNC-M (Figure 4.6C); however, very large CNC aggregates were
also present which were likely formed in the monomer phase prior to being expelled to the water
phase during the reaction. In contrast, PSAs prepared with low DP g-CNCs showed the presence
of relatively few CNCs between the latex particles, with those that were visible consistently
observed near the particle interface and appearing to bend around the latex particles (Figures
4.6D and 4.6F). A study by Chen et al.?®* demonstrated that CNCs are able to bend up to a
critical bending limit of 60°; the apparent bending of g-CNCs here (Figure 4.6D and 4.6F) is
consistent with previous observations of the bending of both unmodified*** and polymer-
grafted'*> CNCs on latex particle surfaces.

Figure 4.6. Transmission electron microscopy images of PSAs diluted to 0.01 wt. % containing
A) no CNCs, B) CNC-W (unmodified CNCs loaded into the emulsion polymerization through
the water phase), C) CNC-M (unmodified CNCs loaded into the emulsion polymerization
through the monomer phase, D) PBA_-g-CNC, E) PBA4-g-CNCs, F) PMMA-g-CNCs and G)
PMMAy-g-CNCs. Arrows indicate the location of CNCs or g-CNCs. All scale bars are to 200
nm.

On the other hand, PSAs containing high DP g-CNCs had large CNC aggregates throughout
the continuous phase of the PSA or associated with polymer coagulum (Figures 4.6E and 4.6G).
It is unclear if the aggregates formed in the monomer phase (from grafted chain entanglement) or
if the larger size of the high DP g-CNCs inhibited their incorporation into the latex particles
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forcing them into the continuous phase and inducing aggregation due to their incompatibility
with water. To a minor extent, it may also be possible that these high DP g-CNCs act as
secondary seeds of nucleation during the emulsion polymerization. Irrespective of the
mechanism, large CNCs and CNC aggregated were found to be less well-integrated into the latex
particles. Overall, the low DP g-CNCs appear to produce the most consistent and CNC-
incorporated latex particles among those analyzed.

Latexes were then cast into PSA films as described in Appendix B to evaluate their adhesive
properties. Films were cast using Mayer rods to control film thickness and roughness, with more
viscous latexes requiring Mayer rods of a higher number (e.g. 50) and less viscous latexes
requiring a lower number (e.g. 20). The first PSA set (0.5 phm unmodified CNCs and the no-
CNC “base case” latex) was cast using a Mayer rod #50 (wet film thickness = 127 um); however,
latexes containing PMMA-g-CNCs could not be cast using this same technique due to the low
viscosity and smaller particle size of the base latex. For the 1 phm latex set, Mayer rod #20 (wet
film thickness = 50.8 um) was used so that all latexes could be cast into uniform films and
compared directly. Since a thicker PSA film will increase both tack and peel strength but reduce
shear strength, using different Mayer rods for different formulations means that at present, we
cannot compare PSA properties between the 0.5 and 1 phm CNC loaded latexes; instead, the
following discussion is limited to comparing latexes prepared with the same CNC/g-CNC
loading in which the films have the same thickness (and thus differences in adhesion properties
are attributed to the composition of the latex itself). Future work will redo the PSA film casting
and measure tack, peel and shear strength on films with the same thickness.

Figures 4.7 and Figure 4.8 summarize the tack, peel and shear strength for adhesive films
prepared from latexes with PBA-g-CNCs and PMMA-g-CNCs (compared to the no-CNC and
unmodified CNC controls) at 0.5 and 1 phm loading, respectively. ANOVA and post-hoc
analysis details can be found in Appendix B.

Tack Results

The addition of 0.5 phm CNC-W significantly improved the tack of PSAs relative to the no-
CNC latex; however, there was no significant difference in tack between any PSAs containing
CNCs or g-CNCs (Figure 4.7A). We attribute this result to the addition of CNCs (even if grafted
with a hydrophobic polymer) imparting a degree of hydrophilicity on the PSA films consistent
with the lower contact angles observed for these films (Table 4.3), leading to higher work of
adhesion and increased tack.'” While g-CNCs lower the contact angle and thus improve
hydrophilicity to a lesser degree than CNCs (Table 4.3), the polymer grafts in this case may be
behaving analogously to low molecular weight polymers which interact with the bulk polymer
chains. When lower molecular weight polymer chains are present, the mobility of the polymer
matrix (i.e. flowability) will increase to improve tack; this is particularly true at the CNC-latex
interface, of which there is more overall in films prepared with low DP polymers (Figure 4.6D
and 4.6F). This hypothesis is further supported by the 1 phm loading data (Figure 4.8A), in
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which the high DP g-CNC PSAs significantly underperform in terms of tack relative to low DP
g-CNC PSAs.

>
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Figure 4.7. PSA film performance testing for latexes containing no CNCs and 0.5 phm CNCs
and PBA-g-CNCs: A) tack, B) peel strength, and C) shear strength. Bars containing an asterisk
(*) signifies a significant difference from the PSA containing no CNCs as determined by Tukey
post-hoc analysis.

A significant reduction in tack was also observed for CNC-M at the 1 phm loading due to the
presence of large CNC aggregates in the film, consistent with their initial poor dispersion into the
monomer phase prior to polymerization (Figure 4.6C); both g-CNCs with a high DP were also
more aggregated at a 1 phm loading (Figures 4.6E and 4.6F), which may also contribute to the
lower tack observed for these fillers. Additionally, since the numerical values of tack for PSAs
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containing 1 phm CNCs/g-CNCs are similar to those with 0.5 phm despite being significantly
thinner films, we can infer that the PSAs with 1 phm CNCs/g-CNCs have enhanced tack.™
Unfortunately, there are no generalized models that exist to correct for film thickness, making
direct numerical comparisons out of the scope of this thesis
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Figure 4.8. PSA film performance testing for latexes containing 1 phm CNCs and PBA and
PMMA g-CNCs: A) tack, B) peel strength, and C) shear strength. Statistical significance relative
to the PSA containing no CNCs could not be determined due to film thickness differences
between it and latexes containing 1 phm CNCs/g-CNCs.
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Peel Strength Results

Peel strength is also directly correlated with the wettability and polymer chain mobility of a
PSA film, with the addition of hydrophilic CNCs expected to improve peel by increasing PSA
wetting. ! 160187 consistent with this hypothesis, Figure 4.7B shows that CNC-W significantly
improved peel strength compared to the no-CNC PSA, attributed to the good dispersion of CNCs
in the continuous (aqueous) phase of the latex and therefore improved wettability of the PSA.
However, PSAs containing 1 phm of unmodified CNCs underperformed compared to low DP g-
CNCs and were observed to aggregate around the polymer particles by TEM (Figure 4.6B). Long
CNC aggregates are known to improve the elasticity of PSAs by acting as anchoring points for
polymer adsorption, thus forming a nanoparticle-reinforced polymer network;™**®° peel strength
is attributed to the ability of a PSA to dissipate energy by deformation as it is peeled off a surface
(i.e. when the film is less elastic).?%? Thus, the presence of CNC aggregates are likely improving
PSA elasticity as indicated by the large shear strength observed at 1 phm (Figure 4.7C and
4.8Cc). Peel strength was also improved using low DP g-CNCs at higher loadings (Figure 4.8B)
despite the significantly higher hydrophilicity (as estimated via contact angle, Table 4.2) of PSAs
with unmodified CNCs. Given the high interfacial dispersion of CNCs achieved with the low DP
CNC latex (Figure 4.6D and 4.6F), we attribute this improved peel performance to the higher
dispersion and thus interfacial area between the CNCs and the PBA within the latex (and
ultimately within the film), enhancing polymer chain mobility at these interfaces to dissipate
internal stresses. PMMA_-g-CNCs have the highest peel strength at the 1 phm loading likely
due to the presence of “hard” MMA monomers (i.e. high Tg) improving the peel strength up to a
maximum point (i.e. until the polymer is too hard to function as a PSA).*

Shear Strength Results

In terms of shear strength, PSAs prepared using unmodified CNCs resulted in significantly
higher shear strength (Figures 4.7C and 4.8C), consistent with previous literature reports
indicating that CNCs improve film coalescence®® and interact with the latex polymer either as
physical anchors for polymer chain entanglement or through chemical grafting thus improving
the gel network and film cohesion.*"*%6-160.265-167  Ho\wever, no significant increase in shear
strength was observed between the no-CNC PSA and those prepared with 0.5 phm PBA-g-
CNCs. A similar overall trend was observed at a 1 phm loading, with PSAs containing
unmodified CNCs exhibiting a much higher shear strength relative to PSAs prepared using g-
CNCs. A recent study by Pakdel et al."®" suggests that CNC aggregation may be playing a much
larger role with respect to shear strength. The incorporation of either sulfated CNCs or “less
hydrophilic” CNCs into latex-based PSAs yielded similar gel contents (i.e. percentage of
crosslinked material) at all CNC loadings; however, the more aggregated sulfated CNCs after
film formation exhibited a higher PSA shear strength at all loadings. This improvement in shear
strength was attributed to the presence of longer CNC aggregates, which could expand the area
through which polymer chains were immobilized (via physical interactions) to a greater extent,
therefore increasing shear strength.'®” In the case of adding g-CNCs, the ability for physical
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adsorption between the CNC and the polymer chains is likely reduced due to the presence of
grafts on the surface. Therefore, shear strength will not increase in the presence of g-CNCs as
observed in Figures 4.7C and 4.8C, regardless of the degree of dispersion of the CNCs in the
latex.

Summary

Overall, the adhesion results suggest that there are both benefits and drawbacks to using
CNCs or g-CNCs as additives to latex-based PSAs. A summary of the key findings is provided
in Table 4.4. With tack, the incorporation of either unmodified CNCs or g-CNCs with a low DP
of grafted polymer will yield similar results, attributed to the improved wettability and/or
capacity of the grafted CNC fillers to create deformable CNC-PBA interfaces (and thus displace
PBA-PBA interactions) within the PSA phase. However, the improved dispersion of low DP g-
CNCs within the polymer film significantly enhanced peel strength at higher g-CNC loadings,
while more aggregated CNCs could still improve peel strength but to a lesser extent.
Additionally, the use of PMMA as the CNC maodification resulted in higher peel strength PSA
films relative to PBA-grafted CNCs, likely due to the positive effect of higher T4 polymers on
peel strength. Lastly, the shear strength was highest for PSAs containing unmodified CNCs due
to the potential for physical crosslinking via CNC—polymer physical or chemical interactions not
possible when the CNC surface is already grafted with a like polymer.

Table 4.4. Summary of results from PSA testing.

PSA Property Optimal CNC type Explanation

Improved PSA wettability (with
Unmodified CNCs or .uandlfled and g-QNCs) or
Tack low DP g-CNCs increased local chain mobility at
g g-CNC/PBA latex interface (with
g-CNCs)

Improved wettability, increased
chain mobility at g-CNC-PBA
latex interface, higher Tg of
grafted polymer

Peel strength PMMA_-g-CNCs

CNC-polymer interactions lead
to physical/chemical crosslinks
and improve film coalescence.
When CNCs are polymer grafted
and localized inside/at the latex
particle interface they cannot
help in network formation during
film casting to the same extent
as CNCs dispersed in the
continuous phase

Shear strength Unmodified CNCs
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4.5 Conclusions

Stable in situ g-CNC-latex nanocomposites were synthesized through a seeded semi-batch
emulsion polymerization process and tested as PSAs. PBA-g-CNCs and PMMA-g-CNCs were
synthesized via SI-ATRP and were re-dispersible in BA monomer prior to latex synthesis, as
determined by partitioning experiments. g-CNC-based latexes did not significantly enhance the
solution viscosity of the latex while the addition of unmodified CNCs dispersed in the water
resulted in much higher viscosities at all loadings, suggesting the successful incorporation of g-
CNCs into the latex particles.

TEM indicated that unmodified CNCs introduced in the water prior to latex synthesis
aggregated near the latex particles, similarly CNCs introduced in the monomer phase prior to
emulsion polymerization also aggregated in the continuous phase; in contrast, low DP g-CNCs
were found in much smaller quantities individually attached to the surface of PBA particles (with
virtually none in the continuous phase) while high DP g-CNCs were observed to be highly
aggregated with their PSAs containing a high fraction of coagulum. Correspondingly, an
improvement in both tack and peel was seen for PSAs containing 1 phm of low DP g-CNCs,
with peel strength of the resulting nanocomposite PSA exceeding that achievable using
unmodified CNCs.

The improvement in both tack and peel was attributed to a well-dispersed g-CNC inside the
polymer particles, which would in turn disrupt inter-polymer interactions and improve film
formation despite their less significant contribution toward improving the overall PSA
wettability compared to unmodified CNCs. In contrast, shear strength was not significantly
improved with the addition of g-CNCs while PSAs prepared with unmodified CNCs that could
adsorb the PSA polymer enabled significantly higher shear stresses. The nanocomposite
materials produced in this work thus provide insight into how CNC surface chemistry and the
presence of low DP graft polymers, which improve PSA mobility, can improve tack and peel
strength of latex-based PSAs.

While the work presented here uses a homopolymer system of PBA as the bulk latex
polymer, the findings suggest that the use of g-CNCs in more hydrophobic PSA formulations
(i.e. using monomers with lower water solubility than BA) may be beneficial to PSA property
enhancement. In the study by Ouzas et al.”’ in which 2-ethyl hexyl acrylate was used in a PSA
formulation, severe CNC aggregation occurred during film formation and no significant
enhancements in either peel or shear strength were achieved. While CNC aggregation herein led
to improved shear strength of the PSA films, extreme incompatibility between CNCs and the
PSA monomer can result in too much aggregation and thus no PSA improvement. In cases like
these, the use of hydrophobic additives like the g-CNCs presented here may be of particular
benefit, with the better dispersions of g-CNCs achieved after film formation offsetting the lower
wettability of the g-CNCs relative to unmodified CNCs.
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Appendix B: Supporting Information for Chapter 4
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Figure B1. XRD spectra for CNC, BiB-CNC and g-CNC.
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Table B1. Mass recovered from the BA monomer phase during the partitioning experiments.

Component % Mass in
Monomer Phase

CNC <1

PBAL-g-CNC 75

PBAu-g-CNC 92

PMMA_L-g-CNC 63

PMMARK-g-CNC 40

Statistical analysis of PSA testing

To evaluate statistically significant differences between PSA testing results, ANOVA was used
on each sample set (i.e. comparing the no-CNC latex with the 0.5 phm g-CNC loaded latexes (set
1) and the 1 phm g-CNC loaded latexes (set 2)). A significance level of 5% was used, and the
resulting p-values were compared to assess the null hypothesis (i.e. all population means are
equal).

Table B2. ANOVA charts for latex set 1 (tack analysis).

SUMMARY
Groups Count Sum Average Variance
No CNCs 6 903.16 150.5267 749.1703
CNC-W 6 1287.4 214.5667 459.7772
CNC-M 6 1170.47 195.0783 529.6905
PBA,-g-CNC 6 1070.59 178.4317 1099.665
PBA,-g-CNC 6 1097.15 182.8583 319.9229
ANOVA
Source of Variation SS df MS F P-value F crit
Between Groups 13256.38 4 3314.096 5.246768 0.003294 2.75871
Within Groups 15791.13 25 631.6452
Total 29047.51 29
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Table B3. ANOVA chart for latex set 1 (peel strength).

SUMMARY
Groups Count Sum Average \Variance
No CNCs 6 50.38189 8.396982 1.712148
CNC-W 6 101.9252 16.98753 15.33395
CNC-M 6 58.62205 9.770341 3.292279
PBA,-g-CNC 6 49.30709 8.217848 1.41791
PBAy-g-CNC 6 45.23228 7.538714 0.167682
ANOVA
Source of Variation SS df MS F P-value F crit
1.23E-
Between Groups 363.0953 4 90.77383 20.70196 07 2.75871
Within Groups 109.6198 25 4.384793
Total 472.7151 29
Table B4. ANOVA chart for latex set 1 (shear strength analysis).
SUMMARY
Groups Count Sum Average Variance
No CNCs 6 25.59389 4.265648 1.380161
CNC-W 6 63.3175 10.55292 1.641361
CNC-M 6 47.23611 7.872685 6.68386
PBA,-g-CNC 6 28.36611 4.727685 0.310698
PBAy-g-CNC 6 25.85722 4.309537 0.346042
ANOVA
Source of Variation SS df MS F P-value F crit
5.54E-
Between Groups 186.7374 4 46.68435 22.52645 08 2.75871
Within Groups 51.81061 25 2.072424
Total 238.548 29
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Table B5. ANOVA chart from latex set 2 (tack).

SUMMARY
Groups Count Sum Average \Variance
CNC-W 6 1000.32 166.72 133.8901
CNC-M 6 560.77 93.46167 1004.413
PBA,-g-CNC 6 996.72 166.12 118.5217
PBAy-g-CNC 6 793.35 132.225 411.3101
PMMA-g-CNC 6 1125.82 187.6367 215.8003
PMMAy-g-CNC 6 816.77 136.1283 209.6975
ANOVA
Source of Variation SS df MS F P-value F crit
1.44E-
Between Groups 33651.75 5 6730.349 19.28805 08 2.533555
Within Groups 10468.16 30 348.9387
Total 44119.91 35
Table B6. ANOVA chart for latex set 2 (peel strength).
SUMMARY
Groups Count Sum Average Variance
CNC-W 6 37.25189 6.208649 0.087228
CNC-M 6 24.08657 4.014428 0.75267
PBA.-g-CNC 6 69.35813 11.55969 2.140276
PBA-g-CNC 6 30.92514 5.154189 0.495524
PMMA,-g-CNC 6 46.64951 7.874919 0.80951
PMMAy-g-CNC 6 30.49994 5.083323 0.573929
ANOVA
Source of Variation SS df MS F P-value F crit
3.23E-
Between Groups 223.2096492 5 44.64193 55.12328 14 2.533555
Within Groups 24.29568474 30 0.809856
Total 247.505334 35
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Table B7. ANOVA chart for latex set 2 (shear strength).

SUMMARY
Groups Count Sum Average Variance
CNC-W 6 245.1378 40.8563 13.28354
CNC-M 6 208.1514 34.6919 68.82639
PBA.-g-CNC 6 62.94917 10.49153 1.411511
PBAy-g-CNC 6 70.12028 11.68671 23.59231
PMMA-g-CNC 6 122.5814 20.43023 9.581672
PMMAy-g-CNC 6 91.73417 15.28903 35.16636
ANOVA
Source of Variation SS df MS F P-value F crit
4.13E-
Between Groups 4815.636 5 963.1272 38.05278 12 2.533555
Within Groups 759.3089 30 25.3103
Total 5574.945 35

Based on the results of ANOVA, the null hypothesis was rejected in all cases (i.e. the p-value <
significance value). From this, post-hoc analysis was performed to determine which means were
statistically different for each ANOVA analysis. Tukey tests were then used to compare all
possible pairs of means based on the studentized range distribution (q). The test is as follows:

qcrit > qa

Xmax — Xmin
MS,,
n

Qcrit =

where q, is taken for the studentized range q table for a given number of groups and degrees of
freedom, n is the number of samples within a group, and MSyy is the pooled variance. In the case
where the above condition is true (i.e. qcit larger than the g, value from the studentized range
distribution), than a significant difference between the two compared groups is present. The
following tables summarize the findings of a post-hoc Tukey test for all ANOVA groups.
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Table B8. Critical value q, from the studentized range distribution. 16

Latex set 1

Latex set 2

Qo

4.17

4.30

Table B9. Summary of Tukey HSD for latex set 1.

Tack Peel strength Shear strength
Comparisons Gerit Yerit > Ja Qerit Ucrit > a Gerit Yerit > Ja
No CNC/CNC-W 6.24 yes 10.05 yes 10.70 yes
No CNC/CNC-M 4.34 yes 1.61 no 6.14 yes
No CNC/PBA,-g-CNC 2.72 no 0.21 no 0.79 no
No CNC/PBAy-g-CNC 3.15 no 1.00 no 0.07 no
CNC-W/CNC-M 1.90 no 8.44 yes 4.56 yes
CNC-W/ PBA,-g-CNC 3.52 no 10.26 yes 9.91 yes
CNC-W/ PBA,-g-CNC 3.09 no 11.05 yes 10.62 yes
CNC-M/ PBA-g-CNC 1.62 no 1.82 no 5.35 yes
CNC-M/ PBA,-g-CNC 1.19 no 2.61 no 6.06 yes
PBA.-g-CNC/ PBA,-g-CNC 0.43 no 0.79 no 0.71 no
Table B10. Summary of Tukey HSD for latex set 2.

Tack Peel strength Shear strength
Comparisons Ycrit Ycrit > Ao crit Ycrit > Ao Ycrit Ycrit > Ao
CNC-W/CNC-M 9.61 | yes 5.97 | yes 3.00 | no
CNC-W/PMMA,-g-CNC 0.08 | no 14.56 | yes 14.78 | yes
CNC-W/PMMA,-g-CNC 4.52 | yes 2.87 | no 14.20 | yes
CNC-W/PBA,-g-CNC 2.74 | no 4.54 | yes 9.95 | yes
CNC-W/PBA4-g-CNC 4.01 | no 3.06 | no 12.45 | yes
CNC-M/PMMA_-g-CNC 9.53 | yes 20.54 | yes 11.78 | yes
CNC-M/PMMA,-g-CNC 5.08 | yes 3.10 | no 11.20 | yes
CNC-M/ PBA,-g-CNC 12.35 | yes 10.51 | yes 6.94 | yes
CNC-M/ PBA,-g-CNC 5.59 | yes 291 | no 9.45 | yes
PMMA,-g-CNC 4.44 | yes 17.44 | yes 0.58 | no
PMMA_-g-CNC 2.82 | no 10.03 | yes 4.84 | yes
PMMA_-g-CNC 3.93 | no 17.63 | yes 2.34 | no
PMMA,-g-CNC/ 7.27 | yes 7.41 | yes 4.26 | no
PMMA,-g-CNC/ 0.51 | no 0.19 | no 1.75 | no
PBA,-g-CNC/PBAy-g-CNC 6.75 | yes 7.60 | yes 2.50 | no
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Chapter 5: Conclusions & Future Work

5.1 Conclusions

The incorporation of CNCs into latex-based PSAs prior to this work has enable
improvements in adhesive tack, peel strength and shear strength; however, the effects of CNC
surface chemistry and location within a latex on PSA properties had yet to be fully understood.
This work provides a method of producing highly-modified polymer-grafted CNCs using the
controlled radical polymerization technique SI-ATRP. These polymer-grafted CNCs were then
added in situ into a seeded semi-batch emulsion polymerization to produce CNC/latex
nanocomposites that were cast as films and tested as PSAs.

In Chapter 3, a comparison between grafting the hydrophobic polymer PBA from CNC
surfaces via SI-ATRP in either a polar solvent (DMF) or a non-polar solvent (toluene) was
performed. Grafting in either solvent produced surface-modified CNCs, but polymer-grafted
CNCs synthesized in DMF contained up to 6 times more polymer grafts on a mass basis. This
improved grafting efficiency was attributed to the higher colloidal stability of BiB-CNCs in
DMF, by which a better dispersion maximized the number of available surface initiator groups
during the polymerization. In contrast, BiB-CNCs dispersed in toluene succumbed to severe
aggregation, which reduced the number of accessible initiating sites during polymerization.
PBA-g-CNCs produced in DMF were colloidally stable in toluene (due to steric stabilization and
improved solvent compatibility), while PBA-g-CNCs produced in toluene were aggregated,
consistent with the low grafted polymer chain surface coverage on those CNCs. This work
highlighted the importance of reaction media when grafting polymers from CNCs via SI-ATRP,
specifically emphasizing that BiB-CNC colloidal stability is more important than maximizing
polymer/solvent compatibility in terms of achieving high graft densities. While SI-ATRP is a
powerful tool for modifying CNCs with polymers, this work provides a deeper understanding of
what affects the graft density, and thus dispersion of polymer-grafted CNCs, which to-date has
not been extensively studied.*!104105179.182

In Chapter 4, PBA-g-CNCs and PMMA-g-CNCs of a low and high DP were synthesized and
introduced in situ into a seeded semi-batch emulsion polymerization to produce PBA latexes to
be employed as PSAs. Polymer-grafted CNCs were loaded into the polymerization through the
monomer phase. The location of CNCs/g-CNCs was determined by TEM, with low DP grafted-
CNCs found to be in/on the surface of the latex particles. Conversely, high DP grafted-CNCs
were highly aggregated in the continuous phase, and coagulum was found throughout the
samples prepared for TEM. Latexes containing unmodified CNCs introduced either in the water
or monomer phase during emulsion polymerization were also synthesized, and the CNCs were
found to be localized in the continuous water phase but aggregated nearby the latex particles.
PSA testing of all produced latexes showed that the incorporation of low DP grafted-CNCs
achieved higher peel strength than all other PSAs due to improved wettability and improved PSA
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flowability; PSAs with low DP grafted-CNCs had comparable tack to PSAs with unmodified
CNCs introduced to the polymerization through the water phase. Lastly, the polymer-grafted
CNC containing latexes tested did not significantly improve PSA shear strength, while PSAs
prepared with unmodified CNCs that could adsorb to polymer chains significantly improved
cohesive strength. This work provided insight into the importance of CNC surface chemistry,
dispersibility, and location within latex systems on the performance of latex-based PSA
properties. While the PSAs containing polymer-grafted CNCs were not able to improve shear
strength, the learnings here may be useful for other latex-based products such as coatings in
which enhanced incorporation of CNCs inside the latex particles (but without aggregation) may
be desired.

5.2 Future Work

While Chapter 3 of this thesis compared the effect of the reaction medium on the extent of
grafting hydrophobic polymers from CNC surfaces, a more in-depth understanding of how CNC
grafting occurs in non-polar media should be investigated. A future study would evaluate the
extent of grafting and changes in CNC morphology/colloidal stability as a function of reaction
time. Specifically, if BiB-CNCs are highly aggregated in toluene prior to grafting, we expect that
these aggregates will start to break up as polymer chains grow from the surface. Additionally, the
same comparison study between polar and non-polar solvents could be performed for different
hydrophobic polymers in order to determine if the effect of solvent is independent of the polymer
synthesized.

We also recognize that the large-scale implementation of SI-ATRP for CNC surface
modification would not be feasible due to purification constraints and the use of toxic solvents.
As such, the results from Chapter 3 aim to provide insight into what a “hydrophobic” CNC
should look like if the aim is to incorporate them into the polymer phase of a latex. Here,
hydrophobic CNCs with high water contact angles (i.e. ~ 130°), a high degree of surface
coverage, and highly retained morphology and crystallinity were synthesized. Developing
methods to synthesize hydrophobic CNCs using easier (i.e. no catalyst removal) and greener (i.e.
no solvents) one-step methods like polymer adsorption may be beneficial, with adsorption
having been shown to completely cover CNC surfaces but without the headache of strenuous
post-synthesis characterization;?*®**> however, the utility of such methods for producing
hydrophobic CNCs (like the ones presented here) is still an open question. Additionally, water-
based grafting techniques to produce hydrophobic CNCs, such as grafting tannic
acid/decylamine®® in the absence of synthetic polymer grafts, may reduce the effects seen here
in Chapter 4 where interactions between grafted and bulk polymer could improve tack and peel
strength. Ultimately, while there is clear potential for the use of hydrophobic CNCs in latex-
based PSAs or coating applications, the development of new, safer, and easier methods of
production should be prioritized.
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When PSA adhesive properties are improved with the addition of CNCs, there is also a
corresponding change in their mechanical properties. In general, PSAs with better adhesive
properties (tack and peel strength) are less elastic and thus result in a lower Young’s modulus.
Dynamic mechanical analysis (DMA) is often used to evaluate the storage and loss modulus of
free-standing PSA films, but sample preparation can be inconsistent and requires a lot of material
(i.e., 15- 20 mL of 40 wt.% latex per sample). Due to material synthesis constraints (i.e., 60 mL
total of latex produced) other methods of mechanical testing are required to evaluate the
mechanical properties of latex-CNC films. The proposed method for these measurements is
nanoindentation, which requires only sub-millimetre thick films cast on a substrate and thus
significantly less test material than is needed compared with DMA or other tensile testing
methods. An optimized film formation protocol for nanoindentation experiments must be
developed in order to produce flat films with a thickness of 100-200 um. A hydrophobic
substrate should be used (e.g. polystyrene), and films should be produced via spin-coating to
minimize surface roughness. Additionally, PSA testing on latex set 1 (i.e., no CNCs and 0.5 phm
loaded PSAs) should be performed again at the lower thickness such that direct comparisons
with latex set 2 (i.e., 1 phm loaded PSAs) can be made. Another consideration for future work to
build off of Chapter 4 include incorporating polymer grafted CNCs into copolymer latexes that
more closely resemble commercial PSA formulations like BA/MMA, EHA/BA/MMA or
BA/VACc (since only BA homopolymer latexes were tested so far).
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