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Lay Abstract

Canada has extensive forest coverage, accounting for 9% of the global forested land. The
abundant tree resource makes the pulp and paper industry vital to the Canadian economy,
contributing an annual average of $8.4 billion to the GDP from 2009 to 2019. Canada
ranks among the leading global wood pulp exporters, showing an export value of $7.7
billion in 2021. Wood pulp is the raw material for manufacturing paper products such as
tissues and printing paper. Although Canada pulps are a premium product, there are
opportunities to impart unique properties to market pulps. My thesis focuses on the
strategies to modify the surface properties of wood pulp at the end of the pulp
manufacturing process. | have investigated the feasibility of modifying the wood pulp
fibres by grafting polymers onto their surfaces. Additionally, | have extended the work to
include cellulose nanofibres, an emerging new material. The alteration of surface
properties expands the potential applications of these fibres across various fields.
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Abstract

The proposed work investigates the potential utilization of poly (ethylene-alt-maleic
anhydride) (PEMA) as linkers for grafting alkane and PEG chains onto cellulosic fibres.
Alkyl-amines and PEG-amines were introduced on the PEMA backbone, forming comb
polymers. These comb polymers can be grafted onto cellulose with as low as 12-14%
anhydride moieties remaining. The investigation is structured into three main sections as
follows:

The behaviour of comb polymers in agueous solutions was investigated. Specifically,
PEMAc-alkyl exhibited a pH-induced conformation transition, primarily influenced by
the alkyl chain length. In the case of alkyl chains ranging from 6 to 10 carbons, the comb
polymers exhibited a hypercoil to expanded coil transition with increasing pH. Notably,
comb polymers with pendant decyl (C10) chains formed stable unimolecular nanogels at
pH of 7-9, and this behaviour remained insensitive to the degree of substitution (DS) in
the range of 25-75%.

PEMAC derivatives were grafted onto bleached softwood pulp fibres through an aqueous
impregnation method. High yields (>90%) were achieved when polymer dosages were
below 13 g/kg (dry polymer/dry fibre) for PEMAc-alkyl and 38 g/kg for PEMACc-PEG
The maximum wet tensile index (WTImax) of the grafted pulp sheets fit in a power-law
model represented as WT Imax~BIn®>+2%2, However, at high polymer doses, the WT Imax
values deviated from the model due to the lubricating effect of the ungrafted polymers.

PEMAC and its derivatives were grafted onto cellulose nanofibrils (CNF) using DMAP-
catalyzed esterification in acetone. High yields were obtained when the PEMA dosages
were below 0.125 g/g (dry polymer/dry CNF). Aggregated structures, consisting of
individualized nanofibrils, microribbons, and flocs, were formed in acetone first and then
preserved by the grafted polymer. Changes in polymer dosage and DS influenced the floc
content. The structure of microribbons was affected by the DS values of PEMA-PEG3
derivatives, with helical structures observed for DS values below 75% and flat structures
when DS values exceeded 75%.
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Chapter 1

Introduction and Objectives

Canada ranks as the world's third-largest forested country, having a substantial 9% share
of the global forested area. Plenty of forestry resources contribute a noteworthy$25.2
billion to the nominal GDP. The forestry sector comprises three primary components: in-
forest activity, pulp and paper product manufacturing, and wood product manufacturing,
constituting 15%, 28%, and 57% of forestry earnings in 2021 respectively.! Softwood
lumber and softwood pulp are two major forestry products, with over 60% of these
products being exported annually. This robust export activity positions Canada as a major
global softwood lumber and pulp producer.?

Wood is composed of cellulose, lignin, and other polysaccharides, such as hemicellulose.
Cellulose, the primary wood component, accounts for roughly 50% of wood's dry weight.
Lignin, a class of cross-linked phenolic compounds, presents colours ranging from yellow
to dark brown. In wood pulp production, lignin is typically removed as waste through a
process known as pulping, which can be categorized into mechanical and chemical
methods.® Mechanical pulping involves grinding or refining processes conducted at
elevated temperatures, but it incurs significantly higher energy consumption than
chemical pulping.* Wood chips are cooked with either alkaline or sulphite in chemical
pulping to soften the wood and extract fibres.

After pulping, washing, screening, and bleaching are performed to obtain clean wood
pulp fibres. These fibres typically range from 50-100 um in width and 1-2 mm in length,
varying among tree species. Fibres from softwoods like spruces and pines are long and
robust, yielding excellent mechanical properties, while hardwood fibres, although shorter,
are more opaque and smoother.> Different types of pulp fibres find application in specific
products, such as softwood pulp for paper boxes and packages, and hardwood pulp for
printing paper and tissues.® Chemical additives are employed to modify pulp and paper
properties, extending their utility in areas like filtration, clinical diagnosis, and device
substrates.’

Wood pulp fibres could be split into smaller fibre units called cellulose nanofibrils
through a defibrillation step.® The cellulose nanofibrils exhibit widths between 1-100 nm
and lengths spanning several micrometres.® The nanoscale size confers cellulose
nanofibrils with a high surface area, robust mechanical properties, and customizable
optical attributes, rendering them useful as reinforcements in polymer composites, filters
in high-performance separation units, and flexible substrates for biomedical, electronic,
and optical devices.'%12
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Despite the development of products from pulp fibres and cellulose nanofibrils in paper
sheets, the inherent hydrophilicity and limited reactive sites of cellulose surfaces
constrain their applications relative to synthetic polymers.t® This limitation prompts
surface modification to broaden their potential uses and alter their properties. In some
instances, multiple types of molecules are necessary to achieve the desired effect, making
surface modification a multifaceted process involving several steps.

This thesis summarizes my efforts to develop a versatile platform for cellulose fibre
surface modification. By taking advantage of the plenty of anhydride moieties, PEMA
serves as both carriers and anchors to immobilize target molecules on the cellulose
surface. This chapter includes a literature review to comprehend the structure of diverse
cellulosic materials, grafting chemistry, and comparisons with alternative surface
modification methods. It also introduces the hierarchical structure of cellulose, cellulose
modification chemistry, maleic copolymers, hydrophobically modified cellulose, and
PEG-modified cellulose.

1.1 Hierarchical Structure of Cellulose
1.1.1 Cellulose in Wood

Wood presents a complex hierarchical structure, as depicted in Figure 1- 1.2 The
transverse section of a tree reveals growth ring structures representing each year of
growth. The cellular tissues, comprising multiple layers of cell walls, serve functions in
water transportation, metabolism, and structural support. The cell wall consists of distinct
regions: the middle lamella (M), the primary cell wall (P), and the outer layers (S1) and
the middle (S2) and inner (S3) layers of the secondary wall. Lignin skeletons and pectin
primarily support the intercellular layers (M&P), while the secondary walls consist of
cellulose and other polysaccharides like xylan and galactoglucomannans (GGM).®
Cellulose, a key component in the secondary cell wall, forms bundles and lamellas of
elementary fibrils within the amorphous matrix of hemicellulose and lignin.*®
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Figure 1-1  Hierarchical structure of cellulose in wood. Reprinted from Postek et al.®

Cellulose is a linear homopolymer of B-D-glucose units at the molecular level, connected
by B-1-4 glycosidic bonds. Native cellulose from plants, algae, and bacteria exhibits a
degree of polymerization (DP) ranging from 1000 to 30000.%® Each glucose unit along the
cellulose macromolecular chains is rotated 180°, forming a flat ribbon conformation that
measures 0.3 nm in width and varies in length from 500-15000 nm, depending on the
DP.Y" In nature, cellulose is synthesized by the cellulose synthase complex (CSC) and
assembles into elementary fibrils.*® The biosynthesis of cellulose and cellulose synthase
exhibits variation among different species.*®
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Figure 1-2  (A) 6x6 chain model of cellulose. (B) 6x4 chain model. (C) 18-chain
model (in 34443 form). Reprinted from Heise et al.*°

In high plants like trees, cellulose elementary fibrils are generated by the rosette-shaped
CSC module in the plasma membrane of the cell wall. These elementary fibrils consist of
multiple cellulose macromolecular chains.?’® However, the exact number of cellulose
chains in an elementary fibril is a matter of debate. Initial studies suggested 36 chains
(Figure 1-2A) based on the structure of the cellulose synthase enzyme. ?1:22 A 24-chain
structure was later proposed by Jarvis et al., as shown in Figure 1-2B.2 Other models,
like the 18-chain structure proposed by Kubicki et al. (Figure 1-2C), have also been
suggested.?* Recent research has indicated that the CSC comprises six groups of 3
enzymatic units. Despite ongoing debates, there is a growing consensus in favor of the
18-cellulose chain model, which is widely applied in molecular dynamic simulations and
utilized to explain the effects of chemical modifications on elementary fibrils.2>?

1.1.2 Structural Order of Cellulose

Each elementary fibril comprises ordered and disordered domains. The ordered domains,
referred to as crystalline regions, give rise to cellulose nanocrystals (CNC). Native
cellulose exhibits crystallinity levels measured by X-ray diffraction ranging from 50-
80%.2 Disordered domains, previously assumed to be 25-50 nm long in amorphous
states, were later found to be much smaller, measuring only 1-2 nm through neutron
scattering testing.2® % This discovery contradicted the old model, aligning with atomic
force microscopy (AFM) observations where disordered domains are seen as periodic
kinks.

Cellulose crystalline structures are classified as various types of allomorphs, cellulose I,
I, 1, 1Ly, Vi and 1y, Thermal and chemical treatments lead to transformations of
cellulose into these allomorphs.3! Native cellulose typically exhibits the crystalline
structure of cellulose I, which further has two sub-allomorphs known as I, and Ip.
Cellulose I, features triclinic unit cells in the crystal structure, while cellulose Ig features
monoclinic unit cells.* The cellulose 1, is the staple form in primitive species such as

4
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algae, bacteria, and tunicates. Both cellulose I, and Ig exist in high plants, and the ratio of
l, to I is related to the tree species and cell wall types.®?

Chirality is another intriguing property found in the crystalline domains of cellulose.
Twisted structures on cellulose fibrils exist at both the nanoscale and microscale, arising
from the chirality of cellulose macromolecules. Each glucose unit has chiral centers for
carbons 1 to 5 in the glucopyranose ring, with carbon 6 being the only exception,
connecting to the primary alcohol in glucose.®® Cellulose microfibrils extracted from
algae exhibit a periodically twisted right-handed structure.3* Additionally, free CNC in
water exhibit continuous right-handed twists, observed through cryo-TEM and electron
diffraction. These CNC display sharp twists alternated with long flat segments after
drying.® A natural evaporation process induces the self-assembly of CNC, creating
nematic liquid crystal films.3® Within these films, CNC with right-handed chirality
assemble into left-handed twisted helices, generating circularly polarized (CP) light.
These films exhibit iridescent colors when the wavelength of reflective light falls within
the visible spectrum. The reflective light's color can be controlled by adjusting the film's
pitch size and refractive index, following Bragg's law.!!

1.1.3 Cellulosic Fibres from Wood

After the pulping process, the fibril matrix is transformed into hollow cellulose fibres,
commonly referred to as pulp fibres (Figure 1-3A). The pulp fibres usually are 20-50 um
in width and up to several millimetres in length. The pulp fibres are negatively charged
because of carboxylate groups originating from the hemicelluloses such as xylan.® These
carboxylate groups create binding sites for certain paper-making additives through both
physical adsorption and chemical reactions. Electron microscopy investigations of the
pulp fibre surface reveal a porous morphology. The structural arrangement of these pores
impacts fibre cell wall thickness, influencing water retention ratios, and the flexibility of
fibres when immersed in water.3” The drying of pulp fibres results in the irreversible
collapse or shrinkage of these porous morphologies, leading to a phenomenon known as
hornification.® Hornification causes the closure of the fibre lumen, which is the hollow
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void inside the fibres.

?f.\-,w

Figure 1-3  (A) SEM image of bleached softwood kraft pulp fibres. Morphology of
cellulose fibres examined by SEM. (B) TEM image of CNF after
homogenization treatment. Reprinted from Li et al.*

The ultrastructure characterization of the wood cell wall reveals that the S2 layer, where
most of the cellulose is embedded, consists of helically wound microfibrils.*® This
analogous structure is retained in pulp fibres extracted from the wood cell wall.
Mechanical methods are employed to treat pulp fibres, disassembling the bundled
microfibrils within the cell walls, thereby generating micro-fibrillated cellulose (MFC).°
As shown in Figure 1-3B, the fibrils in MFC exhibit high aspect ratios, ranging from 5-
200 nm in width and 100-225 pum in length. Due to the nanoscale cross-section of MFC,
these fibrils are also known as cellulose nanofibrils (CNF).

Various mechanical isolation techniques are employed during the defibrillation process,
including refining, microfluidization, grinding, homogenization, cryo crushing, and
ultrasonication.** Multiple passes are executed to achieve diverse nanofibril content,
referred to as the fine grade. However, high energy consumption is a significant limiting
factor in MFC production, as the fine grade is directly proportional to energy
consumption. Efforts to reduce energy consumption involve pretreatments, such as
alkaline-acid hydrolysis, enzymatic treatments, and chemical treatments, performed
before the defibrillation step.*? Hydrolysis in HCI or NaOH solutions at mild
temperatures cleaves the linkages within the fibril matrix, solubilizing lignin and
hemicelluloses. Enzymatic and chemical treatments partially soften the pulp fibres,
effectively lowering energy consumption. In chemical treatments, approaches like
2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO)-triggered oxidation and
carboxymethylation are commonly employed. These methods not only produce small
nanofibrils with lengths below one pm and widths below 5 nm but also introduce
negatively charged carboxyl groups, ensuring good water dispersibility. Interestingly,

6
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pristine CNF bearing few charges have a strong tendency to agglomerate, forming fibril
bundles.*® The agglomeration is likely associated with hydrogen bonding due to the high
surface area and abundance of hydroxyl groups on the CNF surface.

Other types of cellulosic fibres, previously mentioned, include cellulose nanocrystals
(CNC). CNC are prepared from cellulose through acid hydrolysis. During this process, all
the disordered domains are eliminated, resulting in rod-like crystalline sections with 3-50
nm in diameter and 50-1160 nm in length. CNC possess high crystallinity, exceeding
75%, as detected through wide-angle X-ray scattering (WAXS). The high crystallinity
and rigid structure make CNC extensively employed in reinforcement applications,
hydrogels, aerogels, and photonic materials.**

1.2 Approaches for Cellulose Modification

Although cellulose is the most abundant bioresource and has applications in various
fields, its lack of hydrophobicity and versatile physical properties limits its engineering
applications. To enhance the value of cellulosic materials and enable the production of
high-value-added products, it becomes essential to conduct modifications that endow
cellulose with new features and functions. These modification strategies can be
categorized into two main approaches: physical and chemical modifications.*? This
section provides a comprehensive overview of both physical and chemical modification
methods.

1.2.1 Physical Adsorption

Physical adsorption stands as the simplest surface modification method, often performed
in aqueous solutions. This approach involves the binding of positively charged polymers
or small molecules to cellulose, facilitated by ionic interactions with the carboxylate
groups present on the cellulose surface. The effectiveness of this step is influenced by the
charge density of both the polymers and cellulose, as well as the ionic strength of the
aqueous solution. Various polyelectrolytes and molecules carrying positive charges,
primarily derived from different types of amine groups, are shown in Figure 1-4.
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Figure 1-4 Typical molecules and macromolecules can adsorb on cellulose.

It's noteworthy that amines display pH-sensitive charge content, with more amines being
positively charged at lower pH. Therefore, the solution pH significantly affects the
adsorption isotherm and the conformation of the adsorbed polymers. At lower pH levels,
attached polymers exhibit more expanded conformations than those adsorbed at higher
pH levels.®

The maximum adsorption capacity for polyelectrolytes is constrained by monolayer
deposition. However, this limitation can be overcome by employing advanced strategies,
such as layer-by-layer adsorption and making complexes. Wagberg et al. introduced the
layer-by-layer assembly of polyelectrolytes on both pulp fibre*® and cellulose nanofibril
surfaces.*’” This method involved the adsorption of cationic polyelectrolytes (e.g.,
poly(diallyldimethylammonium chloride) (PDADMAC), poly(ethylene imine) (PEI), and
poly(allylamine hydrochloride) (PAH)) followed by the adsorption of anionic
polyelectrolytes (e.g., poly(sodium 4-styrene sulfonate) (PSS)). By repeating these steps,
approximately ten polyelectrolyte layers were ultimately deposited onto the cellulose
nanofibril surface. The thickness of this polyelectrolyte multilayer could be controlled by
adjusting the ionic strength of the water.*®

Polyelectrolyte complexes (PEC), formed by mixing cationic and anionic
polyelectrolytes, provide colloidal stable systems for modifying cellulose surfaces.
Balancing the charges yields positively charged complexes that can be adsorbed onto pulp
fibres as additives to enhance paper dry and wet strength. For example, complexes
formed by mixing cationic polyamide-amine epichlorohydrin (PAE) with anionic
carboxymethylcellulose (CMC) proved effective as additives for paper products.®! The

8
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addition of these complexes resulted in even greater enhancement of paper dry tensile
strength than achieved through mechanical beating alone. Additionally, PECs can also be
adsorbed onto CNF surfaces for surface modifications. Galvan et al. developed
complexes by mixing anionic xylan or polyacrylic acid (PAA) with cationic PAH or
chitosan.> All types of PEC were used to functionalize cellulose nanofibrils or
lignocellulose nanofibrils.> The modified nanofibrils as additives in paper-making
significantly improve the mechanical properties of paper sheets.>*

In addition to electrostatic attraction, non-ionic polymers can be adsorbed onto cellulose
surfaces through van der Waals interactions, hydrogen bonds, or specific affinities to
cellulose. Lindstrdn et al. described a method for adsorbing carboxymethylcellulose
(CMC) onto pulp fibres with the aid of calcium ions and mild heat.>® Polyethylene glycol
(PEG)-derivatized CMC (CMC-g-PEG) exhibited abilities similar to the original CMC,
and it was adsorbed onto CNF films at pH 4.5. The grafted films swelled at pH 7.5, and
the grafted CMC-g-PEG reduced inter-fibril friction, resulting in good compatibility in
composites.>® Polysaccharides like xyloglucans and galactoglucomanans (GGM) could
also be adsorbed onto cellulose.® Specifically, synthesized amphiphilic GGM exhibited a
strong affinity for CNF derived from hardwood pulp fibres, with attachment being
irreversible.%® The robust association is possibly related to the mannan-mannan
interactions since hardwood contains more hemicelluloses than softwood.

1.2.2 Oxidation

At the molecular level, oxidation of cellulose introduces charges and reactive sites,
broadening its potential applications. Among the most widely used methods, TEMPO
(2,2,6,6-tetramethylpiperidine-1-oxyl) oxidation and periodate oxidation are most used. In
TEMPO oxidation (Figure 1-5A), the key reagents include TEMPO, NaClO, and NaBr.
Sodium hypochlorite converts TEMPO into a nitrosonium cation, which effectively
oxidizes the alcohol at C6 to form a carboxyl group. The reoxidation of the nitrosonium
cation is achieved by reduced hydroxylamine, with NaBr and NaClO triggering the
regenerative process. This catalytic cycle leads to the continuous generation of carboxyl
groups on the cellulose structure.®® Notably, enzymes like laccase can also serve as co-
oxidants in conjunction with TEMPO, resulting in a modified oxidation that introduces
more aldehyde groups than carboxyl groups.®® ¢!
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Figure 1-5  Different mechanisms of cellulose oxidation. (A) TEMPO oxidation. (B)
Periodateoxidation.

Metaperiodate salts represent another effective oxidant that induces regioselective
oxidation of hydroxyl groups at C2 and C3 of the glucose units (Figure 1-5B). This
oxidation cleaves the C-C bond between C2 and C3, yielding two aldehyde groups. These
aldehyde groups offer higher reactivity compared to hydroxyl and carboxyl groups,
facilitating reactions with primary amines to form Schiff bases, or with alcohols to form
hemiacetals and acetals. It introduces additional reactive sites for further cellulose
modification. Furthermore, the generated aldehydes can be reduced to hydroxyl groups
using NaBH4 or oxidized into carboxyl groups using NaClO,.%% 83 Larsson et al.
employed periodate oxidation as the pretreatment in producing CNF. The oxidized CNF
were then reduced by NaBH4 and processed through microfluidization to defibrillate the
fibres. The oxidations led to glucopyranose ring opening, resulting in a significant
reduction in cellulose crystallinity. Interestingly, the single nanofibril structure displayed
a core-shell configuration, where a dense fibril core was enveloped by an amorphous
alcohol shell. This unique fibril structure was found to contribute to the plasticity and
mechanical properties of the CNF.® Liimatainen et al. developed dicarboxylic acid
cellulose (DCC) by applying NaClO after the periodate oxidation.®®

1.2.3 Small Molecules Grafting

The grafting of molecules onto cellulose via chemical reactions primarily targets the
hydroxyl groups in anhydroglucose units. Figure 1-6 illustrates typical reactions that
result in linkages with these hydroxyl groups, with the most common types being ester,
ether, and urethane bonds.

10
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Figure 1-6  Chemistries for forming linkages with hydroxyl groups on cellulose.

Early on, chlorine-involved reactions found application in the textile industry for treating
cotton fibres. Triazine molecules, owing to their three reactive arms, exhibit versatile
capabilities in functionalizing cellulose surfaces. This feature allows for efficient
derivatization, enhancing their conjugation with cellulose for surface modification.
Chlorine-involved etherification and acetylation, using chlorine as a leaving group, are
effective reactions for connecting hydroxyl groups. A well-known example is the
carboxymethylation of cellulose, a process that introduces negative charges onto the
cellulose surface.*® In this reaction, cellulose fibres are first solvent-exchanged into
alcohol, followed by the addition of monochloroacetic acid and NaOH. Monochloroacetic
acid substitutes all hydroxyl groups in anhydroglucose units with the assistance of NaOH.
However, many chlorine-involved reactions have limitations related to solvents.®® 5" The
reactions show high efficiency in organic solvents, but their yields decrease significantly
when performed in water due to the quick hydrolysis of chlorine moieties, generating
hydrochloric acid. Moreover, chlorine-containing chemicals can have harmful
environmental impacts, leading to restrictions in certain industrial areas.

Esterification through acid or anhydride reactions produces less harmful byproducts, with
water being the primary byproduct. However, the generated water can slow down the
reaction and hydrolyze anhydrides. A similar solvent-exchange step is usually
implemented in the initial stages to achieve high reaction yields, analogous to chlorine-
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based reactions.% Direct esterification between acids and alcohols typically requires high
energy input, such as extended heating or ultrasonication.%® ’° In comparison, some
multifunctional carboxylic acids, termed polycarboxylic acids, react with alcohols at
much lower temperatures. Yang et al. have found that polycarboxylic acids, shown in
Figure 1-7, can cross-link cotton cellulose at moderately high temperatures (110 <C)."
Sodium hypophosphite (NaH2PO2) or monobasic sodium phosphate (NaH2PO.) are
catalysts to provide the cured cotton fibres with high mechanical strength.”?> The reaction
mechanism, as interpreted by infrared spectroscopy, involves the formation of five-
membered or six-membered cyclic anhydride intermediates under the curing conditions,
followed by a reaction with the hydroxy!l groups on the cotton fibres.”>"
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Figure 1-7  Polycarboxylic acids crosslinking cotton fibres.

Other reactive moieties such as epoxy,’® isocyanate,’” and silane’ are also employed for
cellulose modification. However, these moieties also face solvent challenges, as they are
sensitive to water. As green chemistry gains attention, there is a growing trend toward
replacing chemicals that are incompatible with aqueous solutions.

1.2.4 Polymer Grafting

Polymer grafting on cellulose offers several advantages over molecule grafting, as it
allows for the incorporation of multiple functions within one single macromolecule. This
approach significantly alters the physical properties of cellulose, making it suitable for
various purposes. The polymer grafting majorly happens on the cellulose surface, which
differs from the molecule grafting. As shown in Figure 1-8, the approaches to achieving
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polymer grafting on cellulose could be classified into three categories: (I) “grafting-to,”
(I1) “grafting-from,” and (1) “grafting-through.”’®
~ S
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Figure 1-8 Schematic graphs showing different types of polymers grafting on
cellulose.

The “grafting-to” approach involves attaching polymers to the cellulose surface through
anchor groups. Covalent bonds are commonly used as anchors due to their stability in
various environments. Anchor groups on the polymer chains can be monofunctional or
multifunctional & Monofunctional polymers are designed with a single anchor group at
one end of the polymer chain, resulting in brush-like polymer chains on the cellulose
surface.®* However, monofunctional polymers have limited reactivity since grafting relies
on a single reactive site.

Additionally, the crowding effect from attached polymer chains can hinder accessibility
and reduce grafting density.®? If multiple anchor groups from one chain react with
cellulose, inter-cellulose cross-linking occurs during grafting. Hence, the anchoring
reactions must be delicately controlled for the multifunctional polymer grafting on
cellulose to suppress the cross-linking. One of the critical advantages of multifunctional
polymer grafting is that it works efficiently for the direct elaboration of composites
comprising cellulose.® Polymeric matrices such as polyurethane, epoxy resin, and
polycaprolactone reinforced with nanocellulose could be rapidly fabricated through a
“grafting-to” based cross-linking reaction.

The “grafting-from” approach propagates polymer chains from the cellulose backbone,
typically involving free radical polymerization. Free radical sites are initiated on the
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cellulose backbone, often derived from hydroxyl groups. Monomers then link to these
free radical sites, leading to the growth of brush-like polymer chains attached firmly to
the cellulose surface.”® Compared with the “grafting-to,” the approach could provide
higher grafting density that imparts distinct characteristics to the pristine cellulose. The
free radical could be generated using persulfate salts, Fenton’s reagents (Fe?*+H,0;
system), and Ce (1V) ions.® However, the free radical polymerizations generally show
low grafting yields due to significant interference from homopolymerization reactions.®®

In contrast, living radical polymerizations, such as atom transfer radical polymerization
(ATRP) and reversible addition—fragmentation chain transfer polymerization (RAFT),
provide polymers of controlled molecular weight, polydispersity index (PDI), and
composition. The mechanism of the living radical polymerizations is keeping partial
radicals in “dormant” form. So, the chain termination is suppressed due to low
concentrations of active radicals.”® By taking advantage of living radical polymerizations,
efficient grafting of poly(styrene) and acrylic polymers onto cellulose surfaces has been
achieved. For instance, poly(butyl acrylate),8” polymethyl acrylate (PMA),% and poly
(glycidyl methacrylate) (PGMA)® was successfully attached to cellulose surface through
the ATRP method. In contrast, poly (styrene)® and poly (dimethylamine ethyl
methacrylate) (PDMAEMA)®! were linked to cellulose via RAFT way. Well-defined
polymers are introduced onto cellulose surfaces if the chain transfer agents and feed are
selected tactfully.

The "grafting-through™ approach is typically a copolymerization involving cellulose-
based monomers. Cellulose is initially functionalized with a polymerizable group like
vinyl and acrylic.”® They employ the monomers in copolymerization with other
monomers, resulting in cellulose-embedded copolymers. While this approach offers
versatility, it is less commonly used for cellulose functionalization due to its more
complex steps.

1.3 Maleic Anhydride Copolymers

Maleic anhydride copolymers are a series of copolymers obtained from the
copolymerization of maleic anhydride and other olefinic monomers. These copolymers
incorporate functional groups from the olefinic monomers®? and can also undergo
chemical reactions on the succinic moieties along the polymer chains, leading to maleic
copolymer derivatives with multiple functional groups. Additionally, the reversible
transformation between succinic anhydride and succinic acid,* triggered by introducing
or removing water, adds to the versatility of these copolymers.

1.3.1 Synthesis of Maleic Anhydride Copolymer
The homopolymerization of maleic anhydride usually is difficult unless under high
energy input, and the obtained poly (maleic anhydride) (PMA) has a low molecular
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weight and broad molecular distribution.®* Instead, the synthesis of maleic anhydride
copolymers typically involves the copolymerization of maleic anhydride with various
olefinic and acrylic monomers. The copolymerization process is facilitated by initiated
free radicals. A wide range of monomers can be used, including ethylene, styrene,
octadecene, butadiene, vinylpyrrolidone, methyl vinyl ether, and acrylic acid.®?

The copolymerization tends to result in alternating copolymers, and several factors
contribute to this alternated structure. The first is the tendency to form a charge-transfer
complex (CTC) between electron-poor maleic anhydrides and electron-rich comonomers.
Once the CTCs participate in the chain propagation, alternating copolymers are obtained.
However, the CTC-based mechanism can not explain the fast kinetics of
copolymerizations since CTC concentration in the systems is low due to the fast lifetime
of CTCs.% %

Additionally, the molecular orbitals of free radicals derived from maleic anhydride play a
crucial role. The free radical generated from maleic anhydride has an unpaired electron
adjacent to the cyclic anhydride ring, which has a partially occupied p-orbital. The model
leads to low energy in SOMO (singly occupied molecular orbital). Therefore, the HOMO
(highest occupied molecular orbital) of the olefinic monomers becomes a crucial factor
influencing the reaction.® In the example of copolymerization of styrene and maleic
anhydride, the styrene monomers possess high-energy HOMO, facilitating the linkage
formation with the SOMO of maleic anhydride radicals. Besides, the free radicals derived
from styrene also have SOMO with high energy, linking with the LUMO of maleic
anhydride monomers. In conclusion, the maleic anhydride and styrene tend to form
alternating copolymers because of the orbital structure.

The steric hindrance is another factor impacting the monomer structure along the polymer
chains. The steric hindrance influences the copolymerization rate and the configuration of
anhydride moieties.®” The effect of steric hindrance on copolymerization rate was
observed when polymerizing maleic anhydride with isobutene, ethyl acrylate, and
pentene.®® % Furthermore, the steric hindrance also makes the anhydride configuration in
the trans(threo) form (Figure 1-9A) rather than the cis(erythro) form (Figure 1-9B) since
the threo forms are less sterically hindered. For instance, Komber measured the content of
erythro and threo configuration in poly (ethylene-alt-maleic anhydride) (PEMA), giving
12% and 88% for the polymer synthesized at 60 °C and 14% and 86% for the poly
(ethylene-alt-maleic acid) (PEMAC) after hydrolysis in water,%
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Figure 1-9 Trans(threo) (A) and cis(erythro) (B) of acid and anhydride form shown
using the Newman projection. Reprinted from R&zsch.%

The configuration, nevertheless, is affected by the synthetic route. R&zsch et al.
synthesized PEMACc through the copolymerization of maleic acid with half ester and
ethylene and followed by cleavage of ester bonds, generating the same polymer structure
as PEMAc. The 3C-NMR spectra suggested a different result, in which 38% threo and
62% erythro were found.%* The pKa values of diacids after hydrolysis and the reactivity
of the succinic moieties are determined by different configurations. For example, two
pairs of pKa values (4.1, 6.1 and 4.2, 6.8) for the diacids are detected from PEMAc
arising from the erythro and threo forms, respectively.® The erythro form has a higher
ring strain than the threo form. The erythro form is more reactive for ring-opening
reactions with nucleophiles, while the threo form is easier to reform the cyclic anhydride
rings.%

1.3.2 Derivatization of Maleic Anhydride Copolymers

Figure 1-10 illustrates three typical routes to functionalize maleic anhydride copolymers.
The derivatizations commonly take advantage of the nucleophilic attack from
nucleophiles such as alcohols, amines, and thiols on the anhydride moieties, which
generates linkages like ester, amide, and thioester bonds.%
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Figure 1-10  Derivatization ways of maleic anhydride copolymer.

The steric hindrance of the comonomers can impact the derivatization of anhydride
moieties. During nucleophilic attack, both carbonyl groups of the anhydride can be
involved in linkage formation, either on the carbonyl adjacent to the R group or on the
one farther from the R group. R&zsch et al. conclude that the ester bond linkages
preferentially form from the carbonyl group far from the R group.®? They tested the
reactions of methanol with propylene/maleic anhydride (PPMA) copolymers and
styrene/maleic anhydride (PSMA). The **C-NMR showed that 40% of ester bonds are
formed adjacent to the methyl group in PPMA, while only 20% of ester bonds are formed
adjacent to the phenyl group in PSMA.1% Thus, the steric hindrance affects PEMA less
because of the lack of pendant groups in the comonomers.

Primary amines are particularly effective nucleophiles, triggering rapid amidation of
maleic moieties. The resulting amide bonds are stable, making them a popular choice for
derivatizing maleic copolymers. Werner et al. developed a versatile platform using maleic
copolymers to immobilize biomolecules. Copolymers, such as poly (octadecene-alt-
maleic anhydride) (POMA),1%: 1% poly (propylene-alt-maleic anhydride) (PPMA),*7
poly (styrene-alt-maleic anhydride) (PSMA),'% and poly (ethylene-alt-maleic anhydride)
(PEMA),'® are coated on the substrates and functionalized with amine molecules to
modify surface properties and control cell adhesion. The primary amine-induced
amidation is generally performed without adding any catalyst, thanks to the high pKa
values of primary amines. Interestingly, the addition of fundamental catalysts like
triethylamine (TEA) was found to reduce the derivatization yields for aliphatic amines, as
reported by Hue et al.*°
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1.3.3 Properties of Derivatized Maleic Anhydride Copolymer

The introduction of Poly (ethylene glycol)s (PEGs) onto maleic copolymers, where
comonomers include ethylene, styrene, and methyl vinyl ether, results in the creation of
comb-like copolymers with pendant PEG chains. These PEG chains, acting as spacing
agents, have the effect of lowering the glass transition temperature (Tg) of the
copolymers. Besides, the PEG-modified poly (styrene-alt-maleic acid) displays thermal
and pH-triggered phase transition in water.!* Due to the complex formation between
PEG and lithium salts, the modified copolymers are utilized as solid polymer electrolytes
for lithium batteries.!'? 13 Additionally, these modified copolymers are employed in
applications related to thermal energy storage, benefiting from their solid-solid phase
transition behavior.!4

Pendant alkyl groups on maleic copolymers induce a conformational transition in water,
giving rise to a comb-like structure. In high-pH environments, the polymer chains take on
a expanded coil conformation. In contrast, they form compact hypercoil under low pH
conditions, attributed to the restricted movement of hydrophobic domains.!*® It is
discovered that conformation transition occurs when the pendant alkyls are either directly
linked with the polymer backbone or modified through anhydride groups.!16-118 The
conformational transition has been confirmed through various techniques, including
dynamic light scattering (DLS), pyrene fluorescent spectra, changes in viscosity, and
potentiometric titration.*'® 1° The hypercoil conformation at low pH is facilitated by
intramolecular interactions from the hydrophobic domains. At high pH, the copolymers
tend to form unimolecular globules, stabilized by electrostatic repulsion resulting from
the negatively charged carboxyl groups. The carbon number on the alkyl chain is another
factor influencing the polymer conformation. For example, Poly (methyl vinyl ether-co-
maleic acid) and poly(ethyl vinyl ether-co-maleic acid) containing one and two carbons
on the alkyl don’t display any hypercoil conformation even at low pH.''"-12° Copolymers
with alkyl chain lengths over ten carbons incline to maintain as globules under a wide pH
range.*?! Copolymers with intermediate chain lengths exhibit a transition from hypercoil
to expanded coil structure as the pH increases.??

1.3.4 PEMACc Grafted Wood Pulp

Owing to the reversible transformation between diacid and anhydride forms, PEMAC was
demonstrated as an efficient grafting agent introducing carboxylate groups on pulp fibres
by Zhang et al. PEMACc was selected from various maleic acid copolymers as it gave the
highest charge density on the pulp fibres.!? The grafting process is given in Figure 1-11.
The polymer is obtained in anhydride form. The hydrolysis in water converts the
polymers into diacid form giving PEMACc solutions. The polymer solutions are directly
applied to the pulp fibres as sheets in an impregnation way. After curing the pulp sheets at
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an elevated temperature (>100 °C), the PEMAC is fixed on the fibre surface via covalent
bond linkages.

PEMAC
PEMA Hydrolysis n
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Figure 1-11  Illustration graph showing steps for PEMACc grafting on pulp fibres.
Reprinted from Zhang et al.*?

The pH of the polymer solutions and the curing temperature are critical factors in
controlling the grafting yield and the wet strength of the cured pulp sheet. Chemical
fixation manifests when the pH becomes low and neglectable at a pH above 8. It is
indicated that the reformation of cyclic anhydrides needs at least one of the carboxyl
groups to be protonated within the succinic unit.*?* The polymer solutions at pH four are
selected as the ideal agent for pulp treatment since they always provide high grafting
yields. The increased curing temperature dramatically improves the wet strength of pulp
sheets if the impregnation is done with a pH 4 solution, which in turn makes the pulp
sheets difficult to be disintegrated in water. Unlike the modification on the paper sheets,
the modified pulp sheets must have good repulpability (re-dispersible in water) since the
dry pulp sheets as feedstock in the paper-making process produce a homogeneous slurry
generating even paper sheets.

To address the issue of repulping, a power-law model was designed to implement the
grafting technique for industrial processes.'? In the model, the wet tensile indices of the
treated pulp sheets obey a power-law relationship with pI", where B is the conversion

from diacid to anhydride form and I" (meq/g) is the amount of PEMACc applied on pulp
sheets. The power-law correlation enables the estimation of optimal curing conditions that
provide high grafting yields and good repulpability. PEMACc grafted bleached and
unbleached softwood pulps exhibit thermosetting properties due to the thermal-activated
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anhydride reformation.*?® Moreover, reformed anhydride moieties offer reactive sites for
further modifications, such as linking with alcohols and amines.

1.4 Hydrophobically Modified Cellulose

One of the potential applications for cellulose is used as packaging material. In contrast to
conventional hydrophobic synthetic polymers such as polyethylene and polypropylene,
which have low water and vapor permeability. Cellulosic materials inherently exhibit
hydrophilicity due to abundant hydroxyl groups on their surfaces.* ' The hydrophobicity
of cellulose significantly impacts the substitution of synthetic polymers with cellulosic
materials. When employing nanocelluloses as reinforcements, the compatibility with
nonpolar polymeric matrices greatly influences composite mechanical properties.'* 12’ To
enhance compatibility and prevent phase separation, essential hydrophobic modification
is performed prior to mixing. Thus, rendering cellulosic materials hydrophobic becomes a
critical objective for surface modification.'?8 It is recognized that two primary strategies
are employed to alter surface hydrophobicity: grafting nonpolar components onto the
cellulose surface and morphology design involving the creation of micro- or nano-
asperities. Chemical modification is the predominant way to increase cellulose surface
hydrophobicity for cellulose fibres.

1.4.1 Paper Sizing

Paper-making process has always involved the essential task of imparting hydrophobic
characteristics to the paper. The water-repelling properties are usually achieved by sizing
operation at the wet-end stage of paper-making, aiming to minimize water adsorption.*?°
This is done to fulfill various objectives, such as preventing ink smudging or deeply
penetrating and maintaining the mechanical strength of cardboard under humid
conditions. The most widely used paper-sizing chemicals include alkyl ketene dimer
(AKD) and alkenyl succinic acid anhydride (ASA),*® which are applied in emulsions to
the fibre suspension or through the vapor phase.

AKD, with its four-membered lactone ring, reacts with the hydroxyl groups on cellulose,
leading to covalent bonds that immobilize AKD on the cellulose surface and outwardly
orientate the alkyl chains.®** 33! The molecular level reactions make the grafting reaction
efficient and confer paper with good resistance to both acid and alkaline penetrants, as
well as some AKD-soluble organic solvents like tetrahydrofuran and chloroform.
Similarly, ASA is anchored on the paper surface via esterification between the five-
membered succinic anhydride and the hydroxyl groups. ASA, being water-insoluble, is
typically formulated into emulsions. The emulsification involves mixing ASA in cationic
starch using high-shear equipment. However, the emulsions are susceptible to hydrolysis,
compromising the anhydride groups and leading to poor binding with paper.**? Therefore,
the ASA emulsions must be used within a short period to minimize hydrolysis.
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1.4.2 Hydrophobically Modified Nanocellulose

Hydrophobic modification is also conducted on nanocellulose materials such as CNF and
CNC. Following the hydrophobic modifications, nanocelluloses become compatible with
synthetic polymers like polyethylene, polypropylene, polystyrene, polylactide, epoxy
resin, and polyurethane.*?” As a result, they are employed as reinforcements in composite
materials fabrication by taking advantage of their good compatibility, high surface area,
and high aspect ratio. The long alkyl chains on the surface create physical entanglements
with synthetic polymer chains, effectively strengthening the cellulose and polymeric
matrix interface.

A simple method to increase surface hydrophobicity is to adsorb cationic surfactants onto
the anionic CNF or CNC. Salajkovaet al.!* and Yin et al.’** demonstrated that
quaternary ammonium salts bearing various hydrophobic groups (stearyl, benzyl, and
diallyl) can attach to CNC surface. The amphiphilic salts were adsorbed onto the CNC
surface under stirring, and excessive salts were removed by dialysis. After drying, the
salts were firmly attached to the CNC, enhancing the contact angle of CNC films and
providing good dispersibility in organic solvent, e.g., toluene. Shimizu et al. used
quarternary ammonium salts to modify the TEMPO-oxidized CNF (TOCNF) films,
increasing the contact angle to 100°.2% Utsel et al. designed cationic amphiphilic block
copolymers consisting of cationic poly (2-(dimethylamino)ethyl methacrylate)
(PDMAEMA) with quaternary amines and hydrophobic blocks such as polystyrene'® and
poly (e-caprolactone) (PCL).¥" The cationic block copolymers formed micelles in water,
which were adsorbed and dried on the CNF surface. The copolymers, acting as
compatibilizers, can be applied in agueous solutions to enhance the hydrophobicity of
CNF.

Chemical modifications generate strong covalent bonds connecting hydrophobic groups,
ensuring resistance to a wide range of ionic strength and various solvents. Sizing agents
like ASA have been modified on CNF surfaces to use them as reinforcements in
polypropylene (PP) composites.'*® Li et al. developed a technique using 10-undecanoyl
chloride to treat the CNF.1* The hydrophobically modified CNF were applied as
packaging materials, displaying low vapour permeability, high moisture resistance, and
good mechanical properties. Additionally, hydrophobic polymers can be grafted onto
nanocellulose surfaces. The two most widely used approaches are conducting the
polymerization from the cellulose surface and directly mixing the reactive monomers
with cellulose. PDMAEMA was grafted on CNF and CNC surfaces through a surface-
initiated atom-transfer radical polymerization (ATRP).1*° The modified nanocellulose
films showed high water contact angles (>130°). Alkyl bromides (C10-C18) were reacted
on tertiary amines generating quaternary amines, which offered antibacterial properties to
nano papers.**! The direct mixing approach is a rapid way of preparing nanocellulose-
involved composites. For instance, Auad et al. described an approach by directly mixing
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the polyurethane with CNC in dimethylformamide (DMF), and the composites were
fabricated through solvent casting.**> Abushammala et al. produced CNC-reinforced
polyurethane by reacting the CNC with alcohols and followed by reactions with 2, 4-
toluene diisocyanate (TDI).1*3 The CNF and CNC were also directly added into the
extruder and embedded into polymer matrices such as polyethylene (PE), polypropylene
(PP), poly (lactic acid) (PLA), poly (vinyl alcohol) (PVA), and polycaprolactone (PCL).
However, the unavoidable agglomeration gave poor fibre distribution in polymeric
matrices.!**

1.5 PEG-modified Cellulose

Polyethylene glycol (PEG) is a linear polymer known for its excellent water solubility. It
finds widespread applications in pharmaceutical and industrial fields as lubricants,
dispersants, solvents, and surfactants. The oxygen in the ethylene glycol unit is an
accepter for hydrogen bonding, resulting in strong hydrogen bonding and high-water
binding capacity. The long PEG chains also introduce steric hindrance, preventing inter-
fibril bonding. PEG ultimately find applications when incorporated with cellulosic
materials, for example, in the production of paper-based devices and tuning interactions
in nanocelluloses.

1.5.1 PEG Modified Paper

Paper-based analytical devices present promising solutions for point-of-care assays in
biomedical diagnosis due to their advantages, including low cost, rapid responses, and
eco-friendliness.” PEG-modified papers serve as suitable substrates compatible with
various biomedical analytical techniques. Jeevarathinam et al. impregnated the paper with
the PEG and infused the cationic dyes to fabricate a test paper sensitive to the negatively
charged heparin.!*® PEG were used to balance the attraction between the dye and heparin.
In the grafting process on paper substrates, PEG mostly act as inert spacers, allowing the
introduction of ligands like various peptides and proteins. The support PEG layers
provide the ligands with sufficient accessibility to the binders and have little disruption on
the protein conformation.'*® In addition to serving as spacers, PEG display responsive
phase behavior influenced by increased ionic strength. Yu et al. developed PEG-coated
filter paper for monoclonal antibody selection in membrane separation.'*’ Grafted PEG
underwent phase separation under high anti-chaotropic salt concentrations, leading to the
binding of PEG to antibodies through hydrophobic segments.

1.5.2 PEG Modified Nanocellulose

Steric interactions reduce inter-fibril bonding when PEG are directly mixed with CNC or
CNF in water. For instance, PEG have been utilized as steric stabilizers to prevent the
agglomeration of nanocelluloses. Mathew et al. demonstrated that PEG served as
processing aids in making microcrystalline cellulose (MCC) reinforced poly (lactic acid)
(PLA).1*8 The presence of PEG improved the dispersion of MCC in the PLA matrix,
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although the mechanical properties of the composites were not significantly enhanced.
PEG were also employed as redispersing agents mixed and dried with CNF. After freeze-
drying and heat drying, redispersibility was evaluated by measuring the change in
hydrodynamic diameter.'*® Hydrodynamic diameter was reduced to the same value as
never-dried CNF when 20 wt% PEG (1 kDa) was added. Yao et al. prepared PEG/CNC
assembled chiral nematic films that displayed tunable colors. PEG intercalated into CNC
layers after drying. Films with 20 wt% PEG (20 kDa) content exhibited reversible color
changes from green to transparent as relative humidity increased from 50% to 100%.%>°

Hydrogen bonding between PEG and nanocelluloses occurs when embedding
nanocelluloses into the PEG-involved nanocomposite hydrogels and films. Hydrogen
bonding contributes to forming a three-dimensional network in nanocomposite hydrogels.
Jiang et al. introduced CNC-reinforced poly(propylene carbonate)/PEG hydrogels.*>! The
hydrogen bonding between the hydroxyl group on cellulose and the oxygen on PEG was
detected by an infrared spectrometer. Mechanical properties of the hydrogels were
improved by the addition of a small amount of CNC (0.3 wt%), suggesting a contribution
from hydrogen bonding. Similar increased mechanical properties were observed when
CNC were added as reinforcements to hydrogels obtained from cross-linked
poly(oligoethylene glycol methacrylate) (POEGMA)*®? or PEG-diacrylate (PEGDA).>
Additionally, Reid et al. introduced CNC-reinforced nanocomposite films without
chemical cross-linking, demonstrating that PEG could bind with CNC surface, leading to
a 60% increase in Young’s modulus after CNC loading.**

Osmotic dehydration induced by PEG also tailors the inter-fibril interactions. Guccini et
al. described an approach to trigger nematic ordering in carboxylated CNF suspensions by
controlling PEG concentration.® When the PEG concentration exceeded 1 wt%,
polarized light microscopy and small-angle X-ray scattering detected oriented nematic
domains. High-concentration PEG solutions (10-25 wt%) were also used to create CNF
hydrogels with tunable porosities.*>®

In summary, the overall goal of this project is to achieve cellulose modification using
maleic copolymers by taking advantage of the reactivity of cyclic anhydride moieties.
Among these copolymers, poly (ethylene-alt-maleic anhydride) (PEMA) has emerged as
a prominent choice for the modification of pulp fibres. The numerous anhydride moieties
along the polymer chain provide versatile sites for anchoring other molecules onto
cellulose surfaces. Specifically, alkyl and PEG molecules have been selected as model
molecules for examination due to the broad potential applications after modifications.
Therefore, the thesis focuses on the modification of cellulosic surfaces, encompassing
both pulp fibres and CNF, by utilizing PEMA as the linker for grafting alkyl and PEG
chains onto the fibre surfaces. The research will involve the synthesis and investigation of
PEMA derivatives containing pendant alkyl and PEG groups. Subsequently, these
derivatives will be grafted onto bleached softwood pulp fibres and then onto CNF.
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1.6 Objectives

The primary goal of this research is to assess the feasibility of utilizing PEMA to
introduce molecules, such as alkyl and PEG chains, onto cellulose surfaces. In the
grafting process, alkyl-amines and PEG-amines were modified on PEMA backbone and
then grafted onto cellulosic fibres. The work documented in this thesis aims to achieve
four main objectives.

1. To define the minimum number of anhydride moieties required for grafting
PEMAC derivatives onto cellulose while ensuring high grafting yields.

2. To investigate the impact of derivatization on the behavior of the polymer in
aqueous solutions, particularly in response to changes in pH.

3. To extend the application of the power-law model, previously used in PEMAc
grafting, to the grafting of PEMAC derivatives.

4. To achieve the grafting of PEMAc and PEMAC derivatives onto cellulose
nanofibrils.

1.7 Thesis Outline
This thesis consists of five chapters.

Chapter 1 provides a literature review of cellulose structure, cellulose surface
modification, maleic copolymers, and the existing methods for grafting alkane and PEG
onto the cellulose surface.

Chapter 2 investigates the behavior of hydrophobically modified PEMACc in agueous
solutions, particularly for the changes of polymer conformations with varying solution
pH.

Chapter 3 describes the grafting of alkane- and PEG- modified PEMAC derivatives onto
softwood bleached kraft pulp fibres. The grafting process employed an aqueous
impregnation approach, and the power-law model was adapted to optimize the curing
conditions and polymer dosages for PEMACc derivatives.

Chapter 4 proposes an approach for grafting PEMACc and its derivatives onto cellulose
nanofibrils (CNF) in acetone. In the approach, the aggregated structures generated in
acetone were preserved by grafted polymers. The various aggregated structures and their
composition in the grafted CNF were investigated using the particle size measurements
and imaging techniques.

Chapter 5 summarizes the contributions of this thesis.
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Chapter 2

Solution Properties of Hydrophobic Derivatives of
Poly (ethylene-a/£maleic acid)

Polymer solutions applied for the pulp sheet impregnation are analyzed in this chapter. A
series of alkyl-amine molecules were modified on the PEMA, giving comb polymers. The
polymer behaviours in water were characterized through dynamic light scattering, pyrene
fluorescence probe, potentiometric titration, and imaging. The conformations of the
hydrophobically modified polymers with pendant alkyl chains of C6-C10 display a
conformational transition from hypercoil to expanded coilin solutions in pH ranging from
4 to 11. PEMA-C10 derivatives with DS of 25-75% exhibit a unimolecular nanogel at pH
of 7-9.

The experiment design, data collection and analysis, and first draft writing were
completed by me. My summer student Zhen Hu helped me with the sample preparation.
Dr. Jose M Moran-Mirabal offered valuable advice on the paper. Dr. Robert Pelton
helped me with the data analysis and rewrote parts of the draft as necessary.

This chapter has been published in European Polymer Journal.
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Abstract

A library of hydrophobically modified polyelectrolytes was prepared by reacting linear
alkyl amines with poly(ethylene-alt-maleic anhydride), followed by hydrolysis of the
residual anhydride groups. Every reacted anhydride gives a pendent alkylamide plus a
carboxylic acid group, and the result is a comb architecture. The lengths of the alkyl side
chains were 3, 6, 8, or 10 carbons. The density of alkyl side chains was expressed as the
fraction of anhydride groups reacted with alkyl amines (25%, 50%, and 75%). The
dominant factor influencing the aqueous solution properties is the alkyl chain length. C3
polymers had no pyrene receptive hydrophobic domains. C6 and C8 polymers bound
pyrene at pH < 6 and do not give reliable dynamic light scattering (DLS) results. C10
polymers displayed pyrene binding across the pH range and, based on DLS and AFM
data, possibly appear as unimolecular nanogel dispersions from pH 7-9. At pH values > 9,
our DLS measurements gave low-quality data, whereas at pH<7 both DLS and AFM
results indicated nanogel aggregation. The C10 polymer properties were surprisingly
insensitive to the degree of hydrophobic substitution over the range of 25-75%. The
nanogels with low alkyl contents were slightly more swollen and had high NaCl critical
coagulation concentrations compared to the high alkyl content nanogels. These polymers
are of particular interest because the non-derivatized maleic moieties in the polymers can
form ester linkages to cellulose in an aqueous, catalyst-free process.
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Introduction

Presented are the aqueous solution properties of a series of polymers prepared by the
reaction of alkylamines with poly(ethylene-alt-maleic anhydride), PEMA, to form a
family of hydrophobically modified highly carboxylated polymers designated as
HPEMAC — see Figure 1. Our interest in these polymers stems from our ongoing efforts
to enhance the properties of paper packaging materials as potential replacements for
single-use plastic packaging. Previously we have shown that hydrolyzed PEMA can graft
onto cellulose surfaces simply by heating the polymer-coated lignocellulose surfaces
above 100 °C.: 2 Heating regenerates anhydride groups that can form esters with
cellulose.® This is a convenient route to modified lignocellulose surfaces without catalysts
or solvents. There are potential applications for cellulose surfaces with a grafted coating
hydrophobically modified PEMA. This contribution describes the synthesis,
characterization, and solution properties of a library of HPEMACc polymers, setting the
stage for future grafting studies.
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gt Sy
(o) o DMF DS 1-DS
(0]
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Figure 1 Preparation of hydrophobically modified anionic polyelectrolytes.

Having both ionized carboxylic acid groups and pendent alkyl chains, HPEMACcs are
amphiphilic polymers. More specifically, HPEMAc polymers are comb polymers with a
variable density of short pendent alkyl chains, an architecture called “polysoap” since the
1950s.* > Many of the polysoap publications involve alternating copolymers of maleic
anhydride (MA) with styrene, olefins, or alkyl vinyl ethers, in some cases yielding
structures close to HPEMAC.® Described next are some of the critical aspects of MA
polysoap behaviors giving context to our work.

43



Ph.D. Thesis — Xiao Wu McMaster University — Chemical Engineering

Polysoaps are unique in the amphiphilic polymer landscape.” & Unlike block copolymers
that form multimolecular micelles or associative thickeners designed to form macroscopic
gels, intramolecular hydrophobic associations dominate polysoap behaviors, particularly
at low concentrations.® Polysoap characterization in the literature tends to focus on two
issues — the association of pendent hydrophobes to form hydrophobic domains and
whether or not multiple polymer chains associate. Solution pH and hydrophobic chain
length were important parameters in our work. The corresponding literature is now
highlighted

Solution pH. The aqueous solution behaviors of MA copolymer polysoaps are dominated
by solution pH and the size of the hydrophobic comonomer. At low pH, the backbone
charge density is low, and intramolecular hydrophobic association yields dense structures
that are often called hypercoils.1®? Individual hypercoils can involve one or many
polymer chains. And unlike a surfactant micelle, hypercoils contain many hydrophobic
domains®® with a polydisperse size distribution.® As pH is raised, the hypercoils often
expand, giving a continuum of structures between hypercoils and expanded structures,
typical of polyelectrolytes. This process is not a phase transition but an evolution of
structures occurring over a broad pH range.

Hydrophobe Size. The influence of linear alkyl chain length on solution properties has
been reported. Hydrophobic domains form at low pH when the chain lengths are four
carbons and greater.'* As the hydrophobic chain length grows to 10-12 and greater, the
hypercoils persist at high pH where the carboxylic acid groups are fully ionized.% 21> At
the extreme, C18 seems to be an upper limit above which chain crystallization is a
problem.” Based on pyrene fluorescence measurements, Anthony and Zana estimated B,
the fraction of alkyl pendent chains participating in hydrophobic domains as a function of
hydrophobe chain length for poly(MA-alt-vinyl alkyl ether).*® They found p = 1 for C16
and B = 0.7 for C12, with these 3 values being nearly independent of the extent of
ionization. For C10, B = 0.6 for the uncharged polymer, and the B values decreased with
increasing ionization.

Unimolecular vs Multimolecular Hypercoils. The early polysoap research reported very
low viscosities for hypercoiled polysoaps *, leading to the concept of hypercoils
consisting of individual polymer molecules. More recently, the paper by Sauvage et al.
reports light scattering, NMR, and intrinsic viscosity measurements on a range of
polysoap structures to determine the extent of polysoap molecule aggregation.'” Most of
their experiments were performed at high pH and intermediate ionic strength. One
polymer series was based on poly(maleic anhydride-alt-isobutylene) which was modified
using the method shown in Figure 1. The hydrophobe chain length seemed to control
intra versus intermolecular interactions. Up to the N-octyl derivatives, the structures were
unimolecular whereas longer hydrophobes gave aggregates containing about 30 chains.
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Other Factors. Backbone charges from ionized carboxylic acids tend to expand polysoap
chains, opposing hydrophobic domain and hypercoil formation. Therefore, the tendency
to form hydrophobic domains increases with ionic strength, reflecting the screening of
electrostatic interactions.** 8 Some literature suggests that polysoap behaviors in aqueous
solution are not sensitive to the backbone chain length.> ¥* However an elegant study by
Ueda et al. showed that low molecular weight polysoaps formed unicore micelles
whereas multicore necklaces were formed by high molecular weight polysoaps. *°

Most of the studies mentioned above involve alternating MA copolymers with one
hydrophobe on every repeat unit. A different strategy is needed to vary the average
hydrophobe spacing on the MA copolymer platform. McCormick varied the density of 4-
butylaniline hydrophobes on 317 kDa poly(MA-alt- ethyl vinyl ether) from 0 to 71 mol%
anhydride substitution, using a synthetic approach similar to that shown in Figure 1.2°
The polymers were characterized by dynamic light scattering (DLS) and pyrene
fluorescence measurements. McCormick’s publication appears to be the closest to this
contribution; some trends are compared below. Our results build upon the work of
McCormick and others by showing the influences on solution properties when varying the
hydrophobic chain lengths, the degrees of hydrophobic substitution on the PEMA
backbone, and the degree of carboxylic acid ionization.

Experimental

Materials. Poly (ethylene-alt-maleic anhydride), PEMA (MW 100 kDa — 500 kDa),
propylamine (>99%), hexylamine (99%), octylamine (99%), decylamine (99%, GC),
pyrene (Puriss, for fluorescence, >99.0% (GC)) and anhydrous DMF were purchased
from Sigma-Aldrich and used without further purification. Other chemicals were
tetrahydrofuran (ACS Reagent Grade, Caledon Laboratories Ltd), poly(diallyl dimethyl
ammonium chloride), PDADMAC (BTG Inc. USA), NaCl (Reagent Grade, BioShop
Canada Inc.), NaOH and HCI solution (1 M & 0.1 M, LabChem Inc.)

HPEMACc Synthesis. To a solution of 2 g PEMA in 30 mL anhydrous DMF, in a 100 mL
round bottom flask was added dropwise, sufficient alkylamine, dissolved in 5 mL of
anhydrous DMF to react with either 25%, 50%, or 75% of the PEMA anhydride groups.
The reaction mixture was stirred at room temperature for 16 h, after which the reaction
mixture was quenched with 10 mL 1 M HCI solution. The product was transferred into a
29 mm diameter dialysis tube (SpectraPor, Spectrum® Labs, 3.5 kDa MWCO), which
was submerged in 4 L of pH 1-2 HCI solution. After 3 days and twice a day exchanges of
the external solution, the modified polymer was transferred into a glass beaker, and 1 M
NaOH solution was added with stirring until the mixture became clear. The solution was
transferred into new dialysis tubes. The excess NaOH was removed by exhaustive
dialysis against Milli-Q water, and the pH in the dialysis bag was checked every day.
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Once the pH was 10, the solution was collected and lyophilized. The degree of
substitution (DS) was determined from *H-NMR and conductometric titration.

Potentiometric titration. The potentiometric titrations were conducted with an auto
titrator (MANTECH. Benchtop Titrator Model, MT-10) equipped with a pH probe (PCE-
80-PH12000), a temperature probe, and a conductivity meter (Model 4510). 25 mg of
HPEMACc was dissolved in 80 mL 0.1 M NaCl solution, and the pH of the solution was
lowered to 1.2 by adding 10 M HCI solution. 1 M NaOH standard solution was used as
titrant and added in a volume of 10 puL per injection. A 30 s time lag was allowed between
two injections to equilibrate the solution. All the titrations were run at 25 °C from pH 1.2
to 12. A blank titration was performed on the solution in identical salt concentration and
pH range but without polymer. The volume of basic solution for ionizing polymer as a
function of pH was acquired by subtracting the blank titration curve from the polymer
solution titration curves.

Dynamic Light Scattering (DLS) and Electrophoresis. The hydrodynamic diameters and
electrophoretic mobilities of hydrophobically modified PEMA were measured with a
ZetaSizer Nano ZS, Malvern fitted with a 4 mW He—Ne laser at a scattering angle of
173< The pH of HPFEMACc 0.2 g/L in 1 mM NaCl was adjusted in a range of 9 to 4 by
adding 0.1 M HCI. 1 mL sample solutions were placed in polystyrene cuvettes (10 mm,
4.5 mL, SARSTEDT AG & Co. KG, Germany) and equilibrated at 23 °C for 3 min. The
correlation data were analyzed using Zetasizer software (v 7.01) with the CONTIN
algorithm, which can provide the size distribution. Electrophoretic mobilities were
measured with the same instrument.

Pyrene Fluorescence. HPEMAC stock solutions (40 mM repeating units) were prepared
by dissolving HPEMAC sodium salts in 1 mM NaCl solution. A series of polymer
solutions were prepared by the dilution of stock solution, and the pH of solutions were
adjusted to a range of 4-9 by adding 1 M HCI or 0.1 M HCI. Pyrene as a fluorescence
probe was dissolved in THF, giving a solution in a concentration of 100 pM. 80 pL
pyrene solution was aliquoted into glass vials, and THF was allowed to evaporate in the
dark for 24 h. 4 mL polymer solutions were then added into glass vials yielding a final
pyrene concentration of 2 uM, which was within its solubility in water. The mixed
solutions were stirred in the dark for 24 h. The fluorescence emission spectra were
acquired on a Cary Eclipse Fluorescence Spectrophotometer (Agilent Technologies, Inc.
US), using a quartz cuvette with a 10 mm path length (Hellma Analytics). The excitation
wavelength was fixed at 337 nm, and the emission spectra were recorded from 360 nm to
410 nm. The slit widths for excitation and emission were 2.5 nm, and the scan speed was
set at 200 nm/min. To improve the signal-noise quality, all the scans were performed
under Computer Averaging of Transients (CAT) scan mode, which provided the final
spectrum after averaging 12 individual scans.
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Critical Coagulation Concentrations (CCC). HPEMACc solutions with a repeat unit, RU,
concentration of 7.5 mM, were obtained from diluting the stock solutions with 1 mM
NaCl solution, and the pH was adjusted to 8. NaCl salts with specific weights targeting
ionic strength from 15 mM to 1.5 M were weighed and added into diluted polymer
solutions. All the sample solutions were vortexed for 10 sec to dissolve the salts and then
transferred into polystyrene cuvettes. Transmittance values at 600 nm relative to 1 mM
NaCl solution as a blank were measured from 1 min to 120 h after mixing, employing a
spectrophotometer (DU800, Beckman Coulter) with the temperature fixed at 23 °C.
Values for each ionic strength were the means of the results from three independently
prepared samples (N = 3), and error bars represent the standard deviations. The CCC
values were the salt concentrations at 90% transmittance extrapolated from plots of
transmittance versus NaCl concentration.

Atomic Force Microscopy (AFM). To promote the deposition of anionic HPEMAc
particles, freshly cleaved mica surfaces (1.5 cm %< 1.5 cm, Sigma-Aldrich) were exposed
to 10 uL. 0.001 N of PDADMAC solution. After 5 min, the excess solution was blotted
off, and then mica sheets were rinsed with 1 mM NaCl and blown dry with N2. 10 uL 0.2
g/L HPEMAC solutions at pH 8 were applied to the treated mica surfaces. The excess
polymer solution was blotted off, and the mica surface was dried at room temperature
overnight.

AFM height and phase images were collected with a MFP-3D-BIO system (Asylum
Research, Oxford Instruments Company, Santa Barbara, CA, USA) in alternating current
(AC) mode. Imaging was performed in ambient using high-resolution probes (Hi’Res-
C14, pmash) with a tip radius below 1 nm, a typical spring constant of 5.0 N/m, and
resonance frequency ranging from 110-220 kHz. The z-maximum height and diameters of
the polymer deposits were analyzed by IGOR Pro 6.0 AFM software, and the distribution
and average values were determined from a minimum of 100 particles.

Transmission electron microscopy (TEM). 5 uL 0.2 g/ HPEMACc solutions at pH 8
were applied on carbon-coated copper grids (Ultrathin Carbon Film on Lacey Carbon
Support Film, TED PELLA, Inc., USA). After 5 min, the excess polymer solution was
blotted off, the grids were dried at room temperature overnight and stained by RuO4
vapor for 30 min. TEM imaging was performed with a JEOL 1200EX TEMSCAN at 80
kV accelerating voltage.
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Results and Discussion

HPEMAC, a family of hydrolyzed, hydrophobically modified PEMASs were prepared by
reacting linear 1-alkylamines, followed by hydrolysis - Figure 1. PEMA is not an ideal
starting structure for fundamental studies. High molecular weight, PEMA has a broad
molecular distribution typical of maleic anhydride copolymers. 2* Our PEMA was
purchased from Sigma-Aldrich, which lists the MW as 100-500 kDa; however, we
believe this polymer is equivalent to E400, manufactured by Vertellus. Page 46 in
Johnson’s Ph.D. thesis is the only published molecular weight distribution of E400 we
have found.?? Based on GPC measurements in water and DMF for E400, hydrolyzed
E400, and derivatized E400, he concluded the number average MW for E400 PEMA was
214 kDa, the weight-average was 610 kDa, and the polydispersity index was 2.9.
Although it is possible to fractionate the polymer by traditional precipitation methods, °
we chose not to fractionate because this project was in support of a new cellulose grafting
technology employing unfractionated polymer.

HPEMAC Structures. The structures of the HPEMAC polymers are defined by two
parameters: 1) DS — the fraction of PEMA anhydrides converted to an alkyl amide plus a
carboxylic acid group; and 2) the number of carbon atoms in the pendent alkyl groups —
see Figure 1. Therefore, specific polymers in this family are designated CxxDSyy, where
xX is the number of carbons in the alkyl chain, and yy is the percentual degree of
substitution (DS) value. For example, C10DS75 corresponds to a polymer where 75% of
the PEMA anhydrides reacted with decylamine. Herein, the concentrations of polymer
solutions are expressed as the molarity of repeat units, RU. To convert RU molarity to
mass concentrations, we multiply by the average RU molecular weight. The average RU
MW depends on the hydrophobic carbon chain lengths and the DS values. Average RU
MW values ranging from 193 Da for C3DS25 to 266 Da for C10DS75 are given in Table
S1 in the Supplemental Information.

NMR and conductometric titrations were used to measure the DS. Table S2 shows that
the two techniques gave the same results and that the amide formation reactions were
quantitative. *H NMR spectra of the HPEMAc polymers C3-C10 with DS25-DS75 are
shown in Figure S1 in the Supplemental Information. The yields were very high, and the
resulting DS values were close to the feeding ratios.
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Solution Properties. The water solubility of the HPEMAC series was measured by
transmittance measurements, based on the assumption that polymer solutions with >97%
transmittance were soluble; the data is in Figure S2. C3DS75 was soluble at pH 4 and
above. C6, C8, and C10 polymer solutions were turbid at low pH and became soluble
over the 6-7 pH range — see Figure S3.

The degree of ionization for the HPEMAC series with DS 75%, is plotted as a function of
pH in Figure 2 together with the curve for PEMACc, the unmodified polymer. PEMACc
ionization curves have been published 2% and, as shown here, PEMAC ionization increases
almost linearly from pH 2 to 10. The C3 HPEMAC curve in Figure 2 overlaps with the
PEMAC curve up to a degree of ionization of 0.5, above which C3DS75 ionizes more
readily compared to PEMAc. The C6, C8, and C10 curves are shifted to lower pH values,
with the greatest shift corresponding to the longest hydrophobic chain. Based on the
optical transmittance values, these polymer solutions are turbid below pH 6,
corresponding to 0.8 to 0.9 degrees of ionization. These types of ionization curves have
been explained in the literature by hypercoil formation and precipitation at low pH. 1012
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Figure 2 Degree of ionization versus pH for the HPEMAC series with DS =75%.

49



Ph.D. Thesis — Xiao Wu McMaster University — Chemical Engineering

The HPEMAC solutions were characterized by Dynamic light scattering (DLS). Initial
DLS experiments with C3, C6, and C8 solutions did not yield reliable data, whereas C10
polymer did — see example particle size distributions in Figure S4. Figure 3 shows the
diameters of the C10 HPEMAC series as a function of the DS and solution pH. The open
symbol indicated conditions that did not yield reliable data. Particles were not detected
for any of the three C10 polymers at pH values above 9, suggesting the transition to a
soluble expanded coil configuration, not characterizable by our DLS instrument.
Similarly, below pH 7, the three C10 copolymers underwent aggregation, as evidenced by
increasing diameters and breadths of the particle size distributions. Indeed, AFM images
of deposited particles from pH 4 suspensions showed large C10DS75 particles — see
Figure S5.

100 10 mM NacCl
— i W C10D525
€ s | A C10DS50
e [ B ® C10DS75
E 60 | I A
a [ " 5
gﬂ 40 I ;
7 [
I 20 | .
™ [ Aggregated  Stable  Soluble
N

pH

Figure 3 The Z-average hydrodynamic diameters of 0.2 g/L HPEMAc C10 solutions
measured by DLS. The error bars portray the standard deviations of the
particle size distributions. The open symbol denotes poor data quality.

Over the pH range 7-9, good quality DLS data were obtained for the three C10 polymers
with average diameters decreasing slightly with increased hydrophobic substitution. The
diameter distributions were monomodal, and the error bars in Figure 3 portray the
standard deviation of the particle size distributions calculated as the product of the PDI
(polydispersity index) times the mean diameter. 2 In the next section, we provide limited
evidence that the C10 particles were nanogels, with each gel containing an individual
HPEMAC chain. The average diameter of C10DS75 at pH 8 is 37 nm (Figure 3).
Assuming a monomolecular nanogel, based on the number average MW, the mass
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fraction of polymer in the nanogel is 0.03, and based on the mass average MW, the mass
fraction of polymer is 0.08. The nanogel particles have no covalent crosslinks. However,
we propose that C10 chains associate leading to physical crosslinks. In terms of polysoap
semantics, the C10 nanogels are hypercoils that are colloidally stable and sufficiently
dense to give good DLS and microelectrophoresis results in the pH range 7-9.

McCormick et al. reported DLS diameters from pH 4 to 9 for 4-butylaniline modified
poly(maleic anhydride-alt-ethyl vinyl ether).?° Their results showed increased diameter
with increasing pH for all their samples, much like one would expect for polycarboxylic

polyelectrolytes. We believe our samples also expanded above pH 9, however, our DLS
results were too unreliable to include.

Figure 4 shows the particle size distributions for the C10 polymers at pH 7, 8, and 9, as
well as TEM images of particles isolated from pH 8 dispersions. Below we propose that
in the pH range 7-9, the particles contain a single polymer chain. If correct, the broad
particle size distributions at pH 7-9 reflect the polydispersity of the parent PEMA
molecular weight distribution which has a PDI of 2.8.

C10DS25 C10DS50 C10DS75

9 ¢ 9 9
8 F—pH7 8 F —pH7 8 f —pH7
7 F —pH8 7 F =pHB8 7 E =pHB8
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24 f 2a |,
TR 2 @
E3E E3 £
2 E 2 2
1 - 1 1
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Diameter (nm) Diameter (nm) Diameter (nm)

Figure 4 DLS particle size distributions at three pH values and TEM images of dried
nanogels deposited from pH 8 dispersions and stained with RuO4

Yamamoto showed that the aqueous solution properties of hydrophobically modified
polymers can depend on sample history.? Structures formed under a particular condition
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can be locked by hydrophobic interactions and do not respond to changes in solution
conditions. They recommended that when solubilizing lyophilized samples, one should
start with conditions where the polymer can form an expanded coil. Most of our results
correspond to samples that were lyophilized at pH 10 where we believed they were
isolated expanded coils. The dried polymers were first dissolved at pH 10 followed by pH
adjustment. Lyophilization and re-dissolution at pH 4 or 6 gave larger, multimodal
particle size distributions — see Figure S6

The electrophoretic mobilities of the C10 HPEMAC series are summarized in Table 1.
The mobilities increase with pH for the three DS values, reflecting the pH dependence of
ionization. Additionally, the higher the DS value, the lower the mobility which is
consistent with the loss of a carboxylic acid group for every added hydrophobe.

Table1 The electrophoretic mobilities of the C10 series as a function of pH in 1 mM
NaCl.

Electrophoretic Mobility (108 m?
V s)

pH C10DS25 | C10DS50 | C10DS75

4 21411 1941 |1.640.1

6 [F25#.15 [-2.440.08 [-1.940.1

8 [2.84.14 |-2.640.08 [-2.540.1

Figure 5A shows the influence of salt concentration on the electrophoretic mobilities of
the C10 series. Above 100 mM the electrophoretic mobilities decreased with increasing
salt concentration and the values were not sensitive to the HPEMAc DS values. The
results were more scattered at lower ionic strengths.

Figure 5B shows the corresponding optical transmittance values at 600 nm as a function
of the salt concentrations. These measurements were taken after 120 hours of standing
time. The plots corresponding to shorter standing times are shown in Figure S7. We
arbitrarily assigned the critical coagulation concentration, CCC, as the interpolated salt
concentrations where the transmittance dropped to 90%, indicating the onset of
aggregation.

Figure 5C plots the critical coagulation concentrations (CCC values), taken from Figure
5B, as a function of the corresponding electrophoretic mobilities interpolated from Figure
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5A. Each point in Figure 5C represents a different DS value, and therefore a different
total charge content. As might be expected, the higher the charge content (i.e., the lower
the DS), the higher the CCC. Furthermore, the higher the CCC the more negative the
corresponding electrophoretic mobility. Perhaps the most significant observation based on
Figure 5C is that all the CCC values are high compared to many electrostatically
stabilized colloids. For example, in Buscall and Ottewill’s review of latex colloidal
properties, the NaCl CCCs of many anionic latexes were much less than 200 mM.? The
high values in Figure 4 are more reminiscent of microgels where the combined Hamaker

constant of water-swollen particles is low. 2’
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Figure 5 The influence of NaCl concentration on the electrophoretic and colloidal
stability properties of the C10 series; A) electrophoretic mobility versus salt
concentration; B) optical transmittance (600 nm) versus salt concentration;
and C) log CCC versus electrophoretic mobility at the CCC (i.e. combining
A&B).

Unimolecular Hydrophobically-Crosslinked Nanogels. The above results suggest that
in the pH range 7-9, the C10 series are present as negatively charged colloidally stable
particles, below the CCC, with monomodal and approximately log-normal particle size
distributions. As summarized in the introduction, the older literature has claimed that
polysoaps can exist as “unimolecular micelles”. We now present evidence that the C10
nanoparticles at pH 8 have one polymer chain per particle.

Atomic force microscopy was employed to characterize C10 particles. Freshly cleaved
mica surfaces, coated with an adsorbed layer of poly(diallyldimethyl ammonium
chloride), were exposed to 0.2 g/L C10 solutions at pH 8 and then were rinsed after 5 min
and allowed to dry. Example images are shown in Figure 6. The top row shows the
height images for the three DS values whereas the bottom row shows the phase images.
Like the DLS and TEM results, the AFM images suggest a wide range of sizes. Figure 6
shows representative AFM images and Figure 7 shows histograms of dried particle
heights and diameters based on 100 particles measured per sample.

Our strategy was to estimate the amount of polymer in the dried particles using the
measured heights and spot diameters in AFM images. The corresponding mass of dry
polymer was estimated assuming dried spots were present as spherical caps and that the
density of the dry polymer was 1 g/mL. Dividing dry mass per dried particle by the mass
of a C10 chain then gives an estimate of the number of chains per hypercoil in the
original suspension.

The 3D height information provided from AFM is relative to the surface of the mica
support. Heights for the larger particles will be more accurate since they have the biggest
difference compared with the background roughness of the surface. The smallest spots
have heights around 1 nm which is the same scale as the roughness of mica. Although we
used a very sharp tip with a radius of less than 1 nm, we believe the small particle results
were the least reliable.
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Figure 6 AFM height and phase images (200 nm x 200 nm) of dried C10 polymers
deposited on freshly cleaved mica with an adsorbed layer of cationic

polymers. The red arrows indicate specific particles whose dimensions are
given in Table 2.
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Figure 7 Histograms of dried particle heights and diameters obtained from scans of a 1
pm x 1 pm area.

Table 2 summarizes our AFM and modeling results. The top three rows of AFM heights
and diameters were based on the histograms in Figure 7. The corresponding volumes
were calculated from the diameters and heights assuming the shapes were spherical caps.
RU MW were the molecular weights of the average repeat units based on the polymer
structures. DPn is the degree of polymerization of the starting PEMA polymer. The value
1697 is based on the number average PEMA MW of 214 kDa. The corresponding number
of polymer chains per particle for this group was 0.4. Of course, the lowest number of
chains per particle must be > 1. As described above, we think the height distributions
were suspect particularly for the small particles.

The second set of results labeled “Individual Red Arrow” refers to measurements of the
single large particles indicated by the red arrows in Figure 6. Clearly, 1 particle per
polymer type is poor statistics, however, the AFM analysis of the largest particles should
be the most accurate. Since we have chosen the largest particles, we have also used DPm,
the degree of polymerization based on the weight average MW of PEMA of 610 kDa, to
reflect the larger end of the molecular weight distribution. These isolated particles
appeared to each contain one polymer chain. We acknowledge that these are very rough
estimates, however, because the results are so close to one chain per particle, we believe
they are useful.
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Table2 Mean dimensions from histograms in Figure 7 as well as the estimated
number of polymer chains per hypercoil.

Average AFM Spot Size Polymer Properties
Mean Values | Height | Diam. | Volume | RU MW DPn Chains per
from (nm) (nm) (nm3) Da Particle
Histograms
C10DS25 2.27 16.7 255 217 1700 0.415
C10DS50 2.21 17.8 281 247 1700 0.403
C10DS75 2.43 17.2 290 276 1700 0.372
Individual
Red Arrows DPm
C10DS25 2.88 34.3 1343 217 4840 0.768
C10DS50 3.18 40.8 2096 247 4840 1.06
C10DS75 3.07 40.4 1983 276 4840 0.892

Hydrophobic Domains. To gain more insight into HPEMACc solution behaviors, pyrene
emission spectra were recorded as a function of pH for the HPEMACc and the spectra for 4
polymers and six pH values are shown in Figure S8. The results, summarized in Figure
8, show the intensity ratio of the first to the third peak, 11/13 (374 nm/385nm) which is a
measure of the polarity of the pyrene environment. A typical 11/13 value for water is 1.7-
1.9 2 and for hexane is 0.6.2° However, the exact values are very sensitive to the
excitation wavelength.'® The polymer RU concentration for most of the results in Figure
8 was 7.5 mM, however, the pH 8 results include 37.5 mM data shown as open symbols.
Considering first the lower concentration data portrayed by solid symbols. PEMACc is a
very hydrophilic polymer. From pH 4-9 the PEMACc I1/I3 ratio is close to 1.6, the value
for water. At the other extreme, the 11/I3 ratio for C10DS75 is below 1 over the entire pH
range. C3DS75 is an interesting case because despite being soluble in pH 4-9, the 11/13
ratio is lower than that of PEMAC suggesting some pyrene binding. C6 and C8 show the
most pH dependence. At low pH where the chains are collapsed, the 11/13 ratios are low
whereas above pH 7 the I1/I3 ratios are higher, suggesting a decrease in volume of pyrene-
compatible hydrophobic domains and/or an increase in the average polarity of the
domains with increasing pH.
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Figure 8 The I1/13 (374 nm/385nm) ratios of the pyrene emission spectra for HPEMACc
solutions in 1 mM NaCl. The excitation wavelength was 337 nm. The open
symbols correspond to a higher RU of 37.5 mM. The DS of all polymers was
75% and the pyrene concentration was 2 uM. The fluorescence spectra are
shown in Figure S8 in the Supplemental Information.

When 11/l ratios are measured as a function of polysoap concentration at constant pH,
sigmoidal shaped curves are obtained where the transition region is stretched over a 3-4
decades of polymer concentration.® 183031 At the low polymer concentration extreme,
the 1+/13 ratio is close to that of water since most of the pyrene is in water. At the high
polymer concentration limit, most of the pyrene is associated with polymer giving a low
I1/13 ratio. For C6DS75 and C8DS75 the 14/13 ratios at pH 8 for 37.5mM copolymer
concentration were significantly lower than that observed with 7.5 mM solution. By
contrast, the C10DS75 ratio was independent of copolymer concentration suggesting
most of the pyrene was bound to hydrophobic domains at both concentrations.

Conclusions

The reaction of amino-terminated alkanes with poly(ethylene-alt-maleic anhydride),
followed by hydrolysis of unreacted anhydrides, is a convenient route to HPEMAC, a
family of polyelectrolytes bearing pendent, linear alkylamide hydrophobes. The polymer
properties can be fine-tuned by two independent parameters, the alkyl chain length, and
the DS, the fraction of PEMA anhydride groups converted to an amide plus a carboxylic
acid.

The HPEMACc polymers with alkyl chain lengths from C6 to C10 show the classic
behaviors of polysoaps, where intramolecular hydrophobic interactions dominate the
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behaviors in solution including hypercoil-to-expanded coil transitions when the pH is
increased. For example, the C10, the decylamide derivative, was present as an expanded
coil at pH 10. Lowering the pH to 7-9 yields colloidally stable small particles that have
nano-hydrogel properties that can be measured by dynamic light scattering and
electrophoresis. The mass of dried polymer particles was estimated from AFM
measurements giving approximate values giving limited support for the proposal that
some of the hydrogel particles could be unimolecular. Based on a Z-average hypercoil
diameter of 37 nm and the number average molecular weight, the polymer mass fraction
in a C10DS75 unimolecular hypercoil nanogel is ~0.03. Comparing the degree of C10
substitution from DS = 25% to DS = 75%, the average hypercoil diameters decreased
slightly from 44 to 37 and the electrophoretic mobilities decreased slightly from -2.8
mobility units to -2.5 reflecting the consumption of carboxylic acid groups by the amide
substitution. Finally, lowering the pH below 7 induced aggregation, resulting in
multiparticle aggregates. The pH corresponding to the onset of aggregation increased with
the degree of decyl substitution.

Pyrene l1/I3 ratio measurements indicated the presence of hydrophobic domains
sufficiently large to lower the polarity around absorbed pyrene. The C10 domains
remained sufficiently intact through the hypercoil-to-expanded coil transition, to show a
low I1/13 ratio from pH 4 to 9. C6 and C8 polymers had pyrene receptive domains at pH 4
but these disappeared as the chains became expanded coils. The C3 polymer showed
evidence of some pyrene binding at pH 4.

In ongoing studies, we are grafting HPEMAc polymers to cellulose surfaces via the
unreacted succinic acid moieties. »? The current results will help us understand the
impacts of solution properties on the structures of grafted HPEMACc films on cellulose
surfaces. Our primary concern in this study was identifying the solution conditions
leading to HPEMAC particle formation or macroscopic phase separation. The extent of
unimolecular particle formation remains an open question.
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Table S1 The average repeat unit, RU, molecular weight (Da) for the sodium salts of the
copolymers. The sodium salt of hydrolyzed PEMA has a RU molecular weight

of 188 Da.
Degree of RU Molecular Weight (Da)
Substitution Number of Alkyl Carbons
3 6 8 10
25% 193 203 210 217
50% 198 218 233 247
75% 202 234 255 266

Table S2 CompARIsoN of tH-NMR and conductometric DS values for C10 polymers.

Sample ID

Anhydride:amine

DS determined from

DS determined from
conductometric titration

mole/mole H-NMR (%) (%)
C3DS75 1:0.75 75 74
C6DS75 1:0.75 75 75
C8DS75 1:0.75 75 75
C10DS25 1:0.25 25 25
C10DS50 1:0.50 50 50
C10DS75 1:0.75 75 74
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NMR structures. *H-NMR spectra were recorded to confirm the final structure of
PEMACc-g-hydrophobes. In the *H-NMR spectrum shown in Figure S1, the characteristic
chemical shifts of grafted hydrophobes were labeled and integrated. The chemical shift of
2.8-3.4 ppm (@) is assigned to the CH> groups closest to the amide bonds from alky! side
chains. And the chemical shift of 0.5-0.9 ppm (e, f) refers to the protons (-CH2CHz) on
the last two carbon from the end of the alkyl side chain. The other protons attached to the
carbons from the middle section of the alkyl chain display chemical shifts merged with
the protons from the ethylene domains on the PEMAc backbone as shown from the wide
peak of 0.9-1.8 ppm. The chemical shift of 2.0-2.5 ppm (b) is characteristic of the protons
(-CH(C=0)-CH(C=0)-) from succinic units on the PEMAc backbone. The degree of
substitution (DS) of the grafted alkyl side chain is calculated from the ratio of the integral
of peak (a) to the peak (b), where peak (a) indicates the two protons nearest the amide
bonds and peak (b) indicates the two protons in the succinic unit on PEMAc backbone.
The total charge of the PEMAc-hydrophobes was also determined from conductometric
titration. The DS values calculated from the carboxylate groups contents are also
summarized in Table S1. The DS obtained from both *H-NMR and conductometric
titration are nearly identical to the feeding ratio of amine to anhydride.
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Figure S1 'H-NMR spectra of the hydrolyzed PEMA derivatizes in D-O.
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HPEMACc Solubility. Hydrolyzed PEMA has the same carboxylic acid content as
polyacrylic acid and is water-soluble over the whole pH range whereas the introduction of
hydrophobic groups lowers solubility. The optical transmittances of HPEMAC solutions

were measured as functions of pH at three concentrations.
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Figure S2 Transmittance at 600nm (1 cm pathlength) versus polymer concentration
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Figure S3 The influence of HPEMACc hydrophobe chain length on the pH at which the
transmittance at 600 nm equaled 97% (1 cm pathlength). The labels indicated
the HPEMACc RU concentrations in 1 mM NaCl. All the PEMAc DS values
were 75%.
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Figure S5 AFM image of C10DS75 particles deposited from a pH 4 suspension.
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Figure S6 Particle size distributions of C10 polymers as functions of pH. The red curves
correspond to samples lyophilized at pH 10, dissolved at pH 10, and then
adjusted to pH 4, 6, or 8. The blue curves were for samples that were
lyophilized at the same pH value used for the DLS measurements.

Samples lyophilized at pH 4 or 6 and then redispersed at the same pH solution (i.e., the
blue curves in Figure S6) had larger particle sizes than those dissolved at pH 10, followed
by pH adjustment (the red curves). Lyophilization at low pH can lock in aggregated
structures. The pH 8 particle size distributions were much less sensitive to sample history.
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Figure S7 The transmittance at A = 600 nm of the C10 series as a function of NaCl

concentration. The samples were undisturbed for times varying from 1 min to
120 h before measuring transmittance.
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wavelength was 337 nm.
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Chapter 3

Grafting PEG and Alkyl Comb Polymers onto
Bleached Wood Pulp Fibres

In this chapter, alkyl-amines and PEG-amines modified PEMA derivatives, with degrees
of substitution (DS) ranging from 25% to 88%, were grafted onto bleached softwood kraft
pulp fibres. The grafting process was accomplished through an impregnation approach,
where polymer solutions at pH 4 were directly applied to dry pulp sheets, followed by
curing at temperatures exceeding 100 <C. The grafting yields, wet and dry tensile indices
of the cured pulp sheets were tested and analyzed. High yields were achieved with a
minimum of 12% succinic acid moieties remaining. The maximum wet tensile indices of
all the grafted pulp sheets fit a power-law model.

The experiment design, data collection and analysis, and first draft writing were
completed by me. My summer student Annika Culhane and Kashaf Amir helped me with
part of the experiments. Dr. Jose M Moran-Mirabal and Dr. William Sampson provided
valuable advice on the paper. Dr. Robert Pelton helped me with the data analysis and
rewrote parts of the draft as necessary.

This chapter has been published in The Canadian Journal of Chemical Engineering.
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PEMAC-PEG grafted to cellulose
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Abstract

Comb polymers were prepared by reacting a poly(ethylene-alt-maleic anhydride) with
alkyl amines or PEG amines. The resulting polymers were used to modify bleached
softwood kraft pulp fibre surfaces by catalyst-free grafting in a process suitable for pulp
mill implementation. Pulp fibres were impregnated with a polymer solution and cured
above 100 °C. High grafting yields were obtained despite having up to 88% of the
anhydride groups consumed by amine derivatization. Grafting yields were more than 90%
when the polymer dosage was <13 g/kg (dry polymer/dry fibre) for alkyl derivatives and
<38 g/kg for PEG derivatives. We propose that the upper dosage limit for efficient
grafting reflects the need for direct contact between cellulose and every polymer chain for
ester linkage formation. For a given polymer dosage, the cured pulp sheets had a
maximum wet tensile index, Tlmax, When either curing time or temperature was increased.
Both the alkyl and PEG derivatives fit the power law for the wet Tlmax~pIn®3*%62 where
B values were the estimated conversion of succinic acid moieties to anhydrides when the
pulp sheets were cured, and I'r, is the dimensionless polymer content that is numerically
equal to the amount of applied polymer in mmol repeat units/g dry fibre. However, high
polymer dosages give experimental Tlmax values that fall below the power law,
irrespective of curing intensity, because the pulp sheets contain unfixed polymer chains
that lubricate fibre/fibre joints, lowering wet strength.

Keywords
polymer grafting, repulpability, tensile strength model, pulp wet strength
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Introduction

The shift from plastics to more renewable and recyclable materials is an opportunity for
renewable products partially or entirely based on wood pulp fibres. The overall goal of
our work has been to explore pulp fibre surface modifications that could be implemented
at the end of the pulping and bleaching processes that would expand the property space of
fibre-based materials. There are several challenges. Bleached wood pulp fibres are mildly
reactive materials that only offer hydroxyl and a low density of carboxylic acid groups as
reaction sites. Furthermore, pulp mill operations are exclusively aqueous-based and have
little tolerance for low molecular weight organics, including solvents and monomers.
Based on these limitations, we focused on grafting with reactive polymers. Pulp
manufacturers have transformed their bleaching processes to produce products that have
essentially no organic chlorine. Therefore, any polymer modification should not include
chlorinated polymers. Finally, market pulps are often supplied as large dry bales that must
quickly be dispersed, “repulped,” in water. Any fibre treatment must not increase fibre-
fibre adhesion to the extent that inhibits the repulping process.

In recent publications, we have demonstrated that hydrolyzed poly(ethylene-alt-maleic
anhydride), PEMAC, is a suitable grafting candidate — see Figure 9. [1, 2] When the
water-soluble, highly carboxylated polymer is impregnated into pulp fibres, dried, and
cured above 100 °C, the PEMAC is permanently fixed to the fibres. This contribution
describes cellulose grafting studies in which poly(ethylene-alt-maleic anhydride), PEMA,
is derivatized by reacting some of the anhydride groups to give pendent alkyl or
poly(ethylene glycol), PEG, substituents. Our results demonstrate that derivatizing
PEMAC is a general approach for introducing a variety of surface functionalities to
cellulose.
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Figure 9  Grafting of PEMAC to cellulose.
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Some concepts and approaches from the prior work are employed herein and are now
summarized. The proposed grafting mechanism, shown in Figure 9, is based on a series
of publications in the textile literature. PEMA rapidly hydrolyzes to give highly
negatively charged, water-soluble polymer PEMACc which is dried onto the pulp fibre
surfaces. Grafting occurs when PEMAC is present as a solid or a melt after water
removal. The literature suggests that the formation of anhydride groups (i.e., the
conversion of PEMAC back to PEMA) is the intermediate and possibly the rate-
determining step in grafting. [3] [4] [5] For an isothermal curing process, the extent of
anhydride formation, 0 < 3 <1, during curing was estimated by Eq 2 where t is curing
time, and the rate constant is given by Eq 1 with A = 1.24 x 103 st and Ea = 50 kJ/mol.
[6] We emphasized that these equations should have the correct temperature scaling, but
the numerical values are estimates based on isothermal thermal gravimetric analysis of
PEMAC solutions.

_Ea> Eq1
RT

B =1-—exp(—k,t) Eq 2

Initial studies involving high contents of impregnated PEMAc followed by aggressive
curing produced pulp sheets that could not be repulped because the fibre/fibre adhesion
was too high. Therefore, much of our early work on PEMAC grafting focused on
identifying curing conditions whereby the yield of fixed polymer was high while ensuring
the pulp could be dispersed in water. Following Su et al. [7], we used the wet tensile
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index (T1) <2 Nm/g as a measure of repulpability. Note that the T1 is the tensile strength
divided by the bulk density of the dry pulp sheet.

The TI of wet PEMACc-grafted pulp depends upon the length of the curing time, the curing
temperature, and the amount of polymer added to the pulp. To reduce the complexity, we
collected the grafting variables into a single parameter, BI'r, where § is given by Eq 2,
and I'r, is the dimensionless quantity of added polymer. I'ry is numerically equal to the
polymer content expressed as mmol of polymer repeat units (RU) per g of dry fibre. Note
that I'ry or the corresponding polymer mass dose gives the total polymer content of treated
pulp, including fixed and non-fixed polymer.

Because BTy is a product of two terms, it is not a unique descriptor of impregnation and
curing conditions. An infinite number of combinations of 3 and I'ry can give the same
BTw value. Figure 10 shows some of our previously reported tensile strength results
plotted as functions of BI'y, on a log/log plot. Although the results were widely scattered,
reflecting a wide range of experimental conditions, for a given BI'r value, there was a
maximum achievable wet tensile index, Tlmax, above which there was no experimental
data — see data on or below the black line Figure 10. [6] TlImax Was related to pI'w by the
power law shown in Eq 3. For PEMACc on our bleached kraft pulp, a equals 106.1 Nm/g,
and b equals 0.6. The prefactor a varies with the type of pulp [6], whereas the exponent b
was independent of pulp type or PEMAC molecular weight.

25 | PEMAc Grafting onto Bleached Pul
— [ SolidI"< 0.2 RU/g
%” OpenT > 0.2 RU/g o o
£ i o O
o [ Tlyee = 1061+ B8
® 5[
=
2
S
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0.0001 0.001 0.01 0.1

BFI’U

Figure 10 Impregnated pulp wet tensile index as a function of Br, based on tensile data
from Zhang et al. [6]

Thyex =a- .Brfu Eq3

Eq 3 is a powerful tool for designing experiments and, possibly, processes. For example,
if one wants to ensure repulpability by keeping the Tlmax <2 Nm/g, for a given quantity
of added polymer, one can calculate the corresponding maximum f3 value.
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The new results presented herein show that PEMAc modified with high levels of
hydrophilic or hydrophobic constituents can undergo high-yield grafting to bleach pulp
fibres and that Eq 3, the wet tensile strength model, extends to PEMAC derivatives.

Experimental

Materials. Poly(ethylene-alt-maleic anhydride) (Mw 100 kDa -500 kDa), propylamine
(=99%), decylamine (99%, GC), 2-(2-(2-Methoxyethoxy)ethoxy) ethanamide (=95%),
poly(ethylene glycol) methyl ether amine (Mn=500) and anhydrous dimethylformamide
(DMF) were purchased from Sigma-Aldrich and used without further purification. ECF
90 softwood bleached kraft pulp provided by CANFOR (British Columbia, Canada) was
based on a mixture of 40-50% white spruce (Picea glauca), 30-40% lodgepole pine
(Pinus contorta), and 20-30% subalpine fire (Abies lasiocarpa). TAPPI standard blotting
papers were purchased from Labtech Instruments Inc., Canada.

Polymer Modification. The conversion of PEMAc to hydrophobically modified PEMAc-
Cn was described in our previous paper, which focused on the solution properties of
PEMAC-Cn. [8] The PEMACc-PEGnN series was prepared similarly. 2 g PEMA dissolved in
30 mL anhydrous DMF was placed in a 250 mL round bottom flask. PEG-amine
molecules dissolved in 120 mL anhydrous DMF was added dropwise into the PEMA
solution. After stirring at room temperature for 16 h, the reaction mixture was quenched
with 10 mL 1 M HCI solution. The product was transferred into a 29 mm diameter
dialysis tube (SpectraPor, Spectrum® Labs, 12-14 kDa MWCO) and then dialyzed
against 4 L pH 1-2 HCI solution for 3 days and pH 10 NaOH solution for 4 days (water
was changed twice a day). The solution was collected and lyophilized. The degree of
substitution (DS) was determined from *H-NMR recorded on a Bruker NEO 600 MHz
spectrometer using D20 as solvent. More details and the spectra are in Figure S1.

Pulp Sheets Preparation. 25 g ECF 90 dry pulp was soaked in 2 L DI water overnight,
followed by disintegration (Model 500-1, Labtech Instrument Inc.) for 30000 revolutions.
The disintegrated pulp was filtered, giving a wet pulp cake. The consistency (percentage
mass fraction dry fibres) was typically measured 10%. The concentrated wet pulp was
stored at 5 °C in a refrigerator until used.

Pulp sheets with a target basis weight of 60 g/m? were prepared using a semi-automatic
sheet maker (Model 300-1, Labtech Instrument Inc.). ~12 g of concentrated wet was
dispersed in 400 mL 1 mM NacCl solution providing a 0.3% pulp slurry, and the pulp
slurry was poured into the sheet maker and further diluted to 0.019% with DI water. After
couching under 560 kPa for 5 s, the wet pulp sheet formed on the steel woven mesh was
gently peeled off. The wet pulp sheet was placed between two blotting papers and pressed
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in a hot press (Standard Auto CH Benchtop Press, Carver, Inc., US) under 635 kPa for 5
min at room temperature. The pressed sheets were restrained in drying rings and dried at
50% relative humidity and 23 °C for 24 h.

Pulp Impregnation. Individual dry pulp sheets, supported on a plastic woven screen,
were wetted with ~ 3 mL of polymer solution applied manually from a pipette. Care was
taken to ensure the entire surface was wet. The wet pulp sheet was placed between 2
blotting papers and pressed once with a TAPPI-standard brass couch roller (102 mm
diameter and 13 kg) to remove the excess polymer solution. The pressed pulp sheet was
placed between two dry blotting papers and dried on a speed dryer (Labtech Instruments
Inc.) at 120 °C or 150 °C for 2-60 min. Some wet pulp sheets were restrained with drying
rings and dried at 50% relative humidity and 23 °C for 24 h.

The amount of polymer solution imbibed by pulp sheets (i.e., the wet pickup) was
calculated by the mass difference between the dry sheet before impregnation and the wet
pulp sheet after pressing. Typical wet pickup values were 1.2-1.6 g of polymer solutions
per g of dry pulp. The corresponding dry polymer dose (g dry polymer per g dry,
untreated fibre) was calculated from the wet pickup and polymer concentration used to
treat the sheet. The mass dosages of dry polymer were converted to mmol of repeat units
per g of dry fibre by dividing mass dosage by the repeat unit molecular weight given in
Table 3. For data analysis, we employ the dimensionless dosage I'r, which is numerically
equal to the experimental dosage when expressed in units of mmol repeat units per g of
dry fibre.

Grafted Pulp Sheet Wet Strength. The cured pulp sheets were cut into sample specimens
of 1.5 cm x14 cm. The sample specimens were soaked in 1 mM NaCl at neutral pH for 5
min before the tensile test and then placed between two blotting papers to remove excess
water. The span between the sample jaws of an Instron 4411 (Instron Corporation,
Canton, MA) was 10 cm. The extension rate was 25 mm/min, and forces were measured
with a 50 N load cell. The tensile strengths (at break) were expressed as tensile indices
(TT), which have units of Nm/g. Tl values are obtained by dividing the breaking force per
width by the grammage (mass of dry fibre per projected area of pulp handsheet). The
tensile index is equivalent to dividing the tensile strength by the dry bulk paper density.

At least four sample strips from the same recipe were measured to get the average wet T1,
and the standard deviations (n=4) were used as a measure of error. For the weakest sheets,
a typical average wet tensile index was 1.193 Nm/g, with quintuplicate samples covering
a typical range of 1.12-1.29 Nm/g. Stronger wet sheets had a typical range of
quintuplicate measurements of 11.24 — 12.71 Nm/g. The standard deviations of all wet
tensile index measurements are given in Table S1 in the Supplementary Information file.
Dry tensile indices were measured by the same method, using dry strips that had been
conditioned at 50% relative humidity at 23 °C.
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Fixation Yield. The amount of polymer firmly fixed to fibres was measured by
exhaustive washing followed by conductometric titration. Preliminary tests were
performed to determine the extent of washing required to remove unfixed polymer. One
cured pulp handsheet was torn into small pieces and added to a beaker containing 1 L of 1
mM NaCl at pH 8. The pulp was agitated with a mechanical stirrer at 500 RPM, and pH
was continuously monitored and manually maintained at 8. After 1 h, the pulp was
filtered and rinsed once with deionized water. In the supporting information file, washing
experiments leading to this protocol are summarized in Figure S2.

The charge contents of the washed pulps before and after grafting were measured by
conductometric titration. [9] Pulp sheets (~ 0.2 g dry fibre) were dispersed in 80 mL 1
mM NacCl solution, and the pH of the suspension was adjusted below 3 using 1 M HCI
solution. 30 pL injections of 0.1 M NaOH solution (LabChem Inc.) occurred with stirring
at 30 s intervals. The titrator recorded the conductivity and pH. Typically, 250-300 data
points were collected, and the final pH values were 11.5. The titrated fibres were filtered,
oven-dried, and weighed. The charge content of the unmodified pulp was 0.062 meq/g,
with a standard deviation of 0.003 for triplicate titrations. This low charge content is at
the limit of our ability to measure accurate charge contents.

Most numerical results are summarized in Table S1 in the Supplementary Information
file.
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Results and Discussion

Most of the samples used to generate the results presented here involved the following
processing steps: 1) dilute suspensions of bleached softwood kraft pulp fibres were
filtered to form a wet pulp sheet which was dried at 23 °C giving pulp sheets with the
appearance of coarse paper; 2) the pulp sheets were impregnated with known quantities of
aqueous polymer solution; 3) the impregnated pulp sheets were dried and cured at
elevated temperature; and, 4) the wet strength and grafting yields of the impregnated pulp
sheets were measured. We start by describing the polymers.

The Polymers. Comb polymers were prepared by reacting primary amines with PEMA in
DMF. Figure 11 shows the structures of two types of PEMA derivatives, one based on
linear alkyl-amines and the other on PEG-amines. Three parameters are required to define
the structures of our comb polymers: 1) the type of substituent (alkyl or PEG); 2) the
density of substituents given as the DS value between 0 and 1 (maximum of one
substituent per repeat unit); and 3) the length of the substituent expressed as the n or m
values. Specific members of the alkyl series (PEMAc-Cn) are named CnDSy, where n is
the number of carbons in the alkyl chain, and y is the DS value. For example, C3DS25
refers to the 1-propylamine derivatized PEMA with DS = 0.25. Specific members of the
PEG derivatives, PEMACc-PEGm, are called PEGmDSy, where m is the number of
ethylene oxide monomers in the PEG chains and y is the DS value as before.

+ +

N<_a N_a
O (@)
@) @)
*/l_in * R-NHy — DS 1-DS
PEMA ;{Hg
a

n-1

PEMAc-Cn PEMACc-PEGm
Figure 11 The conversion of PEMA to PEMAc-PEGm and PEMAc-Cn
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Table 3 summarizes the properties of three polymer types, the PEMAC starting polymer,
the PEMACc-Cn series, and the PEMACc-PEGm series. The RNHz Feed (targeted DS), the
measured DS, and the polymer modification yield are all related to the PEMA
derivatization reactions in Figure 11. The quantities of polymer used to impregnate pulp
in our experiments are expressed as mmol of repeat units per gram of dry fibre (mmol
RU/g). The molecular weight of the RU units in Table 3 can be used to convert polymer
contents in mmol RU/g to mass ratios or mass fractions. The a and b values are
coefficients for Eq 3 and will be discussed later.

Table 3 Polymer yields, RU values, Eq 3 parameters, and solubility properties.
RNH;[,. . ,[Yield RUMW| a9 b1 Solution Properties
Sample ID 1p  q3PS " 0) | (Day© |(Nm/g)
PEMAC - - - 188.1 €106.1| €0.6 Soluble
C3DS25 0.25 [0.25 (100 [192.8 85.53 | 0.62 Soluble

C3DS50 0.50 |0.50 {100 |197.6 72.81 0.63 -

C3DS75 0.75 10.75 [100 202.4 72.76 0.61 Soluble with h_ydrophoblc
domains

C3DS88 0.95 [0.88 (93 [204.9 65.60 | 0.59 -
C10DS25 |0.25 [0.25 (100 [217.4 85.56 0.57 Aggregated gel particles

PEG3DS24 10.25 (0.24[96 [217.6 92.23 0.57 Clear solutions
PEG3DS50 [0.50 [0.50 {100 [249.7 81.60 0.56 Clear solutions
PEG3DS75 [0.75 [0.74[99 [280.5 81.84 0.58 Clear solutions
PEG3DS88 |1 0.88 [88 [296.5 56.52 0.54 Clear solutions
PEG10DS41/0.5 0.41[82 ([365.0 82.85 0.56 Cloudy

& RNH2 mol per mol anhydride.

b Degree of substitution from NMR.

¢ Repeat unit (RU) molecular weight assuming sodium salt.

d Power law coefficients for Eq 3 based on fits in Figures S3 and S4.
¢ from reference [6]
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Most of the pulp impregnation experiments involved polymer solutions at pH 4. Except
for PEG10DS41, the PEG derivatives form clear solutions at pH 4 with no dynamic light
scattering or UV-Vis evidence of phase separation. In contrast to the PEG derivatives, the
alkyl series, PEMAc-Cn, are examples of polysoaps that display complex behaviors in
solution. [10] [11] In a preliminary paper, we described alkyl derivatives synthesis,
characterization, and solution properties. [8] Figure 12A shows the 11/13 ratio for pyrene
fluorescence as a function of pH. PEMA, a very hydrophilic polymer, has a high 11/13
ratio indicating the absence of hydrophobic domains. The PEMACc-C3 results showed a
slightly more hydrophobic character compared to PEMACc. By contrast, with PEMACc-
C10, the pyrene probes were concentrated in hydrophobic domains.

1.8
L A RU Conc 7.5 mM 1 F B
16 | PEMAc c -
O oo 2 0.8
= ©
=14 _ca./.»—Hﬂ—. = 0.1 M NaCl
g - :—f 0.6 DS =75%
“;"1.2 L %04 |
o g ot =mC3
1 lcne—e—0—0— @ ¢ 8 0.2 C10
©PEMAc
0.8 (i} e
3 4 5 6 7 8 9 10 1 2 3 4 5 6 7 8 9 10 11

pH pH

Figure 12 Comparing PEMACc-C10, PEMACc-C3, and PEMACc pyrene binding (A) and
ionization (B) as functions of pH. Data extracted from [8].

The potentiometric titration results in Figure 12B emphasize the similarity of PEMACc
and PEMACc-C3, particularly at pH 4, the impregnation pH. By contrast, the C10 polymer
showed the classic behavior of molecules displaying conformational changes as the
balance between hydrophobic association and electrostatic repulsion changes with pH.
DLS results (not shown here, previously reported in [8]) showed that the C10 polymer
formed discrete colloidal-sized hydrogel particles at neutral pH, whereas at pH 4, the gel
particles aggregated. In summary, the PEG and the C3 derivatives formed simple aqueous
solutions, whereas C10 was a colloidally unstable suspension of microgel particles at pH
4 — the impregnation conditions. The C10 derivatives gave scattered wet tensile results,
which we attribute to a poor distribution of the insoluble polymer on the fibre surfaces.
The following results do not include the C10 derivatives.
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Fixation Yield. High-yield fixation is essential for commercial applications. The fraction
of added polymer permanently grafted to the fibres was measured by exhaustively
washing the grafted pulp, followed by conductometric titration. Figure 13A&B shows
the fixation yields and wet tensile indices as a function of dosage for two PEMACc-C3
polymers. Dosages are expressed as I'rv dimensionless numbers, which are numerically
equal to the dose expressed as mmol of repeat units per gram of dry fibre. The scatter in
yield and wet tensile strength values reflect a range of curing times and temperatures. The
main observations are that above I'r, of 0.06, there was a significant drop in fixation yield
and that the results were insensitive to DS values between 25 and 88%. Note that the
yield results for the intermediate cases are shown in Figure S5.
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Figure 13 A & B: Fixation yields and wet tensile indices as functions of the PEMAc-C3
contents where I'y, is a dimensionless number equal to the mmol of repeat
units per g of dry fibre.

We propose the following explanation for the 0.06 limit. PEMAc, PEMAc-Cn, or
PEMACc-PEGm solutions do not form hydrolytically stable crosslinks with drying and
curing. Therefore, the only fixation mechanisms are grafting to the fibres and possibly
entanglement with the grafted polymer. With large doses, there is too little cellulose
surface available for grafting.

If the goal of grafting is to have a monolayer of grafted polymer on external fibre
surfaces, these results predict very high grafting yields. Assuming the external fibre
specific surface area is ~ 1 m?/g and that a monolayer coverage of polymer is ~ 1mg/m?,
it takes approximately 1g/kg of a high molecular weight polymer to coat the exterior
surfaces of a softwood pulp fibre with a high molecular weight polymer. I'r, = 0.06
corresponds to 13 g/kg for C3DS25 and 38 g/kg for C3DS88, values far more than 1 g/kg.

Finally, the observation that C3DS88 gave high yield fixation up to I'r, = 0.06 means that
PEMAC copolymers with only 12% residual anhydride groups can be grafted in high
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yields. This suggests many opportunities for employing PEMAC derivatives to fix other
functional groups onto fibre surfaces.

Impact of Extreme Curing on Carboxyl Content. Figure 14 shows pulp charge
contents measured after extensive washing as a function of curing time at two
temperatures. There was a significant loss of carboxylic acid groups with extreme curing
at 150 °C, whereas, at 120 °C, there was little change. The applied polymer dosages of I'r,
= 0.12-0.135 (mmol/g) were high. We propose two carboxylic acid-consuming
mechanisms for long curing times at 150 °C. With curing, succinic acid moieties can form
anhydrides followed by ester formation with cellulose - Figure 9. In parallel the amides
can cyclize to form imides — see structure Figure 14B. Every ester or imide that is formed
consumes a carboxylic acid. The open symbols in Figure 14B are the theoretical
minimum charge contents for two cases. If only ester groups form, i.e., no imide
formation, the open, black square gives the minimum charge content. In this case, every
repeat unit is an amide or an ester plus a carboxylic acid group, and both copolymers have
the same theoretical minimum for the ester-only case. The other open symbols labeled
100% indicate minimum values if every repeat unit reacts to give either an ester or an
imide. Comparing the 60 min curing experimental values with theoretical limits suggests
that ester formation is the dominant carboxylic acid-consuming reaction. However, there
is some evidence for imide formation. Figure S6 presented FTIR evidence for cyclic
imide formation when a solution of PEG3DS88 was dried and cured at 150 °C at various
times. Also, extended times resulted in color formation with the PEG amide derivatives -
see Figure S7, so extreme curing of the amides on bleached pulps is not advised if color
and brightness are important.
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Figure 14 The influence of (A) mild (120 °C) and (B) extreme (150 °C) curing
conditions on the fixed carboxylic acid contents. The open symbols are the
theoretical charge contents for two cases if I'y=0.125. “Ester Only” is the
value when all possible ester linkages are formed. “100%” are the values
when every repeat unit reacts to give an imide or ester.
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Grafted Pulp Wet Tensile Strength. The impact of grafted polymers on wet tensile
strength is significant for two reasons. First, as described in the introduction, a grafted
market pulp bale must have a low wet tensile strength to be repulpable by a customer.
Second, it might be desirable to have high wet strength in final products such as
packaging materials. These appear as conflicting requirements. With PEMAc, we found
that mild grafting conditions were sufficient to give a high fixation yield while
maintaining a low wet strength. [1] Whereas when the paper was made with PEMAc
grafted pulp, high wet strengths could be obtained by aggressive curing. [12]

Figure 15 summarizes all the wet strength results for the C3 and PEG3 series plotted
against the product BI'v, where I’y is the dimensionless quantity of impregnated polymer.
B is the estimated conversion of succinic acid moieties to the corresponding anhydrides,
calculated with Eq 2, employing the same parameters estimated for PEMAc. This
assumes that neighboring amide groups do not influence the anhydride formation kinetics
curing.

The dashed line in both graphs is the Eq 3 fit for the PEMAC results from Figure 10. For
both families of PEMACc derivatives, the various DS polymers are clustered together on
nearly linear log/log plots. There are several surprising features in these results. First, the
BTw parameter captures most of the variability in the relationship between the wet tensile
index and the impregnation and curing variables. Second, wet strength is rather
insensitive to DS, despite the polymers with high DS values having few residual
anhydride groups required for grafting. Finally, we hypothesized that PEG copolymers
would lubricate wet fibre/ joints, weakening wet strength, whereas hydrophobic
substituents might lower the water content in joints, thus strengthening them. We see the
opposite. The PEMA-PEG results fall on the PEMACc dashed line (based on Figure 10),
whereas the PEMA-C3 results are shifted to the right, meaning lower wet tensile strength

for a given value of BTw.
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Figure 15 PEMAC-C3 treated pulp wet tensile indices as functions of BI'y where B is the
estimated conversion of succinic acid moieties to anhydrides during curing.
'y is the dimensionless polymer dose which is numerically equal to the
polymer dose expressed as the mmol repeat unit per gram of dry fibre. The
black dashed curve denotes the behavior of unmodified PEMAc. The PE solid
lines in B show predictions of the modified Page Equation ( Eq 5), described
below. The corresponding dosages and curing conditions for each experiment
can be found in Table S1.

Looking in more detail at the relationship between DS and wet strength, power law lines
were individually fitted to the four PEMAc-PEG3 and the four PEMAc-C3 modified
PEMAC polymers (see Figure S3 and S4). The Eq 3 fit parameters a and b are
summarized in Table 3. To perform these fits, the low BI" values that appeared on the
linear proportion of the log/log plots were fit with the Excel power law function. The
power law fits were used to interpolate the wet Tlmax values when BI'v =0.01, and the
results are plotted as functions of the DS values in Figure 16. For all DS values, the
PEMAC-PEG3 wet strengths were greater than those for the corresponding PEMACc-C3
polymers. For both series, increased substitution gave lower wet strength, indicating the
importance of succinic acid/anhydride moieties in wet strength development. Note that
this plot shows vertical slices at BI'ry, = 0.01 through the results in Figure 15A&B. Slices
for other values of BI'w, along the powerlaw line show the same trends.

7
6
-'-é” PEMACc-PEG3
z2° [
£ P
=a } o
2 PEMAC-C3
=
3 3 2 2 I 1
0 0.5 1

Degree of Substitution (DS)

Figure 16 Maximum wet tensile indices, Tlmax, calculated by applying experimental a
and b values in Table 3 to Eq 3 for the C3 and PEG3 derivatized PEMA.
These are vertical slices at BI'rv = 0.01 through the results in Figure 15A&B.
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The empirical power law model, Eq 3, is useful as it predicts the maximum achievable
wet strength as a function of BI'y,. However, it describes an upper limit, so it is of interest
to understand why some experimental points fall below the log wet Tlmax versus the log
BT line. For example, in Figure 10 we see a few results below the line when Iy is
0.003-0.01, whereas all the points are below the line when BI'r, > 0.03. For PEMAC
derivatives in Figure 15, the experimental points fall on a straight line for BI'w in the
range of 0.001 to 0.01, above which they diverge below the line. The power law must fail
at very low BI'w, values because there is too little curing or too little polymer to contribute
to adhesion. We now explore two possible explanations for deviations below the power
law line. The first explanation leans upon the classic Page Equation for the tensile
strength of paper, and the second explanation involves the role of unfixed polymer in the
pulp sheets.

The Page Equation [13, 14] is one of the most widely employed tensile strength models
for paper materials. It assumes that a paper sheet fails when either fibres break and/or
fibre/fibre joints fail, with the weaker of the joints or the fibres, dictating the tensile
strength. The Page Equation is given in Eq 4 where TI is the tensile index, Z is the zero-
span fibre strength, S is the shear strength per area of fibre/fibre joint (note that Page used
the symbol “b” instead of “S”), C is the fibre coarseness (kg/m), P is the perimeter of a
fibre cross-section, L is fibre length, and RBA is the fraction of exterior fibre surface area
that is in adhesive contact. The Z term gives the contribution of fibre strength to paper
strength, whereas the right-hand term gives the contribution of fibre/fibre adhesive joint
strength.

1 8 12¢C Eq 4
TI 92 PLS-RBA

Our empirical power law (Eq 3) best fits the data when the wet tensile strengths are low.
Therefore, it seems reasonable to replace the fibre/fibre joint strength term in the Page
equation with the right-hand side of Eq 3 to give Eq 5. The solid curves in Figure 15B
were calculated using Eq 5. The PEMACc power law parameters, a = 106.1 Nm/g and b =
0.6, were employed as they fit the PEMACc-PEG3 experimental values at low BI'w - see
Figure 15B. The Z values were arbitrary and lower than the literature values. [15] Z for
the blue curve was 20 Nm/g, whereas for the red curve, Z = 40 Nm/g. This modeling
suggests the deviation of experimental data below the power law line is predicted to occur
by the Page Equation as wet strength approaches the wet zero-span strength, Z. However,
Eq 5 does not predict deviations at lower tensile strength and lower BI'ww. The PEMACc-C3
data in Figure 15A would not give such a good fit to Eq 5 for unknown reasons.

l-i{_; Eq5
TI 92 q-BT,,°
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A qualitative indication of the relative contributions of fibre/fibre joint strength versus the
strength of individual fibres comes from examining the fracture line after a tensile test. If
fibre strength is the determining factor, a relatively smooth fracture line is obtained, and
optical microscopy reveals many severed fibres. If weak fibre/fibre joints dictate wet
tensile strength, mainly pulled-out, intact fibres are observed. A qualitative examination
of fracture lines from both low and high wet-strength treated pulp sheets suggests that
fibre pullout dominated the rupture line. Figure 17 shows two examples, one for each
type of PEMAC derivative. In both cases, the polymer dose was high, and the curing was
very aggressive (B =0.95), which generated wet tensile indices above 10 N-m/g. The
images suggest that fibre pullout was the dominant failure mechanism.

C3DS25 pH=4 0.13 mmol RU/g 150 C 60 min,
WTI=12.15 N-m/g

Figure 17 Images of wet tensile failure lines from two grafted pulp sheets.
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We now consider the impact of unfixed polymer on the wet tensile index. Figure 13 and
Figure S5 show many comparisons of fixation yield with the corresponding wet TI of the
treated pulp sheets. For both high and low dosages, I'w, the lower the fixation yields
corresponded to the lower the wet strength values. A more explicit representation of the
role of unfixed polymer is shown in Figure 18. Each experimental wet tensile index was
divided by the corresponding power law prediction (Eq 3) and plotted against the
experiment fixation yield. The overall trend is clear — the lower the fixation yield, the
greater the experimental deviation below the TImax power law prediction. In this
analysis, none of the plotted ratios should exceed 1. However, a few points corresponding
to low dosages and low wet tensile indices were greater than one. Clearly, fixation yield
is not the only factor influencing T1/TImax. The cluster of 6 points with low T1/TImax
ratios and fixation yield of around 0.9 are outliers compared to the other results.

1.4
g |
1.2 |
1 f "
x s < .
e 08 [ m
S o6t = o &b
Coaf ¢ o m®
0.2 ¢ PEG3DS24 M PEG3DS88
0 C 1 1 1 1 1 L 1 1 1 1
05 06 07 08 09 1

Fixation Yield

Figure 18 The experimental wet TI divided by the corresponding power law (Eq 3)
prediction as functions of the corresponding fixation yields of the grafted
pulps. The specific power law coefficients in Table 1 were employed for the
two polymers.

Unfixed polymer remains in the pulp sheets during wet tensile testing. We propose that
the water-soluble high molecular weight polymer chains that are not grafted act as
lubricants instead of adhesives. Indeed we have shown with PEMACc that untreated pulp
sheets have higher wet strengths than pulps impregnated with PEMAC but not cured. [6]
Summarizing the Page equation, or our modified version (Eq 5), predicts that the power
law (Eq 3) must fail when tensile strength approaches the zero-span fibre strength (2).
However, photographs of the fracture lines suggest that fibre pullout due to weak
fibre/fibre joints is the primary failure mechanism. Therefore, we conclude that the main
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reason for experimental measurements deviating below the power law line is the presence
of unfixed polymer that lubricates the fibre/fibre joints, lowering wet strength.

One of the failure mechanisms for high wet-strengthened papers is the delamination of
fibre walls forming fibre/fibre joints. [16] Xu et al. compared wet properties of papers
impregnated with PEMAC to treatment with BTCA, a small molecule bearing four
carboxylic acid groups. [17] They showed, as others before them, that BTCA crosslinked
fibre walls making them less likely to delaminate at the cost of making more brittle
structures. They argued that high molecular weight PEMACc could not penetrate fibre wall
pores and did strengthen the walls. Note that their results involved high PEMACc contents
(up to 60 g/kg), high curing extents of 2 min at 170 °C, and sodium hypophosphite
catalyst dosages equal to ¥2 the PEMACc dose. We believe the importance of fibre wall
strengthening by PEMAC is an unresolved question.

Finally, we admit that the mechanism by which PEMACc or its derivatives increases wet
strength still needs to be fully elucidated. Paper made in the absence of wet strengthening
polymers is very weak when wet because pristine cellulose fibre/fibre joints
spontaneously swell and delaminate upon exposure to water. The primary mechanism for
most wet-strength resins is to increase wet fibre/fibre joint strength by forming
crosslinked polymer networks in the fibre/fibre joint. [18] For example, PAE, a popular
wet-strength resin, creates covalent grafts to carboxylic acid groups on fibres and forms
covalent crosslinks with other PAE molecules giving a covalent network. By contrast,
PEMAC and its derivatives are very hydrophilic polymers with at least one carboxylic
acid on every repeat unit providing a large osmotic driving force for water swelling.
Covalent linkages to the fibre surfaces and between PEMACc chains are required to limit
swelling and thus strengthen the joints. The most significant mechanistic difference with
PAE is that pure solutions of PEMACc and its PEG or alkyl derivatives cannot form
hydrolytically stable covalent crosslinks within thick PEMACc layers. However, if trace
soluble carbohydrates from the pulp are present in thick PEMAc domains, the oligomeric
sugars could serve as crosslinking agents by forming ester linkages between polymer
chains.
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Our experiments involved impregnating dry pulp sheets with non-adsorbing, dilute
polymer solutions. With drying, capillary forces will concentrate polymer in cracks
formed by overlapping fibres — this was demonstrated by fluorescently labeled dextran
solution drops drying on crossed rayon fibres. [19] We propose that the ultimate polymer
distribution around a fibre/fibre joint is illustrated in Figure 19, which shows a cross-
section of 90-degree crossed fibres. Most of the polymer is shown in the junction cracks
large formed by the overlapping fibres. Fibre roughness means only a fraction of the
overlapping area is in adhesive contact. Exposure to impregnation solution will swell the
joint, decreasing the areas in adhesive contact. After drying, we do not know to what
extent the high molecular weight PEMAc-based polymers penetrate the overlapping
regions of the fibre/fibre joints — we suspect it is small because as polymer concentrates
with drying, it will become very viscous. Therefore, we believe there are few instances of
grafted single polymer chains bridging between two surfaces, forming a tether. Instead,
we propose that the primary strengthening mechanism is the contribution of crosslinked
polymer in the fibre-junction cracks (see Figure 19) that inhibits crack growth when the
sheets are stressed. These hypotheses are speculative and require experimental evaluation.

i i ; Fiber-junction
7% /Crack

// //2/{// Polymer in the

&

N
\\F\\\\\\\\\\\ \\\\\\ \\\\§\ \\\\

Figure 19 An illustration of a cross section of 90-degree crossed fibres showing the
proposed polymer distribution after impregnation and curing. The crosslinked
polymer in the fibre-junction crack may inhibit crack growth.
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Dry Strength. The dry strength of most paper-based materials is an important property.
Previously we have shown that PEMACc grafting does not improve dry strength. This was
a surprising result as many publications have documented increases in dry tensile strength
by introducing carboxylic acids, particularly on the exterior fibre surfaces — see Barzyk’s
work and references therein [20, 21]. The results in Figure 20 show that C3 derivatives
had little impact on dry strength until extreme curing at BI'r, values above 0.1. The lower
DS PEMACc-C3 polymers were slightly stronger, suggesting a role for the anhydride
groups formed at high temperatures.

30
pH=4, 0.005-0.15 mmol RU/g
m "
= Unmaodified High dose
£ 4 150°C
= 20 ECF90 )
E P4 “*." 10-30 min
=
& 1 Low Dose
(=] 150 °C, 2 or 4 min
210 ® C3-DS25
a W C3-DS50
5
A C3-DS75
% C3-DS88
o &/
0 0.001 0.01 0.1 1

Brru

Figure 20 Dry tensile strengths of bleached kraft pulp sheets, made with unbeaten pulps,
impregnated with PEMACc-C3, and cured.
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Conclusions

This work has shown that poly(ethylene-alt-maleic anhydride), PEMA, can be derivatized
in high yields by reaction with hydrophilic polyethylene glycol amines (PEMAc-PEGm)
or with hydrophobic alkyl primary amines (PEMAc-Cn). The resulting polymer is easily
fixed to cellulose fibre surfaces by drying and heating (curing). Indeed, the grafting could
be implemented in a pulp mill after bleaching or after pulping for unbleached products.
There are limitations to the types of PEMA derivatives that are practical. Multifunctional
amines will crosslink PEMA rendering it useless for fibre modification. Furthermore, the
amine derivative must withstand drying and curing during fibre treatment. Specific
conclusions include:

1. Although amine derivatization consumes PEMA anhydride groups required for
grafting to cellulose, 12% residual anhydrides are sufficient for high-yield grafting to
cellulose.

2. Grafting yields of PEMA derivatives showed the same trends as unmodified PEMA.
Curing temperatures must exceed 100 °C, and the pH of the impregnation solution is
essential. pH 4 polymer solutions give high fixation yields, whereas pH 6 solutions do
not.

3. Because PEMAC or its derivatives are not self-crosslinking, we propose that the only
fibre fixation mechanisms are grafting to fibres or mechanical entanglement with
grafted polymer. High fixation yields are achieved when most of the added polymer
can directly contact cellulose. The upper polymer dose limits to achieving > 90%
fixation are 0.12 mmol repeat units per gram of fibre (~ 30 g/kg dry polymer/dry
fibre) for PEMACc-PEG3 and 0.06 mmol repeat units per gram (~12 g/kg) for PEMAc-
C3.

4. The polymer grafting conditions were characterized by the dimensionless parameter,
BTw, where B values were the estimated conversion of succinic acid moieties to
anhydrides when the pulp sheets were cured, and I, is the dimensionless polymer
content, that is numerically equal to the amount of applied polymer in repeat unit
mmol/g. PEMACc-C3 and PEMACc-PEGS3 pulp sheet wet tensile strengths fit the power
law Tlmax ~PTr®%* 062 where Tlmax is the maximum achievable tensile index for a
given value of BI'w,. The power law seems to be a general relationship since we
showed previously low and high molecular weight unmodified PEMACc gave the same
scaling with two types of wood pulp. [6] However, high polymer dosages give
experimental T1 values below the Tlmax power law line because the pulp sheets
contain unfixed polymer chains that lubricate fibre/fibre joints, lowering wet strength.

5. The wet strength decreased modestly with increasing C3 or PEG3 degrees of
substitution. The pulp sheets containing the more hydrophobic C3 derivatives were
weaker than the corresponding PEG3 sheets. The PEMACc derivatives had little impact
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on the dry strengths of treated pulp sheets unless the dosages and curing conditions
were extreme.

6. Extended curing at 150 °C caused a decrease in the carboxylic acid content of
PEMAC-PEG polymers. Ester formation seems to be the dominant cause. However,
there is evidence of limited imide formation when the amides cyclized with
neighboring carboxylic acid groups to form imides.
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H-NMR of PEMAC derivatives. The substituent DS for the PEMACc derivatives was
determined by *H-NMR spectra given below. In the *H-NMR spectra (Figure S9), the
PEMAC backbone displays two wide peaks at the chemical shift of 0.9-1.8 ppm (a) and
2.0-2.5 ppm (b) corresponding to the protons from ethylene domains (-CH.CHz>-) and
succinic units (-CH(C=0)-CH(C=0)-) respectively.

For PEMACc-Cn, the pendant hydrophobes show two peaks at the chemical shift of 2.8-3.4
ppm (c) and 0.5-0.9 ppm (d) among which the peak (c) refers to the CH2 groups closest to
the amide bonds (-C=0-NH-CH>-) from alkyl side chains and peak (d) refers to the rest of
protons (-(CH2)n-1CH3) on the alkyl side chains. The degree of substitution (DS) is

calculated based on the integral of the peak (b) and (c), and the equation is given in EqS1.

I
DS(Cn) = I—C EqS1
b

For PEMAC-PEGN, the pendant polyethylene glycol chains show peaks (c, d) at the
chemical shift ranging from 3.2 ppm to 3.8 ppm which are assigned to all the protons on
the PEG side chains. The total number of protons on a single PEG3 molecule is 15 for
PEG3 which is given in the specific information from the supplier, while the number for a
PEG10 molecule is 46 detected by *H-NMR. Hence, the degree of substitution (DS) was
calculated from equation EqS2.

I.+ 1,

15

I+1
& DS(PEG10) = <2 Eq S2

DS(PEG3) = 0
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Figure S9 'H-NMR spectra of PEMAC-PEGn series.
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Developing a Washing Protocol for Measuring Fixation Yield. To measure fixation
yield, the unfixed polymer should be completely removed. Figure S10 shows a series of
washing experiments for the PEMAc-Cn series. The x-axis is the number of 5 min
washing cycles, and the y-axis is fixation yields. For the high-temperature curing
experiments, the fixation yields were approximately constant after 3 washing cycles,
which was our standard protocol. However, the room-temperature cured pulps have low
fixation yields, as it took many cycles to remove most of the impregnated polymer.
Subsequent experiments revealed that a single washing step with a 1 h mixing time gave
the same fixation yield as 3 short washing cycles.

1 i Impregnation: 0.14+1 mmol RU/g, pH 4
: ‘ Curing 150 °C for 2 min, p =0.1
T 08 |
g I g & §
> g A
c 06 [
2 [ Impregnation: 0.14+1 mmol RU/g, pH 8
© 0.4 [ Curing 23°Cfor12hr, p=0 C3-DS25
X YUY Tre C3-DS50
L e o C3-DS75
[ C3-DS88
0.2 [ A X 2 C10-DS25
0 : " M 1 " M 1 Q M g L M P$M:Qc L

0 3 6 9 12 15
pH 8 Washing Cycles

Figure S10 Fixation yield as a function of washing cycles. In each washing cycle, pulp
fibres were stirred under 500 rpm in 1 mM NaCl at pH 8 for 5 min.
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Figure S12 Wet tensile index power law fits for the PEMAC-PEG series.
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Figure S13 Fixation yields and wet tensile indices as functions of the PEMAc-C3
contents where I'ru is a dimensionless number equal to the mmol of repeat
units per g of dry fibre. The open symbols portray PEMAC contents that were
too low for accurate yield values.

FTIR spectra of PEG3DS88 Cured Films

Experimental. PEG3DS88 solutions were adjusted to pH 4 using 1 N HCI solution and
lyophilized. 50 mg lyophilized polymer solid was placed in an aluminum weighing dish
and cured in an oven at 150 °C from 2 min to 60 min. 30 mg cured polymer solid was
redispersed in 10 mL 0.1 N NaOH solution and stirred for 1 h. After stirring, the
suspension was transferred into Amicon® centrifugal filter units (Ultra-15, 10 kDa), then

112



Ph.D. Thesis — Xiao Wu McMaster University — Chemical Engineering

concentrated to a volume of around 2 mL in a centrifuge equipped with swinging buckets
(Beckman Coulter Allegra 64R Series) under 3000g for 20 min. The concentrated
polymer suspensions were lyophilized again. The FTIR spectra of cured polymer were
collected on an FTIR spectrometer (Thermo Nicolet 6700) under ATR mode.

Interpretation. The carbonyl bands in imides appear at 1778 cm for asymmetrical
stretching and 1720 cm™* for symmetrical stretching. [1]JHowever, the carbonyl bands in
carboxylic acid or ester groups, shown at 1701-1716 cm™ overlap the symmetrical imide
stretching band. To distinguish the carbonyl in carboxylate or imide groups, the
carboxylic acid groups were converted to sodium salts by soaking in 0.1 N NaOH
solution to shift the carbonyl bands in carboxyl groups to 1582 cm™. [2] [3] As shown in
the FTIR spectra in Figure S5, there is no asymmetrical stretching which shows carbonyl
bands at 1778 cm™, and a tiny increased peak at 1720 cm™ which could be attributed to
the carbonyl bands in symmetrical imide-suggesting that only esters and cyclic imide
bonds with no intermolecular crosslinking are present. Peaks at 1650 cm™ are
characteristic of the carbonyls linked to nitrogen. The increasing intensity of peaks at
1650 cm™* with curing PEMACc-PEG3 suggests imide formation, meaning there were more
carbonyls linked with nitrogen after a longer curing time. It is indicated that imides were
formed since the only reactive group is the secondary amine (-NH-) in the present amide
bonds.

PEG3-DS88

1650 ; 1720

Absorbance

600 1100 1600 2100 2600 3100 3600
Wavenumber (cm?)

Figure S14 FTIR of a film PEG3DS88 as a function of curing time at 150 °C. Spectra
were recorded after NaOH treatment.
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PEG3DS88 0.12 mmol RU/g
Cured at 150 °C

: =

Ty

Figure S15 Illustrating the influence of curing time on pulp sheets impregnated with
RU/g of PEMACc-PEG3-DS88 cured at 150 °C.
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Table S3 Summary of pulp treatment experiments. The titrated charge includes the

0.062 meq/g, the charge content of unmodified fibres.

Row | Poly. | DS | Dose pH | Cure T | Curet B Titrated Fixed Fix. Tl type TI Tl std
No. | Type mmol (°C) (min) Charge Poly. Yield (Nm/g)
RU/g (meq/q) (mmol
RU/g)
1 - 0 | 0.0000 0.0620 wet 1.180 | 0.095
2 - 0 | 0.0000 dry 16.126 | 0.398
3 C3 25 (01434 | 4 150 2 0.09464 dry 18.854 | 0.814
4 C3 25 |0.0648 | 4 150 2 0.09464 dry 18.480 | 0.685
5 C3 25 | 0.0300 | 4 150 2 0.09464 dry 18.463 | 1.706
6 C3 25 |0.0109 | 4 150 2 0.09464 dry 16.603 | 0.901
7 C3 25 | 0.0052 | 4 150 2 0.09464 dry 16.295 | 0.408
8 C3 25 | 0.1467 | 4 150 4 0.18032 dry 19.301 | 0.311
9 C3 25 |0.0643 | 4 150 4 0.18032 dry 18.007 | 0.268
10 C3 25 [ 0.0290 | 4 150 4 0.18032 dry 18.281 | 0.499
11 C3 25 | 0.0110 4 150 4 0.18032 dry 16.587 | 1.218
12 C3 25 | 0.0053 | 4 150 4 0.18032 dry 16.917 | 0.922
13 C3 25 | 0.1425 4 150 10 0.39171 dry 22,133 | 0.452
14 C3 25 |0.1508 | 4 150 20 0.62998 dry 25.258 | 1.261
15 C3 25 | 0.1446 | 4 150 30 0.77492 dry 26.458 | 0.980
16 C3 25 | 0.1415 4 150 1 0.04850 | 0.2394 0.1014 0.72 wet 2.975 0.155
17 C3 25 | 0.0668 | 4 150 1 0.04850 | 0.1743 0.0642 | 0.96 wet 1.625 | 0.114
18 C3 25 | 0.0352 | 4 150 1 0.04850 | 0.1273 0.0373 | 1.00 wet 1.592 | 0.049
19 C3 25 (0.0129 | 4 150 1 0.04850 wet 1.367 | 0.069
20 C3 25 1 0.1438 4 150 2 0.09464 | 0.2408 0.1022 0.71 wet 4.245 0.240
21 C3 25 | 0.0694 | 4 150 2 0.09464 | 0.1752 0.0647 | 0.93 wet 3.679 | 0.095
22 C3 25 | 0.0315 4 150 2 0.09464 | 0.1177 0.0318 1.00 wet 2.168 0.114
23 C3 25 |0.0113 | 4 150 2 0.09464 | 0.0857 0.0135 | 1.00 wet 1.327 | 0.083
24 C3 25 | 0.0055 | 4 150 2 0.09464 | 0.0668 0.0027 | 1.00 wet 1.193 | 0.073
25 C3 25 | 0.1427 | 4 150 4 0.18032 | 0.2433 0.1036 | 0.73 wet 5.073 | 0.180
26 C3 25 |0.0689 | 4 150 4 0.18032 | 0.1700 0.0617 | 0.90 wet 4.010 | 0.254
27 C3 25 | 0.0296 | 4 150 4 0.18032 | 0.1150 0.0303 | 1.00 wet 3.170 | 0.069
28 C3 25 | 0.0111 4 150 4 0.18032 | 0.0947 0.0187 1.00 wet 1.755 0.062
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Row | Poly. | DS | Dose pH | Cure T | Curet B Titrated Fixed Fix. Tl type TI Tl std
No. | Type mmol (°C) (min) Charge Poly. Yield (Nm/g)
RU/g (meq/g) (mmol
RU/g)
29 C3 25 |0.0053 | 4 150 4 0.18032 | 0.0735 0.0066 | 1.00 wet 1.280 | 0.023
30 C3 25 | 0.1353 | 4 150 10 0.39171 | 0.2365 0.0997 | 0.74 wet 6.069 | 0.322
31 C3 25 (01441 | 4 150 20 0.62998 | 0.2378 0.1004 | 0.70 wet 7.693 | 0.265
32 C3 25 | 0.1442 | 4 150 30 0.77492 | 0.2605 0.1134 | 0.79 wet 9.290 | 0.174
33 C3 25 (01311 | 4 150 60 0.94934 wet 11.487 | 0.361
34 C3 25 (01294 | 4 150 90 0.98860 wet 10.826 | 0.444
35 C3 25 (01299 | 4 150 120 | 0.99743 wet 10.425 | 0.514
36 C3 25 (01423 | 6 150 2 0.99513 | 0.2283 0.0950 | 0.67 wet 2.141 | 0.166
37 C3 25 | 0.1534 | 6 120 5 0.99774 | 0.2234 0.0922 | 0.60 wet 1.791 | 0.122
38 C3 25 | 01575 | 6 120 10 0.99999 | 0.2554 0.1105 | 0.70 wet 2.351 | 0.231
39 C3 50 |0.1443 | 4 150 2 0.09464 dry 19.192 | 0.385
40 C3 50 | 0.0665 | 4 150 2 0.09464 dry 17.456 | 0.145
41 C3 50 |0.0320 | 4 150 2 0.09464 dry 17.999 | 0.410
42 C3 50 |0.0118 | 4 150 2 0.09464 dry 17.237 | 0.708
43 C3 50 |0.0059 | 4 150 2 0.09464 dry 16.847 | 0.676
44 C3 50 |0.1400 | 4 150 4 0.18032 dry 19.084 | 0.118
45 C3 50 |0.0651 | 4 150 4 0.18032 dry 16.846 | 0.625
46 C3 50 |0.0308 | 4 150 4 0.18032 dry 18.222 | 0.923
47 C3 50 |0.0116 | 4 150 4 0.18032 dry 17.715 | 0.575
48 C3 50 | 0.0060 | 4 150 4 0.18032 dry 17.539 | 0.880
49 C3 50 |0.1408 | 4 150 10 0.39171 dry 20.342 | 1.095
50 C3 50 |0.1430 | 4 150 20 0.62998 dry 23.636 | 0.659
51 C3 50 |0.1452 | 4 150 30 0.77492 dry 26.799 | 1.016
52 C3 50 |0.1458 | 4 150 1 0.04850 | 0.2118 0.0999 | 0.68 wet 1.430 | 0.056
53 C3 50 |0.0746 | 4 150 1 0.04850 | 0.1657 0.0691 | 0.93 wet 1.390 | 0.045
54 C3 50 |0.0356 | 4 150 1 0.04850 | 0.1166 0.0364 | 1.00 wet 1.132 | 0.025
55 C3 50 |0.0134 | 4 150 1 0.04850 wet 1.174 | 0.018
56 C3 50 |0.1403 | 4 150 2 0.09464 | 0.2158 0.1025 | 0.73 wet 3.399 | 0.080
57 C3 50 |0.0625 | 4 150 2 0.09464 | 0.1461 0.0561 | 0.90 wet 2.928 | 0.111
58 C3 50 |0.0358 | 4 150 2 0.09464 | 0.1198 0.0385 | 1.00 wet 2.058 | 0.091
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Row | Poly. | DS | Dose pH | Cure T | Curet B Titrated Fixed Fix. Tl type TI Tl std
No. | Type mmol (°C) (min) Charge Poly. Yield (Nm/g)
RU/g (meq/g) (mmol
RU/g)
59 C3 50 |[0.0131 | 4 150 2 0.09464 | 0.0776 0.0104 | 1.00 wet 1.358 | 0.043
60 C3 50 |0.0061 | 4 150 2 0.09464 | 0.0640 0.0013 | 1.00 wet 1199 | 0.051
61 C3 50 |0.1361 | 4 150 4 0.18032 | 0.2048 0.0952 | 0.70 wet 4528 | 0.164
62 C3 50 |0.0653 | 4 150 4 0.18032 | 0.1507 0.0591 | 0.91 wet 3.802 | 0.098
63 C3 50 |0.0288 | 4 150 4 0.18032 | 0.1011 0.0261 | 0.90 wet 2.642 | 0.076
64 C3 50 |0.0109 | 4 150 4 0.18032 | 0.0816 0.0131 | 1.00 wet 1.454 | 0.035
65 C3 50 |0.0058 | 4 150 4 0.18032 | 0.0729 0.0073 | 1.00 wet 1.290 | 0.033
66 C3 50 |0.1362 | 4 150 10 0.39171 | 0.2107 0.0991 | 0.73 wet 5.230 | 0.080
67 C3 50 |0.1425 | 4 150 20 0.62998 | 0.2164 0.1029 | 0.72 wet 7.472 | 0.255
68 C3 50 |0.1400 | 4 150 30 0.77492 | 0.2082 0.0975 | 0.70 wet 8.391 | 0.234
69 C3 50 |0.1328 | 4 150 60 0.94934 wet 8.570 | 0.308
70 C3 50 [0.1492 | 6 120 5 0.99774 | 0.1885 0.0843 | 0.57 wet 1.148 | 0.108
71 C3 50 |0.1589 | 6 120 10 0.99999 | 0.2372 0.1168 | 0.74 wet 1.824 | 0.194
72 C3 75 | 0.1417 | 4 150 2 0.09464 dry 18.326 | 0.581
73 C3 75 | 0.0654 | 4 150 2 0.09464 dry 18.397 | 1.051
74 C3 75 [ 0.0320 | 4 150 2 0.09464 dry 18.186 | 0.455
75 C3 75 | 0.0115 | 4 150 2 0.09464 dry 17.187 | 0.467
76 C3 75 | 0.0059 | 4 150 2 0.09464 dry 16.741 | 0.848
77 C3 75 | 0.1446 | 4 150 4 0.18032 dry 19.259 | 0.535
78 C3 75 | 0.0608 | 4 150 4 0.18032 dry 19.353 | 0.616
79 C3 75 |0.0303 | 4 150 4 0.18032 dry 17.973 | 0.653
80 C3 75 | 0.0114 | 4 150 4 0.18032 dry 16.623 | 0.921
81 C3 75 |0.0058 | 4 150 4 0.18032 dry 17.020 | 0.825
82 C3 75 | 0.1445 | 4 150 10 0.39171 dry 21.405 | 0.858
83 C3 75 | 0.149 | 4 150 20 0.62998 dry 24.760 | 1.193
84 C3 75 (01444 | 4 150 30 0.77492 dry 26.051 | 0.818
85 C3 75 | 0.1504 | 4 150 1 0.04850 | 0.1799 0.0943 | 0.63 wet 1519 | 0.040
86 C3 75 | 0.0650 | 4 150 1 0.04850 | 0.1276 0.0525 | 0.81 wet 1.483 | 0.068
87 C3 75 | 0.0353 | 4 150 1 0.04850 | 0.1041 0.0337 | 0.95 wet 1.376 | 0.033
88 C3 75 (0.0132 | 4 150 1 0.04850 wet 1.320 | 0.042

117




Ph.D. Thesis — Xiao Wu

McMaster University — Chemical Engineering

Row | Poly. | DS | Dose pH | Cure T | Curet B Titrated Fixed Fix. Tl type TI Tl std
No. | Type mmol (°C) (min) Charge Poly. Yield (Nm/g)
RU/g (meq/g) (mmol
RU/g)
89 C3 75 | 0.1466 | 4 150 2 0.09464 | 0.1856 0.0989 | 0.67 wet 3597 | 0.175
90 C3 75 | 0.0634 | 4 150 2 0.09464 | 0.1342 0.0578 | 0.91 wet 3.299 | 0.095
91 C3 75 | 0.0336 | 4 150 2 0.09464 | 0.1181 0.0449 | 1.00 wet 2222 | 0.093
92 C3 75 (0.0129 | 4 150 2 0.09464 | 0.0848 0.0182 | 1.00 wet 1439 | 0.070
93 C3 75 | 0.0061 | 4 150 2 0.09464 | 0.0673 0.0042 | 1.00 wet 1.316 | 0.037
94 C3 75 [ 01375 | 4 150 4 0.18032 | 0.1889 0.1015 | 0.74 wet 3.939 | 0.167
95 C3 75 | 0.0600 | 4 150 4 0.18032 | 0.1337 0.0574 | 0.96 wet 3.791 | 0.098
96 C3 75 |0.0277 | 4 150 4 0.18032 | 0.0974 0.0283 | 1.00 wet 2.622 | 0.031
97 C3 75 |0.0108 | 4 150 4 0.18032 | 0.0883 0.0210 | 1.00 wet 1.666 | 0.069
98 C3 75 | 0.0055 | 4 150 4 0.18032 | 0.0658 0.0030 | 1.00 wet 1.348 | 0.045
99 C3 75 | 0.1449 | 4 150 10 0.39171 | 0.1863 0.0994 | 0.69 wet 5.004 | 0.111
100 C3 75 | 01395 | 4 150 20 0.62998 | 0.1762 0.0914 | 0.66 wet 6.148 | 0.103
101 C3 75 | 0.1444 | 4 150 30 0.77492 | 0.1914 0.1035 | 0.72 wet 6.729 | 0.096
102 C3 75 | 0.1397 | 4 150 60 0.94934 wet 6.667 | 0.327
103 C3 75 (01483 | 6 120 5 0.99774 | 0.1775 0.0924 | 0.62 wet 1.367 | 0.076
104 C3 75 (01438 | 6 120 10 0.99999 | 0.1943 0.1058 | 0.74 wet 2.113 | 0.157
105 C3 88 | 0.1400 | 4 150 2 0.09464 dry 18.617 | 0.354
106 C3 88 | 0.0603 | 4 150 2 0.09464 dry 18.389 | 0.146
107 C3 88 |0.0308 | 4 150 2 0.09464 dry 18.259 | 0.329
108 C3 88 |0.0109 | 4 150 2 0.09464 dry 17.854 | 0.500
109 C3 88 | 0.0055 | 4 150 2 0.09464 dry 17.147 | 0.374
110 C3 88 |0.1387 | 4 150 4 0.18032 dry 17.793 | 0.413
111 C3 88 |0.0625 | 4 150 4 0.18032 dry 18.688 | 1.068
112 C3 88 |0.0298 | 4 150 4 0.18032 dry 18.763 | 0.361
113 C3 88 |0.0118 | 4 150 4 0.18032 dry 16.742 | 0.434
114 C3 88 | 0.0058 | 4 150 4 0.18032 dry 16.857 | 0.393
115 C3 88 |0.1398 | 4 150 10 0.39171 dry 19.763 | 0.777
116 C3 88 |0.1375 | 4 150 20 0.62998 dry 21.055 | 0.953
117 C3 88 |0.1425 | 4 150 30 0.77492 dry 22.700 | 1.139
118 C3 88 |0.1574 | 4 150 1 0.04850 | 0.1451 0.0735 | 0.47 wet 1516 | 0.051
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Row | Poly. | DS | Dose pH | Cure T | Curet B Titrated Fixed Fix. Tl type TI Tl std
No. | Type mmol (°C) (min) Charge Poly. Yield (Nm/g)
RU/g (meq/g) (mmol
RU/g)

119 C3 88 |0.0708 | 4 150 1 0.04850 | 0.1059 0.0388 | 0.55 wet 1518 | 0.083
120 C3 88 [0.0327 | 4 150 1 0.04850 | 0.0921 0.0266 | 0.81 wet 1174 | 0.022
121 C3 88 |0.0126 | 4 150 1 0.04850 wet 1.155 | 0.070
122 C3 88 [ 0.1375 | 4 150 2 0.09464 | 0.1642 0.0904 | 0.66 wet 3,518 | 0.332
123 C3 88 |0.0689 | 4 150 2 0.09464 | 0.1311 0.0612 | 0.89 wet 3.488 | 0.189
124 C3 88 |0.0326 | 4 150 2 0.09464 | 0.1053 0.0383 | 1.00 wet 2117 | 0.141
125 C3 88 |0.0126 | 4 150 2 0.09464 | 0.0845 0.0199 | 1.00 wet 1.484 | 0.076
126 C3 88 | 0.0056 | 4 150 2 0.09464 | 0.0695 0.0066 | 1.00 wet 1.322 | 0.039
127 C3 88 |0.1355 | 4 150 4 0.18032 | 0.1742 0.0993 | 0.73 wet 3.892 | 0.097
128 C3 88 |0.0613 | 4 150 4 0.18032 | 0.1263 0.0569 | 0.93 wet 3.782 | 0.049
129 C3 88 |0.0277 | 4 150 4 0.18032 | 0.1013 0.0348 | 1.00 wet 2.639 | 0.137
130 C3 88 |0.0110 | 4 150 4 0.18032 | 0.0740 0.0106 | 0.97 wet 1.658 | 0.085
131 C3 88 | 0.0056 | 4 150 4 0.18032 | 0.0684 0.0057 | 1.00 wet 1.439 | 0.048
132 C3 88 |0.1398 | 4 150 10 0.39171 | 0.1712 0.0966 | 0.69 wet 4715 | 0.098
133 C3 88 |0.1455 | 4 150 20 0.62998 | 0.1827 0.1068 | 0.73 wet 5.327 0.1

134 C3 88 |0.1383 | 4 150 30 0.77492 | 0.1744 0.0995 | 0.72 wet 5.589 0.1

135 C3 88 |0.1308 | 4 150 60 0.94934 wet 5.245 | 0.216
136 | C10 | 25 | 0.1263 | 4 150 2 0.09464 | 0.1783 0.0665 | 0.53 wet 4.176 | 0.048
137 | C10 | 25 | 0.0445 | 4 150 2 0.09464 | 0.1407 0.0450 | 1.00 wet 3.963 | 0.242
138 | C10 | 25 | 0.0197 | 4 150 2 0.09464 | 0.1003 0.0219 | 1.00 wet 3.018 | 0.142
139 | C10 | 25 | 0.0090 | 4 150 2 0.09464 | 0.0866 0.0141 | 1.00 wet 1.365 | 0.285
140 | C10 | 25 | 0.1243 | 4 150 4 0.18032 | 0.1955 0.0763 | 0.61 wet 5.502 0.09
141 | C10 | 25 | 0.0486 | 4 150 4 0.18032 | 0.1365 0.0426 | 0.88 wet 4971 | 0.293
142 | C10 | 25 |0.0186 | 4 150 4 0.18032 | 0.0980 0.0206 | 1.00 wet 3.428 | 0.198
143 | C10 | 25 | 0.0090 | 4 150 4 0.18032 | 0.0754 0.0077 | 0.85 wet 1.801 | 0.266
144 | C10 | 25 | 0.1094 | 4 150 10 0.39171 | 0.182 0.0686 | 0.63 wet 6.696 | 0.174
145 | C10 | 25 | 0.1150 | 4 150 20 0.62998 wet 7.187 | 0.115
146 | C10 | 25 |0.1185 | 4 150 30 0.77492 wet 7.655 | 0.208
147 | C10 | 25 | 0.1258 | 4 150 60 0.94934 wet 8.285 | 0.245
148 | PEG3 | 24 | 0.1317 | 4 150 2 0.09464 | 0.2861 0.1273 | 0.97 wet 7.855 | 0.437
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Row | Poly. | DS | Dose pH | Cure T | Curet B Titrated Fixed Fix. Tl type TI Tl std
No. | Type mmol (°C) (min) Charge Poly. Yield (Nm/g)
RU/g (meq/g) (mmol
RU/g)

149 | PEG3 | 24 | 0.0500 | 4 150 2 0.09464 | 0.1476 0.0486 | 0.98 wet 4.408 | 0.327
150 | PEG3 | 24 | 0.0254 | 4 150 2 0.09464 | 0.1102 0.0274 | 1.00 wet 2.929 | 0.166
151 | PEG3 | 24 | 0.0126 | 4 150 2 0.09464 | 0.0949 0.0187 | 1.00 wet 1.854 | 0.089
152 | PEG3 | 24 | 0.1254 | 4 150 4 0.18032 | 0.2442 0.1035 | 0.83 wet 9.286 | 0.333
153 | PEG3 | 24 | 0.0546 | 4 150 4 0.18032 | 0.1577 0.0544 | 1.00 wet 7.025 | 0.401
154 | PEG3 | 24 | 0.0228 | 4 150 4 0.18032 | 0.1031 0.0234 | 1.00 wet 4.018 | 0.244
155 | PEG3 | 24 | 0.0130 | 4 150 4 0.18032 | 0.1020 0.0227 | 1.00 wet 2721 | 0.132
156 | PEG3 | 24 | 0.1230 | 4 150 10 0.39171 | 0.2264 0.0934 | 0.76 wet 10.303 | 0.486
157 | PEG3 | 24 | 0.1315 | 4 150 30 0.77492 | 0.2085 0.0832 | 0.63 wet 10.853 | 0.134
158 | PEG3 | 24 | 0.1229 | 4 150 60 0.94934 | 0.1883 0.0718 | 0.58 wet 12.029 | 0.626
159 | PEG3 | 24 | 0.1262 | 4 120 10 0.15458 | 0.2729 0.1198 | 0.95 wet 8.502 | 0.308
160 | PEG3 | 24 | 0.1317 | 4 120 30 0.39575 | 0.2777 0.1226 | 0.93 wet 10.930 | 0.164
161 | PEG3 | 24 | 0.1290 | 4 120 60 0.63488 | 0.2730 0.1199 | 0.93 wet 12.522 | 0.393
162 | PEG3 | 24 | 0.1255 | 4 120 90 0.77938 | 0.2569 0.1107 | 0.88 wet 13.159 | 0.259
163 | PEG3 | 50 | 0.1371 | 4 150 2 0.09464 | 0.2503 0.1255 | 0.92 wet 6.908 | 0.374
164 | PEG3 | 50 | 0.0533 | 4 150 2 0.09464 | 0.1446 0.0551 | 1.00 wet 4.030 | 0.144
165 | PEG3 | 50 | 0.0276 | 4 150 2 0.09464 | 0.1077 0.0305 | 1.00 wet 2.996 | 0.111
166 | PEG3 | 50 | 0.0125 | 4 150 2 0.09464 | 0.0892 0.0181 | 1.00 wet 1.925 | 0.064
167 | PEG3 | 50 | 0.1377 | 4 150 4 0.18032 | 0.2287 0.1111 | 0.81 wet 8.757 | 0.402
168 | PEG3 | 50 | 0.0534 | 4 150 4 0.18032 | 0.1339 0.0480 | 0.90 wet 6.220 | 0.275
169 | PEG3 | 50 | 0.0248 | 4 150 4 0.18032 | 0.1146 0.0351 | 1.00 wet 3.833 | 0.169
170 | PEG3 | 50 | 0.0132 | 4 150 4 0.18032 | 0.0867 0.0165 | 1.00 wet 2.457 | 0.102
171 | PEG3 | 50 | 0.1309 | 4 150 10 0.39171 | 0.1992 0.0915 | 0.70 wet 9.212 | 0.332
172 | PEG3 | 50 | 0.1415 | 4 150 30 0.77492 | 0.1981 0.0907 | 0.64 wet 11.306 | 0.266
173 | PEG3 | 50 | 0.1219 | 4 150 60 0.94934 | 0.1722 0.0735 | 0.60 wet 11.708 | 0.532
174 | PEG3 | 74 | 0.1423 | 4 150 2 0.09464 | 0.2160 0.1222 | 0.86 wet 6.191 | 0.357
175 | PEG3 | 74 | 0.0550 | 4 150 2 0.09464 | 0.1286 0.0529 | 0.96 wet 3.835 | 0.152
176 | PEG3 | 74 | 0.0250 | 4 150 2 0.09464 | 0.0917 0.0236 | 0.94 wet 2.729 | 0.153
177 | PEG3 | 74 | 0.0127 | 4 150 2 0.09464 | 0.0809 0.0150 | 1.00 wet 1.787 | 0.092
178 | PEG3 | 74 | 0.1344 | 4 150 4 0.18032 | 0.1966 0.1068 | 0.79 wet 7.705 | 0.402
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Row | Poly. | DS | Dose pH | Cure T | Curet B Titrated Fixed Fix. Tl type TI Tl std
No. | Type mmol (°C) (min) Charge Poly. Yield (Nm/g)
RU/g (meq/g) (mmol
RU/g)
179 | PEG3 | 74 | 0.0560 | 4 150 4 0.18032 | 0.1271 0.0517 | 0.92 wet 6.075 | 0.131
180 | PEG3 | 74 | 0.0260 | 4 150 4 0.18032 | 0.0923 0.0241 | 0.93 wet 3.567 | 0.172
181 | PEG3 | 74 | 0.0130 | 4 150 4 0.18032 | 0.0907 0.0228 | 1.00 wet 2.112 | 0.123
182 | PEG3 | 74 | 0.1331 | 4 150 10 0.39171 | 0.1701 0.0858 | 0.64 wet 8.353 | 0.325
183 | PEG3 | 74 | 0.1311 | 4 150 30 0.77492 | 0.1652 0.0819 | 0.62 wet 9.613 | 0.153
184 | PEG3 | 74 | 0.1270 | 4 150 60 0.94934 | 0.1490 0.0690 | 0.54 wet 11.830 | 0.495
185 | PEG3 | 88 | 0.1377 | 4 150 2 0.09464 | 0.1978 0.1213 | 0.88 wet 4908 | 0.133
186 | PEG3 | 88 | 0.0547 | 4 150 2 0.09464 | 0.1213 0.0529 | 0.97 wet 3.419 | 0.081
187 | PEG3 | 88 | 0.0261 | 4 150 2 0.09464 | 0.1053 0.0387 | 1.00 wet 2.171 | 0.356
188 | PEG3 | 88 | 0.0131 | 4 150 2 0.09464 | 0.0875 0.0228 | 1.00 wet 1.843 | 0.265
189 | PEG3 | 88 | 0.1281 | 4 150 4 0.18032 | 0.1798 0.1052 | 0.82 wet 6.817 | 0.155
190 | PEG3 | 88 | 0.0563 | 4 150 4 0.18032 | 0.1211 0.0528 | 0.94 wet 4.659 | 0.504
191 | PEG3 | 88 | 0.0258 | 4 150 4 0.18032 | 0.1046 0.0380 | 1.00 wet 3.409 | 0.714
192 | PEG3 | 88 | 0.0129 | 4 150 4 0.18032 | 0.0884 0.0236 | 1.00 wet 2.291 | 0.320
193 | PEG3 | 88 | 0.1250 | 4 150 10 0.39171 | 0.1609 0.0883 | 0.71 wet 8.354 | 0.185
194 | PEG3 | 88 | 0.1250 | 4 150 30 0.77492 | 0.1606 0.0880 | 0.70 wet 9.774 | 0.501
195 | PEG3 | 88 | 0.1369 | 4 150 60 0.94934 | 0.1676 0.0943 | 0.68 wet 11.095 | 0.381
196 | PEG3 | 88 | 0.1233 | 4 120 10 0.15458 | 0.1916 0.1157 | 0.94 wet 7.002 | 0.275
197 | PEG3 | 88 | 0.1254 | 4 120 30 0.39575 | 0.1966 0.1202 | 0.96 wet 9.064 | 0.134
198 | PEG3 | 88 | 0.1309 | 4 120 60 0.63488 | 0.2028 0.1257 | 0.96 wet 11,555 | 0.471
199 | PEG3 | 88 | 0.1289 | 4 120 90 0.77938 | 0.1975 0.1210 | 0.94 wet 12.101 | 0.223
200 | PEG1 | 41 | 0.1095 | 4 150 2 0.09464 | 0.1549 0.0584 | 0.53 wet 5.694 | 0.178
0
201 | PEG1 | 41 | 0.0556 | 4 150 2 0.09464 | 0.1443 0.0518 | 0.93 wet 4.848 | 0.169
0
202 | PEG1 | 41 | 0.0267 | 4 150 2 0.09464 | 0.1027 0.0256 | 0.96 wet 2.950 | 0.106
0
203 | PEG1 | 41 | 0.0123 | 4 150 2 0.09464 | 0.0851 0.0145 | 1.00 wet 1.946 | 0.095
0
204 PEoGl 41 101112 | 4 150 4 0.18032 | 0.1532 0.0574 | 0.52 wet 7.617 | 0.429
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Row | Poly. | DS | Dose pH | Cure T | Curet B Titrated Fixed Fix. Tl type TI Tl std
No. Type mmol (°C) (min) Charge Poly. Yield (Nm/g)
RU/g (meq/g) (mmol
RU/g)
205 | PEG1 | 41 | 0.0567 | 4 150 4 0.18032 | 0.1413 0.0499 | 0.88 wet 5.645 | 0.275
0
206 | PEG1 | 41 | 0.0258 | 4 150 4 0.18032 | 0.1132 0.0322 1.00 wet 3.715 | 0.265
0
207 | PEG1 | 41 | 0.0126 | 4 150 4 0.18032 | 0.0981 0.0227 1.00 wet 2516 | 0.111
0
208 | PEG1 | 41 | 0.1056 | 4 150 10 0.39171 | 0.1625 0.0632 | 0.60 wet 8.585 | 0.349
0
209 | PEG1 | 41 |0.1081 | 4 150 30 0.77492 | 0.1375 0.0475 | 0.44 wet 8.928 | 0.357
0
210 | PEG1 | 41 |0.1142 | 4 150 60 0.94934 | 0.1186 0.0356 | 0.31 wet 8.835 | 0.245
0
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Chapter 4

Polymer Grafting Impacts Aggregated CNF
Properties

In this chapter, alkyl-amines and PEG-amines modified PEMA derivatives, with degrees
of substitution (DS) ranging from 25% to 86%, were grafted onto cellulose nanofibrils
(CNF) via esterification in acetone. The grafting process achieved high yields, even with
a minimal 14% succinic acid moiety content remaining. The grafted polymer preserved
the aggregated structures in acetone. Through particle size measurements and imaging
techniques, the grafted CNF exhibited a composite structure comprising individualized
nanofibrils, microribbons assembled by the nanofibrils, and flocs formed through
entangled microribbons. Imaging techniques were employed to unveil the PEMACc grafted
microribbons in both dry and wet states, showing helical ribbon structures.

The experiment design, data collection and analysis, and first draft writing were
completed by me. My summer student Kashaf Amir helped me with part of the
experiments. Dr. Mouhanad Babi and Dr. Jose M Moran-Mirabal assisted me with the
microscopy imaging. Dr. Robert Pelton rewrote parts of the draft as necessary.

This chapter is in preparation for publication.
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Polymer Grafting Impacts Aggregated CNF
Properties

Abstract

Poly (ethylene-alt-maleic anhydride) (PEMA) was modified with alkyl-amine (C3, C10)
and methoxy-PEG-amine (PEG3, PEG10, PEG20) to produce PEMA derivatives with
varying degrees of substitution (DS). PEMA and its derivatives were then grafted on
mechanically produced cellulose nanofibrils (CNF) through a 4-(dimethylamino pyridine)
(DMAP) catalyzed esterification in acetone. The grafting reaction was efficient, showing
high yields when the PEMA dosages were below 0.125 g/g. A solvent exchange step was
carried out to facilitate the grafting process, transferring the CNF from water to acetone,
resulting in the aggregation of nanofibrils. The aggregated structures were crosslinked
and preserved by the grafted polymer and further stabilized in water after polymer
hydrolysis. The grafted CNF exhibited three structures-fully dispersed nanofibrils,
microribbons and flocs. Aligned nanofibrils assembled the microribbons, while the flocs
consisted of entangled microribbons. The content of flocs decreased with reduced
polymer dosages and increased DS, as indicated by the diameter distributions. The
introduction of pendant PEG20 chains effectively improved the dispersibility of the
grafted CNF. The microribbon structures were further characterized using imaging
techniques, revealing that they were formed from 2-12 layers of nanofibrils, with a
thickness ranging from 40-220 nm and a width of approximately 3 um. The specific
structure of PEMA-PEG grafted microribbons was found to be related to the DS values.
Microribbons with a DS below 75% exhibited a three-dimensional helical structure, while
those with a DS above 75% appeared flat with intermittent twisting. The helical
microribbons displayed twisting in both left and right-handed manners, showing the two
most common wavelengths of 10.8 um and 44.6 um.
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Introduction

Nanocelluloses are a class of cellulosic materials having a cross-section in the nanoscale.
They are generally classified into three categories-cellulose nanocrystals (CNC), cellulose
nanofibrils (CNF) and bacterial celluloses (BMCC).! Plant-based cellulose, such as that
found in wood, serves as a cost-effective resource for producing CNF and CNC. CNC are
derived from the crystalline regions of cellulose, while CNF are derived from disordered
and crystalline regions. CNF exhibit a high aspect ratio, making them exceptional
materials for reinforcing composites.? Plant-derived CNF are created through a
defibrillation process that breaks down the hierarchical structure of wood pulp fibres.
Pretreatments, such as TEMPO oxidation, carboxymethylation, and enzymatic treatments,
can be applied to reduce energy consumption during mechanical homogenization and
introduce charged groups that facilitate nanofibril dispersion.® In this case, elementary
fibrils with a width below 5 nm could be isolated. Nanofibrils produced without
pretreatment typically exhibit larger widths ranging from 5 to 100 nm, and they tend to
aggregate more easily compared with TEMPO-oxidized and carboxymethylated CNF.!

The aggregation of cellulose nanofibrils (CNF) is well-known to occur due to the
formation of inter-fibril hydrogen bonds during the removal of water between the CNF.#
The aggregation is commonly observed during dewatering and drying processes.®
Dewatering is a step to concentrate CNF slurry at the tail-end of the CNF production
process. The most used strategy is centrifugation. Besides other alternative strategies are
filtration, pressing, solvent evaporation and shear stress-induced dewatering.® When the
CNF slurry concentration surpasses 3wt%, it transitions to a gel-like state, forming
aggregated bundles. The drying of CNF remains a challenge to date since the
dispersibility of CNF is dramatically reduced after full dehydration.® Supercritical CO2
drying, freeze drying, and spray drying are the methods which could suppress the fibril
agglomeration. Oven drying typically generates large and entangled aggregates with
irreversible dispersibility. Solvent exchange combined with evaporation is another type of
dewatering step. Similarly, the solvent exchange to incompatible solvents like ethanol,
acetone, toluene, N-methyl pyrrolidone, hexane and pentane also causes the formation of
CNF aggregates.®

The intermolecular interactions, on the other hand, provide nanocelluloses with the ability
to assemble into organized structures and materials through a bottom-up path.” The self-
assembled nanocelluloses are applied to fabricate nanoparticles, filaments, coating,
optical devices, biosensors and membranes.® Quick freezing in liquid nitrogen followed
by freeze drying resulted in the assembly of CNF into bundles with widths ranging from
30 to 200 nm,® while TEMPO-oxidized CNF forms broad ribbons with widths from 125
to 500 nm. % Spinning processes encompassing electrospinning, wet spinning and dry
spinning convert CNF into micro-scaled filaments in which the internal structures are
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affected by CNF self-assembly. Wet spinning, mainly, is an easy-to-operate method due
to the inherent self-assembly of CNF. A typical wet spinning process extrudes aqueous
CNF gel into a coagulation bath containing water-miscible organic solvents like acetone,
tetrahydrofuran, or alcohol.* Dehydration rapidly occurs as water is replaced by organic
solvents, forming hydrogen bonds that bundle up the nanofibrils. Cellulose-incompatible
solvents offer the ability to tune the self-assembly of nanocelluloses. Illustrative examples
include the development of films'? aerogels,®® ** composites'* and bundles.®

In the fabrication of CNF-reinforced polymeric composites, the agglomeration of CNF
becomes more pronounced due to the dehydration steps, such as solvent exchange and
curing. The solvent exchange process aims to disperse CNF in organic solvents and
ensure homogeneous mixing with polymer monomers and crosslinkers. Owing to the
utilization of organic solvents, the agglomeration of CNF is akin to the solvent-induced
assembly. Acetone, a water-miscible solvent, is extensively employed in blends of CNF
with materials such as epoxy resin,® poly lactic acid (PLA),!’ poly methyl methacrylate
(PMMA),*8 and isocyanates.*® In these cases, the polymer monomers are not water-
soluble, and the presence of water molecules can hinder crosslinking reactions. The
process typically involves exchanging CNF from an aqueous slurry to acetone, followed
by conducting reactions or transferring them to nonpolar solvents (e.g., chloroform,
toluene) for subsequent reactions.

The aggregation of CNF is commonly confirmed using imaging techniques such as AFM,
SEM, and TEM, which can magnify objects to the submicron scale. In these images,
broad CNF bundles containing multiple nanofibrils can be observed,?’ and some thinner
CNF bundles exhibit ribbon or lamella-like structures.®® 1% However, due to the consistent
entanglement of mechanically prepared CNF, revealing the actual structure of individual
CNF aggregates is challenging. The aggregation of CNF is closely related to the inherent
self-assembly ability of cellulose. Understanding the structure of aggregated CNF
provides valuable insights into the assembly process and the factors driving self-
assembly. Furthermore, the structure of cellulosic materials can be designed and altered.

Solvent exchange-induced dehydration offers a potential way to isolate individual CNF
aggregates from the entangled large aggregates. A solvent exchange cycle of water -
incompatible solvent-water would mimic a dehydration and rehydration process. A
suspended CNF system is available for chemical modification and incorporating additives
to suppress the entanglement and tune the assembly of aggregates. We have discovered
that maleic copolymers, especially poly (ethylene-alt-maleic anhydride) (PEMA), are
excellent candidates for chemical modification on cellulose because of numerous reactive
anhydride groups along the polymer chains.?! Herein, with a view to revealing the
structure of CNF aggregate and the factors affecting the assembly, we isolated individual
aggregated CNF microribbon using the solvent exchange to acetone and followed by
chemical modification with PEMA. Upon rehydration of the aggregates, unreacted maleic
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anhydrides hydrolyzed into maleic acid with carboxylate groups, stabilizing the
aggregated structures in water. Alkyl-amine and PEG-amine as hydrophobic and
hydrophilic additives are added to alter the assembly. Particle size measurement and
imaging techniques, including widefield microscopy, confocal lasering scanning
microscopy (CLSM), atomic force microscopy (AFM), and field emission scanning
electron microscopy (FESEM), were performed to disclose the aggregated structures of
CNF. It is shown that CNF with a high aspect ratio always assembles into microribbon
structures which further entangle forming flocs. The factors affecting the structures of
aggregated CNF were investigated. Meanwhile, the microribbon structures in both dry
and wet states were unravelled.

Experimental

Materials. Never-dried cellulose nanofibre (CNF) aqueous gel (3 wt% solid content, 90%
fines grade, lot#U31) was purchased from the University of Maine. Poly (ethylene-alt-
maleic anhydride), PEMA (MW 100 kDa — 500 kDa), propylamine (>99%, C3),
decylamine (>99%, GC, C10), 2-(2-(2-methoxyethoxy)ethoxy) ethanamine (>95%,
MPEG3), Poly(ethylene glycol) methyl ether amine (Mn=500, MPEG10),
methoxypolyethylene glycol propyl amine (Mn=1000, MPEG20), 4-
(dimethylamino)pyridine (>99%), (3-aminopropyl)triethoxysilane (APTES,99%), toluene
(anhydrous, 99.8%), and methanol (ACS reagent, >99.8%) were purchased from Sigma-
Aldrich and used without further purification. sulfo-Cyanine5 amine was purchased from
Lumiprobe Corp. Acetone (ACS reagent, =99.5%) was purchased from Sigma-Aldrich

and pretreated with molecule sieves 3A to remove water. Other chemicals were NaHCOs3
(Reagent Grade, Caledon Lab Ltd), NaOH and HCI solution (1 M & 0.1 M, LabChem
Inc.). Ultrapure water was purified from the Barnstead™ Nanopure™ system.
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Figure 21. The preparation of polymer solutions and CNF suspensions and the polymer
grafting on CNF.

As shown in Figure 21, the grafting process includes the preparation of polymer
solutions, preparation of CNF suspensions in acetone, and polymer grafting on CNF. The
detailed steps are described below.

Preparation of PEMA Derivatives. Alkyl-amines or methoxy terminated PEG-amines
molecules were reacted with PEMA backbone substituting 25-86% of anhydride moieties.
The modified PEMA derivatives are termed CxDSy (where X is the carbon number, and y
is the degree of anhydride substitution in percentage) or MPEGXDSy (where X is the
number of ethylene oxide units in the PEG, and y is the DS as before). For example,
MPEG3DS86 was prepared as follows. 1 g PEMA powder dissolved in 80 mL acetone
was placed in a 250 mL round-bottom flask containing a magnetic stir bar. MPEG3-
amines (1.295 g, 100 mol% of PEMA repeating units) dissolved in 15 mL acetone was
added dropwise over about 5 min. The solution was mixed for 16 h at room temperature
giving the stock solution.

DMAP (4-dimethylamino pyridine) was used as catalyst for the grafting reaction.??
DMAP (95.0 mg, 10 mol% of PEMA repeating units) in 5 mL acetone was added into the
stock solution and allowed to react for 30 min. The polymer concentration in the final
stock solutions, expressed as mmol of PEMA repeat units (RU) per liter acetone, was
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79.4 mmol RU/L. To minimize further hydrolysis of residual anhydride moieties, the
stock solutions were directly used for grafting on CNF in acetone, described in the
grafting part. The unused stock solutions were quenched with 10 mL HCI and
concentrated in a rotary evaporator and transferred into a 29 mm diameter dialysis tube
(SpectraPor, Spectrum® Labs, 12-14 kDa MWCO). After dialyzing against 0.01 N HCI,
20 mM NaHCOs, and ultrapure water, samples were lyophilized for *H-NMR to
determine the DS values.

For unmodified PEMA, 2 g PEMA was directly mixed with 0.19 g DMAP in 200 mL
acetone for 30 min at room temperature, giving a stock solution in a concentration of 79.4
mmol RU/L.

Sulfo-Cyanine5 (sulfo-Cy5) Labelled PEMA. In some cases, the PEMA was
fluorescently labeled. Sulfo-Cyanine5 amine (1/2000 of PEMA repeating units) was
suspended in PEMA acetone solution prior to adding other amine molecules. The mixture
was stirred in dark until all the fluorophores dissolved yielding a transparent blue
solution.

Preparation of CNF Suspensions. Multiple cellulose nanofibre suspensions for different
polymer dosages were prepared simultaneously. In a typical protocol, CNF gel containing
0.2 g dry fibres was first diluted to 200 mL aqueous suspension in a 250 mL glass beaker
(PYREX™ Low Form Griffin Beakers) to give a 0.1 wt% suspension. The CNF particles
were dispersed by 2 min treatment with a VWR homogenizer (VWR VDI 25 S41) at
13500 rpm for 2 min, followed with a probe sonication (Branson 450 Sonifier w 20kHz,
400Watts, 1/2" horn with a flat tip) under 50% duty cycle and 20% output in an ice bath
for 10 min.

The exchange from water to dry acetone involved a few steps. Step 1, the solvent
exchange started by adding 100 mL acetone to the suspension in a 400 mL beaker under
500 rpm magnetic stirring, yielding an acetone/water (1:2, v/v) mixture. The liquid phase
was immediately removed by centrifugation (swing bucket rotor, 30003, 2 min). Step 2,
the CNF particles were redispersed in 200 mL acetone/water (2:1, v/v) with 500 rpm
magnetic stirring for 5 min. Step 3, after removing the liquid phase, the CNF was
redispersed and stirred in 200 mL 100% acetone for another 5 min and followed by
centrifugation. Step 4, the CNF were dispersed in acetone, giving suspension comprising
0.2 g dry CNF in 150 mL acetone in a 250 mL beaker. Finally, in step 5, the suspensions
were probe-sonicated in an ice bath for 10 min again prior to mixing with polymer
solutions.

Polymer Grafting on CNF. The polymer grafting was achieved by mixing the polymer
solutions with CNF suspensions in acetone, and the polymer dosage was expressed as in a
unit of mmol RU per gram dry CNF. Typically, 1-80 mL DMAP activated stock solutions
were added to the CNF suspensions to give the target polymer dosages of 0.4-31.7 mmol
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RU/g. Dry acetone was added to the final mixture to give a total volume of 200 mL. The
polymer grafting process is performed in a 250 mL beaker covered with polyethylene
films to avoid acetone loss and water absorption. The suspension was stirred on a
magnetic stirrer (IKA twister) at 500 rpm with a cross-shaped stir bar (VWR®
Spinplus®, 25 mm diameter) for 24 h. The reaction was quenched with 10 mL 1 M HCI
solution.

Modified CNF were collected through centrifugation (4000>g, 5 min), and then washed
with 0.01N HCI (200 mL>3), 20 mM NaHCO3 (200 mL><3), and ultrapure water (200
mL>3). Magnetic stirring (500 rpm for 5 min) and centrifugation (5000>, 10 min) were
performed in between each washing cycle. The final CNF gel was weighed to calculate
the dry fibre content using 0.2 g divided by the wet gel weight. The PEG modified CNF
have dry fibre contents in range of 1.4-2.5 wt%, and other samples have dry fibre contents
in range of 3.1-4.9 wt%.

Conductometric Titration and FTIR. The amount of grafted polymer was determined by
a conductometric titrator (Mantech Inc). In a typical titration, the modified CNF gels with
20-40 mg dry fibre content was dispersed in 100 mL 1 mM NaCl and the pH of the
suspension was adjusted below 3 using 1 M HCI solution. 0.1 M NaOH solution
(LabChem Inc.) was injected through a micro dispenser at 30 s intervals with stirring. The
titration was stopped until the pH of the solution reached above 11.7. The conductivity as
a function of the injected base solution was plotted to calculate the total charges of
modified CNF. The unmodified CNF was titrated as a background. The total grafted
polymer in units of mmol repeating unit per gram dry CNF was obtained in triplicates.
Modified CNF gel was redispersed in 0.1 N NaOH solution and then filtered through a
membrane (hydrophilic PVDF, Durapore®, 0.45 um) and dried at room temperature
overnight. The dried CNF sheets were characterized by FTIR spectroscopy (Nicolet 6700,
Thermo Fisher Scientific) under attenuated total reflection (ATR) model.

Particle Size Analysis. The diameter of modified CNF was determined by a Mastersizer
200022 particle size analyzer (Malvern, UK) equipped with two laser sources (HeNe gas
laser at a wavelength of 633 nm and LED at a wavelength of 466 nm). The detection
range of particle size is from 0.02 pum to 2000 pm. CNF was dispersed in I mM NaHCO3
solution giving a fibre concentration of 0.02 g/L. In all the measurements, background
was blanked with 1 mM NaHCOg, and the CNF suspensions were stirred at 400 rpm with
a magnetic stir and circulated into the sample chamber through a peristaltic pump at a 40
mL/min flow rate. All the angular scattering intensities were within the recommended
range except for the supernatant samples containing nanofibrils, which had insufficient
concentration.

Microribbon Immobilization on Substrates. For the preparation of dry samples. Modified
fibres were dispersed in 1 mM NaHCO3 using VWR homogenizer under 9500 rpm for 1
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min. Square glass coverslips (22 mm>22 mm, No 1.5, Fisher Scientific), circular glass
coverslips (D=22 mm, No 1.5, VWR), silicon wafers ((100), University Wafer, Inc. US)
were used as substrates. All the substrates were cleaned in freshly prepared piranha
solution (98% H>SO4 and 30% H»0,, 3:1) for 20 min, washed with ultrapure water
thoroughly, and blow-dried with compressed air. The cleaned substrates were immersed
in a 1% (v/v) solution of (3-aminopropyl) trimethoxysilane (APTES) in anhydrous
toluene. After reacting at 70 °C for 20 min, the substrates were rinsed with anhydrous
toluene, toluene/methanol (1:1), methanol, and ultrapure water, and dried with
compressed air. A drop of the suspension was applied on the positively charged substrate
and removed by rinsing with ultrapure water for 5 sec. The substrates were dried with
compressed air eventually.

For the preparation of wet samples. Modified fibres were dispersed in 1 mM NaCl
(pH=4-6) using VWR homogenizer under 9500 rpm for 1 min. Depression concave glass
slides (75 mm>25 mmx>Lmm, single concave well of diameter 16 mm and depth 0.5 mm,
Amscope) and square glass coverslips (22 mm>22 mm, No 1.5, Fisher Scientific) were
first rinsed with ultrapure water and ethanol and dried using compressed air. 25 pL
suspension (0.001% v/v) was applied to concave well and covered with a bare glass
coverslip. Nail polish (clear coat, SinfulColors) was used to seal the edges to prevent any
water evaporation or leaking. Subsequently, the glass slides were inverted and placed on
petri dishes (60 mm diameter) for 24 h allowing the fibres to settle on the cover glass.

Widefield Microscopy. Dry and wet samples were imaged by upright and inverted light
microscopes at the McMaster Centre for Advanced Light Microscopy (CALM)

Upright widefield microscopy was performed on a microscope (Nikon-Eclipse LV100N
POL) equipped with 40>/0.65NA objectives and a pco.panda 4.2 sSCMOS camera with
upto 80% quantum efficiency, providing a maximum resolution of 320 nm. Inverted
widefield microscopy was performed on a Nikon inverted Ti2-E equipped with a
60%/1.40NA Plan Apo A oil-immersion objective and a Hamamatsu Orca Flash 4.0 V3
SCMOS camera with 82% high quantum efficiency, achieving a maximum resolution of
220 nm. All the images were acquired on NIS Elements software (Nikon, Ottawa,
Canada) and processed with Fiji imageJ (version 1.54f).

Confocal Laser Scanning Microscopy (CLSM). Images of fluorophore-labeled samples
were captured using a Nikon A1R Inverted Confocal Laser Scanning Microscope
equipped with a 60%/1.40NA Plan Apo A oil-immersion objective. The Cy5 filter cube
was selected for fluorescence detection. A pinhole size of 1.2 was used, and images were
acquired with the galvanometer scanner. To generate 3D images, Z-stacks were obtained
with 60-200 steps and a step size of 0.175 um. The NIKON NIS software (version
5.41.00) was employed for the construction of 3D images. Subsequently, the Z-stack
images were imported into Fiji imageJ (version 1.54f) and stacked using the maximum-
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intensity Z-projection function. This allowed the projection of 3D structures into 2D
images, and the wavelength of the helical structure was measured.

Atomic Force Microscopy (AFM). The topographic images of fibres immobilized on
cover glasses were acquired with a Bruker Dimension Icon AFM (Bruker Corporation,
Billerica, MA) in ScanAsyst-Air mode (Bruker) using ScanAsyst probes (Bruker) having
triangular cantilever with an average spring constant of 0.4 N/m and a tip radius of 2-12
nm. The image processing was conducted using Nanoscope Analysis software (Bruker,
version 3.0).

Field Emission Scanning Electron Microscopy (FESEM). Modified fibres are vacuum
filtered through a hydrophilic PVDF membrane (Durapore® 0.45 um) in a Buchner
funnel. The gel layer was covered with another PVDF membrane and cured in a hot press
(Standard Auto CH Benchtop Press, Carver, Inc., US) under 635 kPa at 120 °C for 10
min. Prior to the SEM scanning, sheets were coated with 5 nm Chromium. The
morphologies were scanned using a Magellan 400-field-emission scanning electron
microscope at an acceleration voltage of 1 kV.

Nano-fraction. The solid contents of CNF gels were determined by gravimetric analysis.
100 mg wet gel was heated at 105 °C in the oven for 6 h and then weighed using a
microbalance (Mettler Toledo AX204). For measuring the fraction of nanofibrils, 1 g
CNF gels was diluted to 0.1 wt% suspensions in ultrapure water. The suspensions were
treated with VWR homogenizer under 13500 rpm for 2 min and probe-sonicated in an ice
bath under 50 % duty cycle and 30% output for 10 min. The dispersions were centrifuged
(Beckman Coulter Allegra 25R with swing bucket rotor) at 2500>q for 1h.2* The
supernatant and CNF gels were separated and transferred into reweighted bone dry
beakers. The water was removed at 105 °C in the oven for 48 h. The beakers were
weighted immediately to give the dry fibre weight. The fractions of nanofibrils were
given as means of triplicates.

X-ray diffraction (XRD). The degree of crystallinity of CNF samples was measured by
X-ray diffraction. 200 uL. CNF suspension (0.5% v/v) was dropped on a freshly cleaned
silicon wafer (100, 10 mm %10 mm). The suspensions were allowed to dry in a room with
constant temperature and humidity (50% RH, 23 °C) for 48 h. The XRD measurements
were carried out on the dry films using a Bruker D8 DISCOVER diffractometer (Bruker,
USA) equipped with a Eiger2R 500K detector positioned 20 cm from the sample and a
CoKoa source radiation (Aavg = 1.79026 A) at an anode voltage of 35 kV and a current of
45 mA. Data were recorded from 8° to 48° with 0.02 steps at 1.5s/step. A two-
dimensional area detector was used to collect the scattering intensity and integrate the
frames creating diffraction patterns. The bare silicon wafer as blank was subtracted from
all the diffractograms. The cellulose crystallinities were determined by the deconvolution
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method. Peaks for crystalline region in cellulose I and disordered region were inserted
and fitted with a pseudo-Voigt function.

Results and Discussion

Polymer Derivatization and Grafting to CNF
PEMA Derivatization

The Polymers. PEMA derivatives were prepared by reacting the amine molecules with
PEMA in acetone (Figure 22). Two series of substituents were employed, alkyl-amines
(Cn-NH2) and methoxy-terminated polyethylene glycol-amines (MPEGmM-NH>). The
variable n represents the number of carbons on the alkyl chain, while the value of m
represents the number of repeat units in the MPEG chain. The substituted succinic acid
moieties consist of an amide-linked substituent and a protonated carboxylic acid. Table 4
summarizes the polymer structures. The polymer names denote the structure. For
instance, PEG3DS86 refers to the PEMA with 86% succinic moieties linked with pendant
PEG3 chains. The derivatization yields were calculated by dividing the actual DS by the
theoretical value obtained from the ratio of amine molecules to the repeat unit of PEMA.

R
OH NH
0 0

i Acetone
+ R-NH, ——» 1-DS DS
(o] (o)

(o) Derivatization o o O

PEMA PEMA derivative
R-NH; H3c+CH2{;_r~1JH2 HyC-0~CH,—CH,-NH,
Cn MPEGm

Figure 22. PEMA derivatization.

Table 4 Derivatization yield and the average molecular weight of repeat unit

Sample ID RNH; Feed DS °DS # Amidation Yield (%) °ARU MW (Da)

PEMAc - - - 188.1
PEG3DS25 0.25 25 100 218.9
PEG3DS50 0.50 50 100 249.7
PEG3DS75 0.75 75 100 280.5
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PEG3DS86 1.00 86 86 294.0
PEGIODS47  0.50 47 94 390.9
PEG20DS24  0.25 24 96 400.7
C3DS77 1.00 71 77 202.8
C10DS44 0.50 44 88 239.7

4 DS divided by the feed DS.
b determined by *H-NMR — see Figure S20 in the Sl file.

¢ The average repeat unit, ARU, molecular weight is for the hydrolyzed polymer and
assumes all carboxylic acid groups are present as sodium salts.

The amidation reactions in dry acetone were efficient, with yields for both alkyl and PEG
derivatives reaching or exceeding 90% when the target DS values are below 75%.
However, as the target DS exceeded 75%, the yields declined, particularly in the case of
alkyl-modified PEMA. The decreased DS might be attributed to reduced polymer
solubility as the alkyl-modified PEMA solutions (C10DS44 and C3DS77) exhibited
cloudiness after the reaction.

Polymer Grafting onto CNF. PEMA and PEMA derivatives (Figure 22) were reacted
with CNF in acetone to give the structures in Figure 23. Initially, grafting solvents were
screened, including water. The drying and high-temperature curing required with water
caused irreversible crosslinking, and the treated CNF could not be dispersed in water.
Acetone and DMF both gave grafting without excessive crosslinking. However, dry
acetone gave higher grafting yields and was selected as the grafting solvent.

o
Na~ Na’ Na Na sz \%(” Na Na N§+ K
o o o o O NH o o O NH
o o] o o o o] o o o o
“ S TR ¢
o o o o o o]
Na o 0 Na © o Na © (o]
CNF CNF CNF
PEMACc PEMACc-Cn PEMACc-PEGm

Figure 23 Structures of grafted PEMA and PEMA derivatives after hydrolysis.

Before grafting on cellulose, anhydrides were activated by DMAP (4-dimethylamino
pyridine), which is a widely used catalyst to form an acyl-DMAP intermediate that can
react with cellulose,?® and promote esterification with all the hydroxyl groups in the
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anhydroglucose units.?? Following the grafting process, acetone was replaced with water,
hydrolyzing residual anhydrides and removing small molecules and ungrafted polymer.
Note that PEMA is the starting anhydride polymer (Figure 22) whereas the hydrolyzed
polymers are PEMACc (Figure 23).

Table 5 summarizes the grafting experiments. The grafted CNF charge was determined
by conductometric titration. The quantity of grafted was expressed as the grafted repeat
unit concentration (grafted RU, mmol/g), and as a mass fraction — both were calculated
from the CNF charge. The grafting coverage (mg of polymer per square meter of CNF
surface area) was based on the specific surface area of CNF (32 m?/g) given by the
supplier. Finally, the grafting yield is the fraction of added polymer fixed to CNF
surfaces.

Table 5 Summary of polymer grafting on CNF.

Polymer | RV bCNF | Grafted Gl\rj‘i:d ° Grafting | Grafting
Row Dosage | Charge RU . Coverage | Yield
Name Fraction 2

(mmol/g)| (meqg/g) | (mmol/g) (%) (mg/m”) (%)
1 PEMA 31.8 7.94 3.97 42.8 23.3 12.5
2 PEMA 15.9 7.62 3.81 41.7 22.4 24.0
3 PEMA 7.94 5.85 2.93 35.5 17.2 36.9
4 PEMA 3.97 4.34 2.17 29.0 12.8 54.7
5 PEMA 1.98 3.08 1.54 22.4 9.04 77.5
6 PEMA 0.99 1.92 0.96 15.3 5.65 96.9
7 PEMA 0.40 0.75 0.38 6.60 2.21 94.9
8 |PEG3DS25| 7.94 5.06 2.89 38.8 19.8 36.4
9 |PEG3DS50| 7.94 3.35 2.24 35.8 17.4 28.2
10 |PEG3DS75] 15.9 3.36 2.69 43.0 23.6 16.9
11 |PEG3DS86] 15.9 3.00 2.63 43.6 24.2 16.6
12 |PEG3DS86| 7.94 2.15 1.88 35.6 17.3 23.7
13 |PEG3DS86| 3.97 1.47 1.29 27.4 11.8 32.4
14 |PEG3DS86| 1.98 1.27 1.11 24.6 10.2 56.0
15 |PEG3DS86| 0.99 0.76 0.67 16.4 6.15 67.5
16 |PEG3DS86| 0.40 0.40 0.35 9.40 3.25 89.2
17 [PEGI0DS47| 7.94 1.27 0.83 24.4 10.1 10.4
18 [PEG20DS24f 15.9 1.39 0.79 24.0 9.89 5.00
19 |PEG20DS24| 3.97 1.26 0.72 22.3 8.99 18.1
20 [PEG20DS24{ 0.40 0.36 0.20 7.60 2.56 51.5
21 C3DS77 15.9 1.56 1.27 20.5 8.04 8.00
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22 C3DS77 3.97 0.42 0.34 6.50 2.18 8.70
23 C3DS77 0.40 0.27 0.22 4.30 1.41 56.0
24 | C10DS44 7.94 1.94 1.24 22.9 9.30 15.6

& see polymer properties in Table 4.
b from conductometric titration
¢ assuming CNF specific surface area of 32 m?/g from the supplier

Table 5 reveals that polymer dosages were high, most of the grafted yields were low, and
the charge contents of the resulting CNF were high. Grafted CNF charge ranged from
0.42 to 7.9 meg/g compared to 0.06 meq/g for unmodified CNF. Many factors influence
the grafting yields, including the ratio of the dose size to the available CNF surface area,
the density of reactive anhydride group