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Abstract

Starch is one of the most abundant polysaccharides worldwide next to cellulose.
Starch bio-polymers are sustainable, biodegradable, and abundant, but are often chemically
modified to improve the physical or chemical properties. Cold water-soluble starch (CWS)
is a starch variant of industrial relevance for applications including paper coatings, but the
high viscosity of starch solutions limits the amount of starch that can be incorporated. It
was hypothesized that the graft modification of CWS would make it more industrially
useful. Starch was modified using both grafting from and grafting to approaches using
nitroxide-mediated polymerization (NMP). NMP is a type of reversible-deactivation
radical polymerization which allows greater control over molecular weight distribution and
dispersity compared to free radical polymerization. In this work, bio-synthetic copolymers
of starch were targeted with high starch contents to preserve the sustainability of the
materials. The bio-synthetic polymers could have applications in sustainable paper coating

latexes, in green emulsion formulations, or in wastewater treatment.

In the grafting from approach, CWS was modified with 4-vinylbenzyl chloride
(VBC) and  2-methyl-2-[N-tertbutyl-N-(diethoxy-phosphoryl-2,2-dimethylpropyl)-
aminoxy] propionic acid initiator before graft polymerization with methyl methacrylate-
co-styrene, methyl acrylate, and acrylic acid. The (co)polymerisations were well controlled
showing linear reaction kinetics and relatively low dispersities (<1.5). Decreasing the
monomer concentrations decreased the grafted polymer dispersity. By varying the
polymerization time or monomer concentration, bio-synthetic polymeric materials with

tunable graft polymer content were produced.



In the grafting to approach, poly(2-(dimethylamino)ethyl methacrylate)
(PDMAEMA) or poly(2-(diethylaminoethyl) methacrylate) (PDEAEMA) were
synthesized via NMP and reacted with VBC modified CWS. Low grafting reaction
substitutions and thereby the low grafting densities were observed which were inherently
due to the grafting to method used. The final grafted materials had high starch contents.
The grafted materials were shown to be pH-responsive by titration, switching from positive
zeta-potential at low pH to negative zeta-potential at high pH. The measured zero zeta-
potential intersect at the polymer pKan corresponded well with literature for PDMAEMA
but poorly for PDEAEMA, indicating precipitation of the PDEAEMA grafted CWS.
PDMAEMA and PDEAEMA grafted CWS were shown to be good candidates for CO2-

switchable bio-materials.
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Chapter 1: Introduction

Latexes are used widely in applications including latex rubber products, latex
paints, and various primer, textile, and paper coatings.! Driven by the need to reduce
volatile organic emissions and improve environmental sustainability, water-based latexes
have largely replaced oil-based coatings in several applications, including, for example,
architectural coatings. There is further opportunity to decrease the environmental impact
of latexes, however, through the incorporation of renewable polymer components such as
starch. Starch bio-polymers have attracted attention as substitutes for synthetic polymers
due their low cost, high abundance, and biodegradability.? Starches and modified starches
are commonly used in agriculture as controlled water-release agents, in food applications
as emulsifiers and viscosity modifiers, and as sizing agents in textiles. Industrially, new
chemically modified starch graft copolymers could be used in water treatment,

biodegradable plastics, superabsorbent polymers, and oilfield applications.®

Water soluble starches are used commercially in paper coating latexes as binders
and sizing agents. In commercial paper coating applications, however, the starch loading
is limited by viscosity up to approximately 20 weight percent (wt%).2 If the starch bio-
polymers could be modified to a small extent with synthetic polymers, it is hypothesized
that the starch content could be increased upwards of 50 wt%. The modification would
increase the compatibility of the starch with the synthetic latex particles, prevent the starch
from migrating during the drying process, and prevent the large increase in viscosity
observed when native starch polymers interact in solution. This would dramatically

improve the sustainability of paper coating and other latexes. Thus, in this work, an



investigation into the graft modification of cold water-soluble starch (CWS) was

conducted.

Starch has poor mechanical properties, particularly when exposed to moisture, and
is therefore frequently modified with synthetic (co)polymers to improve the physical
properties and increase compatibility with hydrophobic polymers or matrices.* Graft
polymerization imparts the biodegradable starch with increased flexibility, rigidity,
thermal properties, and potential stimuli-responsiveness based on the monomers used. The
graft modification of starch and other polysaccharides has been conducted extensively.*®
All common monomer types have been copolymerized with starch including acrylates,
methacrylates, and styrenics. The challenges with FRP in starch grafting are the poor
control over molecular weight and dispersity of the polymer grafts. Reversible-deactivation
radical polymerization (RDRP) offers higher degrees of control over the molecular weight
(Mw) and dispersity (D) by appropriating living systems, but only a few studies have
explored RDRP grafting of starch. Limited RDRP has been conducted with starch using
atom transfer radical polymerization (ATRP), Activators Generated by Electron Transfer
(AGET) ATRP, and reversible addition-fragmentation chain transfer polymerization
(RAFT). Click reactions in combination with RDRP homopolymerization have also been
utilized in ATRP and RAFT. The third main RDRP technique is nitroxide-mediated
polymerization (NMP), which to the best of our knowledge has never previously been

conducted with starch.®

The NMP of starch using a grafting from mechanism is reported as a means to
create starch copolymers with high starch:synthetic component ratios (up to 70 wt%

starch). CWS is first modified with 4-vinylbenzyl chloride (VBC) to provide anchoring



groups for the nitroxide species. A starch macroinitiator (macroalkoxyamine) is then
synthesized by reacting 2-methyl-2-[N-tertbutyl-N-(diethoxy-phosphoryl-2,2-
dimethylpropyl)-aminoxy] propionic acid initiator (BlocBuilder® MA, BB-MA) with the
vinylbenzyl (VB) CWS (VB-CWS). Finally, grafting from is used to graft methyl
methacrylate and styrene copolymer (MMA-co-STY), methyl acrylate (MA), and acrylic
acid (AA) from the starch backbone. The obtained products are characterized by Fourier
transform infrared spectroscopy (FTIR), thermogravimetric analysis (TGA), elemental
analysis (EA), proton nuclear magnetic resonance (*H-NMR), carbon nuclear magnetic
resonance (3C-NMR), and solid-state carbon nuclear magnetic resonance (*3C CP-MAS-
TOSS). Acid hydrolysis of poly(MMA-co-STY) (P(MMA-co-STY)) grafted CWS (CWS-
g-P(MMA-co-STY)) allowed measurement of grafted polymer by gel permeation
chromatography (GPC). The controlled nature of the polymerizations show high
conversions can be achieved with relatively low grafted chain b (<1.5) and linear reaction
kinetics, confirming the successful NMP grafting of the CWS. To the best of our
knowledge, this is the first reported modification of a water-soluble starch via NMP using

the grafting from technique.

A grafting to method is also reported to graft starch with pH-responsive polymers
including poly([2-(dimethylamino)ethyl] methacrylate) (PDMAEMA) and poly([2-
(diethylamino)ethyl] methacrylate) (PDEAEMA). PDMAEMA and PDEAEMA are
synthesized in bulk by NMP and analyzed using GPC. A grafting to approach is utilized to
attach the pre-formed PDMAEMA and PDEAEMA to VB-CWS. All obtained products
are characterized by FTIR, TGA, EA, and H-NMR. The graft copolymers show pH-

responsiveness in switching from positive zeta-potential ((-potential) at low pH to negative



C-potential at high pH. To the best of our knowledge, this is the first reported modification

of a water-soluble starch via NMP using the grafting to technique.

The main objective of this research is to graft CWS with hydrophobic synthetic
polymers using NMP. NMP offers control over the polymerization process to give a robust
method to obtain sustainably-sourced bio-synthetic hybrid polymers. The specific research

goals are as follows:

1. Functionalize CWS with reactive vinyl groups for the creation of a CWS-
macroinitiator, determining the appropriate reaction conditions and chemical
species.

2. Create a CWS-macroinitiator by reaction of functionalized CWS with BB-MA.

3. Determine the appropriate reaction conditions for the NMP graft modification of
CWS-macroinitiator using the grafting from approach with MMA-co-STY, MA,
and AA.

4. Characterize all intermediates as a proof of concept in the NMP grafting of CWS.

5. Determine the appropriate reaction conditions for the NMP graft modification of
functionalized CWS with PDMAEMA and PDEAEMA using the grafting to
approach.

6. Assess the pH-responsive behaviour of PDMAEMA- and PDEAEMA-starch graft

copolymers.
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Chapter 2: Background
2.1 Starch Uses, Structure, and Properties

Starch is a natural component in plant materials including maize, rice, wheat,
tapioca, cassava, and other tubers or cereal grains. Starch can be isolated from plant
material by soaking, wet milling, grinding, and filtration or centrifugation.! During these
processes, fibrous plant materials and proteins are removed to isolate the native starch
granules. In 2012, the world production of starch was 75 million tons and was forecasted
to increase to 85 million tons by 2015.1 Next to cellulose, it is one of the most abundant
and relevant polysaccharides, having a wide range of applications in food, cosmetics,
agriculture, and textiles. Polysaccharides in general are often modified or grafted to
improve their mechanical, hydrophobic, thermal, or antibacterial properties.? Modified
starches have recently been investigated for use in water treatment, as bio-fillers in plastics,

as superabsorbent polymers, and as controlled drug release agents.>®

The preparation of cold water-soluble starch dates back to the early 1900s when a
method of acid digestion and precipitation into excess alcohol was reported to produce
cold-water soluble starch (CWS) for iodine titrations.” Currently, CWS is produced
through steam injection and spray drying, treatment in alcohol or polyhydric alcohol
solutions at high temperature, and treatment with alcoholic alkali solutions.® The
physicochemical properties of the starch are altered when making it water soluble, with a
characteristic loss of crystallinity and lack of a defined gelatinization temperature. The loss
of crystallinity leads to a loss in structural integrity. CWS is used in food and other
industries as a binder and filler material, and in applications where hydration is required

without increases in temperature. In these applications, structural integrity in the CWS is



not required. Chemical modification of native starches can also be used to make CWS as
an alternative to physical treatment. In this work, an experimental grade CWS was provided

by EcoSynthetix Corporation.

CWS is used commercially in paper coating latexes as a pigment binder in the
coating formulation. In paper coatings, starch functions to improve the paper properties
including gloss, surface strength, and wet pick resistance.® The starch acts as a sizing agent,
aiding to seal the raw paper fibers. The starch can also act as a binding agent in paper to
increase the paper thickness, flexibility, or stiffness.!® Starch is added to the coating latex
formulation, which is made traditionally of styrene-butadiene or styrene acrylic and other
components such as clays or pigments. As a bio-derived polymer, starch also increases the
sustainability of the paper coatings by replacing traditional styrene-butadiene or styrene-
acrylic synthetic polymers. In patent literature, however, the reported starch loading is
limited up to 20 weight percent (wt%) due to large increases in viscosity with CWS
content.’® Indeed, it is reported that starch loadings of 35% to 50% show performance
comparable to traditional synthetic paper coating latexes, but that at higher loadings the
final paper properties deteriorate.® As well, starches are known to migrate to the surface of
paper coatings during drying, which negatively impacts the final paper properties. It is
hypothesized that by modifying the CWS materials with synthetic polymer, the starch
loadings could be increased above 50 wt% and phase separation of starch during drying
could be prevented. The sustainability of the paper coating latexes would be improved
while performing comparably to traditional synthetic latexes. Therefore, in this work, an

investigation into the graft modification of CWS was conducted.



Starch is composed of anhydroglucose units (AGU) bound at the 1-4 and 1-6
positions. These are referred to as a(1-4) and a(1-6) linkages, as seen in Figure 2.1. Note
that in starch, in Figure 2.1, there can be a varying number of linear bonds before observing
a branch point. The linear portion of starch, known as amylose, is composed mainly of o(1-
4) linkages while the a(1-6) bonds give rise to a branched structure known as amylopectin.
The ratio of a(1-4) linkages to a(1-6) linkages determines the type of starch. Pure
amylopectin standards are usually waxy maize starches and have a(1-4):a(1-6) bonding
ratios of 19 to 21:1.1! The bonding structure is important because it determines the degree
of crystallinity of the starch and thereby the solubility of the starch in various media. Starch
also contains small amounts of lipids, polyphenols, and proteins.? These can be removed

by solvent extraction of the starch which may be necessary for analytical testing.

Starch is present in plants in segments known as granules which can range in size
from 2 um to 100 um.*®* The granules are further subdivided between crystalline and
amorphous regions. The crystalline regions constitute amylopectin bound in double-helical

structures and are separated by linear, amorphous, amylose regions,° as seen in Figure 2.2.

ﬁ o(1-6) linkage

=

a(1-4) linkages

Figure 2.1: Starch bonding structure showing carbon atom numbering and repeat AGU units connected by
a(1-4) and a(1-6) linkages.
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Figure 2.2: Starch crystalline structure showing presence of crystalline growth rings in granules, amorphous
amylose regions, crystalline amylopectin regions, and separation of linear and branched segments.®
Reprinted (adapted) with permission from Jenkins, P. J.; Comerson, R. E.; Donald, A. M.; Bras, W.;
Derbyshire, G. E.; Mant, G. R.; Ryan, A. J. In Situ Simultaneous Small and Wide Angle X-Ray Scattering:
A New Technique to Study Starch Gelatinization. J. Polym. Sci. Part B Polym. Phys. 1994, 32 (8), 1579-
1583. Copyright 1994 John Wiley & Sons, Inc.

Gallant et al. report that starch can have a crystalline content from 15% to 45% arranged
in blocklets.** The crystalline and amorphous regions of starch have been extensively
characterized by nuclear magnetic resonance (NMR) with respect to bonding structures,
crystallinity types, branching ratios, hydration and water mobility, gelatinization, and
retrogradation.'? Natural starches typically have 17% to 28% amylose content but can be
genetically modified for much higher amylose content.*>® While amylopectin is bound in
the crystalline regions in granules, it is an amorphous polymer when isolated,'® as in the

production of CWS.

The native starch granules are generally insoluble in agueous and organic media
and can therefore not be easily processed. The granules, however, can be swollen in the
presence of swelling agents such as sodium hydroxide (NaOH), which interferes with

hydrogen bonding between the starch chains and allows greater solvent penetration.’®

9



This is particularly important in high amylose content starches as amylose exhibits stronger
hydrogen bonding interactions than high amylopectin starches.’® Apart from poor
solubility, starch also suffers from poor mechanical properties when used in blends of
polymer materials. Starches are often modified, or graft copolymerized, with synthetic
polymers to improve the wetting properties. This allows dispersion or solubilization of
starch in organic media and improved stress transfer when used in composite materials.
The hydroxyl groups available on the starch chains act as sites for modification with
reactive or more hydrophobic chemicals. Starch modification commonly includes
carboxymethylation?® and acetylation®! for greater solubility properties but can also include
nucleophilic substitution such as benzylation for increased hydrophobicity.?>?® Other
techniques include esterification with anhydrides such as maleic anhydride?* and octenyl
succinic anhydride.?> Nanoparticles of octenyl succinic starches have been used as food
grade Pickering emulsifiers®® and as Pickering stabilizers?’ or seeds® in emulsion

polymerization.

There are two secondary hydroxyl groups and one primary hydroxyl group attached
to the starch backbone. Where o(1-6) linkages are present, the primary hydroxyl group is
substituted within the backbone. Although the primary hydroxyl is widely considered more
nucleophilic than the secondary hydroxyl groups, regioselective substitution of the primary
hydroxyl is rarely seen.?® During a reaction, the rates of reaction of the respective hydroxyl
groups do not change such that as the concentration of the primary hydroxyl groups
decreases, the substitution of the secondary hydroxyl groups becomes favoured. Only when
steric hinderance or other factors become significant will regioselective substitution

occur.?® The amount of modification or functionalization (extent of reaction) of starch is
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measured as the degree of substitution (DS), as is standard for polysaccharides. Starch has
up to three hydroxyl groups per AGU, such that the maximum DS is 3.0 mol molAGU™
(up to 3 mol substituent per mol AGU). The DS is commonly measured using titration3°-3°
or proton nuclear magnetic resonance (*H-NMR)!>36-39 in the case of soluble starch. Other
methods to determine the DS of starches include carbon nuclear magnetic resonance (**C-
NMR),**# Fourier transform infrared spectroscopy (FTIR),* flame atomic absorption

44

spectroscopy,*® high-performance liquid chromatography,** capillary electrophoresis,*

and headspace gas chromatography.*

2.2 Graft Polymerization
Graft polymerization is a process where initiation sites are created on a polymer

backbone and from which branches of a second polymer type are grown or attached. Graft
polymerization (grafting) can be carried out in homogeneous or heterogeneous conditions.
In homogeneous conditions the backbone polymer, initiation entities, monomer, and
grafted polymer product are soluble in the reaction media. Heterogeneous conditions exist
when either the backbone polymer or grafted polymer product are insoluble in the reaction
media. This is often the case when grafting using native starches, starch granules, or in
certain polymerizations with incompletely solubilized starch. Compared to homogeneous
grafting, heterogeneous or surface-initiated grafting is potentially limited by sterics of
chain growth onto crowded surfaces or monomer diffusion through dense graft layers.*
Curved surfaces, such as those of starch granules, lessen the impact of steric and diffusional

barriers by decreasing the excluded volume effects of dense chains on a flat surface.
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Moving from heterogeneous to homogeneous polymerization further decreases the effects

of steric and diffusion barriers due to enhanced chain mobility and reactive site availability.

Polymer grafting forms brush-like layers due to the conformation of the polymer
chains or excluded volume effects.*” The properties of the grafted polymer layer are
controlled by grafting density, polymer composition, and polymer chain length. The
composition of the polymers indirectly controls steric hindrance of the chains and chain
flexibility. With low grafting density, the polymer chains form mushroom-like structures
or collapsed flat structures depending on the strength of solvent interaction.*” With
increasing grafting density, the polymer chains become stretched due to a balance of the
chain elasticity and osmotic pressure, and form brush-like structures. When analyzing graft
copolymers, grafting percentage (GP) refers to the grafted polymer weight per weight of
initial starch, grafting efficiency (GE) refers to the grafted polymer weight per weight of
monomer charged, and homopolymer formation is characterized by weighing the extracted
vs. non-extracted polymer products.*® Ideally, homopolymer formation is only relevant for

free radical processes.

The three types of grafting reactions include grafting to, grafting from, and grafting
through, as depicted in Figure 2.3. In the grafting to reaction, polymer or oligomer chains
are synthesized in a separate reaction step and attached to the backbone after completely
formed. The grafting from approach utilizes an initiator to create radicals on the polymer
backbone from which monomer units propagate. Grafting through is a somewhat combined
approach in which a polymerizable unit is covalently attached to the backbone,
polymerization is conducted in solution, and with time the polymer chains in solution

interact with the bound surface units and continue growing.*® The advantages and
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disadvantages of each reaction method are described in Table 2.1. It was found that grafting

from has been used almost exclusively with starch copolymerization.

/ (e
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a) Grafting To b) Grafting From c) Grafting Through

Figure 2.3: a) Grafting to approach where pre-synthesized polymer chains are attached directly through
reactive groups (dark red) to surface functional groups (light red); b) grafting from approach where individual
monomer units (blue) grow from initiation sites (dark red) on the polymer backbone; c) grafting through
approach where monomer units (blue) polymerize in solution and polymer chains with reactive groups (dark

red) interact and grow through the surface functional groups (light red).

Table 2.1: Comparison of grafting to, grafting from, and grafting through approaches for graft

polymerization.

Advantages Disadvantages
Grafting | - Pre-fabrication of polymer allows | - Low GE due to steric hinderance
To control over composition and | - Diffusion to backbone self-limiting
tacticity

- Pre-fabrication of polymer allows
easy and accurate determination of
molecular weight (Mw) and dispersity

(B)

Grafting
From

- Higher grafting density due to lower
steric hindrance

- Applicable to most known methods
for polymer synthesis*’

- Potential homopolymer impurity
requiring additional purification

- Can be difficult to cleave chains
from surface to measure My and

Grafting
Through

- Lower steric hindrance than
grafting to approach®
- Grafting thickness reproducibility

(robust process)®°

- Potential homopolymer impurity
requiring additional purification

- Low GE due to steric hindrance

- Diffusion to backbone self-
limiting™
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2.3 Free Radical and Reversible-Deactivation Radical Polymerization
Starch grafting has traditionally been accomplished by free radical polymerization

(FRP) but has more recently been conducted by reversible-deactivation radical
polymerization (RDRP). RDRP has become a more prominent method for polymer grafting
due to the desire to make advanced and controlled architectures such as block copolymers.
RDRP (the IUPAC recommended term) is often referred to synonymously in the literature
as controlled radical polymerization, living radical polymerization, or controlled/living
free radical polymerization. RDRP, however, is now the standardized term for these
systems. RDRP offers much better control of the My and B (<1.5) than FRP. Thus, it is
used in specialty applications in industry where control of the polymer My and B are
critical. FRP, conversely, is commonly used in many mainstream polymerization processes
and characteristically generates high molecular weight polymers but with high B (>1.5 to

2) in short periods of time.

In polymer grafting using FRP, an initiator decomposes to create radicals on the
starch backbone which then further propagate the polymerization of grafts. In polymer
grafting using RDRP, an initiator is often covalently bound to the starch, from which
polymer chains can propagate. The most common RDRP methods for polymer grafting are
atom transfer radical polymerization (ATRP), reversible addition-fragmentation chain
transfer polymerization (RAFT), and nitroxide-mediated polymerization (NMP). All three
approaches are similar methods, employing a competing (reversible) reaction to the main
polymerization to capture radical functionality and preserve the living nature of the system.
The deactivation rate constant in these systems (capturing radical functionality) is tuned to
be larger than the activation rate constant. In this way, most growing polymer chains are

dormant at any given moment, helping to suppress termination events. An RDRP system
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is considered sufficiently living when the polymerization follows linear reaction kinetics,
when the B is low (1.0 to 1.5), when the polymer number average molecular weight (M)
increases linearly with time, and when the polymers can be chain extended in further
polymerizations.>! The lowest D limit for FRP is 1.5 whereas B values approaching 1.0 are

achievable using RDRP.

FRP grafting has been widely used to modify starch with methyl methacrylate
(MMA),4°2-83 ethyl, butyl, and hexyl methacrylates,®52°°86485 glycidyl methacrylate
(GMA),% styrene (STY),>*%"-" methyl, ethyl, and butyl acrylates,>*°"8747¢ acrylic acid
(AA),478  methacrylic  acid,*882  acrylonitrile  (AN),®767983-8  acrylamide
(AM),5870.76.78.87.8%-95 and methacrylamide.’® Conversely, few studies have explored RDRP
grafting of starch. Limited RDRP has been conducted with starch using ATRP of butyl
acrylate,% STY, %% MMA %% AM,>% and hydroxyethyl acrylate,® Activators Generated
by Electron Transfer (AGET) ATRP of GMA,'® and RAFT of polyvinyl alcohol'®! and
vinyl acetate'®. Click reactions in combination with RDRP polymerization have been
utilized in the grafting of butyl acrylate and butyl, hexyl, and dimethylaminoethyl

methacrylate by ATRP,® and vinyl acetate by RAFT.1%

One important factor in the graft polymerization of starch is the susceptibility of
starch to acid hydrolysis. The ether bonds in starch readily break down in the presence of
acids at high temperature, which can be used to remove starch from a starch-graft
copolymer product. In this way, the graft My and B can be measured directly without
employing a grafting to mechanism. This is extremely important for RDRP reactions in
verifying the approximate livingness of the polymerization systems. It has been reported

previously for other polysaccharides, particularly for cellulose nanocrystals and chitosan,
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that analysis of grafted chains in the grafting from process is difficult or impossible because
they cannot be isolated.'® In this way, starch is an advantageous material to use in the
grafting from approach. High amylose starches, however, are less susceptible to acid
hydrolysis,” which could affect the removal of grafted chains after polymerization. Over
a range of starch materials and amylose contents, however, there were no reports found

where acid hydrolysis of starch was unsuccessful.

Tizzotti et al. presented a review of RDRP techniques used to modify
polysaccharides from 2000 to 2010.2 Similarly, a review by Garcia-Valdez et al.
summarized the work of RDRP grafting of polysaccharides up to 2017.33 Another review
by Glasing et al. also covered RDRP grafting of polysaccharides but this review did not
include starch materials.'® The initial review by Tizzotti et al. (2010) identified RDRP
work in mainly cellulose, but also dextran, oligosaccharides, and pullulan in grafting to,
grafting from, and grafting through. The authors identified very limited works with starch.
Garcia-Valdez et al. (2017) presented nine total studies on RDRP starch grafting, six with
ATRP and three with RAFT, as seen in Figure 2.4. Publications in starch grafting with
RDRP have been monitored since January 2017 and relevant reports are discussed in

section 2.4. No publications of NMP with starch have been found.

2.3.1 Atom Transfer Radical Polymerization
ATRP proceeds via a reversible redox process with a transition metal catalyst

carrying a halogen compound, as seen in Scheme 2.1. The halogen atom can be abstracted
to reversibly terminate a growing radical, suppressing bimolecular termination reactions

and resulting in a living system. The transition metal is often copper while the halogen is
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Figure 2.4: Summary of RDRP (ATRP, RAFT, and NMP) studies on polysaccharides up to 2017.%°
Reprinted from Graft Modification of Natural Polysaccharides via Reversible Deactivation Radical
Polymerization, 76, Garcia-Valdez, O.; Champagne, P.; Cunningham, M. F., 151-173, 2018 with permission
from Elsevier.

often bromine. An advantage of ATRP is that it can be directly used with both less activated
monomers and more activated monomers such as MMA.*® NMP, for example, traditionally
has been less compatible with methacrylate homopolymerizations. ATRP is also
compatible with a wide range of polymerization conditions including bulk, emulsion, and
suspension systems. In comparison to RAFT and NMP, ATRP can achieve higher grafting
densities, particularly on surfaces, as there is lower steric hinderance for the smaller ATRP
mediators than NMP or RAFT mediators.*® The main disadvantage of using ATRP is the

need for removal of transition metal ions after the polymerization for visual or consumer

k
Po— X+ M xLigande——=P," + X — M®*D « Ligand
d / Lo}

Propagation Termination

Scheme 2.1: ATRP mechanism where a halogen species (X) activates or deactivates a growing polymer
chain by transferring between an activating M™ or deactivating M9 transition metal complex.
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safety reasons. ATRP catalysts can also be incompatible with acidic monomers due to
catalyst interference and deactivation, which may require a two-step protection process of
the monomer functionality.*® Another consideration is that ligands coordinated with the

ATRP catalyst are also used, which must be tuned for specific monomers.>*

2.3.2 Reversible Addition-Fragmentation Chain Transfer Polymerization
RAFT polymerization is a method based on degenerative chain transfer for trapping

radical functionality. Early RAFT agents were based on dithioesters, but a range of RAFT
agents have been further synthesized to match the requirements of different
polymerizations for dissociation constants.'%1%” The choice of the RAFT agent should be
based on the monomer, R leaving group, species Z which activates and deactivates the
double bond, and the stability of the intermediate radical,’®” as seen in Scheme 2.2.
Termination events are not directly suppressed in RAFT, but a living nature is observed
when a large number of polymer chain ends exist with RAFT functionality compared to
the terminated chain ends.’®” Due to the variety of RAFT agents, RAFT systems are
compatible with a range of vinyl monomers and are highly tolerant to monomer functional
groups.*® The presence of the Z leaving group and functionality of the chain transfer agent
can also lead to highly complex graft structures,® such as star or multi-arm copolymers. In
addition, RAFT often requires only mild reaction conditions. The main disadvantage of
RAFT is the commercial availability of RAFT agents, as they are often not commercially
produced.*® To effectively conduct RAFT, the transfer agents need to be synthesized and

tuned to suit the monomers being used.’® As well, similar to ATRP systems, the RAFT
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Scheme 2.2: Reversible addition-fragmentation chain transfer polymerization mechanism where a chain
transfer agent (S=Z-S) reversible terminates growing polymer chains (P) and (R) which can re-activate
through fragmentation.

agents may need to be removed after polymerization for visual or consumer safety reasons.

This is particularly true for sulfur-based RAFT agents.

2.3.3 Nitroxide-Mediated Polymerization
NMP is often considered the most “simple” RDRP technique because it can use a

unimolecular reaction mechanism and activation is through thermal dissociation.®! The
benefits of NMP compared to ATRP or RAFT include eliminating the need for transition
metals and odour- or colour-causing agents which may be unsuitable for the final
applications. NMP has been considered the least robust RDRP mechanism due to
polymerization limitations based on monomer types, which will be discussed. The
synthesis of new alkoxyamine species, however, has largely addressed these issues in the

versatility of NMP.

NMP is carried out using alkoxyamine species which dissociate at elevated
temperatures and reversibly capture radical functionality through the persistent radical
effect® (Scheme 2.3). A variety of different alkoxyamine or nitroxide species have been
synthesized for NMP. Solomon et al. first presented the idea of NMP and the use of the

most well-known nitroxide, 2,2,6,6-tetramethylpiperidinyl-1-oxy (TEMPQO) in enhanced
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Scheme 2.3: Nitroxide-mediated polymerization mechanism where a dissociated alkoxyamine species (N,
nitroxide) reversible terminates a polymer chain (P).

free radical polymerization.® The first published use of NMP was in the TEMPO-
mediated FRP of styrene (STY) and styrene-butadiene where polymerization showed an
increase in My, without broadening of the distributions.'®® The cyclic nature of TEMPO, as
seen in Figure 2.5 a, was sufficient to weaken the O-X bond which can undergo reversible
homolysis at elevated temperatures. Also shown in Figure 2.5 b is a widely used nitroxide,
the acyclic tert-butyl[1-(diethoxyphosphoryl)-2,2-dimethylpropyl]amino free nitroxide
(SG1).11% SG1 is commercially available from Arkema as the alkoxyamine BlocBuilder®
(BB). The dissociated alkyl fragment (propagating radical) is a methacrylic acid radical in
BB-MA. With the discovery of SG1 and other nitroxides beyond TEMPO such as 2,2,5-
trimethyl-4-phenyl-3-azahexane-3-oxyl (TIPNO),* the range of monomers suitable for
NMP broadened from only styrenics to include acrylates, AA, dienes, and substituted

acrylamides.'*?

a) TEMPO b)SG1

Q=P ——-=a0
N )<
| N
o* ‘
o

Figure 2.5: a) 2,2,6,6-tetramethylpiperidynyl-1-oxy (TEMPO); and b) tert-butyl[1-diethoxyphosphoryl)-
2,2-dimethylpropyl]lamino (SG1) free nitroxide structures.
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At elevated temperatures the O-MA bond in the BB-MA species undergoes
homolysis to form the free SG1 nitroxide and a methacrylic acid alkyl fragment, as seen in
Scheme 2.4. The success of NMP is due to the stability of the nitroxyl radical formed,
which is attributed to the delocalization energy of the pi(N-O) bond.>! For the same reason,
the nitroxyl radicals do not undergo dimerization during polymerization. This allows the
addition of monomer units in a controlled manner between dissociation and re-combination
events, without the loss of the free nitroxide. The mechanism for NMP is shown in Scheme
2.3 where the nitroxide species (N) reversibly terminates a growing polymer chain.
Unfortunately, the activation-deactivation equilibrium constant for SG1 is too high to
homopolymerize methacrylates as there are too many propagating radicals and high
chances of termination or B-hydrogen transfer.!'2 The solution was found to add 2-10 mole
percent (mol%) of a controlling comonomer, either STY or AN, which lowered the
activation-deactivation equilibrium constant and reduced the reaction temperature to only
90 °C with MMA.*2113 When working with acrylates, the polymerization rate is also high
and the addition of free SG1 in the reaction is necessary to slow the propagation rate and
provide control. Although this report focused on SG1, new alkoxyamines have been

recently synthesised which allowed the homopolymerisation of MMA without a
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Scheme 2.4: Homolysis and equilibrium of BB-MA to give SG1 free nitroxide and methacrylate fragment.

21



controlling comonomer.*411°

To analyze the kinetic data obtained during the CWS grafting, an examination of
the kinetics for NMP with a unimolecular reaction mechanism was prudent. The analysis
was completed by previous works on NMP kinetics®1¢ or living radical polymerization
Kinetics.! 7118 The rate of monomer consumption is given in Equation 2.1 where [M] is the
monomer concentration, Kp is the propagation rate coefficient, and [Pe] is the concentration
of propagating radicals (in this case macroradicals). This analysis assumed that all rate

coefficients were chain length independent.

~ = kplP7]IM] (2.1)

NMP provides control over the polymerization when the propagating radical
concentration is constant, giving a linear evolution of the conversion index (-In(1-X)) with
time.® This is equivalent to a constant [P+]. Assuming that the number of living chains is
much larger than the concentration of dead chains, the equilibrium [Pe] is given by
equations 2.2 and 2.3. The analysis distinguishes between persistent radicals (nitroxide
species, [N¢]) and propagating radicals or macroradicals ([P¢]). Equations 2.2 and 2.3 are
valid for systems with both added excess free nitroxide (incorporated into [N¢]) or no added
free nitroxide. K is the activation-deactivation equilibrium constant, K = ka/kc where Ky is
the nitroxide dissociation (activation) rate coefficient and k¢ is the combination

(deactivation) rate coefficient.
[P*][N°*] = K[P — N] = K[P — N], (2.2)

1 ~ K[P-N] ~ K[P-N],
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Equation 2.3 assumes that [N+] at any instant is equal to the initial persistent radical
concentration [Ne]o, either with or without added free nitroxide, such that decomposition
of the nitroxide or loss of nitroxide radicals is minimal. At the stationary state, separating
variables in Equation 2.1 and substituting Equation 2.3 leads to Equation 2.4 and Equation
2.5 (rearranging the natural log, [M] = [M]o(1-X)) and the evolution of a linear dependence
of -In(1-X) on time. Thus, a well-controlled NMP would reach this stationary state and

show a linear correlation between -In(1-X) and time. Equation 2.4 and Equation 2.5 hold

for reactions with or without free nitroxide added, which is accounted for in the [N']o.116

—1n( ) (kK)([N]) (2.4)

—In(1 - X) = (k, K)([N] ) (2.5)

2.4 RDRP Grafting of Starch
As mentioned in section 2.2, the graft polymerization of starch can be carried out in

heterogeneous and homogeneous media. Heterogeneous conditions exist for native or
swollen starch granules while homogeneous conditions exist for modified native starches
or cold water-soluble starches. It was found that only ATRP had been used to copolymerize
starch in heterogeneous reaction systems. Both ATRP and RAFT were used to polymerize
starch in homogeneous reaction systems. NMP has not been used to graft starch in either

heterogeneous or homogeneous media.
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2.4.1 Heterogeneous ATRP Grafting of Starch
The earliest study on RDRP grafting from starch focused on ATRP grafting of butyl

acrylate (BA) from starch granules.®® 2-Bromoisobutyryl bromide (BIB) was attached to
the granule surface using triethylamine (TEA) through soaking in tetrahydrofuran (THF)
for an extended period (eight hours). The catalyst in the ATRP was a mix of Cu(l)Br and
1,10-phenanthroline. FTIR was used to confirm synthesis of the macroinitiator and FTIR,
differential scanning calorimetry (DSC), and x-ray diffraction (XRD) were used to confirm
grafting of the starch with BA. The conversion and GP were calculated using elemental
analysis (EA) in comparison to the pure starch. It was found that the polymerization
showed good living characteristics (followed linear Kinetics) but no measurement of the

graft Mw or B was conducted.

Bansal, Ray, and Chaterjee used an expanded corn starch in surface initiated ATRP
and in AGET ATRP for the polymerization of GMA.1® While the mechanism was surface
initiated, the corn starch was expanded to increase the surface area and porosity for
reaction. The difference between AGET ATRP and standard ATRP is the addition of an
external reducing agent which allows the catalyst concentration to be reduced significantly.
The ATRP macroinitiator was synthesized using TEA and BIB to a DS of 0.05. The AGET
ATRP macroinitiator, however, was synthesized by adsorbing Cu(ll)Br, and
N,N,N’,N”’,N’’-pentamethyldiethylenetriamine (PMDETA) on the surface of the starch to
create a supported catalyst. Formation of the two initiators was confirmed with FTIR,
NMR, and XRD. It was given that the catalyst system should adsorb strongly onto starch
as it is characteristically a good adsorbent for metals and this method had already been
demonstrated for cellulose. The B of the polymer in the AGET ATRP reactions was
between 1.37 to 1.64. Dispersities for the SI-ATRP grafted polymer were not reported but
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it was found that conversions of 50.2%, 52.0% and 70.1% were obtained in three hours
with different monomer concentrations. Moreover, the authors were able to wash the
starch-based catalyst out of the AGET ATRP reactions and repeat polymerizations without

significant loss in catalyst activity.

A study by Avval, Moghaddam, and Fareghi grafted polystyrene to starch in an
ATRP dispersion polymerization for enhanced biodegradability.®> The authors claimed that
polystyrene and AN could not be grafted to starch using FRP, citing non-mainstream
journals and disregarding the body of literature in which these had already been
established. Nonetheless, starch powder was dispersed in dimethyl acetamide (DMAC)
with LiBr at 80 °C under reflux before being functionalized with acetyl bromide in the
presence of pyridine. Cu(l)Br and PMDETA catalyst were added and STY was
polymerized at 80 °C for 18 hours. FTIR, DSC, TGA, and atomic force microscopy (AFM)
were used to confirm synthesis of the macroinitiator and ATRP. Although not mentioned
in the methods section, AN was also grafted to starch using ATRP, as confirmed in the
analytical testing. In the conclusions, the authors claim to have grown a thin layer of both
polymers on the surface of the starch due to the heterogeneous nature of the reactions.
There was no supporting evidence apart from AFM to confirm this, and no testing of the
chain My or B was conducted. The study was taken as a proof of concept for the reaction

with starch, although polystyrene had already been grafted by previous studies at this time.

In a follow-up study, Moghaddam et al. compared the FRP of carboxymethyl starch
(CMS) and ATRP grafting of native starch with AM and hydroxyethyl acrylate for targeted
drug delivery.®” The CMS was prepared in an isopropanol-water mixture with NaOH as a

swelling agent and monochloroacetic acid as the carboxymethylation agent. The DS was
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obtained unconventionally by repeated degradation in a muffle furnace followed by sodium
assay and found to be 1.89. FRP was carried out using an ammonium persulfate (APS)
initiator. The native starch was functionalized with chloroacetyl chloride in the presence
of pyridine to a DS of 2.51. ATRP was carried out after purifying the starches, re-
dispersing, and adding a PMDETA / CuCl catalyst system. Similarly, FRP of the CMS was
conducted by adding APS with a water solvent. FTIR, TGA, DSC, AFM, and XRD were
used to confirm grafting of the polymers from the starch backbones. The drug release
profiles for the polymers swollen with cephalexin were measured using ultraviolet-visible
spectroscopy (UV-Vis). The ATRP grafted copolymers had a longer drug release time
which was attributed to the reduction in D of the polymer chains with ATRP, creating a
more uniform drug loading on the polymer chains. Thereby the authors concluded that
ATRP graft copolymers were more suitable for drug release. It must be noted, however,

that no measure of the graft chain My or B was made for either the FRP or ATRP materials.

2.4.2 Homogeneous ATRP Grafting of Starch
In the first reported instance of homogeneous ATRP grafting of starch, Nurmi et al.

grafted MMA from an acetylated starch soluble in THF.*® Starch triacetate underwent
transglycosylation at high temperature with ethylene glycol. Although the authors stated
the acetylation was conducted only at the C6 position, a DS of 2.2 was reported, showing
that some secondary alcohols had been displaced. BIB was attached in the presence of
pyridine to produce the starch macroinitiator. The BIB DS was determined by *C-NMR
to be 0.02, 0.09, and 0.76. A large excess of MMA monomer was used compared to the
initiator groups (380:1) and the polymerization was conducted in solution and bulk

conditions. Conversions up to 35% were reported after two hours. The grafted copolymer
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was isolated by hydrolysis of the starch backbone and the B was analyzed to be 1.33
compared to 11.4 measured for the non-hydrolyzed grafted starch. The authors concluded
that the system showed sufficiently living characteristics. Films of the formed copolymers

showed enhanced hydrophobic characteristics and could be used in surface coatings.

Homogeneous conditions for the ATRP of STY and MMA were also achieved with
starch in dioxane / dimethyl formamide (DMF) mixtures after synthesizing the starch
ATRP macroinitiators in the ionic liquid [AMIM]CI.%® Although the dissolution of starch
took two hours in the [AMIM]CI, a starch-bromide macroinitiator was created using BIB.
The macroinitiator was purified and re-dissolved in dioxane and DMF before adding
Cu(DCI and conducting the grafting reactions. Acid hydrolysis was used to cleave the
polymer chains and found high graft D values of 1.33 to 2.13 for STY polymerization and
1.25 t01.49 for MMA polymerization. It was determined that the P of the non-hydrolyzed
grafted starch was higher at 4.09 for STY and 2.63 for MMA polymerization. FTIR, H-
NMR and *C-NMR were used to confirm synthesis of the starch-bromide macroinitiator
which ranged in DS from 0.56 to 1.36. The authors found that they could increase the graft
chain length by increasing monomer concentration, temperature, reaction time, and
changing the solvent ratio. The influence on polymer B was stated to be negligible in these
cases. The optimal reaction conditions were in a 3:1 mixture of dioxane:DMF at 70 °C with

CuBr/PMDETA catalyst, at a monomer ratio of [STY]:[starch-macro] of 100:1.

A combination of ATRP and the copper-catalyzed version of the Huisgen 1,3-
dipolar cycloaddition click reaction between terminal acetylenes and azides was used to
graft purely amylose starches with BA, butyl methacrylate (BMA), hexyl methacrylate,

and dimethylaminoethyl methacrylate under homogeneous conditions.'®® BMA was first

27



polymerized using ATRP in bulk conditions with ethyl-2-bromopropionate, PMDETA,
and Cu()Br at 40 °C. The other methacrylates were polymerized in THF using initiator,
1,1,4,7,10,10-hexamethyltriethylenetetramine, and Cu(l)Br also at 40 °C. The amylose was
first oxidized in aqueous dispersion using sodium periodate, purified, and reacted with
propargylamine to add the alkenyl functionality. The click reaction was carried out
homogeneously in DMSO or DMF at 40 °C. The authors presented the mechanisms in the
reaction process, as seen in Figure 2.6. The products and intermediate species were
extensively characterized by FTIR, *H-NMR, gel-permeation chromatography (GPC), and
TGA. The self-assembly properties of the final copolymers were determined through
dynamic light scattering (DLS) and transmission electron microscopy (TEM). The analysis
showed a range of nanoparticle sizes from <100 nm to >350 nm as well as large aggregates
of particles in the range of 30 nm to 40 nm. The specific use of the click reaction
mechanism was given to increase the GE compared to traditional grafting to mechanisms
and offer a way to highly control and tune the hydrophobic modification of amylose. In a
follow-up study, analysis of the BMA grafted amylose was conducted by electron
paramagnetic resonance to determine the Cu(ll) content in the copolymer.**® In addition, a
detailed analysis by solid-state NMR was used to further elucidate the structure of the
copolymer. The analysis confirmed that even with extensive purification of the final

polymer that the copper catalyst and ligand structures were still present.

The most recent study on RDRP grafting of starch involved the ATRP of AM with

starch to compare the properties of the starch copolymer to FRP grafted starch.'?® The
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Figure 2.6: Preparation of amylose-methacrylate graft copolymers and through ATRP and "click" chemistry,
and self-assembly using solvent precipitation.'® Reprinted (adapted) with permission from Betoldo, M.;
Zampano, G.; La Terra, F.; Villari, V.; Castelvetro, V. Amphiphilic Amylose-g-Poly(Meth)Acrylate
Copolymers through “Click” onto Grafting Method. Biomacromolecules 2011, 12 (2), 388-398. Copyright
2011 American Chemical Society.

authors discussed the applications of AM polymers in enhanced oil recovery and water
treatment, to which starch-based copolymers could contribute biodegradability. A waxy
potato starch-based macroinitiator was first synthesized in anhydrous DMAc with 2-
bromopropionyl bromide at room temperature for three hours. ATRP was conducted in
aqueous medium with added Tris[2-(dimethylamino)ethyl]amine and CuBr catalyst. Acid
hydrolysis in hydrochloric acid (HCI) at 100 °C for two hours was conducted to remove
the starch backbone from the grafted chains. The product and intermediate species were
characterized by FTIR, H-NMR, and 3C-NMR. When the DS of the macroinitiator was
varied above 0.26 it became insoluble in water upon attempted polymerization but
remained soluble in organic solvents. SEM, XRD, TGA, and DSC were further used to
confirm ATRP and showed changes in the morphology of the starch. The B of the grafted
chains ranged from 1.31 to 1.69 when analyzed by GPC and the M, of the chains was on

the order of 10%. Changing the reaction conditions led the authors to conclude there was an
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optimum monomer:solvent ratio, catalyst/deactivator content, and reaction time. The

method offered a tunable synthesis of AM grafted starch.

2.4.3 Homogeneous RAFT Grafting of Starch
The first study on starch grafting using RAFT was conducted with starch-xanthate

RAFT agents to make starch grafted polyvinyl alcohol (PvOH) copolymers in hydrogels.1%t
A water-soluble starch was used such that all reactions were performed homogeneously.
The starch was first esterified with maleic anhydride to attach reactive vinyl groups. Under
acidic conditions, potassium ethyl xanthogenate was reacted to the vinyl groups to create
the macro-RAFT agent. Vinyl acetate was polymerized by RAFT using
azobisisobutyronitrile (AIBN) initiator at 80 °C. The intermediates and final polymer were
characterized using FTIR, UV-Vis for the thio-carbonyl bond, *H-NMR, TGA, and GPC.
HCI hydrolysis of the starch backbone allowed determination of the graft chain My and D.
Films of the graft copolymer were characterized by contact angle measurement and TEM
was used to characterize micelles of the polymer. Finally, XRD was used to characterize
the final polymer and dynamic mechanical thermal analysis determined the viscoelastic
properties. The polymerization showed living characteristics with linear correlations and
low B values (<1.5). It was found that the hydrophobicity of the copolymer films increased
with graft Mw, the diameter of micelles formed increased with increasing graft length, and
dynamic mechanical analysis confirmed the formation of starch-vinyl acetate hydrogels
with increased mechanical strength. The linear correlation of self-assembly and PvOH graft
length, along with the formation of hydrogels, led the authors to conclude the final polymer

may have applications in the biomedical field.
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Lu, Xiao, and Sun created a starch-based xanthate RAFT agent to initiate grafting
of vinyl acetate.!%? The xanthate agent was synthesized by first reacting starch with
bromoacetyl bromide in DMACc solution at 100 °C and then reacting the starch-bromide
with potassium ethyl xanthogenate in DMSO solution at 60 °C. TGA, FTIR, and *H-NMR
were used to characterize the material, as well as TEM for apparent self-assembly
behaviours. Although the presented 'H-NMR incorrectly identified the starch-
xanthogenate agent peaks, it did confirm polymer grafting. Hydrolysis of the starch
backbone gave polymer grafts with B values ranging from 1.24 to 1.53. FTIR and TGA
confirmed functionalization and polymerization of the starch, but the TGA curve was again
incorrectly labelled for starch degradation. The synthesized copolymers were shown to
self-assemble in aqueous solution, although no analysis was done on the particle size

distribution of the micelles.

Another study looked at improving the biodegradability of PvOH and mechanical
properties of starch through graft modification with PvOH in a homogeneous combination
of RAFT polymerization and Cu(l)-catalyzed alkene azide cycloaddition click reaction.*%
This study was built on the work of Lu et al. (2012) above, which demonstrated the viability
of starch-xanthate RAFT agents. The goal was to control the structure of the starch-g-
PvOH and tune the composition. The starch was first tosylated with toluenesulfonyl
chloride before undergoing azidation to facilitate the click chemistry. Separately, an
alkyne-terminated xanthate chain transfer agent was synthesized according to previous
literature. AIBN initiator was used in the RAFT polymerization of the PvOH which was
grafted to the azide functionalized starch in the presence of CuBr and PMDETA catalyst.

Extensive characterization was conducted including FTIR, *H-NMR, 3C-NMR, and GPC.
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Films were also formed by the material and characterized by contact angle measurement,
and micelles of the polymers were formed and analyzed by SEM and DLS for particle size.
EA was used to determine the extent of azidation, at 20.7 wt% for the final modified starch.
The My, of the grafted polymers were determined before reaction and the B values were
low (1.09 to 1.28). In addition, the amphiphilicity of the final polymers was confirmed
when micelles were formed with an average diameter of 97.6 nm. Unfortunately, the
polydispersity index (PDI) of the particles was not reported but the distribution appeared
very broad. The authors concluded that the starch content in the copolymer could be
adjusted by changing the feed ratios of starch to polymer, and that this successful reaction

could be used to make further bio-conjugates.

2.5 NMP Grafting of Polysaccharides
As stated previously, there has been no use in literature of NMP grafting with starch

materials. There has, however, been use of NMP with other polysaccharides including
cellulose, cellulose nanocrystals (CNCs), chitosan (CTS), and dextran. The techniques
have included both grafting from and grafting to approaches. Due to the lack of background
information for NMP starch grafting, the previous work on other polysaccharides was

summarized.

2.5.1 NMP Grafting of Cellulose
Cellulose polymers are derived from fibrous and wood-based bio-materials.

Cellulose is the most abundant bio-polymer worldwide and has been extensively

researched as reinforcing filler in composite materials, in chemical, mechanical, optical,
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and electrical sensors, in biochemical and drug delivery systems, in electrode binders, and
as dye and heavy metal adsorbents.'?*'?°> The graft modification of cellulose using FRP
and RDRP techniques has been extensively documented.*?® Cellulose is composed of f-D-
anhydroglucosepyranose units attached by B(1-4) linkages, as seen in Figure 2.7. Similar

to starch, cellulose is composed of alternating amorphous and crystalline regions.
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Figure 2.7: Cellulose bonding structure, showing B(1-4) linkages between anhydroglucose units.

The first NMP grafting of cellulose was conducted by Daly et al. who grafted
polystyrene from cellulose via Barton Esters with TEMPO mediation.*?” Hydroxypropyl
cellulose was reacted with 1-oxa-2-oxo-3-thiaindolzinium chloride in the presence of
pyridine while shielded from light to yield a Barton Ester functionalized cellulose. The
modified cellulose was added to a solution of TEMPO and STY in DMF and irradiated
with visible light to give a cellulose-TEMPO adduct. The adduct was then isolated and
polystyrene grafting was conducted in STY solution with added free TEMPO at 130 °C. It
was found that both the M, and B of the grafted chains, analyzed by acid hydrolysis of the
cellulose, increased with increasing reaction time. 36% conversion was achieved overall
and the B values of the grafted polystyrene varied from 1.34 to 1.52 over the reaction time

from 12 hours to 48 hours.
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To graft cellulose under homogeneous conditions, Moreira et al. first synthesized
acetylated cellulose acetate using acryloyl chloride in the presence of TEA.}?® BB-MA
was then reacted with the acetyl groups at 100 °C in THF. The DS of the acrylate groups
was 0.03 and 0.2 for different samples and the yield of the BB-MA reaction was 100%,
from 3C CP-MAS NMR. These values were reported from solid-state NMR even though
it is not a quantitative measurement. Polystyrene was grafted to the cellulose in DMF,
targeting Mn between 40000 g mol™ and 80000 g mol™ at high conversion. In addition,
alkaline hydrolysis was used to remove the cellulose from the final graft copolymers and
analyze the Mn and D of the grafted chains. It was found that there was a relatively linear
increase in My with conversion, but that at conversions greater than 40% the B of the
grafted chains became high (>1.6). The polymerization had a good living nature only up to
30% conversion at which moderately high Mn values were reached (15000 g mol to 25000
g mol?). Interestingly, the authors also completed an analysis of the effect of the BB-MA
functional position on the glucose unit on the dissociation rates of the alkoxyamine. By
electron spin resonance (ESR), it was found that substitution on the primary versus
secondary acetylated alcohols and substitution on native versus acetylated glucose all had

no effect on the dissociation energy and therefore the dissociation rate.

Another study functionalized cellulose with BIB in the presence of pyridine and
further 4-hydroxy-2,2,6,6-tetramethyl piperidine-1-oxyl (4-hydroxy-TEMPO) in DMF.?°
The success of these reactions was confirmed using FTIR and *H-NMR. Oddly, the FTIR
analysis shows almost no change moving from BIB functionalized cellulose to 4-hydroxy-
TEMPO functionalized cellulose. The *H-NMR spectra seemed to show functionalization

with 4-hydroxy-TEMPO, but they also showed an unexplained upward shift in all cellulose
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backbone protons after functionalization. In the graft copolymerization of STY and MMA-
co-STY, benzoyl peroxide was added to the solutions. Although it is unclear and not
mentioned why an external initiator was added to the system, FTIR and *H-NMR showed
successful grafting of the cellulose after purification by Soxhlet extraction. Composites of
organophilic montmorillonite clay and the cellulose-b-P(MMA-co-STY) were made and
characterized using TEM, XRD, DSC, and TGA. It was found that the clay dispersed well
and evenly in the grafted cellulose copolymer and that the thermal properties of the

composite were improved upon addition of the clay.

2.5.2 NMP Grafting of Cellulose Nanocrystals
CNCs can be isolated from native cellulose through controlled acid hydrolysis of

the amorphous cellulose regions. CNCs can be obtained from a variety of materials, having
widths typically 5 nm to 10 nm and lengths typically 100 nm to 300 nm which vary with
the cellulose source.*® The rod-like conformations of CNCs have been compared to carbon
nanotubes in terms of tensile strength and have been used widely as reinforcement
materials in polymer composites. The chemical modification of CNCs has been extensively
reviewed for surface chemical modification and polymer grafting.'*>13! The goal of such
modifications is often to improve the dispersibility of the CNCs.® CNCs have been
investigated for broad applications including bio-technology and drug delivery,
nanocomposites and composite reinforcement, antimicrobial films, emulsion stabilizers,

and barrier components in packaging.'32133

The first graft modification of CNCs using NMP was conducted by Roeder et al.*3*

The goal was to create CNCs with greater dispersibility in hydrophobic media. The CNC
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material was polymerized using a grafting from approach with MMA and MA. To create a
CNC macroinitiator, the CNC material was functionalized with 4-chloromethyl styrene
(also known as VBC) in DMSO using NaOH followed by an additional reaction in DMSO
with BB. The grafting from reactions were also conducted in DMSO with MA and MMA-
co-STY giving well-controlled systems. Free sacrificial BB was added to the
polymerizations to generate free (co)polymer and analyze the living nature of the reactions.
13C CP-MAS NMR, FTIR, and TGA showed all reactions steps were successful. The
authors used a large excess of monomer to promote the grafting reaction, resulting in low
conversions (<5%) but high synthetic polymer content in the final materials. The CNC-g-
P(MMA-co-STY) had 78.5% graft polymer and the CNC-g-PMA was 74.8% graft
polymer. Analysis of the formed homopolymer gave P values between 1.35 to 1.42 for
both monomer systems at different reaction times, confirming the systems were well
controlled. It was stated that cleavage of the graft polymer chains from the CNC surface
was not possible. The graft copolymers of both monomers had the highest stability in THF
and acetone solvents, moderate stability in methanol and toluene solvents, and no stability

in water. The native CNCs gave stable dispersions only in water.

In a continuing study, CO: switchable polymers including poly([2-
(dimethylamino)ethyl]  methacrylate) (PDMAEMA), poly([2-(diethylamino)ethyl]
methacrylate) (PDEAEMA), and poly([3-(dimethylamino)propyl  acrylamide)
(PDMAPMAmM) were grafted from CNCs.1® The same CNC-BB macroinitiator was used
from the previous study.'®* The grafting polymerizations were conducted in DMSO with
10 mol% of STY as a controlling comonomer. In all cases, 3C CP-MAS NMR, EA, FTIR,

and TGA were used to confirm polymer grafting. The CO switchability of the graft
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copolymers was verified using zeta-potential ({-potential) measurement for four switching
cycles. A single cycle consisted of bubbling CO. until reaching a stable pH then bubbling
N2 until reaching a stable pH with intermediate sampling. It was shown that PDMAEMA
switched from high (-potential (~30 mV) to low (-potential (~1.6) upon CO2 and N
bubbling. PDEAEMA and PDMAPMAm grafted CNCs did not reach the same low (-
potential (only ~14 mV and ~23 mV, respectively) indicating incomplete deprotonation of

the tertiary amines.

To further elucidate the effects of graft density and My on the CO> switchability of
PDEAEMA and PDMAPMAmM grafted CNCs, Glasing et al. conducted NMP grafting
using the grafting to approach.'*® NMP was used to synthesize a range of PDEAEMA and
PDMAPMAmM polymers in bulk, allowing precise control over the My, with reaction time.
A small amount of STY was used as controlling comonomer. Separately, CNCs were
modified with GMA in acetic acid solution and the nitroxide-terminated PDEAEMA and
PDMAEMA chains were then grafted to the modified CNCs in water. 2-methyl-2-[N-tert-
butyl-N-(1-diethoxyphosphoryl-2,2-dimethylpropyl)aminoxy-N-
propionyloxysuccinimide (NHS-BB) was used due to its water solubility. Three different
My samples for both monomer systems were synthesized, for which the B of PDEAEMA
ranged from 1.28 to 1.42 (increasing with decreasing My) and for which the B of
PDMAPMAM was not obtainable due to the low My polymer formed. The successful
modification of the CNCs and graft polymerization was confirmed using **C CP-MAS
NMR, FTIR, TGA, and EA. It was found that the lower M, graft polymers had higher
grafting densities due to steric limits on the higher My, polymers. It was also shown that

high graft densities were not required to conduct effective CO2 switching. Similar values
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for surface charge were obtained in comparison with Garcia-Valdez et al. with theoretically
lower polymer loadings.*®® In this work, however, there was less effective deprotonation
of the PDMAPMAm graft copolymers (positive (-potential under N.) and the zeta-
potential for PDEAEMA graft copolymers under N> was negative. With higher graft
densities the full deprotonation of the graft polymers became more difficult (higher -
potentials). In addition, phase-shuttling behaviours were observed for all graft copolymers,
for which N2 bubbling caused movement of the polymers from an aqueous water phase to
an organic chloroform phase. Re-bubbling CO caused movement back to the aqueous
phase. The shuttling behavior was more effective at higher graft densities. It was concluded
that a minimum graft density with a specific range of graft My, was required to effectively

switch the CNCs from a fully hydrophobic to fully hydrophilic state under CO2 / No.

2.5.3 NMP Grafting of Chitosan
CTS is a derivative of chitin, found in crustacean shells, and is made by the N-

deacetylation of chitin bio-polymers. CTS is composed of D-glucosamine units bound by
B(1-4) linkages when completely deacetylated.!3” The deacetylation reaction occurs in the
presence of alkaline species, as seen in Scheme 2.5. As a natural polymer, CTS has been
investigated for use in cosmetics, controlled drug release, biomedical applications, textiles,

agriculture, paper, and wastewater treatment.*3"-141

The first NMP grafting of CTS was conducted by Hua et al. using a CTS material
with degree of acetylation (DAC) of 95.2%.%2 First, N-phthaloylchitosan was prepared by
reaction of phthalic anhydride with CTS in DMF at 120 °C, according to the method of

Kurita et al.1*® 4-hydroxy-TEMPO and the N-phthaloylchitosan were added to DMF and a

38



OH B ]
o < OH

HO NH NH
0 Alkaline (NaOH) _ o ' ‘

RO OR — o OR

(0]
HO HN HO HaN ©

HO

Chitin Chitosan

Scheme 2.5: N-Deacetylation of chitin to CTS in presence of alkaline or NaOH species, showing B(1-4)

bonding of N-acetyl D-glucosamine units in chitin and D-glucosamine units in CTS.

CTS-macroinitiator was prepared using y-ray irradiation. STY grafted CTS was further
prepared by NMP of STY at 110 °C in DMF. It was found that the graft content was lower
for the NMP grafting of CTS than for FRP grafting, as expected, and that the system
followed linear reaction kinetics as was expected for RDRP. *H-NMR, FTIR, and XRD of
the copolymer product, in comparison to the native CTS and CTS-macroinitiator, showed
the grafting was successful. The authors further formed micelles of the graft copolymer
product by solvent exchange (precipitation) into benzene. The particle size was measured
using a high-performance particle sizer to be 32.22 nm with a PDI of 0.067. It was
concluded that the successful NMP of CTS offered a route to new and complex CTS graft
architectures. The same procedure was used to produce poly(sodium 4-styrenesulfonate)
(PSS) grafted CTS by Jiang et al.!** The degree of substitution of phthaloyl groups was
determined by EA to be 0.98 and the 4-hydroxy-TEMPO content was determined to be
0.13 mmol g using *H-NMR. The polymerization was conducted in DMF at 125 °C. The
copolymer product was precipitated into water and the ion adsorption capacity was
measured using dialysis against CuCl. and FeCls solutions. At higher polymerization times

(larger GP), the self-assembly properties of the polymers were enhanced, showing a higher

39



average diameter but lower PDI. TEM and SEM were used to confirm the morphology.
Although incorrectly interpreting the specific surface area effects, it was found that the ion
adsorption of the graft copolymers was higher than for native CTS and that at higher GP,
there was higher ion adsorption. The PSS was found to have a higher affinity for Fe** ions

over Cu?* ions.

The first use of BB to graft modify CTS was conducted by Lefay et al. who sought
to expand the functional monomers used in CTS modification beyond styrenics to which
TEMPO was limited.’*® A CTS material with DAC of 9% was functionalized by adding
acryloyl chloride dropwise to a CTS dispersion in THF in the presence of TEA. A CTS-
macroinitiator was synthesized by suspending the modified CTS in DMF, adding BB, and
heating to 90 °C for two hours. Finally, a grafting from approach was used to graft MMA
and AN copolymer, and PSS polymers to the CTS backbone using NMP. The reactions
were heterogeneous systems in DMF. ESR was used to simultaneously study the bond
dissociation energies of the BB and prove successful functionalization. In the modified
CTS material, the BB bond dissociation energy was 132 kJ/mol compared to 112 kJ/mol
for free BB, proving that no BB was simply adsorbed onto the CTS. This was further
confirmed by free-solution capillary electrophoresis. 3C CP-MAS NMR and TGA were
used to prove grafting of the modified CTS with MMA-co-AN and PSS. AN was used as
a controlling comonomer for the NMP of MMA.. The graft B and My were not measured

in this work.

Kwan et al.}* used a three step process to conduct NMP grafting of CTS with a
thermoresponsive terpolymer of (oligoethylene)glycol methacylate, diethyleneglycol

methacrylate, and AN. Similar to the procedure of Lefay et al.,** AM functionalities were
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introduced to the CTS by reacting low My CTS with acryloyl chloride. BB-MA was further
reacted with the attached vinyl groups to create the CTS-macroinitiator. The terpolymer
mixture was added to a suspension of CTS-macroinitiator in DMF and grafting from was
conducted at 120 °C. An investigation of the terpolymerization initiated only by BB-MA
was conducted to confirm the living nature of the system and investigate the effects of
monomer concentration and solvent content. The terpolymerizations gave linear reaction
kinetics and D values in the range of 1.3 to 1.5 confirming the living nature of the
polymerization. In addition, chain extension was conducted on specific samples which
gave minimal increases in B. FTIR, 3C-NMR, and TGA were used to confirm the success
of each reaction at each step, but the methods were unsuccessful in observing the CTS
backbone in all cases. From the TGA ash content, an approximate estimate of the CTS
content in the final polymers was 35%. The graft My and B were not measured due to
difficulty in cleaving the grafted chains. The thermoresponsive properties of the polymers
were analyzed using UV-Vis. Pure terpolymer samples showed well-defined cloud point
temperatures (CPTs) with low hysteresis when cooling (~5 °C) while the CTS graft

polymers showed poorly defined CPTs and a lack of reversibility in aggregation.

A series of work on the polymer grafting of CTS using NMP was conducted by
Garcia-Valdez et al. and the Cunningham group.*4¢-'% The first work was on the grafting
of maleic anhydride and STY copolymer to CTS via 4-hydroxy-TEMPO mediated NMP
in supercritical CO2.1* A bromo oxoammonium salt of 4-hydroxy-TEMPO (1-
oxoammonium-4-hydroxy-2,2,6,6-tetramethylpiperidinium bromide, Br-OH-TEMPO)
was first synthesized by addition of bromine to 4-hydroxy-TEMPO in chloroform. CTS

(DAC 81.2%) was dissolved in acetic acid and the CTS macroinitiator was formed upon
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addition of Br-OH-TEMPO in the presence of TEA. The pH was maintained less than 6.5
to prevent CTS precipitation. The CTS-macroinitiator was added to a reactor with STY,
maleic anhydride, and camphorsulfonic acid to prevent autopolymerization of the
monomer. The reaction was conducted at 19 MPa and 130 °C for five hours. Interestingly,
the authors reported 18.9 mol% average functionalization of CTS with Br-OH-TEMPO but
24% of the CTS macroinitiator remained not grafted after the polymerization reaction. It
was also determined that the copolymer product was 68% synthetic polymer and 32% CTS.
High GPs were obtained with low conversion due to the large excess of monomer used.
The M, of the grafted chains was estimated to be 1640 g mol* assuming 100% initiation
efficiency, but the molecular weight was not measured due to difficulty cleaving the grafted
chains. TGA, FTIR, and 3C CP-MAS NMR were used to confirm functionalization and

graft copolymerization.

High molecular weight CTS (viscometric molecular weight ~ 340000) was grafted
under homogeneous conditions using NMP with a range of monomer systems by Garcia-
Valdez et al. in a three step process.'*® A CTS material with DAC of 85% was first
functionalized with GMA in acetic acid solution followed by sodium
dodecylbenzenesulfonate (SDBS) using dropwise addition of the CTS-GMA into SDBS
solution in acetic acid. Separately, the NMP of poly(STY), poly(butyl acrylate), poly(STY-
b-AA), and poly(STY-r-AA) was conducted to afford BB terminated polymer chains with
controlled My and B. A grafting to mechanism was used to attach the (co)polymers
utilizing the addition of a (co)polymer solution in 1,4-dioxane to a DMSO solution of CTS-
GMA-SDBS. A reaction temperature of 90 °C was used. Finally, the SDBS was completely

removed from the copolymers in a solution of tris(hydroxymethyl)aminomethane. ‘H-
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NMR was used to determine the degree of functionalization of CTS with GMA and SDBS
at 11 mol% and 97 mol%, respectively. The successful functionalization of CTS was also
confirmed using TGA and FTIR. The livingness and nitroxide termination of the
(co)polymers was confirmed by low D values obtained by GPC. *H-NMR was used to
estimate the ratio of grafted chains to SDBS functionalities, and indirectly to the CTS
material. It was found that the GEs were between 25% to 43% resulting in 4 poly(STY), 5
poly(butyl acrylate), 3 poly(STY-b-AA), and 3 poly(STY-r-AA) chains per 100 CTS units
for the individual systems. It was not possible to measure the GE of poly(AA) grafted CTS.
The potential applications of the bio-synthetic materials ranged from biomedical to

wastewater.

In continuing studies, CTS was grafted with poly(poly(ethyleneglycol)) methyl
ether methacrylate (PPEGMA) and STY copolymer (poly(PEGMA-co-S)) for potential
biomedical applications due to the biocompatibility of poly(ethyleneglycol).1*® Similar to
previous reports, CTS was functionalized with GMA which was confirmed with *H-NMR
and TGA. In a grafting to approach, poly(PEGMA-co-S) chains were synthesized in water
and attached to the CTS-GMA in acetic acid solution. In a grafting from approach, NHS-
BB was reacted with the CTS-GMA vinyl groups to form a macroinitiator, followed by
grafting of PEGMA and STY in acetic acid solution. In the grafting to approach, the graft
b values were less than 1.2 with a grafting efficiency of 64%. In the grafting from
approach, the CTS-GMA was 90% functionalized with NHS-BB and high GPs were
observed for low monomer conversion due to the large monomer excess. The graft b was
not obtained for the grafting from reactions due to the difficulty in cleaving the grafted

chains. In a further study, PEGMA grafted CTS was analyzed for azo dye removal for
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wastewater treatment application.’®® A GMA functionalized CTS was synthesized and
PEGMA was attached in a grafting to approach after synthesizing PEGMA chains using
BB mediated NMP. The Langmuir and Freundlich adsorption models were used to study
the adsorption of Reactive Orange 16 dye, showing that the grafted copolymers had a 33%
higher adsorption capacity over native CTS. It was also shown that increasing dye
concentrations decreased overall dye adsorbance, but that the grafted CTS still had the best

performance.

In a final study, the adsorption capacity of CO»-switchable PDEAEMA grafted
CTS for Ni?* ions was evaluated.'*” Native CTS had been used in the removal of heavy
metal ions but it was desired to improve the performance through NMP grafting. Due to
the CO,-switchability of the PDEAEMA grafts, it was theorized that the Ni?* ions could
be captured by chelation or coordination with the amino groups and reversibly de-adsorbed
by CO2 bubbling. The PDEAEMA was synthesized by polymerizing diethylaminoethyl
methacrylate with STY using NHS-BB under bulk conditions. The polymer was then
attached using the grafting to approach in acetic acid solution, at a yield of 2.7 PDEAEMA
chains per 100 CTS units. To characterize the metal adsorption properties, the Langmuir
and Freundlich adsorption models were used. The CTS was allowed to adsorb nickel ions,
was bubbled with CO., and the nickel concentration was measured with inductively
coupled plasma optical emission spectroscopy. It was found that initially the CTS-g-GMA-
PDEAEMA did not adsorb nickel as readily as native CTS, but after conditioning the graft
copolymer by CO> bubbling, the adsorption surpassed pure CTS. The authors explained

that the increased protonation of the tertiary amines after CO2 bubbling conditioned the
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PDEAEMA which then offered more chelation sites to bind nickel. The average nickel

desorption upon bubbling air and increasing pH was 61%.

2.5.4 NMP Grafting of Dextran

Dextran is a polysaccharide made of anhydroglucose units, similar to starch, but

bound by glycosidic linkages at the a(1-6) and o(1-3) positions, as seen in Figure 2.8. The

a(1-6) linkages are linear connections while the a(1-3) linkages form branches. Dextran

has similar properties to starch and cellulose as it is biodegradable, is biocompatible, and

has poor solubility in common solvents.*® For this reason, the modification or graft

modification of dextran is often conducted. Limited instances of NMP grafting of dextran

were found.

a(1-3) linkage

a(1-6) linkages

Figure 2.8: Dextran bonding structure, showing p(1-6) linkages between anhydroglucose units and branching

at B(1-3) linkages.
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Kakuchi et al. used dextran in the TEMPO mediated NMP of STY to create seven
arm poly(STY) copolymers with a B-cyclodextran core.®* A cylcodextran macroinitiator
was synthesized in DMF by reaction of 4-[1’-(2,2”°,6”,6” -tetramethyl-1"’-
piperidinoxy)ethyl]-benzoic acid with per-6-amino-p-cyclodextran using TEA, N-
hydroxy-benzotriazole, and dicyclohexylcarbodiimide. The product was then reacted with
acetic anhydride. The result was acetylated P-cyclodextran with seven TEMPO
functionalities attached only at the amino groups. The macroinitiator was used in the NMP
of STY, which generated star copolymers along with relatively large amounts of polymer
byproducts. The byproducts were found to have low B and high My, as determined by size
exclusion chromatography (similar to GPC) and fractionation of the mixed product. It was
discussed that among the products formed, it was possible that one peak was due to the star
copolymers while the other peaks seemed to be linear STY initiated by TEMPO not bound
to the B-cyclodextran. Deacetylation of the final star copolymer was conducted using
sodium methoxide. The self-assembly properties of the star copolymers were further tested
in toluene using static light scattering. Measurement of the My of the aggregates in
reference to the individual star copolymers was used to obtain the aggregation numbers,
which were between 1 to 14 star polymer units. The My and D (1.21) of the grafted
polystyrene were measured after acid hydrolysis of the -cyclodextran showing good living

characteristics of the polymerization.

In a second report, Chen et al. synthesized NHS-BB functionalized dextran for the
NMP synthesis of dextran-b-P(MMA-co-STY) and dextran-b-PSTY copolymers.>? The
goal was to make bio-synthetic block copolymers for use as porous honeycomb films.

Aminated dextran was reacted with NHS-BB to form the dextran macroinitiator. The
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amination of the dextran was carried out only on the chain end groups via reductive
amination using hexylenediamine in the presence of sodium cyanoborohydride. The
reaction efficiency of the amination step was 65% while the further functionalization with
NHS-BB was 61% efficient, by *H-NMR and phosphorous-31 NMR, respectively. The
copolymerization of MMA and STY was shown to follow linear reaction kinetics. The
graft Mw and D were not measured directly, although the final block copolymers were
found to have D values between 1.54 to 1.61, compared to the starting dextran with a b of
1.46. The polymerization of STY was also well controlled, showing similar linear reaction
kinetics and a final polymer B of 1.55. The “Breath Figure” technique was then used to
create porous honeycomb polymer films, showing a decrease in pore size with increasing
dextran content and non-spherical pores for the MMA-co-STY block polymer compared
to spherical pores with the STY block polymer. This was due to the relative hydrophobicity
of the block. The length of the hydrophobic block also affected the film formation and self-

assembly properties, with increasing block length giving more ordered pores.

2.6 Literature Summary
In summary, the mechanisms of polymer grafting and RDRP have been

investigated in previous literature and were discussed in this work to develop the context
of NMP grafting of starch. RDRP techniques for the NMP grafting of polysaccharides have
been extensively developed and presented for cellulose, CNCs, chitosan, and dextran.
There were no reports found for the NMP grafting of starch, such that there is an
opportunity to complete novel work with NMP and starch. RDRP grafting of starch has

included ATRP and RAFT in grafting from approaches and in more limited grafting to
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approaches. In the grafting from approaches, acid hydrolysis has been used to characterize
the graft My and B, and should be effective in the NMP grafting from of starch. The
grafting to approaches presented previously have utilized click chemistries which require
additional reaction steps after RDRP. True RDRP grafting to of starch has not been

reported, such that this represents another novel area of research in polysaccharide grafting.

The previous literature for starch grafting has focused on the final graft copolymer
properties without regard for the synthesis of tunable materials. Tunable parameters such
as hydrophobic polymer content with polymerization could generate materials with
enhanced properties for a broad range of applications. For the purposes of this work, the
tunable composition of the starch polymers could contribute enhanced sustainability for
paper coating latexes. FRP grafting does not afford the same degree of control over
synthetic polymer content in graft copolymerization that RDRP is capable of, such that
RDRP grafting could offer a new and robust route to produce bio-synthetic hybrid

polymers.
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Chapter 3: Grafting from Modification of Cold Water-Soluble
Starch

Some of the work in this chapter will be submitted for publication in Polym. Chem.
The content was modified and supplemented with unpublished work for this thesis. The
materials and characterization methods can be found in Appendix A.l. and Appendix B,
respectively. Additional background characterization and data specific to the
functionalization or polymerization can be found in the Electronic Supplementary
Information (ESI). Additional materials relevant for the work presented in the ESI can be

found in Appendix A.llI.

3.1 Introduction
Starch is an abundant bio-polymer which has attracted attention in industry and

academia because of its low cost and biodegradability.* Next to cellulose, starch is one of
the most abundant bio-polymers worldwide. Industrial applications for starch include
wastewater treatment,? biodegradable plastics,> superadsorbent polymers,? textiles,®
paper,* and drug delivery.>’ Specifically, cold water-soluble starch (CWS) is used
commercially in paper coatings as a binder for clay pigments and as a sizing agent.* The
starch content, however, is limited in these formulations up to approximately 20 wt% (from
patent literature) due to viscosity.® At higher CWS loadings, the viscosity increase makes
the latexes unsuitable for use in high-speed printing machines. Therefore, it was proposed
to chemically modify CWS with synthetic graft polymers to improve the compatibility. It
was hypothesized that a low degree of modification would allow for the preparation of high
starch content latexes for applications in sustainable paper coatings. For this work, an
experimental grade CWS was provided by EcoSynthetix.
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Starch has been previously graft modified, mainly by free radical polymerization
(FRP),*! as discussed in Chapter 2. Reversible-deactivation radical polymerization was
used in this work to afford highly controlled graft (co)polymers and to maintain a high
starch content in the final materials. As previously noted (Chapter 2), atom transfer radical
polymerization (ATRP) and reversible addition-fragmentation chain transfer
polymerization (RAFT) grafting of starch using grafting from and limited grafting to
approaches have been reported but the nitroxide-mediated polymerization (NMP) of starch
has not.’> NMP is often considered the “simplest” reversible-deactivation radical
polymerization (RDRP) technique due to the temperature-activated unimolecular
decomposition of the alkoxyamine species to yield a stable nitroxide radical and alkyl
fragment or propagating radical for polymerization. In addition, NMP does not require the
removal of heavy metals, colour, or odour causing species (mediators) post-
polymerization. For these reasons, NMP was utilized in this work. The mechanisms for

NMP were discussed in Section 2.2.3.

This work presents the first successful NMP of CWS with methyl methacrylate and
styrene comonomer (MMA-co-STY), methyl acrylate (MA), and acrylic acid (AA)
(Scheme 3.1). These specific monomers were used to show that a range of monomer types
could be grafted from starch and prove that the method was robust for different monomers.
The grafting from approach was used to create bio-synthetic hybrid copolymers with up to
70 wt% starch content. CWS was first modified with 4-vinylbenzyl chloride (VBC) via
nucleophilic substitution to add reactive vinyl groups for the synthesis of the starch-
macroinitiator (macroalkoxyamine). 2-methyl-2-[N-tertbutyl-N-(diethoxy-phosphoryl-

2,2-dimethylpropyl)-aminoxy] propionic acid initiator (BlocBuilder® MA, BB-MA) was
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then reacted with the vinylbenzyl (VB) CWS via a 1,2-radical addition process® to give
the starch-macroinitiator. Finally, grafting from was used to graft poly(MMA-co-STY)
(P(MMA-c0-STY)), poly(MA) (PMA), and poly(AA) (PAA) from the CWS backbone. To
analyze the living nature of the reactions, acid hydrolysis was used to remove the starch
backbone and the grafted chains were isolated to allow GPC analysis. Acid hydrolysis,
however, was only successful for the P(MMA-co-STY) grafted CWS (CWS-g-P(MMA-
co-STY)). Conversion measurements showed linear reaction kinetics for all monomers and
the isolated polymer grafts from the CWS-g-P(MMA-co-STY) had dispersity (D) values
below 1.5, as was expected for RDRP. The B was found to decrease with decreasing
monomer concentration for the CWS-g-P(MMA-co-STY). These factors demonstrated the
well-controlled nature of the polymerizations. NMP was also found to give good control
over the synthetic polymer content which could be tuned with reaction time or initial
monomer concentration. This work served as a proof of concept in the NMP of starch for
which the copolymer products may have applications in sustainable paper coatings and

other latexes.

3.2 Experimental
The materials used in this section were reported in Appendix A.l. The analytical

characterization methods used were reported in Appendix B.
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Scheme 3.1: Synthesis of VBC and BB-MA functionalized CWS, and grafting from polymerization
reactions with monomers MMA-co-STY, MA, and AA.

3.2.1 Functionalization of CWS with VBC
Modification of CWS with VBC was carried out according to previous methods of

cellulose nanocrystal (CNC) modification with VBC,** with slight variations. Briefly, 5 g
CWS and 95 g dimethyl sulfoxide (DMSO) were added to a 250 mL three-neck round
bottom flask at room temperature. 3.17 g of solid sodium hydroxide (NaOH) pellets and
0.2 mL of 0.5 wt% hydroquinone solution in DMSO were added and the reactor was
bubbled with nitrogen for 60 minutes with magnetic stirring. 1.17 mL VBC was injected
into the reactor after 60 minutes in a single dose (theoretical degree of substitution (DS) =
0.29 mol molAGU™Y). The reaction proceeded for 24 hours at room temperature under
nitrogen purge and magnetic stirring. The reactor contents were precipitated into 300 mL

of cold methanol (-20 °C) and the VBC modified CWS (VB-CWS) was recovered by
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centrifugation (6000 rpm, 10 min, 21 °C). The VB-CWS was purified three times by the
addition of 40 mL methanol, vortexing for one minute, and centrifugation (6000 rpm, 10

min, 21 °C). The product was stored wet with methanol to prevent irreversible aggregation.

3.2.2 Reaction of BB-MA with VB-CWS
2.0 g of VB-CWS and 185 g DMSO were added to a 250 mL three-neck round

bottom flask and stirred under nitrogen for 60 minutes. The VB-CWS was quickly air dried
before adding DMSO to prevent irreversible aggregation. A 4x molar excess of BB-MA to
VB functionalities on the CWS (measured by proton nuclear magnetic resonance (*H-
NMR)) was dissolved in 10 g of DMSO at 85 °C and injected into the reactor which was
then immersed in an oil bath at 85 °C. The reaction proceeded for two hours with a refluxing
condenser. The reaction was quenched by immersing the reactor in ice water. The reactor
contents were precipitated into 600 mL isopropanol and the BB-MA modified VB-CWS
(CWS-BB) was recovered by centrifugation (6000 rpm, 10 min, 21 °C). The CWS-BB was
purified three times by addition of 30 mL tetrahydrofuran (THF), vortexing for one minute,
and centrifugation (6000 rpm, 10 min, 21 °C). The product was stored wet with THF to

prevent irreversible aggregation.

3.2.3 Grafting From NMP of BB-VB-CWS
0.10 g to 0.20 g CWS-BB and 10 to 20 mL DMSO were added to a 50 mL three

neck round bottom flask to make a 1.0 wt% CWS-BB solution. The CWS-BB was quickly
air dried before adding DMSO to prevent irreversible aggregation. The solution was

bubbled with nitrogen for 45 minutes at which time the monomers were injected in a single
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dose. Bubbling was continued for a further 15 minutes. The monomer concentrations,
calculated based on total reactor volume, were varied. For CWS-g-P(MMA-co-STY), a
0.11 M to 0.88 M mix of methyl methacrylate (MMA) and styrene (STY) with 9.0 mol%
STY was added. For PMA grafted CWS (CWS-g-PMA), MA was added at 0.080 M to
0.64 M. Lastly, for the PAA grafted CWS (CWS-g-PAA), AA was added at 0.19 M to 1.54
M. As well, for CWS-g-PAA, 9.0 mol% free N-tert-butyl-1-diethylphosphono-2,2-
dimethylpropyl nitroxide (SG1) was added based on the amount of BB-MA (measured by
elemental analysis (EA)) attached to the CWS. The reactions were conducted for four hours
with a refluxing condenser. The MMA and STY copolymerizations were conducted at 90
°C,'* the MA polymerizations at 115 °C,** and the AA polymerizations at 120 °C*® based
on previous reports of their grafting and homopolymerization. 0.50 mL samples were taken
at periodic time intervals for conversion analysis and quenched in ice water. The final
polymerizations were also quenched by immersing the reactors in ice water. All
polymerizations were precipitated into isopropanol and the products were recovered by
centrifugation (6000 rpm, 10 min, 21 °C). The products were purified three times by
addition of 30 mL THF, vortexing for one minute, and centrifugation (6000 rpm, 10 min,

21 °C).

3.2.4 Nitroxide Mediated (Co)polymerization of P(MMA-co-STY), PMA, and PAA
(Co)polymers of P(MMA-co-STY), PMA, and PAA were synthesized via NMP in

bulk, solution in DMSO, and solution in 1,4-dioxane (dioxane),® respectively. For the
P(MMA-co-STY) reaction, 19 mL of MMA and STY with 9.0 mol% STY was added to a

50 mL three neck round bottom flask. BB-MA was added such that the ratio of

71



monomer:BB-MA was 200:1. In accordance with previous methods on the NMP of
methacrylates, 9.0 mol% free SG1 based on the BB-MA was added to the reaction to aid
in the overall control.*® The flask was purged with nitrogen for 30 minutes with magnetic
stirring and a reflux condenser. The reactor was then immersed in an oil bath at 90 °C for
two hours under continued nitrogen purging. After two hours the reactor was removed and
the reaction was quenched in an ice bath. Samples were withdrawn at periodic time
intervals for conversion and gel permeation chromatography (GPC) analysis (see ESI). The
copolymer was concentrated in a Rotovap Vacuum for 1 hour at spinning rates of 90 rpm
to 160 rpm. The copolymer was then dried under vacuum at 85 °C for 120 hours to remove

residual monomer.

The PMA homopolymerization was attempted under bulk conditions, but there was
no observable polymer formed (see ESI). Solution polymerization in DMSO, however, was
successful. 15 mL of MA monomer was added to 45 mL DMSO in a 100 mL three-neck
round bottom flask and purged with nitrogen for 30 minutes with magnetic stirring and a
condenser. BB-MA was added such that the ratio of monomer:BB-MA was 200:1. Free
SG1 was added at 9 mol% of the added BB-MA. The reactor was then immersed in an oil
bath at 115°C and the reaction proceeded for four hours. After four hours the reactor was
removed from the oil bath and the reaction was quenched in an ice bath. Samples were
withdrawn at periodic intervals for conversion and GPC analysis (see ESI). The PMA was
precipitated using a minimal amount of water, the solvent was decanted, and the polymer
was concentrated in a Rotovap Vacuum for 4 hours at 90 rpm to 160 rpm to remove the
remaining water. Any residual DMSO and monomer were removed by further drying in a

vacuum oven at 85 °C for 120 hours.
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The PAA homopolymerization was run with 14.3 mL AA in 54.4 mL dioxane in a
100 mL three-neck round bottom flask according to previous procedures on the NMP of
AA .'® BB-MA was added such that the ratio of monomer:BB-MA was 200:1. Initially, free
SG1 was added at 9.0 mol% of the BB-MA, but the final conversion was low (10%) (see
ESI). In a follow-up reaction, 7.0 mol% free SG1 was added and the reaction was
conducted for longer (five hours), which resulted in a moderate conversion. The solution
was purged with nitrogen for 30 minutes before immersing the reactor in an oil bath at 120
°C. The reaction proceeded for five hours and samples were withdrawn at periodic time
intervals for conversion and GPC analysis (see ESI). GPC samples were methylated to
PMA with TMSDM?® before measurement. The final solution was concentrated in a
Rotovap Vacuum at 40 °C for 6 hours at spinning rates of 90 rpm to 160 rpm. Residual
monomer and solvent were removed by purifying three times. Purification was conducted
by dissolving the polymer in THF, re-precipitating in an equal volume of toluene,
centrifuging at 6000 rpm for 10 min at 21 °C, and decantation of the solvent. The product

was dried at 50 °C under vacuum for 24 hours.

3.2.5 Nuclear Magnetic Resonance
Nuclear magnetic resonance (NMR) measurements of the native CWS were

conducted using lithium bromide (LiBr) and trifluoroacetic acid (TFA) at 60 °C according
to the methods of Tizzotti et al.'” LiBr was dried under vacuum at 50 °C for 48 hours before
use. The dried LiBr and all deuterated DMSO (DMSO-ds) solvents or solutions were stored
over calcium sulphate desiccant (Drierite) when not in use. Solutions of 0.50 wt% dry LiBr

in DMSO-ds (DMSO-ds solution) were made by quickly weighing dried LiBr into DMSO-
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de to prevent water absorption. The solutions were ultrasonicated for 2 min at 5 W power
output using a Fisher Scientific Sonic Dismembrator ultrasonication probe. The solution
vial was immersed in a water bath at room temperature to prevent excessive temperature

increase.

For 'H-NMR and carbon nuclear magnetic resonance (**C-NMR) the modified
CWS was sampled wet because complete drying resulted in irreversible aggregation of the
materials which was observed for both native and functionalized CWS (see ESI). Native
CWS was added to the DMSO-ds solution at 10 mg mL* for *H-NMR and 40 mg mL* for
13C-NMR, sealed, and allowed to dissolve for 24 hours at room temperature at 160 rpm on
an IKA KS 130 orbital shaker (orbital shaker). The modified CWS was added at 15 mg
mL* to 25 mg mL* for tH-NMR and 40 mg mL™ to 60 mg mL™* for 13C-NMR, sealed, and

allowed to dissolve for 24 hours at room temperature at 160 rpm on the orbital shaker.

Following the methods of Tizzotti et al. an optimal amount of TFA addition and an
optimal temperature for complete starch dissolution were determined.r” The amount of
TFA added to the native starch *H-NMR samples was varied from 5.0 pL to 100 pL to
appropriately shift the TFA acid peak to >9.0 ppm. The optimal dose was 25 pL for the
native CWS. To determine the effect of temperature on starch dissolution, 25 uL of TFA
was added to a native CWS sample and the sample was analyzed at 25 °C then 10 °C
increments from 30 °C to 90 °C. The integrals of the starch signals were measured against
the residual DMSO-ds signal. All subsequent *H-NMR measurements were made at 60 °C.
The modified CWS was also measured with 25 uLL. TFA at 60 °C. In all cases, the TFA was
added immediately before measurement to prevent excessive sample decomposition or acid

hydrolysis.
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The C-NMR measurements for the VB-CWS were run at 60 °C without the
addition of TFA and the CWS-BB samples were run at 30 °C without the addition of TFA.
TFA was also not added for the *H-NMR measurement of the grafted CWS samples.
Samples for solid-state carbon NMR (**C CP-MAS or *C CP-MAS-TOSS) were dried
completely at 50°C under vacuum for 24 hours before measurement. The samples were

finely ground using a pestle and mortar to promote high density packing.

3.2.6 Acid Hydrolysis of Grafted (Co)polymers
The grafted (co)polymer chains were isolated by hydrochloric acid (HCI)

hydrolysis similar to previous methods.®2% 0.050 g to 0.10 g of grafted CWS was added
to 10 mL of 1 M HCI in a 50 mL round bottom flask. The reactor was immersed in an oil
bath at 95 °C and refluxed with a condenser for eight hours. For the CWS-g-P(MMA-co-
STY), a white precipitate formed and was recovered by centrifugation (6000 rpm, 10 min,
21 °C). Purification (three times by addition 10 mL deionized water (DIW), vortexing for
one minute, and centrifugation at 6000 rpm for 10 min at 21 °C) was conducted for the
P(MMA-co-STY). The cleaved polymers were analyzed by GPC by dissolving certain
amounts in THF, filtering through a 0.20 um PTFE filter, complete drying for 24 hours
under vacuum at 50 °C, re-dissolving in THF, and re-filtering through a 0.20 um PTFE
filter. The re-dissolution step ensured minimal CWS was present in the GPC sample as
dried CWS was found to be insoluble in DIW, DMSO, or THF after complete drying (see
ESI). Acid hydrolysis of the CWS-g-PMA and CWS-g-PAA was unsuccessful after many

attempts.
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The P(MMA-co-STY), PMA, and PAA (co)polymers were characterized and
subjected to the same acid hydrolysis procedure as the grafted CWS to verify there were
no changes in the polymer composition or number average molecular weight (My). The
acid hydrolyzed P(MMA-co-STY) was isolated in the same way as above. The acid
hydrolyzed PMA solution was centrifuged (6000 rpm, 10 min, 21 °C) and decanted to
recover the polymer. The PMA was washed with DIW during purification, similar to the
P(MMA-co-STY). The PAA was isolated by concentrating the hydrolyzed solution using
a Rotovap Vacuum at 40 °C and 90 rpm to 160 rpm spinning rate. An excess volume of
THF was added to the PAA mixture and the PAA was precipitated by further adding an
equal volume of toluene. The solution was decanted and THF and toluene addition were
repeated twice more for purification. Before GPC analysis, the PAA polymers were
methylated to PMA to prevent interaction with the GPC columns using an excess of

TMSDM in a 3:1 solvent volume ratio of THF:methanol.*®

3.3 Results and Discussion

3.3.1 CWS Baseline Characterization
The CWS was first analyzed for moisture content for correct starch weight in

further reaction steps. Starch is inherently hygroscopic and adsorbs moisture from the
atmosphere until reaching equilibrium.?*-2% The analysis was necessary because dried CWS
was found to be insoluble / not dispersible and unreactive when used in the modification
step, so the starch needed to be used wet (see ESI). CWS was dried under vacuum at 50 °C
for 96 hours. It was found that the CWS weight stabilized after 48 hours and the moisture

content was 7.23 £ 0.23 wt% (n = 3, see ESI). The moisture content of the CWS was
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particularly important when calculating the theoretical DS. The DS represented the number
of moles of substituent per mole of starch anhydroglucose units (AGU). The maximum
number of hydroxyl units per AGU was 3, such that the maximum DS was 3 mol molAGU"
!, The DS and thereby the reaction efficiencies were sensitive to errors in measurement or

moisture content.

The CWS baseline characterization included Fourier transform infrared
spectroscopy (FTIR), thermogravimetric analysis (TGA), *H-NMR, and EA. *C-NMR and
13C CP-MAS-TOSS were also performed on the native CWS and modified CWS, and were
included in the ESI. Baselines for FTIR and TGA were established to allow the qualitative
analysis of any modified materials but did not allow the calculation of the amount of
substituent reacted. Therefore, quantitative analysis by *H-NMR was used to obtain the DS
of the CWS for VBC modification. EA was further used to quantify the DS of BB-MA on
the starches. *H-NMR was determined to be ineffective for the measurement of the DS of
BB-MA (see ESI), due to the use of high temperatures to ensure complete starch dissolution
and TFA addition for accurate integration of the CWS signals. For the CWS-BB, high
temperatures cause the homolysis of the nitroxide species,?” which was undesirable during
the NMR measurement, and TFA could cause the decomposition of the nitroxides under
acidic conditions.?® Both factors would render the calculated BB-MA DS inaccurate. The
nitroxide portion of the BB-MA, SG1, is also a paramagnetic species, which serves to

decrease the resolution of NMR spectra.?®

For the VB-CWS measurement in *H-NMR, a method developed by Tizzotti et al.
was used such that the starch samples were run with high temperature and with added

TFA.Y It should be noted that the work by Tizzotti et al. (2011) used deuterated TFA
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whereas non-deuterated TFA was used in this report. Careful control of the TFA amount
ensured there was no obscuring of the starch signals by the residual acid proton peak, such
that deuterated TFA was unnecessary. The carboxylic proton in the TFA exchanged with
the CWS hydroxyl and water impurity protons too quickly to be observed in NMR.% These
proton signals were therefore only observed at the carboxylic proton shift (>9.0 ppm). This
allowed the accurate integration of the a-(1-4) and a(1-6) anomeric protons of the CWS.
TFA had only one proton resonance caused by the carboxylic OH group, making it ideal
for use in tH-NMR. As also demonstrated by Tizzotti et al. the shift of the carboxylic TFA
group was concentration dependent.!” Higher concentrations of TFA shifted the acid peak
more downfield. A concern in adding TFA to the CWS samples, however, was the acid
hydrolysis of the starch backbone, which could affect the integration signals. High
temperatures were simultaneously required to ensure the full dissolution of the starch
backbone. Although the CWS was considered water-soluble, *H-NMR required complete
dissolution of the starch to allow accurate integration of the *H-NMR signals. Starch is
prone to inter-molecular and intra-molecular hydrogen bonding which can prevent
quantitative dissolution in *H-NMR. It was also noted (see ESI) that the use of DMSO-ds
compared to DO increased the apparent dissolution of hydrophobically modified CWS
(VB-CWS). This was due potentially to the high mobility of the starch chains which could
compact on themselves to create hydrophobic domains in D2O. The result was a decreased

signal intensity of the hydrophobic substituents.

High temperatures and acidic conditions were known to promote the acid
hydrolysis of the starch backbone.'®2% Acidolysis of the ether linkages in the starch would

lead to a reduction in the overall starch molecular weight (Mw). Tizzotti et al. (2011) found
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the method could induce acid hydrolysis to a small but negligible extent. The authors
observed a reduction in My, from approximately 4x108 g mol™ to 1x10° g mol* upon TFA
addition, averaging four a(1-4) bond scissions per starch molecule.!’ It was concluded that
this was negligible and the measurement itself was not sensitive to acid hydrolysis of either

starch or substituent ether linkages due to the integration procedure used.

In this work, an integration procedure was used by which the area from 4.10 ppm
to 5.70 ppm was integrated for the starch anomeric protons. Any acid hydrolysis and
production of shorter starch chains would create o or  reducing end protons with shifts
from 4.50 ppm to 4.70 ppm,*! or at 4.91 ppm and 4.28 ppm, respectfully,’” which would
be accounted for by integrating this region. To ensure complete starch dissolution, as
discussed above, measurements of the CWS and VB-CWS were conducted in DMSO-ds
solution and at high temperature (60 °C). LiBr in the DMSO-de acted as a chaotropic agent
to disrupt the inter-molecular and intra-molecular hydrogen bonding between the starch
chains.®? High temperatures also disrupted hydrogen bonding. These two factors allowed
the complete dissolution of the CWS materials, the accurate integration of the CWS signals,

and therefore the accurate determination of the DS.

The native CWS a(1-4) proton shift occurred at 5.12 ppm and the o(1-6) proton
shift occurred at 4.78 ppm (Fig. 3.1). Also shown in Figure 3.1 is the effect of TFA on the
CWS signals, showing the effective removal of the hydroxyl peaks. The remainder of the
CWS backbone protons showed resonances from 3.0 to 4.0 ppm. For native starch, the
addition of 25 uLL TFA shifted the TFA hydroxyl group signal to 9.62 ppm. A set of samples
of native CWS were run in *H-NMR and the TFA concentration was varied from 5.0 pL to

100 pL (Fig. 3.2 and Tab. 3.1). A carboxylic acid shift >9.0 ppm was chosen to
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Figure 3.1: 'H-NMR spectra of native CWS in DMSO-ds solution at 60 °C a) without the addition of TFA;
and b) with the addition of 25 uL TFA.

accommaodate the potential aromatic groups of the VB-CWS and to minimize the potential
acid hydrolysis of the CWS at higher TFA loadings. As seen in Figure 3.1 a), with 25 pL
TFA added, there were no visible small signals between 4.50 ppm and 4.70 ppm or at 4.91
ppm or 4.28 ppm, indicating that acid hydrolysis had not formed reducing ends to a large

extent and validating the use of the method.

The measurement in Figure 3.1 a) was also run at 60 °C as mentioned previously.
A test sample (Fig. 3.3) was analyzed in *H-NMR at 25 °C and from 30 °C to 90 °C at 10
°C intervals with 25 pL TFA added. According to Tizzotti et al.,'’ the intensity of the a(1-
4) anomeric proton was compared against the residual DMSO signal in the DMSO-ds at
the varying temperatures. The ratio of CWS:DMSO signal intensity was found to stabilize

after 60 °C, indicating the full dissolution of the native CWS. Thus, all NMR experiments
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Figure 3.2: 'H-NMR spectra of native CWS with 5 pL, 10 pL, 25 pL, 50 pL, 75 uL, and 100 puL TFA in
DMSO-ds solution at 25 °C.

Table 3.1: TFA carboxylic acid signal shift in tH-NMR with TFA volume, in DMSO-ds solution at 30 °C.

TFA Volume (pL) 5 10 25 50 75 100
TFA Shift (ppm) 6.25 7.65 9.68 12.70 13.58 14.18

a) A b)
90°C — 07 I
80°C A M _— 1
70°C A NS A 208 !
60 °C L N o W

50 nC L

Starch:DMSO Ratio
(=1
n

2
'S

-
40°C e, L
30°C — L

0.3
25°C TN L 20 30 40 50 60 70 80 90
Temperature (°C)

59 57 55 53 51 49 47 45 43 41 38 37 35 33 31 29 27 25 23
oM

Figure 3.3: a) 'H-NMR spectra for native CWS with 25 uL TFA at 25 °C, 30 °C, 40 °C, 50 °C, 60 °C, 70 °C,
80 °C, and 90 °C in DMSO-ds solution; and b) native CWS dissolution integral ratio (CWS:DMSOQ) with
temperature in DMSO-dg solution with 25 uL. TFA added.
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were run at 60 °C to give the mildest possible measurement conditions while ensuring

quantitative results could be obtained.

Using this method, the degree of branching (DB) was obtained according to
Equation 3.1, where DB is a percentage, and 1.4 and I are the *H-NMR signals of the
a(1-4) and the a(1-6) protons, respectively. The DB of starch was defined as the number
of branching linkages (o(1-6) bonds) per number of linear linkages (a(1-4) bonds) in the

CWS backbone.

DB =100 (—=2—) (3.1)

I1—4+11-6

Using Equation 3.1 the DB was calculated to be 4.65 £ 0.03% (n = 3, ESI).
Comparing the DB and the ratio of a(1-4) to a(1-6) bonds (l1-4:11-6), which was found to be
21.51, to waxy maize amylopectin standards with a l1-4:11-6 of 19 to 21:1333 showed that
the CWS was almost purely amylopectin. At the same time, considering the o(1-6) bonding
fraction of 0.047, the primary hydroxyl group content was found to be 5.88 + 0.002 mmol
gl (n = 3, ESI). The confirmation of almost purely amylopectin starch was significant
because high amylose starches require alternative treatment in NMR.3? High amylose
starches are more difficult to dissolve in aqueous media® and require higher wt% solutions
of LiBr in DMSO-ds for effective dissolution.? In addition, the DB allowed the calculation
of the primary hydroxyl group content which would be significant for the reaction
efficiencies if DS greater than 1.0 were targeted (see ESI). As discussed in Chapter 2, the
primary hydroxyl groups were widely considered to be the most reactive and would
potentially be most functionalized by VBC. In this work, however, the theoretical DS was

0.29 mol molAGU™ such that the primary hydroxyl content was not exceeded. Although

82



possible by NMR, an analysis of the functionalization position (Cz, Cs or Cg)*® was not

conducted in this work as it was unimportant for further grafting.

3.3.2 Synthesis of VB-CWS and CWS-BB
The reaction of VBC with CWS proceeded via the nucleophilic substitution of the

VBC chlorine groups with the CWS hydroxyl groups. Native starch hydroxyl groups are
not nucleophilic enough for the reaction, so NaOH acted as a catalyst.>’-#! The NaOH either
deprotonated the hydroxyl groups or more likely formed an alkoxide complex which would
undergo reaction according to Williamson’s ether synthesis. Williamson’s ether synthesis
with starch proceeds via the formation of an alkoxide complex and Sn2 reaction, 04243
DMSO is also an aprotic solvent which enhances the nucleophilicity of the substituents
because it does not solvate anions. The vinyl groups in the VB substituents acted as
anchoring sites for the BB-MA alkoxyamine. BB-MA was known to react via a 1,2-radical
addition process with olefins.”® The result was a starch macroinitiator with covalently
bound SG1 nitroxide, suitable for further polymerization reactions. DMSO was used as the
reaction solvent in both syntheses to ensure solubilization of both the CWS and VBC or
BB-MA, the latter of which are insoluble in water. This ensured homogeneous reaction
conditions and increased the propensity of reaction. Although the CWS was soluble in
DMSO or water at room temperature, the high temperature (85 °C) in the BB-MA reaction
was necessary to cause homolysis of the alkoxyamine and the addition of the BB-MA to
the VB-CWS. A phenomenon observed for both the VB-CWS and CWS-BB was the
irreversible aggregation of the materials upon complete drying (see ESI). This was

attributed to the compaction of the starch chains as the solvent (acting as a plasticizer) was
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removed. The hydrogen bonding between the starch chains would result in strong
attractions within the material that were not overcome by exposing the materials to either
organic or inorganic solvents. Irreversible aggregation could complicate processing of the
materials on larger scales but posed no difficulty in this work due because the samples were
stored wet with solvent. Process optimization of storage times or the use of continuous

processes could overcome the issue.

Synthesis of the VB-CWS and CWS-BB intermediates were qualitatively
confirmed using FTIR and TGA. The CWS, VB-CWS 1, and CWS-BB 1 FTIR spectra
(Fig. 3.4) showed characteristic bands from the starch: O-H stretching vibrations (v, O-H)
at 3300 cm™*; C-H stretching vibrations (v, C-H) at 2927 cm™ and 2885 cm; CH; bending
vibrations at 1456 cm™; O-H alcohol bending vibrations at 1411 cm™*; CH/CH_ vibrations
at 1360 cm™, 1333 cm?, 1240 cm™, 1207 cm?, and 1150 cm™; C-O-C ring bond and
linkage vibrations (v, C-O-C) at 1073 cm, 929 cm, 848 cm, and 760 cm™; and C-OH
bond vibrations at 1013 cm™ and 990 cm™. An additional band at 1638 cm™ was present
due to water O-H bending vibrations. The remaining VB-CWS 2, CWS-BB 2, and CWS-
BB 3 spectra are shown in the ESI. The modification of the CWS by VBC was confirmed
in the VB-CWS spectra by the appearance of the aromatic C=C bending vibration peaks at
1563 cm™ and 1515 cm™. The C=C bonds corresponded to the aromatic group of the VBC
substituent. The modification of VB-CWS with BB-MA was further confirmed in the
CWS-BB spectrum by the appearance of the C=0 carboxylic acid stretching vibration (v,
C=0) at 1688 cm™. The C=0 bond corresponded to the methacrylic acid fragment of the
BB-MA. For reference, the FTIR spectra of the individual chemical substituents are shown

in the ESI.
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Figure 3.4: FTIR spectra of native CWS, VB-CWS 1, and CWS-BB 1.

TGA further confirmed functionalization of the CWS (Fig. 3.5). Figure 3.5 shows
the thermograms for VB-CWS 1 and CWS-BB 1. The remaining thermograms are shown
in the ESI. The raw CWS experienced an initial weight loss up to 110 °C of 5.4% due to
adsorbed moisture, followed by the decomposition of the starch backbone with an onset
degradation temperature of 318 °C. The VB-CWS 1 and CWS-BB 1 both showed small
weight losses with onset degradation temperatures of 216 °C and 222 °C, respectively, due
to a small amount of alkaline hydrolysis of the CWS. The extent of alkaline hydrolysis was
not measured in this work as it was insignificant to the result. This alkaline hydrolysis was
first observed in the TGA of CWS-NaOH blank runs where CWS was “reacted” in DMSO
with NaOH without the addition of substituents (see ESI). The onset temperatures for CWS

degradation in the VB-CWS and CWS-BB were 276 °C and 261 °C, respectively. This type
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Figure 3.5: TGA thermograms of native CWS, VB-CWS 1, and CWS-BB 1.

of downshift in the polysaccharide backbone decomposition onset was also observed for

VBC and BB-MA modified CNC in TGA analysis.'*

The *H-NMR spectra of the modified starches (Fig. 3.6) showed the characteristic
signals for the starch backbone at 5.12 ppm (a(1-4) linkage, m, a), 4.87 ppm (o(1-6)
linkage, s, b), and 3.0 ppm to 4.0 ppm (ring protons, m, c-g). Figure 3.6 shows the spectra
of native CWS, VB-CWS 1, and CWS-BB 1. The remaining spectra are shown in the ESI.
The CWS and VB-CWS measurements were run with the addition of TFA at 60 °C to
ensure integration would be quantitative. Functionalization of CWS with VBC was
confirmed by the appearance of the aromatic proton signal (m, i, j) at 7.37 ppm and the
vinyl group proton signals (dd, 6.72 ppm), (d, 5.78 ppm), and (d, 5.24 ppm). Integration of
the aromatic and vinyl groups in comparison to the a(1-4) and a(1-6) linkage signals

allowed the calculation of the DS.

The DS was calculated according to equation 3.2 where l7.215.7.530 was the integral
of the VB-CWS aromatic proton signals and 14.100-5.700 Was the integral of the starch linkage

protons, potential reducing end protons, one VB vinyl proton, and the VB methylene
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Figure 3.6: TH-NMR spectra in DMSO-ds solution of CWS at 60 °C with 25 uL TFA added, VB-CWS 1 at
60 °C with 25 pL TFA added, and CWS-BB 1 at 30 °C without TFA added.
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protons. The VB vinyl proton and methylene protons were subtracted out of the starch
integral based on the aromatic signal and the most downfield vinyl signal (17.215.7.530 and
ls.685-6.780). These VB protons ensured accurate calculation with no overlap from starch
signals. The entire value was divided by four to account for the four aromatic protons
present in the VB-CWS. For one of the VB-CWS 1 spectrums (see ESI), the values were
17.215-7.530 = 0.217, l4.100-5.700 = 1.000, and le 685-6.780 = 0.010. Note that the vinyl protons were
not in direct proportion to the aromatic protons because their intensity diminished at high
temperature. This was observed in early testing of the VB-CWS materials (see ESI) and
was thought to be due to autopolymerization similar to styrene. For this reason,
hydroquinone was added during the VBC reactions to act as a radical trap and promote the
modification reaction (see ESI). The CWS-BB was found to be highly reactive in
polymerization, even at lower temperature (75 °C, ESI), most likely due to the resonance
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stabilization of VB radicals by the aromatic groups. At 60 °C the signals substantially
diminished while at 75 °C, the vinyl signals disappeared entirely (see ESI). The DS
calculation was performed as shown below, giving a DS = 0.062 mol molAGU™. The
overall DS was calculated to be 0.064 + 0.002 mol molAGU™ (n = 3, ESI) giving a reaction

efficiency of 21.9% compared to the theoretical DS of 0.29 mol molAGU™.

_1 1(7.215-7.530)
Ds = 4 <I _lz215-7530) ) (3.2)
(4.100-5.700) "= l6.685-6.780
DS = 1 0.217
4\ 1.000 — —0'2217 ~0.010
DS = 0.062

The CWS-BB was measured at 30 °C without TFA to prevent decomposition of the
nitroxide species, as discussed previously. For these reasons, the analysis was not
quantitative. The 'H-NMR spectra (Fig. 3.6) qualitatively confirmed the BB-MA 1,2-
radical addition process®® by the disappearance of the vinyl signals and the appearance of
multiplets at 4.20 ppm and 4.00 ppm (l), 1.77 ppm (p), 1.10 ppm to 1.35 ppm (m, n, g), and
0.70 ppm to 0.97 ppm (k). The (0) proton resonance was obscured by the hydroxyl group

signal at 4.56 ppm.

EA, however, offered a quantitative analysis of the CWS-BB and allowed the
calculation of the BB-MA substitution by the nitrogen content. The average compositions
of the CWS, two VB-CWS, and three CWS-BB materials are given in Table 3.2 along with
the calculated BB-MA content for the CWS-BB in mmol g* and DS in mol molAGU™.

The calculation of BB-MA content from nitrogen content is from Equation 3.3 based on
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previous methods,*** where nBB was the BB-MA content in mmol g* functionalized
starch (CWS-BB), N was the nitrogen weight percent expressed as a fraction, 14.0067 was
the molecular weight of nitrogen (g mol™), and 381.445 was the molecular weight of BB-
MA (g mol™). Also presented in Table 3.2 is the reaction efficiency based on the amount
of VB groups in the VB-CWS substituted by BB-MA. While a relatively low VBC DS was
observed for the VBC modification, the BB-MA DS was higher. The low VBC DS was
most likely due to a combination of steric hinderance on the CWS chains, diffusion
limitations to reactive sites, and nucleophilic substitution of the VBC by water impurities
or NaOH. The calculated BB-MA substitution efficiency (amount of VB groups reacted
with BB-MA) was much higher at 47.7% to 97.0% for the three CWS-BB materials. The
reaction efficiency for BB-MA, however, was relatively low due to the 4x molar excess of

BB-MA added during the reaction to promote the modification. The lowest value was

Table 3.2: Carbon, hydrogen, and nitrogen content of CWS, VB-CWS, and CWS-BB from EA with
calculated values for BB-MA content (mmol g') and BB-MA DS (mol mol AGU™) in CWS-BB materials.

C H N nBB VB DS BB-MA DS Rxn. Sub.

(Wt%) (Wt%) (Wt%) (mmolg™®)  (mol molAGU™)  (mol molAGU?)  Eff. (%)*  Eff. (%)°

Acet. Stand. 71.09 6.71 10.36 - - - - -

CWSs 42.73 6.61 0.07 - - - - -
VB-CWS 1 40.78 6.64 BDL® -- 0.064 - - -
VB-CWS 2 40.83 6.58 BDL® - 0.076 - - -
cws-BB 1¢ 40.52 6.56 0.32 0.25 0.064 0.046 18.2 72.9
Ccws-BB 2¢ 42.20 6.80 0.40 0.32 0.064 0.062 24.9 97.0
CWS-BB 3° 41.92 6.73 0.25 0.19 0.076 0.036 13.3 47.7

2 reaction efficiency calculated as a molar percentage of the BB-MA added to the reaction

® substitution efficiency calculated as a molar percentage of VB groups substituted on the VB-CWS
¢ BDL.: below detectable limit

d Reactions utilized VB-CWS 1 as starting material

¢ Reactions utilized VB-CWS 2 as starting material
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observed for the CWS-BB 3 reaction due to the use of an inherently different starting

material (VB-CWS 2 vs. VB-CWS 1).

N(1,000)

nBB =
14.0067—N+(381.445)

(3.3)

The purification of the VB-CWS and CWS-BB was critical to obtaining accurate
results for the DS values. All tH-NMR measurements were run in triplicate to verify the
results as were the EA measurements. The purification of the modified CWS was tested
extensively (see ESI) showing that the VBC DS converged after one purification step while
the CWS-BB approximate DS converged after three purifications. Three purifications were
conducted for both materials, such that there would be no contribution to the DS for either

materials from free, unreacted, substituent.

3.3.3 Proof of Grafting From of MMA-co-STY, MA, and AA with CWS
The CWS-BB was sampled wet for polymerization to prevent irreversible

aggregation, which was observed for the native CWS, VB-CWS, and CWS-BB upon
complete drying (see ESI). From TGA, the solvent content of air-dried CWS-BB 1, CWS-
BB 2, and CWS-BB 3 wet cakes were 50 wt%, 24 wt%, and 13 wt%, respectively (see
ESI). The conditions for the grafting reactions are shown in Table 3.3 along with the starch
content and molecular weight analysis from GPC. 1 wt% solutions of CWS-BB in DMSO
were used for all reactions because higher concentrations of starch led to gelling at high
monomer concentrations. Due to the poor control of methacrylate homopolymerization
with BB-MA (SG1), the MMA grafting was completed in the presence of 9.0 mol% STY .1

Methacrylates, including MMA, typically have high activation-deactivation rate constants
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and low rate coefficients of propagation, leading to poor control over the Mn and D.164
This was remedied by adding a small amount of STY controlling comonomer. Acrylates
such as MA or AA typically have high rate coefficients of propagation with low activation-
deactivation rate constants, leading to termination during polymerization and a buildup of
the free nitroxide species.*® This again leads to poor control over the M, and D. Free SG1
was added to the PAA grafting based on previous reports which noted the effectiveness of
SG1 in reducing the propagation rate.’>*® AA is a difficult monomer for SG1 mediated
polymerization, as it has been shown to undergo branching reactions through backbiting*’
and can degrade free SG1 such that controlled NMP with SG1 requires higher free

nitroxide concentrations (up to 9%).28® For all reactions, the monomer concentrations

Table 3.3: Reaction conditions, starch content, and molecular weight analysis for grafting from reactions of
CWS-BB with MMA-co-STY, MA, and AA.

Conc. CWS-BB  Temp. Final Conv. Estimated Time to Mn Theo.  Mn Expt. b Initiation
(M) (°C) (%) 70 wt% CWS (min) (g molh)? (g molt) Efficiency (%)
0.88 1 90 21 4 7800 20100 153 39
0.44 1 90 48 5 9300 15700 1.48 59
MMA-co-STY 0.22 1 90 92 7 9800 21800 154 45
0.11 1 90 74 19 3630
0.11° 3 90 40 168 2130 10200 1.36 21
0.64 2 115 95 12 46600
0.19 2 115 87 37 41200
MA
0.64° 2 115 91 8 12200
0.080 2 115 90 32 5500
154 2 115 38 4 11,300
0.77 2 115 30 6 11100
AA
0.38 2 115 26 23 1900
0.19 2 115 20 157 590

& M, theoretical calculated assuming 100% initiation efficiency of the BB-MA initiation sites
® Repeated reaction of CWS-g-P(MMA-co-STY) at 0.11 M
¢ Repeated reaction of CWS-g-PMA at 0.64 M with 9.0 mol% excess SG1 added based on the BB-MA content of the CWS-BB
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were chosen initially to give a 10:1 weight ratio of monomer:starch to help promote the

grafting reaction and scaled down afterward to improve the reaction control.

To confirm grafting of the CWS-BB macroinitiator, FTIR, TGA, and 'H-NMR
were run on the final grafted CWS. The FTIR spectra for the CWS-g-P(MMA-c0-STY)
and CWS-g-PMA at all monomer concentrations are shown in Figure 3.7 while the CWS-
g-PAA at all monomer concentrations are shown in Figure 3.8. For all grafted CWS the
FTIR spectra showed the characteristic bands for CWS with the addition of a sharp band
at 1725 cm™ from the polymer C=0 (meth)acrylic units. In addition, the CWS-g-PAA
showed a broad band from 2400 cm™ to 2750 cm™ due to the carboxylic acid O-H

stretching vibrations (v, O-H).

TGA analysis (Fig. 3.9) also showed the characteristic decomposition of the CWS
with the addition of decomposition losses due to the grafted polymers, in each case
validating that polymer had been grafted from the CWS. Table 3.4 gives the corresponding
CWS and polymer onset degradation temperatures, as well as the VB-CWS and CWS-BB
onset degradation temperatures for comparison. For the CWS-g-P(MMA-co-STY) and
CWS-g-PAA, both the starch and polymer degradation onsets decreased with decreasing
monomer concentration indicating lower thermal stability of the copolymers. The CWS-g-
PMA starch degradation temperatures, however, were stable with decreasing monomer
concentration. The highest monomer concentration for CWS-g-PAA did not show defined
degradation temperatures for starch or the grafted polymer. This was most likely due to the
low glass transition temperature (Tg) of PAA (102 °C to 125 °C depending on the presence

of water and tacticity).*® At higher PAA loadings, the copolymer could be above the T4 or
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have adsorbed moisture from the atmosphere, giving no distinguished decomposition

losses.

As seen in Figure 3.10 (CWS-g-P(MMA-co-STY), Figure 3.11 (CWS-g-PMA),

and Figure 3.12 (CWS-g-PAA), the *H-NMR spectra further confirmed graft

a) b)
0.080 M
0.22 M
0'6%
0.44 M
0.19 M
O.GLM/\L_\’J
Native CWS
Native
CwWs
40‘00 35‘00 3(;00 Z.’.IOO 20‘00 15‘00 10‘00 5(‘)0 4(:;00 35‘00 3(:;00 25‘00 20‘00 15‘00 1(:;00 5(‘)0
Wavenumber (cm) Wavenumber (cm™)

Figure 3.7: FTIR spectra of a) native CWS and CWS-g-P(MMA-co-STY) at monomer concentrations from
0.11 M to 0.88 M; and b) native CWS and CWS-g-PMA at monomer concentrations from 0.080 M to 0.64
M.

* Repeated reaction of CWS-g-P(MMA-co-STY) at 0.11 M
** Repeated reaction of CWS-g-PMA at 0.64 M with 9.0 mol% excess SG1 added based on the BB-MA content of the CWS-BB
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(co)polymerization. The *H-NMR of CWS-g-P(MMA-co-STY) showed characteristic
peaks for CWS as well as strong broad resonances of the STY aromatic groups (m, 6.75
ppm to 7.45ppm), MMA methyl groups (m, 3.60 ppm), and MMA backbone methyl groups
(m, 0.25 ppm to 1.0 ppm). Similarly, the CWS-g-PMA and CWS-g-PAA showed backbone
methylene multiplets from 1.43 ppm to 1.67 ppm and 0.70 ppm to 1.08 ppm. The CWS-g-
PMA showed a peak at 3.65 ppm due the methacrylic methyl group. The CWS-g-PAA

spectra showed an additional resonance due to the carboxylic acid hydroxyl groups at 12.19

ppm.

0.19M
0.37 M

0.77 M

1.54 M

Native
CWS

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm1)

Figure 3.8: FTIR spectra of native CWS and CWS-g-PAA at monomer concentrations from 1.54 M to 0.19
M.
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Figure 3.9: TGA thermograms of a) native CWS and CWS-g-P(MMA-co-STY) at monomer concentrations
from 0.11 M to 0.88 M; b) native CWS and CWS-g-PMA at monomer concentrations from 0.080 M to 0.64
M; and c) native CWS and CWS-g-PAA at monomer concentrations from 1.54 M to 0.19 M.

* Repeated reaction of CWS-g-P(MMA-co-STY) at 0.11 M
** Repeated reaction of CWS-g-PMA at 0.64 M with 9.0 mol% excess SG1 added based on the BB-MA content of the CWS-BB
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Table 3.4: Thermal onset degradation temperatures of starch and polymer components for VB-CWS, CWS-
BB, CWS-g-P(MMA-co-STY), CWS-g-PMA, and CWS-g-PAA.

Conc. (M)  CWS Onset Degradation Grafted Polymer Onset Degradation

Temperature (°C) Temperature (°C)
VB-CWS 1 -~ 283 -
VB-CWS 2 -~ 276 -
CWS-BB 1 -~ 261 -
CWS-BB 2 -- 262 --
CWS-BB 3 -- 257 --
0.88 306 396
0.44 300 393
MMA-co-STY 0.22 285 387
0.11 283 380
0.112 264 380
0.64 285 384
0.19 288 383
MA
0.64° 296 388
0.080 291 386
1.54 - -
0.77 273 377
AA
0.38 265 380
0.19 277 355

2 Repeated reaction of CWS-g-P(MMA-co-STY) at 0.11 M
® Repeated reaction of CWS-g-PMA at 0.64 M with 9.0 mol% excess SG1 added based on the BB-MA content of the CWS-BB
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Figure 3.10: *H-NMR spectra in DMSO-ds solution at 30 °C of CWS-g-P(MMA-co-STY) from 0.11 M to
0.88 M monomer concentration.

* Repeated reaction of CWS-g-P(MMA-co-STY) at 0.11 M
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Figure 3.11: *H-NMR spectra in DMSO-dg solution at 30 °C of CWS-g-PMA from 0.080 M to 0.64 M
monomer concentration

[

* Repeated reaction of CWS-g-PMA at 0.64 M with 9.0 mol% excess SG1 added based on the BB-MA content of the CWS-BB
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Figure 3.12: 'H-NMR spectra in DMSO-ds solution at 30 °C of CWS-g-PAA from 0.19 M to 1.54 M
monomer concentration
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3.3.4 Conversion and Kinetic Analysis of CWS-g-P(MMA-co-STY)
Conversion as a function of time data was obtained by sampling the CWS-g-

P(MMA-co-STY) polymerizations at periodic time intervals and measurement in *H-NMR
in DMSO-ds solution at 30 °C. The corresponding *H-NMR spectra and are shown in the
ESI. The conversion of the CWS-g-P(MMA-co-STY) reactions was calculated by
comparing the integrals of one MMA vinyl proton (5.98 ppm) to the P(MMA-co-STY)
backbone methyl signal from 0.20 ppm to 0.95 ppm. The starch content was calculated
using the initial starch content in the reaction, the percentage of CWS in the CWS-BB, and
the final conversion (amount of polymer grafted, from the initial monomer concentration).
Table 3.3 (Section 3.3.3) gives the reaction conditions, conversion, starch content, and M,

analysis details for the CWS grafting reactions.
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The CWS-g-P(MMA-co-STY) polymerizations showed low conversions of 21%
and 48% for 0.88 M and 0.44 M monomer concentrations and reached high conversion
(>90%) for the 0.22 M polymerization (Fig. 3.13 a). Kinetic plots (Fig. 3.13 b) of -In(1-X)
as a function of time (t), show that there was initially a non-linear increase in conversion
for all P(MMA-co-STY) grafting reactions up to approximately 0.5 hours. This was due to
the inhibitor left in the monomer, which caused a small amount of termination until it was
exhausted. After 0.5 hours the reactions followed linear first order kinetics. A linear
evolution of -In(1-X) with time denoted a constant propagating radical concentration
(stationary state) as is required in ideal RDRP.?” The initial non-linearity due to inhibitor

caused the polymerizations to be mostly living but poorly controlled.*

The linearity in Kinetics of the polymerizations increased as the monomer
concentration decreased, showing that as the SG1 content increased relative to the
monomer concentration, the control over the reactions increased. Once the steady state was

reached, the slope of the -In(1-X) plots was equal to (kpK)([P-N]o[N+]o™}] from equation
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Figure 3.13: P(MMA-co-STY) grafting of CWS at monomer concentrations from 0.11 M to 0.88 M with
plots of a) conversion vs. time; and b) -In(1-X) vs. time.

* Repeated reaction of CWS-g-P(MMA-co-STY) at 0.11 M
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2.5. Assuming kp and K were constant across all reactions, due to equal temperature, and
constant [P-N]o and [N+]o because the same CWS-BB material was used, the slopes of the
stationary state regions of -In(1-X) should all be equal. The slopes of the plots, however,
were not found to be equal, and the isolation of the grafted polymers allowed insight into

the cause.

Acid hydrolysis of the CWS-g-P(MMA-co-STY) was conducted successfully
showing low B values (<1.5) which decreased as the monomer concentration decreased.
The most highly controlled result was obtained for the 0.11 M repeat P(MMA-co-STY)
grafting reaction with ® = 1.36 and M, = 10200 g mol. Figure 3.14 shows the GPC elution
curves for the hydrolyzed P(MMA-co-STY) grafts. Unimodal traces were observed with
only slight tailing towards lower molecular weights. This was most likely due to the chain
termination in the early reaction stages. Higher monomer concentrations would have larger
inhibitor contents, resulting in greater initial chain termination and higher B values
compared to lower monomer concentrations. This was observed when measuring the graft
polymer . As seen in Table 3.3 (Section 3.3.3), the experimental M, of the grafted
polymers in the P(MMA-co-STY) grafting reactions were in poor agreement with the
theoretical My values calculated using the final conversion. This was because the
theoretical M calculation assumed 100% initiation efficiency of the CWS-BB for the same
final conversion. As reported in Table 3.3, dividing the theoretical My by the experimental
Mn allowed the calculation of the initiation efficiency.®° Initiation efficiencies less than
unity were expected due to the inhibitor present and difficulties in SG1 activation during
polymer grafting.>! There was an observed maximum in initiation efficiency of 59% for

MMA-co-STY at 0.44 M monomer concentration.
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Figure 3.14: GPC traces of acid hydrolyzed CWS-g-P(MMA-co-STY) at monomer concentrations from
0.11 M to 0.88 M.

* Repeated reaction of CWS-g-P(MMA-co-STY) at 0.11 M

The obtained initiation efficiencies of much less than unity confirmed that the
assumption of [P-N]o = [P-N] in the equations of section 2.3.3 was not entirely accurate.
It is likely that the initial period of termination resulted in differing concentrations of [P-
N] and [Ne] for each individual reaction that could not be accurately modelled by the
treatment in section 2.3.3. These discrepancies would directly change the slopes of the -
In(1-X) plots. Subtle variations in the CWS-BB with averaged BB-MA content reported,
would also affect the kinetics. In addition, the treatment of section 2.3.3 was for
homopolymerization and not copolymerization as was present in the CWS-g-P(MMA-co-
STY). Treatment of a copolymerization requires the definition of average rate coefficients
for K, kp, and ki values based on the reactivity ratios, individual rate coefficients, and
monomer fractions in the copolymerization.5? Subtle variations in the initial monomer
concentrations would therefore also affect the reaction kinetics, causing variations in the
rate coefficients. The most accurate modelling of the polymerization system would utilize

the penultimate model,*>**°* but was beyond the scope of this work.

101



The calculated initiation efficiencies of 39%, 59%, 45%, and 21% for the 0.88 M,
0.44 M, 0.22 M, and 0.11 M repeated reactions, respectively, showed a maximum in
initiation efficiency at 0.44 M monomer concentration. The initiation efficiency was lower
at the 0.88 M monomer concentration due to a potentially higher propagation rate. The
propagation rate (Rp) is defined as Rp = kp[P+][M]. In all reactions, initially [P¢] and kp
would be the same (in the t < t; region). Thus, the highest initial rate of propagation would
be observed for the 0.88 M polymerization. The high rate of propagation would result in
initially fast-growing chains and the potential formation of longer chains more quickly.
The radius of gyration of these chains could lead to steric hinderance of adjacent initiating
sites, leading to poor initiation efficiency. In addition, at high monomer concentration,
there would theoretically be higher M, chains in proximity which could lead to termination
events. At low monomer concentrations, the rate of propagation would be lower as the
system would be more monomer-starved. With the high activation-deactivation
equilibrium constant for methacrylates*®> and lower propagation rate with lower monomer
concentration, inter-radical termination of initiation sites would be more likely. This would
result in a low overall initiation efficiency as the polymerization progressed. It is likely that
the 0.44 M monomer concentration represented a semi-optimal balance between the

propagation rate and number of initiation sites, leading to a higher initiation efficiency.

3.3.5 Conversion and Kinetic Analysis of CWS-g-PMA
To obtain conversion vs. time data from 'H-NMR for the CWS-g-PMA

polymerizations, the MA vinyl proton at 6.15 ppm, was compared to the backbone

methylene signals from 1.29 ppm to 1.65 ppm. The corresponding H-NMR spectra are
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shown in the ESI. It was demonstrated that the PMA grafting of CWS proceeded less well
controlled than with P(MMA-co-STY). Conversion measurements showed an initial period
where the propagation rate was very low, followed by a dramatic increase in conversion
until a final conversion (>85%) was reached in all cases (Fig. 3.15 a). Kinetic plots in
Figure 3.15 b show the initial period of low conversion was followed by a sharp linear
region where the reactions followed first order kinetics until the final conversion was
reached. Again, the initial period of low conversion was most likely due to the exhaustion
of the monomer inhibitor. The linearity of the reaction kinetics increased with decreasing
monomer concentration, showing no final plateau for the 0.19 M MA grafting reaction.
The 0.080 M monomer concentration experiment, however, again showed a plateau in
conversion after approximately 2 hours. The plateau regions observed in these reactions
were probably due to the termination of the polymer chains at high conversion with the
exhaustion of the monomer. The plateau regions in the 0.19 M reaction and 0.64 M repeat
reaction with free SG were not as pronounced as for the 0.080 M and 0.64 M reactions, as

these reactions required the entire four hours to reach high conversion.
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Figure 3.15: PMA grafting of CWS at monomer concentrations from 0.080 M to 0.64 M with plots of a)
conversion vs. time; and b) -In(1-X) vs. time.

* Repeated reaction of CWS-g-PMA at 0.64 M with 9.0 mol% excess SG1 added based on the BB-MA content of the CWS-BB
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The 0.64 M repeat MA polymerization was with 9.0 mol% excess SG1 added to
attempt to improve the linearity (control) in the reaction Kinetics at high monomer
concentration. As seen in Figure 3.15 b, the slope of the 0.64 M reaction Kkinetic plot
decreased with the addition of free SG1, due to the increased [Ne]o. While there was no
apparent difference in overall conversion for these reactions (91% vs. 95%), the time to
reach the final conversion was much greater (3.5 hours vs. 2 hours), as expected with added

free nitroxide.*®

The slopes of the -In(1-X) kinetic plots were explained the same as for the CWS-g-
P(MMA-co-STY). The slope of the 0.64 M reaction was high and decreased with the
addition of free SG1 in the 0.64 M repeat reaction, as mentioned previously. The slope of
the 0.19 M reaction was the lowest while the slope for the 0.080 M reaction was the highest.
Initiation efficiencies were not obtained for the PMA grafting reactions as many attempts
to isolate the acid hydrolyzed graft products failed. The analysis of the grafted polymer My
was not possible. It is likely, however, that the initiation efficiencies were less than unity,
such that the assumption of [P-N]o = [P-N] in the equations of section 2.3.3 was not entirely
accurate. Variations in the [P-N] and [Ne] for each individual reaction could cause
discrepancies in the slopes. Variations in the CWS-BB materials with averaged BB-MA
content reported and subtle variations in the initial monomer concentrations would also
affect the kinetics. The most accurate modelling of the polymerization system would utilize

the penultimate model,**** as mentioned previously.
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3.3.6 Conversion and Kinetic Analysis of CWS-g-PAA
Conversion vs. time data from *H-NMR for the CWS-g-PAA polymerizations was

obtained by comparing the two AA vinyl protons at 6.04 ppm 6.19 ppm with the backbone
methylene signals from 1.23 ppm to 1.63 ppm. The corresponding *H-NMR spectra are
shown in the ESI. Similar to the CWS-g-P(MMA-co-STY) and CWS-g-PMA, PAA
grafting showed an initial non-linear increase in conversion (Figure 3.16 a) until reaching
the stationary state where the kinetic plots showed linear reaction kinetics (Figure 3.16 b).
For the 0.19 M, 0.38 M, and 0.77 M reactions, the initial non-linear increase in conversion
lasted approximately 40 minutes. For the 1.54 M AA reaction, however, linear reaction
kinetics were not observed until 2.5 hours. This could be due to the increased inhibitor
concentration with increased monomer concentration. The propagation rate would also
have been slowed due to the addition of free SG1. Increasing the free SG1 concentration
relative to the monomer concentration demonstrated this phenomenon, which was
observed as decreasing slopes in the plots of -In(1-X) with decreasing monomer
concentration (increased SG1:monomer ratio),. The delay in reaching linear kinetics for
PAA grafting could also be influenced by backbiting reactions which are known to occur
in AA homopolymerization.*’ Potential backbiting would create branch points which
require additional free SG1 to cap and control. Chain transfer to solvent could also be a
factor in the polymerization, as identified by Couvreur et al. when synthesizing acrylic acid

homopolymers in dioxane by NMP,*> but was not quantified for DMSO in this work.

The slope of the kinetic plots for PAA grafting decreased with decreasing monomer
concentration across all four reactions, consistent with an increased [N¢] or decreased [P-
Ne]. It is likely that chain transfer to solvent or termination became more prominent at

lower monomer concentrations, potentially due to the more monomer-starved reaction
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Figure 3.16: PAA grafting of CWS at monomer concentrations from 0.19 M to 1.54 M with plots of a)
conversion vs. time; and b) -In(1-X) vs. time.

conditions, such that the slopes decreased. The magnitude of the slopes also served to
indicate why the overall conversions for the PAA grafting reaction were lower than for the
P(MMA-co-STY) or PMA grafting reactions. In all cases the final conversions of the PAA
grafting were low. The highest conversion was obtained with 1.54 M AA at 38% while the
overall conversion decreased to 20% for the 0.19 M AA reaction. Comparing the
magnitude of the slopes of the -In(1-X) vs. time stationary state regions gave magnitudes
from 0.03 to 0.65 for CWS-g-P(MMA-co-STY), from 0.70 to 1.50 for CWS-g-PMA, and
from 0.04 to 0.05 for CWS-g-PA. The reaction kinetics were severely slowed by the
addition of the free nitroxide, decreasing the slopes, the concentration of propagating
radicals [P¢], and thereby the rate of monomer consumption (Equation 2.1) compared to
the other monomers. The CWS-g-P(MMA-co-STY) reaction with 0.88 M had a kinetic
slope of 0.03 in the stationary region, but also achieved a relatively low conversion of 21

% overall.
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3.3.7 Analysis of Starch content in CWS Graft (Co)polymers
With all three monomers, the increased control of the polymerizations with

decreasing monomer concentration offered more facile control over the amount of
synthetic polymer grafted and therefore the overall composition of the hybrid copolymer.
Table 3.3 (Section 3.3.3) shows the estimated time to reach 70 wt% starch content in the
bio-hybrid polymers. 70 wt% starch was chosen arbitrarily to represent a high starch
content and was based on the estimated starch weight in the overall grafted material. Based
on the VBC and BB-MA DS values of the modified starches, CWS-BB 1, CWS-BB 2, and
CWS-BB 3 had initial starch contents of 86.6 wt%, 83.5 wt%, and 87.5 wt%, respectively
(i.e. 86.6 wt% starch and 13.4 wt% VB or BB substituent). During the grafting from
polymerization, the starch content decreased from 86.6 wt%, 83.5 wt% or 87.5 wt% as the
reactions proceeded and the polymer grafts grew from the CWS. At higher monomer
concentrations, 70 wt% starch content was reached very quickly (minutes) while for lower
monomer concentrations 70 wt% starch content was reached at much later times (168
minutes for the 0.11 M repeat CWS-g-P(MMA-co-STY) reaction, 32 minutes for the 0.080
M CWS-g-PMA reaction, and 157 minutes for the 0.19 M CWS-g-PAA reaction). The
graft polymer composition can therefore be tuned with reaction time or monomer
concentration for a desired target ratio of synthetic polymer to CWS. The precise control
observed in these reactions would not be possible with FRP grafting of starch which forms

high My chains in short time periods.

3.3.8 Isolation of Grafted (Co)Polymers by Acid Hydrolysis
Acid hydrolysis was performed on the grafted CWS copolymers to remove the

starch backbone for GPC analysis of the grafted polymer but was only successful for the
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CWS-g-P(MMA-co-STY). HCI acid hydrolysis had been previously demonstrated with
starch.!82% The hydrolyzed CWS-g-P(MMA-co-STY) showed low B values (<1.5) which
decreased with decreasing monomer concentration (Tab. 3.3, Section 3.3.3). For the CWS-
g-P(MMA-co-STY) 0.11 M repeat reaction, the B 1.36 represented a high degree of control
of the grafting from polymerization. *H-NMR (Fig. 3.17) was used to confirm that the
CWS was successfully removed from the copolymers in all four reactions. The spectra in
Figure 3.17 showed very little to no presence of starch linkage protons or hydroxyl group
signals in the range of 4.1 ppm to 5.7 ppm. It is unlikely that the hydrolysis was able to
completely cleave the grafted polymers from the CWS, as evidenced by FTIR
measurement, but evidence of starch was no longer apparent in the *H-NMR. It was found
in FTIR measurements of all four materials (Fig. 3.18) that there was either no presence or
a highly decreased intensity of the starch C-O-C backbone ring bonds at 1073 cm™ and 929
cm™. This confirmed acid hydrolysis was effective in breaking the ether linkages in the
backbone but was not completely effective in cleaving the ether linkages between the
backbone and the grafted polymer chains. Comparison with P(MMA-co-STY) copolymer,
also in Figure 3.18, showed slight differences in the FTIR of acid hydrolyzed CWS-g-
(PMMA-co-STY), due again to the presence of lower intensity starch peaks. A diminished
broad band from 3125 cm™ to 3680 cm™ was visible in all spectra which could have been
from starch O-H stretching vibrations or residual sample moisture. Previous reports have
used H-NMR to verify the success of acid hydrolysis of graft modified starches, without
presenting FTIR data.?*® It is possible that previous reports were lacking in the complete

characterization of the hydrolyzed material. Other work on RDRP grafting of starch
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Figure 3.17: *H-NMR spectra in DMSO-ds solution at 30 °C of CWS-g-P(MMA-co-STY) both pure (lower)

and acid hydrolyzed (higher) of the a) 0.88 M reaction; b) 0.44 M reaction; ¢) 0.22 M reaction; and d) 0.11
M repeat reaction.
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potentially lacked the ability to observe the initial starch materials in NMR due to solubility

issues.

P(MMA-co-STY), PMA, and PAA (co)polymers were synthesized via NMP in
bulk polymerization, solution polymerization in DMSO, and solution polymerization in
dioxane,™® respectively, to test the acid hydrolysis conditions. The (co)polymers were
subjected to the same acid hydrolysis procedure to verify that there was no effect on the
polymer functionalities or M, due to hydrolysis. FTIR (Fig. 3.19), *H-NMR (Fig. 3.20),

and GPC (Fig. 3.21 and Tab. 3.5) analyses were run on the (co)polymers before and after
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Figure 3.18: FTIR spectra of pure and acid hydrolyzed (ASH) CWS-g-P(MMA-co-STY) compared to
P(MMA-co-STY) copolymer for the a) 0.88 M reaction; b) 0.44 M reaction; ¢) 0.22 M reaction; and d) 0.11
M repeat reaction.

hydrolysis. The greatest concern in acid hydrolysis of the (co)polymers was the removal of
the methyl acrylate functionality in both the P(MMA-co-STY) and PMA polymers. This
would result in the formation of a carboxylic acid which would be observed easily in *H-
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Figure 3.19: FTIR spectra of pure and acid hydrolyzed (ASH) (co)polymers of a) P(MMA-co-STY); b)
PMA; and c) PAA.

NMR and FTIR. Both *H-NMR and FTIR demonstrated that there were no changes in
(co)polymer functional groups due to acid hydrolysis. The M, of the polymers from GPC
increased slightly with acid hydrolysis, most likely due to subtle variations in in averaging
of the elution profiles. It was expected that a slight decrease in M, would be observed due
to loss of the SG1 nitroxide, similar to previous work on peroxide hydrolyzed grafted
alginates.®® Hydrogen peroxide hydrolysis of the starch was attempted but was

unsuccessful (see ESI). The GPC traces showed no significant differences in the elution
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Figure 3.20: 'H-NMR spectra at 30 °C of a) P(MMA-co-STY) pure and hydrolyzed in CDCls; b) PMA pure
and hydrolyzed in CDCls; and ¢) CWS-g-PAA both pure and hydrolyzed in D20.

time before and after hydrolysis and the B values were essentially identical. With no
changes in functional groups and no change in polymer D, these analyses confirmed the
relatively harsh acid hydrolysis conditions could remove the CWS without hydrolyzing the
grafted polymers. GPC analysis of the (co)polymers showed low B values, confirming that
NMP gave good control over the polymerizations. It was found, however, that the initiation
efficiency of the PAA homopolymerization was low at 46%. This was not further
investigated in this work, as the acid hydrolysis was successful, but could have been due
to the inhibitor presence or known issues with AA homopolymerization in NMP such as

chain transfer to solvent,'® backbiting,*” or the fact that a lower amount of free SG1 (7.0
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Figure 3.21: GPC traces of P(MMA-co-STY), PMA, and PAA (co)polymers before (solid) and after (dashed)
acid hydrolysis.

Table 3.5: GPC analysis (M, and D) of P(MMA-co-STY), PMA, and PAA (co)polymers before and after
hydrolysis.

Mn Theo. Initiation Before Hydrolysis After Hydrolysis

Polymer Conv. (%) (4 ol Efficiency (%) Ma(@molY) B Ma(gmoll) D
P(MMA-co-STY) 43 4300 97 4500 124 4900 1.25
PMA 38 3800 89 4300 1.17 4500 1.18
PAA 21 1500 33 3300 1.17 3400 1.18

mol%) compared to the ideal value (9.0 mol%)*® needed to be used to get appreciable

conversion in a reasonable time period (5 hours).

Also of note was the fact that MA homopolymerization in bulk was unsuccessful
(see ESI). This could have been due to the inhibitor content which would be high in bulk
polymerization. No literature was found on the NMP of MA as most reports focussed on
the more common polymerization of n-butyl acrylate. Acrylates are known to have high
propagation rate constants and lower activation-deactivation rate constants,*® which could
lead to excessive chain termination in bulk conditions (very high monomer concentration).
Solution polymerization was successful. Solvent effects are known to have an effect on
polymerizations, particularly due to stabilization of the intermediate radical species or

113



transfer effects.>” It is possible that the decreased monomer concentration and thereby
inhibitor concentration in combination with solvent effects allowed the polymerization of

MA to reasonable conversions.

3.4 Conclusions
Grafting from modification of CWS was demonstrated for the first time in the

grafting of a range of monomers including MMA-co-STY, MA, and AA, providing a route
to prepare sustainably-sourced bio-synthetic hybrid polymers. CWS was modified with
VBC via nucleophilic substitution and further modified with BB-MA via 1,2-radical
addition. Functionalization was confirmed by FTIR, TGA, H-NMR, and EA. NMP was
used in the grafting from modification of the CWS-BB which was demonstrated to be
successful by FTIR, TGA, and *H-NMR. The monomer concentrations in P(MMA-co-
STY), PMA, and PAA grafting were varied and moderate to high conversions were
observed. Kinetic analysis showed that the linearity of the steady state kinetic regions
increased with decreasing monomer concentration, demonstrating that control over the
reactions increased. Acid hydrolysis of the CWS-g-P(MMA-co-STY) demonstrated good
control over the reactions by GPC analysis of the B and My. The B was found to decrease

with decreasing monomer concentration, indicating increased control.

Overall, high starch content polymers were synthesized for all monomers. The time
to reach 70 wt% starch content in the bio-synthetic polymers was monitored and found to
increase with decreasing monomer concentration. It was demonstrated that polymerization
time and monomer concentration could be used to tune the synthetic polymer content.

These results could not be easily obtained using FRP grafting such that NMP offered a
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superior mechanism. This method could be used to create hybrid starch polymers with
tunable synthetic polymer content for desired hydrophobic, mechanical, or thermal
properties. The high starch content materials could be used to create sustainably-sourced,
and potentially biodegradable paper coating or other latexes and may find application in

the paper industry.
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Chapter 4: Grafting To Modification of Cold Water-Soluble
Starch with pH-Responsive Polymers

Some of the work in this chapter will be submitted for publication in Polym. Chem.
The content was modified and supplemented with unpublished work for this thesis. The
materials and characterization methods can be found in Appendix A.ll. and Appendix B.
Additional background characterization and data specific to the polymerization materials
in this chapter can be found in the Electronic Supplementary Information (ESI). Additional

materials relevant for the work presented in the ESI can be found in Appendix A.lII.

4.1 Introduction
Stimuli-responsive polymers have recently attracted attention for use in ion

adsorption, separation, targeted drug delivery, and emulsion stabilization applications.®
Polymers can be made pH, temperature, light, and voltage responsive based on the
incorporation of specific monomer types. One polymer area currently the subject of
intensive investigation is CO2-responsive (pH-responsive) polymers.” These are generally
composed of tertiary amine containing monomers which can “switch” from protonated to
deprotonated states within a pH range achievable by carbonation or de-carbonation of
water with CO.. The use of CO as an external stimulus for switching offers benefits
because it is abundant, the switching is not energy intensive, and it does not use

accumulating salts in the pH triggering.!

Grafting of bio-polymers with CO,-switchable monomers® has been reported for
chitosan (CTS),>** cellulose,'? cellulose nanocrystals (CNCs),***® and more recently

starch nanoparticles (SNPs).?° To the best of our knowledge, CO-switchable water
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soluble-starch bio-polymers have not been reported. Starch is a highly abundant bio-
material and is attractive industrially due to its low cost and biodegradability.?* The soluble
nature of water-soluble CO»-switchable starches could lead to increased performance in
ion adsorption due to theoretically higher polymer loadings compared to granules or

(nano)particles, or in polymeric surfactants.

The  COg-switchable  monomers  2-(dimethylamino)ethyl  methacrylate
(DMAEMA)?%2223 and 2-(diethylamino)ethyl methacrylate (DEAEMA)?* have been graft
polymerized with starch but only one study analyzed the material for CO> switchability.
Abdel-Halim grafted starch with DEAEMA in a slurry using free radical polymerization
(FRP) grafting from and noted the pH-responsiveness of the material for dye removal
(enhanced removal at lower pH).?* Qi et al. synthesized CO2-switchable DMAEMA-
grafted SNPs with immobilized Au nanoparticles by FRP grafting from which showed pH-
responsive emulsion stabilization / destabilization and acted as a catalyst for the
hydrogenation of p-nitroanisole.?’ Other studies on the CO, switchability of CNCs have
investigated the effect of the stability of the modified bio-polymers in multiple switching
cycles for emulsion stabilization,®>” the synthetic polymer content required for
switchability,!” and the grafting density and chain length on performance.'® A study by
Madill et al. focused on the enhancement of nickel ion adsorption by CTS with CO;-
switchable polymer grafts and found increased performance over native CTS without

additives.’

pH-responsive polysaccharides could have enhanced performance in biomedical
applications due to increased biocompatibility or could be used in sustainable water

treatment and emulsion stabilization. Simultaneously, graft polymerization can be used to
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modify polysaccharides with synthetic and stimuli-responsive polymers. Nitroxide-
mediated polymerization (NMP) offers a convenient temperature-activated RDRP
technique to create graft polymers.?>?® Nitroxide-mediated polymerization (NMP) offers a
higher degree of control over the graft molecular weight (Mw) and dispersity (D) compared
to FRP, and could be used in the grafting to of CWS. The grafting from method offers
higher grafting densities compared to the grafting to method due to steric hinderance.*
Grafting to, however, allows the determination of the graft molecular weight before
grafting and so does not require hydrolysis of the starch backbone or use of sacrificial

initiator to assess the graft My or D.

The grafting of PDMAEMA and PDEAEMA to CWS was motivated by the desire
to create stimuli-responsive starches and expand the range of starch graft copolymers from
the grafting from methodology in Chapter 3. The grafting of poly(methyl methacrylate-co-
styrene), poly(methyl acrylate), and poly(acrylic acid) were considered in grafting to
modification of CWS, but were not conducted. These would theoretically be possible and
may be worth investigation in future work. It was hypothesized that a reactive
functionalized cold water-soluble starch (CWS) could be used in NMP grafting to
polymerization to produce pH-responsive starch bio-polymers with CO-switchable
potential. CO. switchability has not previously required high grafting densities!® and
grafting to allows the convenient determination of graft Mw. Therefore, in this work, the
first NMP grafting to approach on CWS with the pH-responsive polymers
poly(DMAEMA) (PDMAEMA) and poly(DEAEMA) (PDEAEMA) was reported
(Scheme 1). The grafting to of starch has been completed, but only using atom transfer

radical polymerization (ATRP)?"?® and reversible addition-fragmentation chain transfer
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polymerization (RAFT)?*2° homopolymerization in combination with click chemistry.
PDMAEMA and PDEAEMA copolymers (with 10 mol% styrene, STY) were first
synthesized in bulk NMP using 2-methyl-2-[N-tertbutyl-N-(diethoxy-phosphoryl-2,2-
dimethylpropyl)-aminoxy] propionic acid initiator (BlocBuilder® MA, BB-MA)
alkoxyamine to give N-tert-butyl-1-diethylphosphono-2,2-dimethylpropyl nitroxide
(SG1)-capped polymers. The polymers were then reacted with a 4-vinylbenzyl chloride
(VBC) functionalized CWS (VB-CWS) in grafting to NMP (Scheme 4.1). Particle size
analysis revealed that the grafted starch was aggregating in solution, allowing the
measurement of the zeta-potential ({-potential) and particle size. Both final materials
showed pH-responsiveness in switching from positive (-potential at low pH to negative -
potential at high pH. The pH-responsive and potentially CO2-switchable starch materials

could find application in green emulsion formulations or wastewater treatment.

4.2 Experimental
The materials used in this section are reported in Appendix A.Il. The analytical

characterization methods used are reported in Appendix B.

4.2.1 NMP of DMAEMA and DEAEMA
DMAEMA and DEAEMA were polymerized by NMP according to previously

reported methods®*® with variations. Briefly, 50 g of DMAEMA or DEAEMA were passed
over a basic alumina column (Sigma-Aldrich, ~150 mesh, 58 A) to remove the inhibitor.
The monomers were added to a 100 mL three-neck round bottom flask. Styrene (STY) was

added at 10 mol% of the monomer,3! BB-MA was added so the ratio of monomer:BB-MA
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Scheme 4.1: Synthesis of PDMAEMA and PDEAEMA copolymers, synthesis of VBC functionalized CWS,
and grafting to polymerizations with PDMAEMA and PDEAEMA.

was 100:1, and free SG1 was added at 10 mol% relative to the BB-MA content. The
solutions were bubbled with nitrogen for 30 minutes before submerging in an oil bath at
90 °C. Three reaction sets were performed for each monomer with polymerization times of
30 minutes, 60 minutes, and 90 minutes. The reactions were run with a refluxing condenser.
0.50 mL samples were withdrawn at specific time intervals for conversion analysis by
proton nuclear magnetic resonance (*H-NMR) and My analysis gel permeation
chromatography (GPC). The intermediate samples were quenched in an ice bath and the
final reactions were also quenched in an ice bath. The PDMAEMA was precipitated in cold
hexanes. The PDEAEMA was precipitated in cold deionized water (DIW). Both polymers

were transferred to separatory funnels, allowed to separate for 12 hours, and the solvent
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was removed. The polymers were run in a Rotovap Vacuum for 2 hours to remove any
residual monomer or solvent. The products were stored at -20 °C until used. 0.20 mL
samples for GPC were dissolved in 1.0 mL tetrahydrofuran (THF) and filtered through a

0.20 um PTFE filter before analysis.

4.2.2 Functionalization of CWS with VBC
Modification of CWS with VBC was carried out according to previous methods of

CNC modification with VBC,* as described in section 3.2.1. The material used in grafting
to with PDMAEMA and PDEAEMA had a VBC degree of substitution (DS) of 0.064 +
0.002 mol molAGU? (n = 3, ESI), equivalent to 0.375 mmol gVB-CWS™, and was
characterized as discussed in Chapter 3. The reaction had a theoretical DS of 0.29 mol

molAGU™, giving a reaction efficiency of 21.9%.

4.2.3 Grafting PDMAEMA and PDEAEMA to CWS
0.25 g of VB-CWS was briefly air dried to prevent irreversible aggregation and

dissolved in 30 mL dimethyl sulfoxide (DMSO) under magnetic stirring. The PDMAEMA
or PDEAEMA were added at 50 mol% excess of the vinylbenzyl (VB) content in the VB-
CWS and dissolved in 30 mL of 1,4-dioxane (dioxane). The VB-CWS solution was
transferred to a 100 mL three-neck round bottom flask and bubbled with nitrogen for 30
minutes. The polymer solution was transferred to a dropping funnel and bubbled with
nitrogen for 30 minutes. The reactor was submerged in an oil bath at 90 °C and the polymer
solution was immediately added dropwise. The polymer solution initially precipitated in

the DMSO but dissolved again as the dioxane content increased and the reactor reached 90
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°C. The reaction proceeded for 3 hours before being quenched in an ice bath. The polymer
was precipitated in 300 mL of 90:10 acetonitrile:DIW by volume and recovered by
centrifugation (6000 rpm, 10 min, 21 °C). The products were purified in three cycles of
washing with 30 mL THF, vortexing for one minute, and centrifugation (6000 rpm, 10 min,

21 °C). The products were stored wet with THF to prevent irreversible aggregation.

4.3 Results and Discussion

4.3.1 PDMAEMA and PDEAEMA Copolymer Syntheses
The PDMAEMA and PDEAEMA polymer syntheses by NMP were conducted in

bulk. The polymerizations for the DMAEMA and DEAEMA monomers were run for 30
minutes, 60 minutes, and 90 minutes. Single conversion samples were obtained for the 30
minute reactions, conversion samples were taken at 20 min, 40 min, and 60 min for the 60
minute reactions, and conversion samples were taken at 75 min and 90 min for the 90
minute reactions. The samples for both PDMAEMA and PDEAEMA were analyzed by
!H-NMR in CDCls at 30 °C (see ESI) where the conversion was obtained by comparing
the methacrylate vinyl protons at 5.84 ppm to the backbone methyl and one methylene
group signals from 0.12 ppm to 1.30 ppm for PDMAEMA and to the methylene signal
from 3.65 ppm to 3.88 ppm for PDEAEMA. Table 4.1 outlines the final conversions and

molecular weight analysis by GPC.

The GPC traces for the polymerizations (Fig. 4.1 for PDMAEMA and Fig. 4.2 for
PDEAEMA) demonstrated the living characteristics of the polymers specifically at low

reaction times. Unimodal traces were obtained for all but the PDMAEMA polymers at 75
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Figure 4.1: GPC traces for DMAEMA NMP with reaction time.
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Figure 4.2: GPC traces for DEAEMA NMP with reaction time.

minute and 90 minute polymerization times. These traces showed large shoulders of lower
weight average molecular weight (Mn) polymer suggesting termination events were
prominent in the reaction and two polymer populations were present. The large amount of
low M, polymer appearing at high conversions suggested chain transfer, probably to
monomer, as was observed by Bian and Cunningham for amino-containing acrylate.>® All
polymerizations showed tailing towards lower My, suggesting termination was significant
in the early reaction stages and a portion of dead chains existed. The B values for all but

the PDMAEMA 75 minute and 90 minute polymerizations were <1.5, however,

129



demonstrating reasonably good control over the polymerizations. Plots of the kinetic -In(1-
X) values with time (see ESI) showed linear reaction kinetics, suggesting that the polymers

were “living”.

The theoretical and experimental My, values were in good agreement at low reaction times
(Tab. 4.1). It was observed that the initiation efficiencies, calculated using previous
methods,** could only be reasonably obtained at low reaction times of up to 20 minutes for
PDMAEMA and 40 minutes for PDEAEMA. At greater reaction times, calculating the
initiation efficiency resulted in values greater than 100%; further evidence of the presence
of chain transfer. The PDEAEMA polymerizations showed fairly good agreement with the
theoretical My at all reaction times, but the experimental values were still lower. For the
PDMAEMA polymerizations the GPC traces at higher reaction times showed shoulders
and very high B values suggesting that termination and transfer events were present
throughout the polymerization. Shoulders were not visible for PDEAEMA but the traces
showed tailing towards lower molecular weights, also suggesting termination of polymer

chains in the early reaction stages.

Due to the improved control over the polymerizations at low reaction times, the 30
minute polymers for both PDMAEMA and PDEAEMA were chosen to complete the
grafting to work with CWS. The PDMAEMA and PDEAEMA at these reaction times
showed relatively narrow B values of 1.41 and 1.38, respectively. The narrow B, good
agreement between theoretical and experimental Mn, and linear reaction kinetics (-In(1-X),
(see ESI) demonstrated that the polymers should be “living” (SG1-capped). The polymer
chains needed to be “living” so that re-initiation would create polymer grafts in the grafting

to reactions with CWS. No external initiator was added during the grafting to reactions.
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Table 4.1: Conversion and molecular weight analysis for copolymerization of DMAEMA and DEAEMA
with STY via NMP.

Reaction Set  Sample Time (min) Conv. MnTheo. MnExpt. D Initiation
(%)  (gmolh2 (g mol?) Efficiency (%)
30 30 39 5270 5020 1.41
20 29 4000 4110 143 97
60 40 43 5780 5190 145
PDMAEMA
60 53 7190 5650 1.53
75 54 7310 4000 1.96
90
90 60 8170 4790 1.83
30 30 32 5030 5260 1.38 96
60 20 20 3250 4130 1.44 79
40 32 4980 5380 1.38 93
PDEAEMA
60 41 6540 6370 1.39
90 75 45 7110 6660 1.40
90 50 7840 7180 144

& M, theoretical calculated assuming 100% initiation efficiency of the BB-MA

4.3.2 Qualitative Assessment of Grafting To of CWS with PDMAEMA and
PDEAEMA
Previous work had demonstrated that NMP could be used in the grafting to of

synthetic (co)polymer chains to bio-polymers based on the thermal dissociation of the SG1
nitroxide.®® The dissociation of BB-MA at elevated temperatures results in a stable SG1
nitroxide radical and a propagating radical which could react with a vinyl functionality on
a modified bio-polymer to yield polymer grafts. This methodology was applied to starch
through modification with VBC. VB-CWS was synthesized according to the methods of
Chapter 3. As before, the VB-CWS was sampled wet to prevent irreversible aggregation

which was observed for the native CWS and VB-CWS upon complete drying (see ESI).
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The success of the grafting to reactions was confirmed qualitatively using Fourier
transform infrared spectroscopy (FTIR), thermogravimetric analysis (TGA), and *H-NMR
measurements. The FITR spectra of the PDMAEMA grafted CWS (CWS-g-PDMEAMA)
and PDEAEMA grafted CWS (CWS-g-PDEAEMA) are shown in Figure 4.3 along with
the native CWS and VB-CWS spectra. The spectra showed characteristic bands from the
starch: O-H stretching vibrations (v, O-H) at 3300 cm; C-H stretching vibrations (v, C-H)
at 2927 cm™ and 2885 cm™; CH; bending vibrations at 1456 cm™; O-H alcohol bending
vibrations at 1411 cm™; CH/CHj vibrations at 1360 cm™, 1333 cm™?, 1240 cm™, 1207 cm
1 and 1150 cm™; C-O-C ring bond and linkage vibrations (v, C-O-C) at 1073 cm™, 929 cm"
! 848 cm, and 760 cm™; and C-OH bond vibrations at 1013 cm™ and 990 cm™. An
additional band at 1638 cm™ was present due to water O-H bending vibrations. The
modification of the CWS by VBC was confirmed in the VB-CWS spectra by the
appearance of the aromatic C=C bending vibration peaks at 1563 cm™ and 1515 cm™. The
C=C bonds corresponded to the aromatic group of the VBC substituent. Both the CWS-g-
PDMAEMA and CWS-g-PDEAEMA additionally showed an increase in the intensity of

O-H stretching vibrations (v, O-H) at 3300 cm™. Both spectra showed sharp bands at 1730

cm™? due to the C=0 carboxylic acid stretching vibrations (v, C=0) of the methacrylic
polymer units. There were also overserved increases in the intensity of the CH/CH:

vibrations at 1464 cm™ and 1373 cm™ with grafting.

The TGA thermograms for the CWS-g-PDMAEMA and CWS-g-PDEAEMA (Fig.
4.4) showed solvent or moisture losses up to 110 °C of 7.3 weight percent (wt%) and 9.5
wit%, respectively. The thermal decomposition onset temperatures for the VB-CWS, CWS-

g-PDMAEMA, and CWS-g-PDEAEMA were 276 °C, 278 °C, and 261 °C, respectively,
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Figure 4.3: FTIR spectra for native CWS, VB-CWS, CWS-g-PDMAEMA, and CWS-g-PDEAEMA.

compared to the onset temperature of 318 °C for the native CWS backbone. These
downshifted values demonstrated a lower thermal stability for the modified starch
compared to the native starch. Decreased thermal stability of bio-polymers with graft
modification has been previously observed,®3" and could be attributed to end groups such
as dithioesters (or nitroxides) which decompose at lower temperatures and trigger
decomposition of the backbone.*® The CWS-g-PDMAEMA and CWS-g-PDEAEMA
showed additional decomposition losses due to the grafted polymers at 312 °C and 410 °C,

respectively.
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Figure 4.4: TGA thermograms for native CWS, VB-CWS, CWS-g-PDMAEMA, and CWS-g-PDEAEMA.

'H-NMR of the CWS-g-PDMAEMA and CWS-g-PDEAEMA (Fig. 4.5) showed
the characteristic signals for CWS and VB-CWS in addition to the polymer signals. The
CWS showed signals in deuterated DMSO (DMSO-de) for the a(1-4) linkage proton at
5.12 ppm, the B(1-4) linkage proton at 4.78 ppm, and the CWS ring protons from 3.0 ppm
to 4.0 ppm. The H-NMR measurements for the VB-CWS material were made following
the method to Tizzotti et al.®® as per Chapter 3. The VB-CWS spectra showed the
appearance of the aromatic proton signal (m, i, j) at 7.37 ppm, the vinyl group proton signals
(dd, 6.72 ppm), (d, 5.78 ppm), and (d, 5.24 ppm), and the methylene proton signals (m, h)
at 4.68 ppm and 4.77 ppm. The measurement of VB-CWS in *H-NMR was conducted in
0.5 wt% LiBr in DMSO-ds (DMSO-ds solution) while the measurements of CWS-g-
PDMAEMA and CWS-g-PDEAEMA were conducted in deuterium oxide (D-0), based on
the solubility of the respective materials. The grafted polymer spectra in D>O showed the
starch groups shifted slightly to 5.30 ppm for the a(1-4) linkage proton and the ring protons
from 3.25 ppm to 4.05 ppm due to the use of the different solvents. The a(1-4) linkage
proton signal was obscured by the water impurity peak at 4.73 ppm. Residual vinyl signals

from the VB-CWS were visible at 5.78 ppm (m) and 6.72 ppm (m) suggesting that the

134



grafting to reaction efficiency was low. The STY polymer peaks were observed from 6.85
ppm to 7.55 ppm (m) overlapping the VB aromatic signals. The CWS-g-PDMAEMA
showed resonances at 4.28 ppm (m, q), 2.90 (m, s), 2.75 ppm (m, r), and 0.5 ppm to 1.38
ppm (m, o) due to the DMAEMA units. The PDMAEMA backbone signals appeared at
3.05 ppm (m, n) and 1.38 ppm to 2.07 ppm (m, w). The CWS-g-PDEAMEA spectrum
showed similar signals of the DEAEMA units at 4.28 ppm (m, x), 3.23 ppm (m, z), 3.14
ppm (m, y), 1.22 ppm and 1.26 ppm (m, a'), and 0.5 ppm to 1.08 ppm (m, v). The
PDEAEMA signals appeared at 3.04 ppm (m, u) and from 1.38 ppm to 2.05 ppm (m, w).
The observed polymer peaks in both CWS-g-PDMAEMA and CWS-g-PDEAEMA after

purification confirmed the grafting to process was successful.

4.3.3 Quantitative Assessment for Grafting To of CWS with PDMAEMA and
PDEAEMA
Elemental analysis (EA) was used to quantitatively measure the amount of polymer

grafted to the CWS, resulting in DS values for the PDMAEMA and PDEAEMA. These
were calculated using the EA nitrogen content, the polymer graft M, from GPC, and the
molar compositions of the PDMAEMA and PDEAEMA from *H-NMR. The composition
of the CWS-g-PDMAEMA and CWS-g-PDEAEMA from EA is given in Table 4.2 with

the calculated DS values for the polymer chains.

The molar composition of the PDMAEMA and PDEAEMA were calculated to be
87 mol% DMAEMA and 87 mol% DEAEMA, respectively, from *H-NMR in deuterated
chloroform (CDCls) at 30 °C (Fig. 4.6). For CWS-g-PDMAEMA, the DMAEMA
methylene signal at 3.79 ppm (lzs90-3.915) was compared against the STY backbone

methylene signal at 3.04 ppm (l2.850-3.230). For the CWS-g-PDEAEMA, the DEAEMA
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methylene signal at 3.74 ppm (Isess-3875) was compared against the STY backbone

methylene signal at 3.00 ppm (l2.750-3.200). The values for I3 590-3.915, 12.850-3.230, 13.645-3.875, and

Table 4.2: EA of CWS-g-PDMAEMA and CWS-g-PDEAEMA with analysis for graft polymer DS.

C H N nPolU? DP® nPolC® DS Pol Substitution
(Wt %) (wt%) (Wt%) (mmolg?) (mmol g)  (mol molAGU?)  Efficiency (%)
Acet. Stand. 71.09 6.71 10.36
CWS 42.73 6.61 0.07
VB-CWS 40.78 6.64 BDLY - - - - 21.9
CWS-g-PDMAEMA 50.03 7.57 1.76 1.80 34 0.053 0.0086 141
CWS-g-PDEAEMA 62.76 8.26 1.58 1.58 31 0.052 0.0086 14.0

2 mmol of polymer units per gram of VB-CWS

® DP: degree of polymerization, average number of DMAEMA or DEAEMA units in a PDMAEMA of PDEAEMA homopolymer chain
¢ mmol of polymer chains per gram of VB-CWS

4 BDL: below detectable limit

a
CWS-g-PDEAEMA
v
w
CWS-g-PDMAEMA
vinyl o VB-CwsT N
p

80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00
ppm

Figure 4.5: *H-NMR spectra of VB-CWS in DMSO-ds solution at 60 °C with 25 uL. TFA added, CWS-
g-PDMAEMA in D20 at 30 °C, and CWS-g-PDEAEMA in DO at 30 °C.

136



PDEAEMA

L P

PDMAEMA

hee Ll

Figure 4.6: 'H-NMR spectra of PDMAEMA and PDEAEMA homopolymers in CDCl; at 30 °C.

2.750-3.200 Were 1.000, 0.149, 1.000, and 0.148, respectively. The content of grafted polymer
units (mmol g 1) was calculated based on previous methods using the nitrogen content from

EA.19’39

Using the My values from GPC, the degree of polymerization (DP) of each
monomer unit was calculated according to Equation 4.1. M, was the overall weight average
molecular weight of the polymer (g mol?), UP was the monomer unit percentage, and UMy
was the molecular weight of one monomer unit (g mol?). For DMAEMA in the
PDMAEMA, the M, was 5024 g mol™, the UP was 0.87, and the UM, was 157.21 g mol-
1. Performing the calculation gave DP = 27.8 = 28. Performing the same calculation for
STY in the PDMAEMA gave DP = 6 and an overall DP for the polymer of 34. The same

calculation was performed for the PDEAEMA.
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DP = (%) (4.1)

The grafted polymer unit content (nPolU, mmol g) was calculated according to
previous methods'®*® and following the calculations in Chapter 3. Equation 4.2 was
modified from Equation 3.3 in Chapter 3 to represent nDM/nDE which were the monomer
unit content of DMAEMA or DEAEMA in the PDMAEMA or PDEAEMA, respectively,
in mmol per gram of VB-CWS (mmol g). N was the nitrogen content from EA, expressed
as a fraction, 14.0067 was the molecular weight of nitrogen (g mol™?), and My, was the
molecular weight of DMAEMA (157.21 g mol™) or DEAEMA (185.27 g mol ™). The result

was nDM = 1.56 mmol g and nDE = 1.42 mmol g*.

_ N(1000)
nDM/nDE = (14.0067—N*(MW)) (4.2)

To obtain the nPolU value, the nDM / nDE was divided by the DMAEMA or
DEAEMA homopolymer composition (0.87) giving the values in Table 4.2. The polymer
chain content in the grafted polymers (nPolC, mmol polymer chains per gram VB-CWS)
was further calculated by dividing the nPolU values by the DP. The DS Pol was calculated
by dividing the nPolC by the modified AGU My, of the VB-CWS material (164.663 g mol
1. Further dividing the DS Pol by the VB DS gave the substitution or reaction efficiencies

for both materials.

Based on the final DS values, it was calculated that the grafting to reaction for
CWS-g-PDMAEMA had reacted 14.1% of the available VB groups of the VB-CWS while
the CWS-g-PDEAEMA had reacted 14.0% of the available VB groups. The low reaction
percentages equated to low grafting densities of the polymers, which was inherent to the

grafting to method used. Although a low reaction efficiency was observed, the method was
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still effective in grafting relatively high M, polymers onto the starch. A high starch content
was observed in the final materials, as calculated in equation 4.3. In equation 4.3, VB-
CWS% was the wt% of VB-CWS in the grafted materials, nDM/nDE were the number of
moles of DMAEMA or DEAEMA monomer units per gram of VB-CWS (mol g?), and
nSTY was the number of moles of STY monomer units per gram of VB-CWS (mol gb).
Mw was the molecular weight of DMAEMA or DEAEMA while 104.15 was the My, of

STY (g mol™d).

1
— % =
VB — CWS% = (1+(nDM/nDE)(MW)+(nSTY)(104.15)) “3)

According to Equation 4.3, the VB-CWS contents of the CWS-g-PDMAEMA and
CWS-g-PDEAEMA were 78.7 wt% and 77.7 wt%, respectively. Multiplying further by the
CWS wt% in VB-CWS (95.6%) gave the final starch contents of the grafted polymers (75.3

wt% and 74.3 wt% for CWS-g-PDMAEMA and CWS-g-PDEAEMA, respectively).

The grafted copolymers had very similar M, and DP values (34 vs. 31), and
correspondingly very similar values for the DS were also obtained. This suggested steric
interference controlled the grafting density during polymerization as opposed to
differences in the monomer unit types, as is typical for grafting to reactions.***! In other
polysaccharide systems such as CNCs, it was observed that the grafting density of
PDMAEMA and PDEAEMA decreased with increasing Mn, under similar grafting

conditions, consistent with steric shielding as the contributing factor.®

The successful grafting to of CWS with PDMAEMA and PDEAEMA offered
insight into the grafting to mechanism. It was demonstrated in Chapter 3 that the initiation

efficiencies in CWS modification via a grafting from technique ranged between 21% to
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59% at the best reaction conditions for grafting P(MMA-co-STY). Compared to the
methacrylates in this study it followed that the grafting from technique offered higher
grafting densities with the same VB-CWS material (DS = 0.064 mol molAGU™). The
methacrylate polymer contents for the CWS-g-PDMAEMA and CWS-g-PDMAEMA were
21.3 wt% and 22.3 wt%, corresponding to high starch contents of 75.3 wt% and 74.3 wt%,
respectively. The goal of this work was to create functional grafted starch copolymers with
high starch content. Decreasing the VBC DS and / or varying the M, of the homopolymers

in the NMP reactions could be used to tune the CWS content in future graft copolymers.

4.3.4 Assessment of the pH-Responsive Nature of the Grafted CWS
Attempts were made to assess the pH-responsive nature of the grafted CWS in CO»-

switching, but multiple switching cycles were not successful. It appeared that mass transfer
limitations in sparging the polymer solutions were negatively impacting the switching
performance. The pH-responsiveness of the CWS-g-PDMAEMA and CWS-g-PDEAEMA
grafted CWS was therefore assessed using titration. 0.10 wt% solutions of the grafted
polymers in DIW were adjusted to pH 3 by the addition of 0.50 M hydrochloric acid (HCI).
Titration up to pH 10 (CWS-g-PDMAEMA) and 13 (CWS-g-PDEAEMA) was conducted
with 0.50 M sodium hydroxide (NaOH). Both polymer solutions remained clear throughout
the titrations. This contrasted with previous reports where PDEAEMA grafted
polysaccharides formed visible aggregates at high pH.}” PDMAEMA is soluble in water at
both high and low pH (protonated and deprotonated).!* The discrepancy with PDEAEMA
was likely due to the soluble starch substrate whereas previous works used dispersions of

insoluble CNCs. The concentration used in this report was 0.10 wt% compared to up to
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0.40 wt% in the previous study,!” and could have been too low to observe visible

aggregates.

The switching of PDMAEMA and PDEAEMA from protonated to deprotonated
(Fig. 4.7) occurs at pKan = 7.4 and pKan = 7.5, respectively (pKan is the pH at which 50%
of the acidic groups are protonated / deprotonated).*?> Correspondingly, a significant
decrease in the {-potential was observed as the pH was varied from 3 to 10 or 13 for both
polymers (Fig. 4.8). The final negative {-potentials indicated efficient deprotonation of the
PDMAEMA and PDEAEMA. Although the accumulation of salt (sodium chloride) in the
titration would compress the electrical double layer, decreasing the observed (-potential
and increasing the apparent surface charge, this phenomenon served as a proof of concept
of the pH-responsiveness of the grafted CWS. The intersects of both graphs at {-potential
=0 mV occurred at approximately pH 7.5 and 8.3 for PDMAEMA and PDEAEMA which
correspond well with the reported homopolymer pKss for PDMAEMA but not
PDEAEMA. 1t is likely that the more hydrophobic local environment of the PDEAEMA

resulted in an increase in the apparent pKan.

Although the solutions of CWS-g-PDMAEMA and CWS-g-PDEAEMA registered

??ZE&?: T:AE\LT}&*

+
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L ] [
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Figure 4.7: Reversible switching of PDMAEMA (blue) and PDEAEMA (red) from protonated to
deprotonated states with increasing pH, and corresponding pKan values.
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(-potentials, implying the presence of insoluble particles in the systems, they registered
well-defined signals in *H-NMR, implying solubility to an extent. It is likely that both
systems were partially soluble, and the materials were aggregating. The particle sizes of
both copolymers were measured at pH 3 and pH 10. For both materials, the intensity-
averaged particle size distribution gave unimodal but broad peaks. For CWS-g-
PDMAEMA the values for particle size were 422 + 38 nm with a polydispersity index
(PDI) of 0.57 + 0.14 and 309 + 8 nm with a PDI of 0.40 £ 0.040, at pH 3 and 10,
respectively. The values for CWS-g-PDEAMEA were 453 + 61 nm with a PDI of 0.49 +
0.06 and 307 + 61 nm with a PDI of 0.45 £ 0.050 at pH 3 and 10, respectively. All values
were averages of runs in triplicate (n = 3, ESI). The high PDI values denoted highly
polydisperse particle sizes. As well, the large standard deviations in both particle size and

PDI indicated the systems could be aggregated particles.

The switching of the grafted starch at pH 7.46 and 8.32 indicated that the polymers
should be suitable candidates for CO2 switching. While the CWS-g-PDEAEMA was

slightly outside the range for CO. switching to negative {-potential at pH 8.32, a large
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Figure 4.8: {-potential as a function of pH for a) CWS-g-PDMAEMA (0.10 wt% in DIW); and b) CWS-g-
PDEAEMA (0.10 wt% in DIW).
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swing from highly positive (-potential to very low positive (-potential would be

theoretically possible with CO2 stimulus.

4.4 Conclusions
Grafting to modification of starch was conducted for the first time with CWS and

the pH-responsive polymers PDMAEMA and PDEAEMA. NMP afforded good control
over the copolymerization of DMAEMA and DEAEMA with STY at low reaction times.
The copolymers were characterized by *H-NMR, GPC, and EA. The graft content in the
final CWS-g-PDMAEMA and CWS-g-PDEAEMA was quantified with EA, and FTIR,
TGA, and *H-NMR provided qualitative proof of the grafting to process. A low grafting
efficiency was observed during the grafting reactions which was inherent to the grafting to
mechanism used. The PDMAEMA and PDEAEMA grafted CWS maintained high starch
contents (approximately 75 wt%) with the potential opportunity to increase the starch
content by decreasing the VB substitution or changing the homopolymer My in the future.
The method provided an alternative route to prepare high starch content, sustainably-

sourced, hybrid starch polymers.

The CWS-g-PDMAEMA and CWS-g-PDEAEMA were tested for pH-
responsiveness in titrating solutions of the material from low to high pH. An observed
change in the (-potential from high (positive) at low pH to low (negative) at high pH
indicated the grafted CWS materials were effectively switching from protonated to
deprotonated states. While the polymer switching was not refined in this work, the swing
from high to low {-potential, with the measured pKan in the range of water carbonation /

decarbonation, indicated that the materials may be suitable candidates for future CO»-
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switching work. The high starch content in the final polymers may make the materials

attractive for use in sustainable wastewater or emulsion stabilization applications.
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Chapter 5: Conclusions and Recommendations

5.1 Conclusions
The first grafting from modification of cold water-soluble starch (CWS) by

nitroxide-mediated polymerization (NMP) was conducted with methyl methacrylate-co-
styrene (MMA-co-STY), methyl acrylate (MA), and acrylic acid (AA). A CWS
macroinitiator was synthesized by the modification of CWS with 4-vinylbenzyl chloride
(VBC) and  2-methyl-2-[N-tertbutyl-N-(diethoxy-phosphoryl-2,2-dimethylpropyl)-
aminoxy] propionic acid initiator (BB-MA). The modification and grafting steps were
confirmed by characterization with Fourier transform infrared spectroscopy (FTIR),
thermogravimetric analysis (TGA), proton nuclear magnetic resonance (*H-NMR), carbon
nuclear magnetic resonance (*}C-NMR), solid-state nuclear magnetic resonance (**C CP-
MAS and C CP-MAS-TOSS), elemental analysis (EA), and gel permeation
chromatography (GPC). It was shown that *H-NMR was able to give quantitative results
for the degree of substitution (DS) in the VBC functionalization and EA was able to give
quantitative results for the DS in the BB-MA functionalization. Extensive background
characterization was conducted to fully prove the success of the reaction steps. The NMP
of the CWS materials using grafting from offered a method to create high starch content,
sustainable bio-synthetic polymers. Decreasing the monomer concentration for all three
monomers increased control of the reactions. This was demonstrated as an increase in the
linearity of the reaction kinetics. Acid hydrolysis allowed the isolation of the polymer
grafts from the poly(methyl methacrylate-co-styrene) grafted CWS (CWS-g-P(MMA-co-
STY) which confirmed that the dispersity (D) of the grafted chains were low (<1.5). Acid

hydrolysis was shown to remove the CWS backbone while not affecting the polymer grafts.
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Overall, the method offered a robust route for the polymer- and time- tunable synthesis of

bio-hybrid starch polymers with variable synthetic polymer content.

The VBC functionalized CWS was also used to demonstrate the first grafting to
modification of starch by NMP with the pH-responsive polymers poly(2-
(dimethylamino)ethyl methacrylate) (PDMAEMA) or poly(2-(diethylaminoethyl)
methacrylate) (PDEAEMA). PDMAEMA and PDEAEMA were synthesized by NMP in
bulk at low reaction times (30 minutes). Higher reaction times resulted in poorly controlled
polymerizations. Low grafting densities were observed (approximately 14% as compared
to up to 59% from the grafting from work) due to the sterically hindered grafting to
mechanism. The grafted CWS materials had high starch contents (approximately 75 wt%)
with further opportunity to increase the starch content by decreasing the VB substitution
or changing the copolymer molecular weight. The PDMAEMA and PDEAEMA grafted
CWS were shown to be pH responsive and good candidates for CO2 switching by titration
and measurement of zeta-potential ((-potential). The polymers showed efficient

deprotonation in basic solution, switching from positive to negative {-potential.

The use of NMP in the grafting from and grafting to modification of CWS was
demonstrated to be effective in creating high starch-content polymeric materials. The
control offered over the polymerizations by NMP (one of the three main types of reversible
deactivation radical polymerization (RDRP)) would not be possible using free radical
polymerization (FRP) techniques. The first demonstration of NMP with CWS offers a new
route to produce sustainably-sourced bio-synthetic polymers. These types of materials
could find applications in paper coating or other latexes, emulsion stabilizers, or as

adsorption agents in wastewater treatment. Starch is the second most abundant bio-polymer
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worldwide and with expanded modification potential could find new applications and

greater industrial relevance.

5.2 Recommendations for Future Work
Future work with CWS in grafting via NMP could consider optimization of the

reaction conditions and improvement of the modification steps. In this work, VBC
modification of CWS proceeded to a low reaction efficiency due to limitations in the
methodology. It would be insightful to investigate the reaction conditions needed for higher
efficiency VBC modification of CWS such that the amount of VBC used could be reduced

and the environmental impact of the synthesis procedure could be improved.

To further reduce the environmental impact of the CWS grafting, future work could
also utilize methacrylic anhydride (MAAH) instead of VBC. CWS was successfully
modified with MAAH, BB-MA, and graft polymerized in this work (see ESI), but the route
was not fully developed. The potential benefit in using MAAH is that the reaction could
be conducted in water (see ESI). This would further decrease the environmental impact of
the synthesis procedures by replacing the DMSO solvent. The MAAH functionalized
starches may also be useful in the grafting to of CWS where the water solubility of the

materials could be leveraged to create one-pot synthesis routes for grafted starch.

In the grafting from of CWS, isolation of the grafted products for CWS-g-P(MMA-
co-STY) were successful but the poly(MA) (PMA) and poly(AA) (PAA) grafted CWS
were not. Difficulties were encountered in the solubility of the theoretically low molecular
weight grafts which were not isolated after many failed attempts. Future work could study
the isolation of these materials to fully prove the effectiveness of the method with different
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monomer types. Other types of starch hydrolysis such as enzymatic hydrolysis may also
be worth investigating. Aspects of the grafting to method optimization including
temperature, nitroxide species, monomer type, and BB-MA initiation density could be
investigated to produce alternative polymeric materials with potential applications in

different latex systems.

COgz-switchable potential was observed for the products from the grafting to
reactions of PDMAEMA and PDEAEMA with CWS. The materials in this work were
tested for pH-responsiveness by titration only due to potential mass transfer limitations in
the CO. switching. It would be worth investigating the factors contributing to these
limitations such as graft density, molecular weight, polymer loading, and copolymer
composition which could affect the aggregation behaviours and switching potential. If
these could be improved, the highly sustainably soluble-starch materials may find

applications as polymeric stabilizers in green emulsion formulations.

In the additional characterization materials (ESI), it was demonstrated that CWS
could be functionalized with styrene oxide (STO) and octenyl succinic anhydride (OSA)
in addition to VBC and MAAH. These functionalities have been used in previous reports
for emulsion stabilization applications for starches. These routes were not investigated in
this work, as the focus was on NMP grafting, but polymer surfactants with CWS could be
relevant and worth investigating. Particularly, hybrid functionalization of CWS with VBC
or MAAH and STO or OSA could be used for dual stabilization and initiation in emulsion
polymerization. If the conditions for these reactions and functionalization were discovered,

the range of starch applicability in industry and academia could be expanded.
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Appendix A: Materials

A.l. Grafting From Method
Experimental grade CWS was provided by EcoSynthetix Corporation. 2-methyl-2-

[N-tertbutyl-N-(diethoxy-phosphoryl-2,2-dimethylpropyl)-aminoxy]  propionic  acid
initiator (BlocBuilder® MA, BB-MA) and N-tert-butyl-1-diethylphosphono-2,2-
dimethylpropyl nitroxide (SG1, 85%) were supplied by Arkema. Anhydrous sodium
hydroxide (NaOH, >98%), hydrogquinone (99%), deuterated dimethyl sulfoxide (DMSO-
ds, 99%), deuterated chloroform (CDCls, >99%), hydrochloric acid (HCI, 37%), 4-
vinylbenzyl chloride (VBC, 90%), methyl methacrylate (MMA, 99%), styrene (STY,
>09.0%), methyl acrylate (MA, 99%), acrylic acid (AA, 99%), 1,4-doioxane (dioxane,
>99.0%), and tetrahydrofuran (THF, >99.0%) were purchased from Sigma-Aldrich.
Trifluoroacetic acid (TFA, 99%) was purchased from Sigma-Aldrich and stored sealed
under a nitrogen atmosphere over calcium sulphate desiccant (Drierite) while not in use.
Deuterated water (D20, 99.9% D) was purchased from Cambridge Isotope Laboratories.
Trimethylsilyldiazomethane (TMSDM, 2 M in hexanes) was purchased from Acros
Organics. Lithium bromide (LiBr, >99%) was purchased from Sigma-Aldrich, dried under
vacuum at 50 °C for 48 hours, and stored over calcium sulphate desiccant (Drierite) while
not in use. Acetanilide (71.09 %C, 6.71 %H, 10.36 %N, in weight percentages) was
purchased from Perkin Elmer and stored under a nitrogen atmosphere while not in use.
Toluene (>99.5%) was purchased from ACP Chemicals and used as received. Reagent
grade acetone, methanol, and isopropyl alcohol were purchased from Sigma-Aldrich.
Certified ACS dimethyl sulfoxide (DMSO, 99.9%) was purchased from Fisher Chemical.
Deionized water (DIW) was obtained from a Direct-Q 3 Millipore ultrapure water system
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at 18.2 MQcm resistivity. Nitrogen (N2, Ultra-High Purity (UHP) 99.999%), helium (He,
UHP 99.999%), oxygen (O, Research Grade 99.999%), and synthetic air (certified
standard, 3.02% CO3, 21.0% O, balance N2) were purchased from Praxair. Helium (He,
UHP 99.999%) was also purchased from MEGS Specialty Gases. All chemicals were used

as received unless otherwise stated.

A.ll. Grafting To Method
Experimental grade CWS was kindly provided by EcoSynthetix Corporation. 2-

methyl-2-[N-tertbutyl-N-(diethoxy-phosphoryl-2,2-dimethylpropyl)-aminoxy] propionic
acid initiator (BlocBuilder® MA, BB-MA) and N-tert-butyl-1-diethylphosphono-2,2-
dimethylpropyl nitroxide (SG1, 85%) were supplied by Arkema. Anhydrous sodium
hydroxide (NaOH, >98%), deuterated dimethyl sulfoxide (DMSO-ds, 99%), deuterated
chloroform (CDCls, >99%), hydrochloric acid (HCI, 37%), 4-vinylbenzyl chloride (VBC,
90%), 1-4,dioxane (dioxane, >99%), and tetrahydrofuran (THF, >99.0%) were purchased
from Sigma-Aldrich. 2-(dimethylamino)ethyl methacrylate (DMAEMA, 98%) and 2-
(diethylamino)ethyl methacrylate (DEAEMA, 98%) were purchased from Sigma-Aldrich
and passed over a basic alumina column (Sigma-Aldrich, ~150 mesh, 58 A) to remove the
inhibitor before immediate use. Trifluoroacetic acid (TFA, 99%) was purchased from
Sigma-Aldrich and stored sealed under a nitrogen atmosphere over calcium sulphate
desiccant (Drierite) while not in use. Lithium bromide (LiBr, >99%) was purchased from
Sigma-Aldrich and dried under vacuum at 50°C for 48 hours before use. Deuterated water
(D20, 99.9% D) was purchased from Cambridge Isotope Laboratories. Acetanilide (71.09

%C, 6.71 %H, 10.36 %N, in weight percentages) was purchased from Perkin Elmer and
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stored under a nitrogen atmosphere while not in use. Hexanes (>98.5%) were purchased
from ACP Chemicals. Reagent grade acetone, methanol, and isopropyl alcohol were
purchased from Sigma-Aldrich. Certified ACS dimethyl sulfoxide (DMSO, 99.9%) and
acetonitrile (99.9%) were purchased from Fisher Chemical. Deionized water (DIW) was
obtained from a Direct-Q 3 Millipore ultrapure water system at 18.2 MQcm resistivity.
Nitrogen (N2, Ultra-High Purity (UHP) 99.999%), helium (He, UHP 99.999%), oxygen
(O2, Research Grade 99.999%), and synthetic air (certified standard, 3.02% CO2, 21.0%
O», balance N.) were purchased from Praxair. Helium (He, UHP 99.999%) was also
purchased from MEGS Specialty Gases. All chemicals were used as received unless

otherwise noted.

A.l11. Additional Materials
Methacrylic anhydride (MAAH, 94%), styrene oxide (STO, 97%), 2-octen-1-

ylsuccinic anhydride (octenyl succinic anhydride, OSA, 97%), and hydrogen peroxide

solution (H202, 50 wt% in H20) were purchased from Sigma-Aldrich and used as received.
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Appendix B: Characterization Methods

B.l. Fourier Transform Infrared Spectroscopy (FTIR)
Fourier Transform Infrared Spectroscopy (FTIR) measurements were conducted on

a Bruker ALPHA FTIR with an Attenuated Total Reflectance accessory. The unit had a
diamond tip and constant pressure was applied using a hand-tightened anvil. All samples
were dried under vacuum at 50 °C for 24 hours before taking measurements. A total of 24

scans were taken at a resolution of 4 cm™.

B.1l. Thermogravimetric Analysis (TGA)
Thermogravimetric analysis (TGA) was conducted with a TA Instruments Q500

TGA analyser using platinum pans. All samples were dried under vacuum at 50 °C for 24
hours before measurement. Approximately 10 mg of sample was equilibrated at 30 °C
under a nitrogen atmosphere. The temperature was increased at 10 °C min™ to 110 °C, held
isothermally at 110 °C for 15 min, increased at 10 °C min* to 600 °C and held isothermally

at 600 °C for 15 min.

A second procedure was used to determine the solids content of air-dried CWS-BB.
CWS-BB samples were dried to a wet cake using compressed air. Approximately 10 mg
was sampled for TGA and equilibrated at 30°C under a nitrogen atmosphere. The
temperature was increased at 10 °C min™* to 110 °C and held isothermally at 110 °C for 90
to 110 minutes. The weight loss was measured, and the percent solids content was

calculated from the difference with respect to the starting weight.
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B.111. Nuclear Magnetic Resonance Spectroscopy
Proton nuclear magnetic resonance spectroscopy (*H-NMR) and carbon nuclear

magnetic resonance (**C-NMR) were performed on a Bruker Advance 500 MHz
spectrometer. Limited *H-NMR was also performed on a Bruker Advance 400 MHz
spectrometer. 16 scans were used for tH-NMR for the native CWS, VVB-CWS, CWS-BB,
and homopolymer samples. Grafted CWS samples were measured using 64 to 128 scans
for increased resolution. 2024 to 10240 scans were conducted for 3C-NMR. D,0, CDCls,
or DMSO-ds were used as solvents at approximately 10 mg mL™ native starch (*H-NMR)
or 40 mg mL* native starch (33C-NMR). Functionalized CWS and grafted polymers were
sampled wet with solvent to prevent irreversible aggregation at approximately 15 mg mL"
! (*H-NMR) and 60 mg mL* (**C-NMR). The temperature for measurements in DMSO-ds
and D20 ranged from 25 °C to 90 °C while the temperature for measurements in CDCl3

was 30 °C.

Solid-state carbon NMR with cross-polarization and magic angle spinning (**C CP-
MAS) was conducted using a total suppression of spinning sidebands (TOSS) sequence
due to the aromatic substituents in the functionalized materials. **C CP-MAS-TOSS was
performed on a Bruker Advance 600 MHz spectrometer with a total of 25,000-40,000

scans. Samples were dried for 24 hours at 50 °C under vacuum before measurement.

B.1V. Elemental Analysis (EA)
Elemental Analysis (EA) was performed on a Perkin EImer 2400 Series Il CHNO/S

analyser operating in CHN mode with a helium carrier gas. Acetanilide (71.09 %C, 6.71

%H, 10.36 %N, in weight percentages) was used as the calibration standard.
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B.V. Gel-Permeation Chromatography (GPC)
Gel-Permeation Chromatography (GPC) was conducted on a Waters 2690

Separation Module equipped with a guard column and three Styragel 4.6 mm diameter,
300 mm columns using THF as the eluent at a flow rate of 0.3 mL min at 35 °C. The unit
was coupled with a Waters 410 differential refractive index detector (930 nm). All GPC
data is reported as a PMMA equivalent. Samples were dissolved in THF, filtered through
a THF-washed PTFE filter (0.2 um), dried under vacuum at 50 °C for 24 hours, re-dissolved
in THF to approximately 2 mg mL™, and re-filtered through a THF-washed PTFE filter

(0.2 pm) before measurement.

B.VI. Zeta-Potential ({-potential) and Particle Size
Particle Size analysis was conducted on a Malvern ZetasizerNano ZS at 25 °C using

disposable plastic cuvettes. The measurements were made with noninvasive backscatter
optics (173°) using a 4 mW helium-neon laser (633 nm). Zeta-potential ({-potential) was
measured using DTS1070 disposable folded capillary cells in combination with a Malvern
Multipurpose Titrator (MPT-2) to obtain {-potential as a function of pH. The measurements
were taken for solutions at 0.1 mg mL* concentration. The pH of the original suspension
was adjusted to 3 using 0.5 M HCI in DIW before measurement. Two measurements in
triplicate at 0.5 or 1.0 pH intervals were taken between pH 3-13. The unit was loaded with

0.5 M NaOH stock solution in deionized water (DIW).
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B.VII. pH
pH measurements were obtained using a Thermo Scientific Orion STAR A215

pH/Conductivity meter. The unit was calibrated with pH 3.0, 7.0, and 10.0 Thermo

Scientific standard buffer solutions.
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