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Abstract

Cellulose is the most abundant renewable polymer on the planet and there is great
interest in expanding its use beyond its traditional applications. However, its hydrophilicity and
insolubility in most common solvent systems are obstacles to its widespread use in advanced
materials. One way to counteract this is to attach hydrophobic polymer chains to cellulose: this
allows the properties of the copolymer to be tailored by the molecular weight, density, and
physical properties of the grafts. Two methods were used here to synthesize the graft
copolymers: a ‘grafting-from’ approach, where synthetic chains were grown outward from
bromoester moieties on cellulose (Cell-BiB) via Cu(0)-mediated polymerization; and a ‘grafting-
to” approach, where fully formed synthetic chains with terminal sulfide functionality were added
to cellulose acetate with methacrylate functionality (CA-MAA) via thiol-ene Michael addition.

The Cell-BiB was synthesized in the ionic liquid 1-butyl-3-methylimidazolium chloride
and had a degree of substitution of 1.13. Polymerization from Cell-BiB proceeded at similar but
slightly slower rate than an analogous non-polymeric initiator (EBiB). The average graft density
of poly(methyl acrylate) chains was 0.71 chains/ring, with a maximum of 1.0 obtained. The graft
density when grafting poly(methyl methacrylate) was only 0.15, and this appeared to be due to
the slow initiation of BiB groups. Using EBiB to model the reaction and improve the design
should allow this to be overcome. Chain extension experiments demonstrated the living
behaviour of the polymer.

The CA-MAA was synthesized by esterification with methacrylic acid. Reactions of
CA-MAA with thiophenol and dodecanethiol resulted in quantitative addition of the thiol to the
alkene. The grafts were synthesized by Cu(0)-mediated polymerization from a bifunctional
initiator containing a disulfide bond, followed by reduction to sulfides. The synthetic polymers
were successfully grafted to CA-MAA but the grafting yield was limited by the low sulfide

functionality. Better retention of sulfide functionality is necessary for more efficient grafting.
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Remarks Upon Notation Used

A brief description of the notation used in this thesis is provided here. A wide variety of
cellulose derivatives were synthesized in this research and it is necessary to distinguish amongst
them in a straight forward and easy to understand way. Firstly, the starting cellulose material:
derivatives synthesized using commercially obtained microcrystalline cellulose (Avicel© PH-
101) are abbreviated using the prefix ‘Cell-‘, while those using commercially obtained cellulose
acetate (Sigma-Aldrich) are abbreviated using the prefix ‘CA-‘. Secondly, the suffix attached to
this describes the functional group that has been added: ‘Cell-BiB’ represents Avicel© cellulose
functionalized with bromoisobutyrate groups, while ‘CA-MAA’ represents commercially
obtained cellulose acetate functionalized with methacrylate groups using the monomer
methacrylic acid (MAA). The notation ‘Cell-AcO’ would represent cellulose acetate synthesized
in the lab and should not be confused with the commercially obtained material. Subscripts may
also be used to denote the degree of substitution of the functional group (Cell-BiB, s, for
example), and multiple suffixes may be used to denote multiple functional groups (Cell-AcO; 7¢-
GMA, ). Graft copolymers are designated with the backbone polymer first followed by ¢-g-‘and

the grafted polymer: ‘Cell-g-PMA’ would describe cellulose grafted with poly(methyl acrylate).
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BA
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BiB
BMIM
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BrBiB
Cell

CA
CRP
DCC
DMAam
DMAEMA
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DMF
DMSO
DP

DS
DTT
EBiB
EGDMA
EMIM
GMA
GPC
HA
HEMA
HSQC
HMTETA
HPC

IE

LRP
MA
MAA
MAC
MCC
MDGMA
ME
MeOH
MesTREN
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List of Abbreviations

Acetonitrile

Acetate
Anhydroglucose unit; sugar rings in cellulose
1-allyl-3-methylimidazolium

Atom transfer radical polymerization
Butyl acrylate

bis(2-hydroxyethyl) disulfide
a-bromoisobutyrate groups
1-butyl-3-methylimidazolium
2,2’-bipyridine

a-bromoisobutyryl bromide

Cellulose

Cellulose acetate obtained from Sigma-Aldrich
Controlled radical polymerization
N,N’-dicyclohexylcarbodiimide
N,N-dimethylacrylamide
N,N-dimethylamino-2-ethyl methacrylate
4-dimethylaminopyridine

N,N-Dimethyl formamide

Dimethyl sulfoxide

Degree of polymerization

Degree of substitution

DL-dithiotheitol

Ethyl a-bromoisobutyrate

Ethylene glycol dimethacrylate
1-ethyl-3-methylimidazolium

Glycidyl methacrylate

Gel permeation chromatography
Hexylamine

2-Hydroxy ethyl methacrylate
Heteronuclear single quantum coherence
1,4,7,10,10,-hexamethyl triethylenetetramine
Hydroxy propyl cellulose

Initiator efficiency

Living radical polymerization

Methyl acrylate

Methacrylic acid

Methacryloyl chloride

Microcrystalline cellulose

Methyl diethylene glycol methacrylate
Mercaptoethanol

Methanol
Tris[2-(dimethylamino)ethyl]amine
N-isopropylacrylamide

Methyl methacrylate

Nitroxide mediated polymerization
Nuclear magnetic resonance
Polydispersity index, M,/M,
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PEO
PMA
PMDETA
PMMA
RAFT

SET (-LRP)
TEA
TEMPO
THF
TREN

o
)

[n]
[Br]

[Cu(1N)]
K

kact
kapp
KATRP
kdeact

Poly(ethylene oxide)

Poly(methyl acrylate)
N.N,N’,N”,N”-pentamethyldiethylenetetramine
Poly(methyl methacrylate)

Reversible addition-fragmentation (chain) transfer
Single electron transfer (living radical) polymerization
Triethylamine

2,2,6,6-Tetramethylpiperidyl-1-oxyl

Tetrahydrofuran

Tris[2-(dimethylamino)ethyl]amine

List of Symbols

Mark-Houwink parameter

Chemical shift, NMR

Intrinsic viscosity

Concentration of bromine (ATRP initiating sites)
Concentration of Cu(ll)

Mark-Houwink parameter

Activation rate constant

Initial apparent polymerization rate constant
ATRP equilibrium constant; ratio of Kaei/Kgeact
Deactivation rate constant

Propagation rate constant

Termination rate constant

Concentration of ligand

Monomer concentration

Number average molecular weight

Peak molecular weight

Ratio of measured M, to predicted M,
Weight average molecular weight
Molecular Weight

Viscosity average molecular weight

Glass transition temperature

Retention volume (GPC)

Peak retention volume (GPC)
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Chapter 1

Introduction

1.1 Research objective

This thesis investigates the chemical modification of cellulose as a means to tailor its
properties: specifically, by grafting synthetic polymer chains to the cellulose backbone to form a
copolymer with comb architecture. The determination and fine-tuning of the physical properties
of the copolymer is a field of research in its own right, and so this thesis limits itself to the
development of versatile and robust methods of synthesizing these copolymers. The nature of the
copolymer requires these reactions to be carried out in a homogeneous medium, which presents

additional challenges when working with cellulose.

1.2 Background information on cellulose and motivation for research

Cellulose is the most abundant renewable polymer on the planet, accounting for 50% of
the bound carbon, and with about 10" tons being regenerated yearly by plants, algae, bacteria,
and even some animals [1]. Some typical cellulose contents from various sources are provided in
Table 1.1. Biomass from plant sources has three main polymeric components: lignin,
hemicellulose, and cellulose [2]. Lignin is a highly amorphous polymer that serves as the
intercellular material that ‘glues’ together the fibres of the plant. It is a three-dimensional, highly
branched polymer consisting of a random arrangement of phenyl groups with propyl linkages.
Hemicellulose is a polymer of a variety of hexoses (glucose, mannose, galactose, et cetera) and
pentoses (xylose, arabinose, et cetera). The type and proportion of these sugars are dependent on
the biomass source. Because of the irregular nature of the repeat units, hemicellulose is less

crystalline and more easily dissolved than cellulose [2]. Cellulose is a linear polymer consisting

1



of cellobiose units (a pair of glucopyranose units joined by a p-D-(1 — 4) linkage and therefore
rotated 180° to each other) repeating in a highly ordered fashion. Cellulose also has substantial
inter- and intramolecular bonding from the pendant hydroxyl functional groups [1, 3]. The
cellulose chains lay together in a single direction to form long fibres, and the highly ordered
structure and regular hydrogen bonding pattern creates a polymer with a high degree of
crystallinity. These fibres also contain amorphous regions where the chains do not properly
overlap; these amorphous regions are more easily penetrated by solvents than the crystalline
regions [2]. Cellulose chains have what is termed a ‘reducing end’, where the alcohol on the
terminal group of the chain is in equilibrium with an open-ring aldehyde [1, 3]. New glucose
molecules are added to the non-reducing end of cellulose during chain elongation [3]. Figure 1.1
illustrates the structure of cellulose, including inter- and intramolecular hydrogen bonding
patterns and the reducing end.

Cellulose can exist in six different crystalline polymorphs: Cellulose 1, II, 11, 11, 1V,
and 1V, [3]. Of these, only cellulose | and cellulose Il are found in nature, with the remainder
obtained through artificial means. In cellulose I, the O6’-H — O3’ hydrogen bonding pattern is

dominant (see Figure 1.1), while in cellulose IT 06’-H — O2’ is dominant.

Table 1.1: Typical cellulose content from various fibre sources [1].

Fibre Source Cellulose Content
(%0)
Softwood 33-42
Hardwood 38-51
Cotton 83-95
Flax (unretted) 63
Flax (retted) 71
Hemp 70-74
Jute 61-72
Ramie 69-76
Sisal 67-78
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Figure 1.1: Structure of cellulose, showing intermolecular (dashed grey lines) and intramolecular
(solid grey lines) hydrogen bonding patterns for cellulose I. Modified from Festucci-Buselli et al.

(3].

The poor solubility and hygroscopic nature of cellulose in common solvents present
challenges to its widespread use. Consequently, cellulose is often modified in order to tailor its
properties: to increase its hydrophobicity; make it more amenable to dissolution; or to blend or
increase its compatibility with other polymers. The most common modification (resulting in a
wide range of commercially available products) involves the synthesis of cellulose derivatives,
where some or all of the hydroxyl groups have been replaced with other functional groups: 0.9
million tons of cellulose acetate and 3.2 million tons of cellulose xanthate are produced annually
[4]. Of more recent interest are cellulose copolymers with unique architectures, consisting of
synthetic/renewable polymer hybrids. Such architectures include: cellulose chains with a
synthetic polymer block [5, 6]; graft copolymers with a cellulose backbone and synthetic polymer
branches [7, 8]; gels and interpenetrating networks of polymers [9-11]; and grafting of polymers
from solid cellulose surfaces, including particles, fibres, and sheets [7, 8, 12, 13]. Surface

modification of solid cellulose is a common research area as it avoids the need for dissolution of
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the cellulose, but a homogeneous medium is required to synthesize other architectures, such as
graft copolymers and block copolymers.

In the synthesis of cellulose graft copolymers there are two main approaches, known as
‘grafting-from’ and ‘grafting-to’, with the ‘grafting-from’ approach being more commonly
applied [8]. In the ‘grafting-from’ approach, initiation sites are formed on the cellulose
backbone and polymer chains are grown outward from these; the polymerizations are
accomplished using both conventional [14, 15] and controlled radical mechanisms [7], including
Reversible Addition-Fragmentation Chain Transfer (RAFT), Atom Transfer Radical
Polymerization (ATRP), and Nitroxide Mediated Polymerization (NMP.) In theory, a controlled
‘grafting-from” mechanism should allow for a well-tailored, controlled growth of polymer and
high density of grafted chains, but in practice problems have been encountered with radical
combination of the cellulose molecules due to bimolecular termination of growing chains [16-
20], poor initiation efficiency [16, 21], and difficulties in characterizing the side chains and final
copolymer [18, 19].

With the ‘grafting-to’ approach, fully formed (and characterized) chains with selected
end-group functionalities are attached to the backbone polymer. This should allow for easier
characterization of the copolymer and avoid intermolecular combination of the combs, although
if grafting is incomplete the separation of the homopolymer can be problematic. One of the
reasons that a ‘grafting-to’ approach receives less attention is that it is thought to have a lower
possible graft density due to steric hindrance [7]; however, if the goal is to have a high cellulose
content in the final copolymer this may not be an issue, and in fact may be considered a positive
effect. In addition, there is a well-established body of literature on various controlled
polymerization techniques, and growing the grafts separately from the backbone would allow this
knowledge to be directly applied under optimal polymerization conditions (i.e. conditions that

might not be possible for a ‘grafting-from’ polymerization due to restrictions imposed by the
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macroinitiator such as solubility and initiator concentration). To date, there have been papers
detailing the synthesis of graft copolymers with a cellulose acetate backbone and polystyrene
arms [22, 23] and with a synthetic backbone and cellulose acetate arms [24] using a ‘grafting-to’
approach.

Both the ‘grafting-from’ and ‘grafting-to’ methods will be used in this thesis to
synthesize copolymers with a cellulose backbone and synthetic branches. In both cases, Cu(0)-
mediated polymerization will be used to synthesize the polymer branches. There are reports of
Cu(0)-mediated polymerization being used to graft from cellulose, and so this has been
established as a synthesis technique. However, as the literature review in Chapter 2 will discuss,
characterization of these copolymers has been incomplete and it is unclear how differently the
graft copolymerization behaves compared to linear homopolymerization. That question will be
addressed here. As the ‘grafting-to’ approach has received a much more limited treatment in the
literature, the objective here is to design a versatile method for grafting polymers to cellulose

using thiol-ene chemistry.

1.3 Organization of thesis

Chapter 2 of this thesis consists of a literature review that summarizes the
functionalization of cellulose in homogeneous media (with a strong focus on imidazolium-based
ionic liquids), the growing of polymer chains from the backbone (‘grafting-from’) via Atom
Transfer Radical Polymerization (ATRP) and Single Electron Transfer (SET), and the attachment
of fully formed polymer chains to the cellulose backbone (‘grafting-to”). Chapter 3 discusses the
synthesis of cellulose derivatives that were used in the grafting reactions in Chapters 4 and 5.
Chapter 4 details a ‘grafting-from’ approach using Cu(0)-mediated polymerization. Cellulose

was dissolved in 1-butyl-3-methylimidazolium chloride (BMIM CI) and then functionalized with



bromoester groups to give it ATRP functionality, and acrylic monomers were polymerized
outward. The graft polymerization from cellulose was compared to a common ATRP initiator of
similar structure in order to determine if the polymerization was similar in terms of rate and
control. In Chapter 5, a ‘grafting-to’ approach was used. Here, cellulose acetate was imparted
with methacrylate functionality along its backbone by esterification with methacrylic acid. Fully
formed synthetic chains containing terminal sulfide functionality were attached to the cellulose
acetate via thiol-ene Michael addition. The polymers with sulfide functionality were produced
using a bifunctional ATRP initiator containing an internal disulfide linkage; after polymerization,
the disulfide was reduced to form sulfide-terminated chains.  Chapter 6 summarizes the
conclusions presented in the thesis, and gives recommendations as to areas of further

investigation.
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Chapter 2

Literature Review: Modification and Graft Copolymerization of

Cellulose in Homogeneous Media

2.1 Introduction

The study of cellulose is a diverse field with many areas of research interest, including
the structure and biosynthesis of cellulose [1], fractionation of lignocellulosic material [2],
depolymerization of cellulose [3, 4], functionalization and derivatization of cellulose [4-7], and
polymeric grafting from both dissolved cellulose [8, 9] and cellulose surfaces [8-10]. For
grafting of polymers, controlled radical polymerization (CRP) techniques are commonly used in
order to control the molecular weight of the grafts and minimize termination. Atom Transfer
Radical Polymerization (ATRP) (with the related Single Electron Transfer (SET)) and Reversible
Addition-Fragmentation Chain Transfer (RAFT) are two of the most commonly studied CRP
techniques studied, with Nitroxide-Mediated Polymerization (NMP) receiving less attention [9].

This literature review is focussed on three main areas:

1) The use of ionic liquids for cellulose dissolution and subsequent modification. The
lack of effective, non-derivatizing, and easy-to use solvents has limited the use of
cellulose in homogeneous systems, and thereby limited the types of architectures
and cellulose products that can be obtained. The proper choice of solvent is
therefore very important for designing reactions, and ionic liquids are one potential

solution.
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2) The synthesis of cellulose graft copolymers using ATRP or SET and a ‘grafting-from
approach. The discovery in the last decade of new cellulose solvents coupled with
the wide and growing body of ATRP literature has made this an increasingly popular

research topic.

3) The synthesis of cellulose graft copolymers using a ‘grafting-to’ approach. This has
received very limited attention in the literature, but the emergence of fast and
guantitative ‘click’ reactions makes this an attractive alternative to the ‘grafting-

from’ approach that is more commonly used.

As much as possible, this review focusses on work conducted with cellulose and the
synthesis of cellulose graft copolymers. However, where little is published in the literature this

document will expand to other polysaccharides and polymer architectures.

2.2 lonic liquids as solvents for cellulose modification

2.2.1 Solvent systems for cellulose

Cellulose is a highly crystalline polymer with very strong and repetitive hydrogen
bonding. As a result, cellulose is incapable of being dissolved in most common solvents.
Cellulose, however, does dissolve in certain molten salts and aqueous salt solutions. Isogai and
Atalla [11] presented a method to dissolve cellulose in aqueous NaOH by first swelling, then
freezing, and then diluting the mixture. They found that crystalline cellulose samples of DP up to
200 were completely soluble, but at a low concentration of 2 wt%. The solvent systems

dimethylacetamide (DMAC)/LICl [12-19] and N-methyl-2-pyrrolidone/LiCl [12] have also been

10



used to dissolve cellulose, as well as dimethylsulfoxide (DMSO)/tetrabutylammonium fluoride
trihydrate [7, 20]. The solvent systems capable of dissolving cellulose are typically very
hygroscopic; the presence of water in the solvent system both lowers the solubility of the
cellulose and can hinder moisture-sensitive reactions. Swatloski et al. [21] described the ability
of ionic liquids to dissolve cellulose pulp. They found that 1-butyl-3-methylimidazolium chloride
(BMIM CI) could dissolve 10 wt% cellulose under conventional heating at 100°C, and 25 wt%
under microwave heating. Remsing et al. [22] demonstrated that cellulose in BMIM CI exhibited
stoichiometric bonding of the protons on the hydroxyls to the chloride anions, which supported
the dissolution model they proposed whereby the hydroxyls of cellulose can act as electron
donor/acceptor sites. As such, the effectiveness of solvents in dissolving cellulose is dependent
on their ability to bond to cellulose’s hydroxyl groups and disrupt the regular hydrogen bonding
pattern.

A study by Kosan et al. [23] suggested that acetate was a better anion for dissolving
cellulose than chloride, both for solvating strength and reduced solution viscosity. Vitz et al.
[24] conducted an extensive dissolution study of cellulose in imidazolium-based ionic liquids and
concluded that ionic liquids with chloride, acetate, or phosphate anions were suitable for
dissolving cellulose, with other anions examined having little or no dissolving capability. They
suggested using diethyl phosphate as the anion in order to minimize depolymerization of the
cellulose. Fukaya et al. [25] also noted the ability of phosphate-based anions to dissolve
cellulose. To date, cellulose dissolution and modification is commonly done with the ionic
liquids BMIM CI [3, 5, 26-30], 1-allyl-3-methylimidazolium chloride (AMIM CI) [6, 31-35], and
1-ethyl-3-methylimidazolium acetate (EMIM AcO) [2, 36, 37]. The ionic liquid 3-methyl-N-
butyl-pyridinium chloride has also been found to dissolve cellulose but with significant
depolymerization [30]. In addition, variations on these cations using different length alkyl groups

are capable of dissolving cellulose to various degrees [5, 24]. A more comprehensive review of

11



cellulose solvent systems by Liebert et al. can be referred to for more information [38]. See

Figure 2.1 for structures of some common ionic liquids.
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Figure 2.1: Structures of common imidazolium-based ionic liquids.

2.2.2 Viscosities of ionic liquid/cellulose solutions

The imidazolium-based ionic liquids are very viscous, and become substantially more so
when cellulose is dissolved. Sescousse et al. [39] examined the viscosities of solutions of
cellulose in EMIM AcO and BMIM CI. They found that EMIM AcO (melting point <-20°C) has
a viscosity of about 0.01 Pa-s at 100°C, but a 10 wt% solution of cellulose at the same
temperature has a viscosity of 0.5 Pa-s. BMIM CI (melting point 70°C) is even more viscous
with a viscosity of about 0.03 Pa-s at 100°C, and a 10 wt% solution having a viscosity of about 6
Pa-s —a 200 fold increase. Figure 2.2 displays some of their experimental data. Kosan et al. [23]
also reported on the lower viscosity of acetate anion when compared to chloride, which allows a
greater amount of cellulose to be dissolved while still maintaining a manageable viscosity.
Fukaya et al. [25] reported that EMIM methylphosphonate had a viscosity of 1 Pa-s at 25°C,

which was less than any imidazolium-based ionic liquid using a chloride anion. From Figure 2.2,
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this is comparable to the viscosity of EMIM AcO at 0°C. Tokuda et al. [40] examined the effect
of variation in chain length in 1-alkyl-3-methylimidazolium cations on physical properties (they
used bis(trifluoromethane sulfonyl)imide as the anion). They found that viscosity increased with
alkyl length, while density and conductivity decreased. Huddleston et al. [41] also found similar

effects of the alkyl length on physical properties.
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Figure 2.2: Viscosities of cellulose-ionic liquid solutions. This figure shows experimental data
comparing viscosity of the solution with temperature and cellulose content. The open symbols
are for EMIM AcO and the closed symbols are for BMIM CIl. The lines are linear
approximations (in the dilute region) or power law approximations (in the semi-dilute region).

Reprinted with permission from Sescousse et al. [39]. Copyright 2010, American Chemical
Society.

2.2.3 Stability of ionic liquid/cellulose solutions

lonic liquids have been reported to be stable and inert towards cellulose [21, 22];
however, new findings indicate that this is not necessarily the case. A study [42] on thermal

aging of ionic liquids useful for cellulose dissolution (BMIM AcO, EMIM AcO, BMIM Cl, and
13



EMIM CI) was conducted whereby the pure ionic liquids were heated at 200°C for 24 h followed
by analysis of the degradation products. It was found that in all cases yields of degradation
products of less than 0.1% were obtained, consisting of imidazole in various states of alkylation
and dimerization. Although these are low amounts, imidazole has a high boiling point (256°C)
and is unlikely to be removed by vacuum distillation. Thus, the impurities would increase in any
recycling scheme that did not involve some other extraction technique for their removal. The
acetate anion was found to be slightly less stable than the chloride anion. The authors also noted
that imidazole is a relatively basic substance and can affect reactions taking place in solution,
including the coupling of 1-alkyl-3-methylimidazolium cations with cellulose at its reducing end
[44] and the formation of N-heterocyclic carbenes [44]. This would severely limit the potential
for using ionic liquids as a solvent for reducing end reactions of cellulose (see Scheme 2.1). As
well, technical grade EMIM AcO (>97%) was found to partially acetylate cellulose in the
absence of any other reactants (DS of 0.017 after 20 minutes at 150°C) [45], and in the presence
of only 2-furoyl chloride, p-toluenesulfonyl chloride, or triphenylmethyl chloride could acetylate
cellulose up to a degree of substitution (DS) of 1.86 [36]. Cellulose samples have also been
found to depolymerize to a certain extent when dissolved in ionic liquids. Vitz et al. [24] found
that the degree of polymerization (DP) of Avicel© cellulose decreased from 398 to 311 upon
regeneration from BMIM Cl. Heinze et al. [30] did not observe any depolymerization when
regenerated from BMIM ClI, but they reported that the DP of Avicel© cellulose decreased from

286 to 172 upon regeneration from 3-methyl-N-butyl-pyridinium chloride.
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Scheme 2.1: Reaction of EMIM AcO with the reducing end of cellulose. Other imidazolium-
based ionic liquids react similarly with cellulose.
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2.3 Cellulose copolymers using a ‘grafting-from’ approach

Polymeric grafting from a solid cellulose surface, whether membranes, fibres, or crystals, has
been an important research topic and has been extensively studied; it will not be discussed here,
but the reader can find information in other reviews [8-10, 46]. The synthesis of cellulose graft
copolymers in a homogeneous environment is a more recent area of study and is the focus of this
review. ATRP and SET are the primary mechanisms considered, although other mechanisms will
be discussed briefly to provide context.

Controlled radical polymerizations (CRP; sometimes called ‘living’ radical polymerizations,
LRP) have the following characteristics: control over molecular weight and architecture,
including high initiation efficiency (IE) and low intermolecular combination of growing chains;
suppression of radical termination, as indicated by a constant radical concentration in the
reaction and a narrow polydispersity (PDI less than 2 and approaching 1); and functionally
terminated polymer chains, such that a majority may be re-initiated and continue polymerizing
(living behaviour). TUPAC recommends using the term ‘reversible-deactivation radical
polymerization’ as opposed to ‘living’ or ‘controlled’ [47]. They state that ‘living’ is
inappropriate at all times, while ‘controlled’ is acceptable as long as the criteria for control is

clearly defined.

2.3.1 Alternatives to ATRP

The earliest grafting experiments from dissolved cellulose used conventional radical
polymerizations [48, 49]. The main drawback to this polymerization approach was termination
that caused extensive crosslinking of the cellulose material making it insoluble or poorly soluble,
as well as the generation of homopolymer that was not grafted to the cellulose [26, 27, 48-50].

This limited control over the architecture obtained.
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Controlled radical polymerizations were attempted in an effort to exercise more control
over the architecture. An early example of homogeneous cellulose grafting using a controlled
radical mechanism was carried out by Daly et al. in 2001 [51]. In this case, they used
carboxymethyl or hydroxypropyl cellulose as their backbone polymer functionalized with
TEMPO groups. These TEMPO groups were used to graft styrene from the cellulose using
NMP. Polydispersities of cleaved grafts ranged from 1.34 to 1.52, indicating a controlled
polymerization. Stenzel et al. [52] used RAFT to graft styrene from hydroxypropyl cellulose.
The RAFT agent (3-benzylsulfanylthiocarbonylsufanylpropionic acid) was attached to the
cellulose via esterification. The reaction was not well controlled as polydispersities of cleaved
chains ranged from 1.63 to 1.94. The authors also noted that the M, of the grafts deviated
significantly from the expected values due to termination reactions. Fleet et al. [53] also used
RAFT to synthesize hydroxypropyl cellulose based copolymers, although in this case they grafted
polyvinyl acetate instead of styrene. Depolymerization of the cellulose backbone was observed
when attaching the RAFT agent to the cellulose. Homopolymer was formed in solution, and PDI
(1.9, 1.6) and M, (5000 g/mol, 4000 g/mol) values for the cleaved grafts were the same as for the
homopolymer. RAFT was used by Lin et al. [54] to graft MMA from cellulose. An ATRP
initiator (which they had used in an earlier study [29]) was first prepared by dissolving cellulose
linter fibres in BMIM CI and reacting with chloroacetyl chloride. This was precipitated and
purified, and then reacted with bis(thiobenzoyl) disulfide to synthesize the cellulose with RAFT
initiating sites (DS 0.96). The polymerization was conducted in BMIM Cl. The PDI of the

cleaved chains was low, ranging from 1.28 to 1.46.

16



2.3.2 Cu(l)-mediated (ATRP) grafting from cellulose esters and ethers

Table 2.1 contains a sampling of results from the papers surveyed that employed ATRP
as their polymerization mechanism. Generally, the ‘best’ or most informative results from each
paper were included, judging from criteria such as high polymerization rate, low polydispersity,
and high molecular weight, as well as the completeness of the data available. There is debate in
the literature over whether SET has the same mechanism as ATRP [55, 56] or a different
mechanism [57-59]. For the purposes of this thesis, reactions will be referred to as SET when
Cu(0) is used as the catalyst and ATRP when Cu(l) is used as the catalyst. The ATRP

mechanism is provided in Scheme 2.2.

k, &
k:l("( & '
P-X + Ci/L e—= P, + X-CuL
kdcacl U
M

Scheme 2.2: Mechanism of ATRP. P,-X is an alkyl halide (macro)initiator, Cu'/L is the activator
complex, P, is a (macro)radical, and X-Cu""/L is the deactivator complex. Reprinted with
permission from Zhang et al. [55]. Copyright 2012, American Chemical Society.
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Table 2.1: Sampling of ATRP polymerizations from dissolved cellulose.

Solvent Catalyst Monomer  Temp. Time  Conv. DS M, (cellulose, M, M, IE PDI Ref.
‘c) (h) (%) g/mol) (copolymer, (grafts, (%) (grafts)
g/mol) g/mol)

Toluene CuBr/CuBr,/  MMA 80 19 39 2.26 29,900* 83,700* n.d. nd. n.d. [65]
PMDETA

Dioxane CuBr/ MMA 70 8 54 0.43 n.d. 56,000* 3150* nd. 1.1 [60]
PMDETA

Dioxane CuCl/ MMA 90 2.5 21 0.10 22,100 232,000* n.d. nd. n.d. [62]
HMTETA

Dioxane CucCl/ Styrene 90 12 14 0.12 19,500 104,500* n.d. nd. n.d. [62]
HMTETA

Cyclo- CuCl/ MDGMA 40 n.d. 16 0.02 n.d. n.d. 5770* nd. 14 [63]

pentanone PMDETA

Toluene CuBr/ Styrene 110 20 20 05 32,870* 50,995* 6500 9% 1.3 [63]
PMDETA

Toluene CuBr/ MMA 70 30 30 0.5 32,870* 64,702* 9000* % 14 [61]
PMDETA

DMF CuBr/ DMAEMA 60 1 35 0.70 156,000* n.d. n.d. nd. n.d. [36]
PMDETA

BMIM ClI CuBr/BPY MMA 60 4 15 1.87 n.d. n.d. 31,000* nd. 16 [29]

Propanol/ CuBr/ DMAEMA room 8 50 0.06 28,000*" 89,000* 5800™" nd. n.d. [66]

water HMTETA

DMF CuCl/BPY MMA 60 8 18.6 0.98 32,000" n.d. 96,000* nd. 1.3 [34]

Dioxane CuCl/BPY Styrene 110 2 14.1 0.98 32,000" n.d. 13,300 nd. 15 [34]

DMSO CuCl/ Acrylamide 80 3.5 9.2 20 nd. n.d. 2800* 20 11 [14]
PMDETA

DMSO CuCl/ DMAam 50 3 17.2 0.44 n.d. 940,000* 1900™ nd. 14 [15]
PMDETA

*relative or not absolute molecular weight data, “molecular weight of cellulose before addition of ATRP sites, ““estimated from NMR

18



The first grafting experiments performed on cellulose with an ATRP mechanism used
cellulose derivatives (various esters and ethers of cellulose) with an incomplete degree of
substitution [60-62]. The cellulose esters (or ethers, as the case may be) were soluble in various
organic solvents and free hydroxyl groups were reacted to attach ATRP initiating sites. This was
performed as early as 2004 by Shen and Huang [60] using cellulose diacetate and attaching a-
bromoisobutyrate groups (DS 0.43). They grafted MMA from the cellulose: conversion was low
(~5%), and combination of the cellulose backbones occurred. The side chains were hydrolyzed
for GPC analysis. The polydispersity of the side chains measured was low (1.12), but molecular
weight measurements were not absolute values due to the use of water as opposed to methanol for
hydrolysis, and the lack of correction for the use of poly(styrene) standards. Vlcek also grafted
from cellulose diacetate [62] using a variety of monomers. They prepared macroinitiators with 2-
bromoisobutyryl and dichloroacetyl groups (DS ranged from 0.10 to 0.52). The styrene-grafted
cellulose showed distinct bimodal behaviour with time and peak broadening from the GPC
elution curves, indicating significant combination of the cellulose chains. The authors noted that
conversion needed to be kept low to minimize combination.  Block copolymerization was
successfully performed, but no analysis of the grafts was conducted.

Methyl diethylene glycol methacrylate (MDGMA) was grafted from cellulose acetate
sparsely functionalized with BiB groups (DS 0.02) by Billy et al. [63]. They first used a linear
homopolymerization as a model in order to design their grafting reaction, but as the concentration
of initiating sites for the homopolymerization was approximately 10° times greater than for
homopolymerization the reactions are not directly comparable. Molecular weights of the
copolymers were not reported, but the grafts were cleaved for GPC analysis, with polydispersities
of 1.5 or less found. However, since NaOH in methanol was used as the agent for cleaving the
grafts the ester groups on the polymer would have been cleaved as well. As such, the molecular

weight measurements are not considered reliable.
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Ethyl cellulose was used as the backbone polymer for grafting of MMA and styrene in a
study by Shen et al. [61]. A high initiation efficiency (96%) was found, corresponding to one
growing chain per two cellulose rings (DS 0.5). The side chains were hydrolyzed with 70%
sulfuric acid and compared to polystyrene standards. The cleaved PMMA chains may not have
been representative of the un-cleaved chains due to hydrolysis of the pendant methyl ester groups,
thus affecting the calculated initiator efficiency. Dynamic light scattering analysis of the
copolymer revealed a ratio of radius of gyration to hydrodynamic radius greater than 2, which
indicates an extended, rod-like morphology. Liu et al. [64] examined the effect of graft density
on the coil-to-rod transition of ethyl cellulose grafted with poly(acrylic acid). They made four
polymer samples: two with a lower graft density (DS 0.3), and two with a higher graft density
(DS 0.5). Each graft density had a sample with a long (DP of 43 or 53) and a sample with a short
(DP of 21 or 28) side chain length. Using a combination of atomic force microscopy, dynamic
light scattering and static light scattering, the authors found that the two samples with a lower
graft density adopted a disc-like shape in a methanol solution with an extension ratio of 23% to
29%, indicating coiling of the backbone. The two samples with the higher graft density,
however, adopted a rod-like structure with a much higher extension ratio of 77% to 78%,
indicating almost complete extension. The width of the rods (25.5£2.2 nm) would indicate a near
complete extension of the side chains (DP of 53) as well, as the authors predicted the length of
the side chains to be 13 nm. The authors therefore concluded that the conformation of the
copolymer could be varied by altering the graft density.

ATRP was performed on hydroxypropyl cellulose (HPC) by Ostmark et al. [65]. A
number of the reactions gelled, and many of the others were poorly soluble and unsuitable for
GPC analysis. The authors attributed this to significant coupling of the radicals growing on the
combs. Attempts to cleave the grafts were unsuccessful, resulting in degradation of the synthetic

chains before they were cleaved. A second block was grown from the first block, indicating the
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retention of bromine functionality. Xu et al. [66] synthesized copolymers of hydroxypropyl
cellulose by grafting with N,N-dimethylamino-2-ethyl methacrylate (DMAEMA) for the purpose
of gene delivery. The HPC was modified by reacting with BrBiB in methylene chloride (DS
0.06), and ATRP was performed in a 20/1 isopropanol/water mixture with CuBr/HMTETA as the
catalyst/ligand complex at room temperature. The average degree of polymerization from GPC
was estimated to be 30, but this is relative to poly(styrene) standards. The DP from NMR was
measured to be 37; this assumes complete initiation efficiency, which the authors did not
measure. The authors stated that the reaction was controlled as the polydispersity of the cellulose
did not broaden after the grafting. The authors demonstrated that their HPC-g-P(DMAEMA)
could be bound to DNA for gene delivery, and had lower cytotoxicity than P(DMAEMA)

homopolymer.

2.3.3 Cu()-mediated grafting from cellulose derivatized exclusively with ATRP sites

Research focus moved away from grafting using derivatized cellulose and towards
grafting using underivatized cellulose. These macroinitiators are synthesized using unmodified
cellulose as a starting material, which is then dissolved it an appropriate solvent (e.g. ionic liquid
or DMAC/LICI) and functionalized with initiation sites. These initiation sites also serve to disrupt
the hydrogen bonding and often allow the macroinitiator to be dissolved in more common (but
still polar) solvents for the polymerization. The use of unmodified cellulose as a starting
material generally allows a higher density of ATRP initiating sites (due to the availability of all
three hydroxyls on each glucose ring, although derivatives such as HPC retain hydroxyl
functionality) and removes the intermediate step of obtaining a cellulose derivative [14, 29]. In
2008, Sui et al. [35] published a paper where wood pulp (95% cellulose) was dissolved in AMIM
Cl and functionalized with o-bromopropionate groups (DS 0.70). The DMF-soluble

macroinitiator was then used to initiate the polymerization of N,N-dimethylamino-2-ethyl
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methacrylate (DMAEMA) using CuBr/PMDETA as catalyst. Several of the polymerizations
gelled. The authors attempted GPC analysis but the molecular weights were too high for their
equipment, which would suggest significant combination of the copolymer had occurred.
Attempts to hydrolyze the side chains were unsuccessful, attributed to the very large grafted layer
making the esters inaccessible. A subsequent article by Meng et al. [34] polymerized MMA and
styrene from a cellulose macroinitiator in DMF, butanone, and 1,4-dioxane. In this case they
were able to successfully hydrolyze the side chains and the PDI of the cleaved chains was found
to be between 1.2 and 1.5, although the PMMA chains were likely degraded by this reaction as
water was used as opposed to methanol (leading to hydrolysis of the pendant methyl ester groups
and formation of poly(methacrylic acid)). Static and dynamic light scattering were used to study
the morphology of the copolymer in DMF. The authors concluded that the polymer assumed
sphere-like behaviour in solution.

lonic liquids have also been used as the polymerization medium as well as the
functionalization medium. A study by Chun-xiang et al. [29] polymerized MMA from cellulose
functionalized with chloroacetyl groups (DS 1.87) in BMIM CIl. The grafts were cleaved from
the cellulose using aqueous HCI and polydispersities were found in the range of 1.5-1.8; however,
it is unknown the extent to which the cleaved grafts had been chemically modified by the
hydrolysis (conversion of methyl methacrylate to methacrylic acid).

A paper by Hiltunen et al. [14] grafted poly(acrylamide) and poly(dimethylacrylamide) to
cellulose to synthesize water soluble copolymers. They used softwood dissolving pulp as their
starting material, dissolved it in DMAC/LICI, and reacted it with BrBiB. They obtained very high
degrees of substitution of up to 2.7. Stopping the reaction after 7 hours led to a lower degree of
substitution (DS 0.3) when compared to leaving the same reaction for 24 hours (DS 0.5). The
authors used dynamic light scattering to examine the behaviour of their macroinitiator in DMSO.

The cellulose chains existed primarily as individual chains with an apparent hydrodynamic radius
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of 18 nm, but a certain degree of intermolecular aggregation also occurred. The polymerizations
were carried out with CuCI/PMDETA in DMSO; the authors refer to this as an SET reaction as
opposed to ATRP, but since Cu(0) was not used as catalyst it is included here in the ATRP
section. Hydrolysis of the chains revealed a low initiation efficiency (about 20%) but also a low
polydispersity (PDI 1.1). They followed up on this with new experiments that used Cu(0) with
MesTREN or PMDETA as the catalyst [15]. They attempted to graft dimethylacrylamide in
DMSO from their macroinitiator (the same as used in [14]); however, they reported that under a
variety of reaction conditions no polymerization occurred when Cu(0) was used. Reactions with
Cu(l) were successful, although when MesTREN was used as the ligand the copolymers were not
water-soluble; this was attributed to intermolecular combination. Reactions that used PMDETA

as ligand resulted in water-soluble copolymers.

2.3.4 Cu(0)-mediated (SET) grafting from cellulose and related polysaccharides

Table 2.2 contains a summary of the SET reactions reviewed here. The mechanism that
has been proposed for SET is provided in Scheme 2.3. One of the first examples of using a
Cu(0)-mediated polymerization with cellulose in homogeneous medium used cellulose-acetate-
butyrate as the backbone polymer functionalized with bromoisobutyryl or dicholoracetyl groups
[67]. The functionality was low, with a DS range of 0.05 to 0.48. For the polymerizations,
copper powder was used at or near to the stoichiometric amount of initiating sites. Reactions
were generally slow, where MMA conversion of 38% in 5 hours at 60°C was one of the faster
reactions. The authors used a wide variety of reaction conditions but for the most part
conclusions drawn from these should be treated with caution as the experiments were not
duplicated and so the reproducibility is unknown. However, the reactions do appear to reach

higher conversions when the temperature was raised from 30°C to 60°C. It should be noted that
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SET using non-polymeric initiators proceeds rapidly at room temperature [57]. The side chains
on two samples were successfully cleaved in MeOH/KOH, and initiation efficiencies of 30% and
70% were found (although the presence of hydroxide would have resulted in hydrolysis of the
PMMA, affecting theinititator efficiency calculations). The PDI of the grafts for both samples
was about 1.7. The authors noted that the elution curves of the copolymer samples were
symmetrical up to about 45% conversion but became increasingly polymodal at higher

conversions, suggesting intermolecular combination was occurring.

Scheme 2.3: Proposed mechanism of Cu(0)-mediated polymerization via SET. Cu’ is oxidized to
Cu'X/L during activation of the (macro)initiator. The Cu'X/L molecules disproportionate to form
Cu° (the activator) and Cu"X,/L (the deactivator). Reprinted with permission from Percec et al.
[57]. Copyright 2006 American Chemical Society.
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Table 2.2: Sampling of SET-LRP cellulose polymerizations

Solvent Catalyst/ Monomer Temp. Time Conv. DS M, (cellulose, M,, (copolymer, M, (grafts, IE PDI Ref.
Ligand ‘c) (h) (%) g/mol) g/mol) g/mol) (%) (grafts)

DMSO  Cu(0)/ MMA 60 5.5 32 0.25 84,800* n.d. 29,300 30 17 [67]
PMDETA

DMSO  Cu(0)/ BA 30 4 20 0.3  84,800* n.d. 12,160™ nd. nd. [67]
MesTREN

DMSO  Cu(0)/ MA 25 5 80 0.15 7000* 32,000* n.d. nd. n.d. [68]
MesTREN (hemicellulose)

DMSO  Cu(0)/ MA 25 16.5 94 0.15 3540* 35,000* n.d. nd. n.d. [69]
MesTREN (hemicellulose)

DMSO CuCl/ Styrene 100 n.d. 19 1.04 30,000" n.d. 24,100 92 13 [13]
PMDETA

DMSO  Cu(0)/ Styrene 100 4 8 1.04 30,000" n.d. 47,700 7 1.9 [13]
PMDETA

DMSO CuCl/ MMA Room n.d. 24 1.04 30,000" n.d. 73,500 26 14 [13]
PMDETA

DMSO  Cu(0)/ MMA 25 24 9 1.04 30,000" n.d. 136,200 3 1.6 [13]
MesTREN

*relative or not absolute molecular weight data; “molecular weight of cellulose before addition of ATRP sites; “"estimated from NMR
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Raus et al. [13] used cellulose functionalized only with bromoisobutyryl groups as their
macroinitiator. They examined how activation of the cellulose prior to dissolution affected the
acylation efficiency. The authors stated that activation was believed to make changes to the
supramolecular structure of the cellulose. They activated their cellulose (microcrystalline
Avicel© PH-101) by solvent exchange to DMAc or dioxane, or by thermal activation under
reduced pressure. The activated cellulose samples were then acylated using BrBiB in
DMAC/LICI.  The authors found that cellulose activated by solvent exchange to dioxane or
thermally activated yielded a degree of substitution almost on par with the molar ratio of
BrBiB:AGU used, whereas cellulose activated by DMAc showed a DS substantially lower than
the molar ratio. This occurred when using both DMAc-swollen cellulose (potentially
contaminated with water) and oven-dried cellulose. The authors stated that reactions using
DMAc-activated cellulose were also poorly reproducible when compared to dioxane or thermal
activation. They then polymerized MMA and styrene from their macroinitiator, using Cu(l) or
Cu(0), primarily in the solvents DMAc and DMSO. When using Cu(l) as the activating agent,
the reactions were well controlled (PDI<1.4); conversions were kept below ~25% to minimize
crosslinking. The initiation efficiencies with styrene approached 100%, while those for MMA
were substantially lower (26% to 59%). Adding three equivalents of EBIB, the authors found that
initiation efficiency for MMA was substantially improved (75%-81%) while the graft chains were
the same molecular weight as the sacrificial chains. Interestingly, when Cu(0) was used as the
catalyst substantially different results were obtained. For both styrene and MMA the reaction
was poorly controlled (PDI>1.8) and initiation efficiencies were extremely low (<10%).
Conversions were also very low, with reactions left 24 h having less than 10% conversion. When
DMAC at 70°C was used as the solvent MMA conversion was higher (43% in 24 h) but initiation

efficiencies and polydispersities were not improved. Molecular weights obtained for two samples

26



by light scattering were approximately three times higher than expected, suggesting significant
combination of the cellulose copolymers.

Another early example of SET grafting is by Percec et al. [68], although they used
hemicellulose that had been partially acetylated as their macroinitiator (M, ~7000 g/mol) as
opposed to cellulose. Their reactions were relatively fast, as after 5 hours most experiments
reached between 60% and 90% conversion. Duplicate experiments were not done, so it is
difficult to draw conclusions about the effects of changing reaction conditions. Edlund and
Albertsson [69] also used hemicellulose as a macroinitiator; in this case, they utilized a variety of
hemicellulose sources in order to determine the versatility of the SET grafting. The
hemicellulose that was studied came from beech, birch, spruce, and Saccharomyces cerevisiae (a
variety of yeast), and molecular weights varied from 3180 g/mol to 15,610 g/mol. The samples
contained varying amounts of lignin (up to 8%). Esterification of bromoisobutyric acid was used
to synthesize the macroinitiator; however, this caused significant degradation of the hemicellulose
as the molecular weights decreased by about half. Methyl acrylate was used to polymerize from
the macroinitiators; all reactions proceeded in a similar manner, regardless of source or lignin
content, and the reaction could be done without degassing and without a decrease in rate if a
reducing agent (hydrazine hydrate) was used. The molecular weights of the copolymers became
significantly higher than the predicted values as the conversion increased. The authors used this
difference in measured and predicted molecular weight of the copolymer to calculate the initiator
efficiency; however, this is not likely to be correct as the M, of the copolymer should be
independent of the initiation efficiency (since a polymeric initiator was used). The increase in M,

over the predicted value was likely caused by combination of the hemicellulose copolymers.
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2.4 Cellulose copolymers using ‘click’ chemistry and a ‘grafting-to’ approach

2.4.1 Cellulose graft copolymers prepared using non-<click’ approaches

Substantially less work has been done investigating ‘grafting-to” chemistry as compared
to ‘grafting-from’, especially in homogeneous media. One of the earliest examples is by
Mansson and Wesfelt in 1981 [70]. They synthesized well-defined (PDI 1.1), low molecular
weight (2,500, 12,100, and 17,100 g/mol) poly(styrene) via anionic polymerization. The
carbanion end group was converted to a carboxylic acid which was then activated with N,N’-
dicyclohexylcarbodiimide, trifluoroacetic anhydride, or by conversion to acyl chloride: the acyl
chloride was the only successful method of grafting. The activated polystyrene was attached to
the cellulose acetate via esterification with the free backbone hydroxyls. They achieved a
grafting density of up 21.8 branches per cellulose acetate chain (DS 0.078) with the lowest (2,500
g/mole) molecular weight polystyrene, although the grafting density decreased to 3.6 branches
(DS 0.013) when the highest (17,100 g/mole) molecular weight polystyrene was used.

In a similar vein, Biermann et al. in 1987 [71] grafted polystyrene prepared by anionic
polymerization onto cellulose acetate by forming an ester linkage. The carbanion at the end of
the polystyrene chain was converted to a carboxylate by reacting with carbon dioxide. The
hydroxyls of cellulose acetate (DS 2.5) were converted to methanesulfonyl groups which acted as
the grafting sites. Using polystyrene of molecular weights of 6,200 or 10,900 g/mol gave a range

of 0.13 to 0.18 branches per anhydroglucose unit (DS range of 0.043 to 0.060).

2.4.2 The azide/alkyne ‘click’ reaction

‘Click’ reactions are gaining attention for use with biopolymers due to their mild reaction
conditions and high yields. According to Sharpless et al. [72], a ‘click’ reaction meets the
following stringent guidelines: be modular in nature; obtain very high yields; generate inoffensive

byproducts (if any); be stereospecific; and have simple conditions (insensitive to water and
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oxygen) with benign solvents. The Huigsen cycloaddition of an azide to a terminal alkyne is used
for ‘click” applications [73]. Some of the more relevant uses of this reaction with homogeneous
cellulose systems, especially pertaining to grafting of polymers onto cellulose, are discussed in
this text. To date, though, no examples are available of graft copolymers with a cellulose
backbone having been prepared using this reaction. A 2011 review of its use with polysaccharide
chemistry can be referred to for more information [74].

Liebert et al. in 2005 [75] released a communication that they claimed was the first use of
the Huisgen azide/alkyne click reaction with cellulose. Avicel cellulose was modified with p-
toluenesulfonates in DMAC/LICI (DS 0.92); these groups were then displaced by azide groups
(DS 0.88). They did not click on polymer chains but clicked on a series of terminal-alkyne
containing molecules, obtaining conversions in the range of 75% to 98%. This was followed [18]
by synthesizing dendronized cellulose in EMIM AcO. The azide functionalized cellulose was
prepared as discussed previously [75] and then dissolved in EMIM AcO. Polyamidoamine
dendrons (with 1, 2, or 3 repetitions) with an alkyne moiety at the focal point were introduced.
Despite the low molecular weights, the highest DS obtained through the click reaction was 0.60
in 48 hours (out of an original celluose azide functionality of DS 0.75), and the authors noted that
reactivity decreased with increasing dendron size. It is not clear why EMIM AcO was used as the
reaction solvent, as the cellulose derivative is soluble in more common solvents (according to
their own paper), other than as a proof that it could be done and because “the recycling of these
solvents is comparably easy”. This group did this reaction again [76] except that the cellulose
derivative was synthesized by heterogeneous carboxymethylation in isopropanol/aqueous NaOH.
A study on chain conformation observed little effect of dendronization on the chain stiffness.
Another study by this group [77] made hydrogels from cellulose. Water-soluble samples of
carboxymethyl cellulose were functionalized with propargyl and azido groups and then

crosslinked using CuSOgfascorbic acid. The native cellulose was degraded during the
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functionalization steps, with the DP changing from an initial value of 600 to a range of between
43 and 200.

A study by Zhang et al. [19] used the azide/alkyne click reaction to make thermosensitive
hydrogels from cellulose and P(NIPAAmM-co-HEMA). Avicel© cellulose was modified with p-
toluenesulfonates in DMAC/LICI; some of these groups were then displaced with azide groups.
The P(NIPAAm-co-HEMA) was functionalized with alkyne groups via an esterification reaction
with 4-oxo-4-(prop-2-ynyloxy) butanoic acid. The two polymers were then clicked together in
the presence of CuBr/PMDETA to form a crosslinked gel.

Another instance of the azide/alkyne click reaction with cellulose is in a study by
Neigishi et al. [17]. Lactose and maltose end-functionalized with a propargyl group were clicked
onto cellulose functionalized with azide groups. The azide-functionalized cellulose was prepared
in DMAC/LICI by activating the hydroxyls with triphenylphosphine, followed by bromination
with carbon tetrabromide, and then displacing with sodium azide in DMAc/DMSO. The authors
note that the azide-functionalized cellulose had near-perfect structural homogeneity, with all
primary hydroxyls reacted and very few of the secondary hydroxyls. Lactose and maltose,
respectively, were then clicked onto the cellulose quantitatively (DS 1.03) at room temperature
(reaction time 12 hours, with CuBr,/ascorbic acid). They then used a similar reaction scheme to
functionalize cellulose with thymidine and/or trimethylammonium groups, which they used to
disperse single-walled carbon nanotubes in water [78].

In addition to azide-functionalized cellulose, the same click reaction can be used with
propargyl-functionalized cellulose. Faugeras et al. [79] used a Williamson ether synthesis
reaction to couple propargyl bromide to cellulose in aqueous sodium hydroxide, assisted by
microwave irradiation. Degrees of substitution up to 1.88 were obtained. This reaction scheme
has the benefit of not requiring the synthesis of a cellulose intermediate, although the limitations

of aqueous NaOH as a cellulose solvent have been discussed previously [11].
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Gruskiene et al. [80] attempted to make graft copolymers with a chitosan backbone and
poly(ethylene glycol) (M, 2,000 g/mole) arms using the azide/alkyne click reaction. This was
done using both propargyl-functionalized chitosan and azide-functionalized chitosan. Grafting
yield was essentially quantitative for both reaction schemes; however, the authors noted that the
intrinsic viscosity was low which indicated degradation of the chitosan backbone. Yuan et al.
made amphiphilic copolymers with a chitosan backbone by functionalizing the chitosan with
propargyl groups [81-83] and found coupling efficiencies above 80%.

An interesting twist on grafting chemistry was undertaken by Enomoto-Rogers et al. in
2012 [85]. Following the work of their earlier papers [85, 86] on functionalizing the reducing end
of cellulose, they end-functionalized cellulose triacetate oligomers (DP = 2, 13) with azide and
clicked them onto poly(2-propyn-1-yl methacrylate). They then removed the acetate protecting
groups to regenerate the cellulose, thus making a graft copolymer with a synthetic backbone and
cellulose grafts. Despite the low degree of polymerization of the cellulose, the reaction was not
guantitative with a higher grafting efficiency (72% compared to 43%) noted for the lower

molecular (DP = 2) weight grafts, although this is still a relatively high grafting density.

2.4.3 Thiol-ene reactions: photo-click and Michael addition

Substantially less work has been done on thiol-ene chemistry with polysaccharides as
compared to the azide/alkyne reaction [87-89]. A publication by Tingaut et al. [90] detailed the
functionalization of cellulose films with thiol-ene chemistry. The cellulose was suspended in
EtOH/H,0 and then reacted with commercially obtained 3-mercaptopropyl-trimethoxysilane or
vinyl-trimethoxysilane in acidic media. The cellulose was dried and the silylated cellulose was
soxhlet extracted and dried again to form films. They then clicked small molecules with thiol or
alkene functionality to the cellulose film under UV irradiation; the grafting of polymers was not

attempted. The reaction worked well for the alkene-functionalized cellulose but yields were low
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for the sulfide-functionalized cellulose. The authors attributed this to partial oxidation of the
sulfide groups to disulfide or sulfonic acid groups.

Thiol-ene chemistry has been used to make interpenetrating networks of cellulose-
acetate-butyrate and polydimethylsiloxane [91, 92]. In this case, cellulose-acetate-butyrate and
divinyl-poly(dimethylsiloxane) were dissolved in chloroform.  Trimethyloylpropane tris(3-
mercaptopropionate) was used as the crosslinking agent for the divinyl-poly(dimethylsiloxane)
and Desmodur© was used as the crosslinking agent for the cellulose. All the ingredients were
mixed to form an interpenetrating network. They also made networks where one of the polymers
was not crosslinked. The thiol-ene reaction has also been used to make interpenetrating networks
of cellulose acetate and PMMA [93]. Cellulose acetate was functionalized with sulfide groups by
esterification with mercaptoacetic acid, and then polymerized with MMA using UV irradiation
and a photoinitiator. A combination of thiol-ene links and disulfide links were formed. This
follows their earlier work on making cellulose acetate gels using reversible disulfide linkages
[94]. They used DMSO or O, as the oxidant, and 2-mercaptoethanol as the reductant.

Krasznai et al. [95] synthesized block copolymers that resembled the architecture of a
core cross-linked micelle. The core of the molecule was created via catalytic chain transfer
copolymerization of MMA and ethylene glycol dimethacrylate to make a hyperbranched core
with alkene end-group functionality. Thiol-ene Michael addition was then used to attach
cysteamine hydrochloride, and the resulting amines were used as sites for attaching dextran via

reductive amination to yield a polysaccharide shell.

2.5 Conclusions

lonic liquids are useful as solvents due to their ease of use and ability to dissolve
cellulose from a wide range of sources under mild conditions. A wide range of functionalization

and polymerization reactions can be carried out in homogenous ionic liquid solutions. However,
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reports of their inert behaviour towards cellulose and reactions in general have been over-stated,
with ionic liquids being observed to depolymerize cellulose, react with its reducing end, and
acylate it, as well as catalyze and generally play a non-inert role in many reactions. They are also
often highly hygroscopic and highly viscous (although this is common to most cellulose
solvents), and their lack of a vapour pressure makes them impossible to remove by evaporation.
Controlled radical polymerizations, especially ATRP, have been widely used to
synthesize graft copolymers from cellulose. SET is now becoming a research focus as well, but
has received much less attention to date than ATRP. However, combination of the cellulose
molecules has been problematic, in some cases leading to gelling or exceptionally high molecular
weights. In addition, the reactions are poorly understood, with few attempts to compare the
polymerization behaviour to linear homopolymerization. As such, it is not known exactly what
effect the cellulose has on the polymerization kinetics, if any, and if the negative results obtained
are due to the grafting reaction or the polymerization design. Characterization remains an issue,
with very few groups reporting the amount of branching actually achieved (as opposed to
theoretically achieved), and attempts at cleaving the grafts generally do not attempt to avoid
hydrolyzing ester groups on acrylic polymers. Accurate characterization of the grafts is necessary
for calculation of initiation efficiency, an important aspect of establishing control over the
polymer architecture. Polymerizations using Cu(0) as catalyst appeared to have much worse
initiation efficiencies than those where Cu(l) was used, and in some cases did not polymerize at
all. This is in contrast to the excellent results obtained with SET and non-polymeric initiators.
Cellulose graft copolymers using a ‘grafting-to’ approach are almost unknown in the
literature, and use non-‘click’ reactions that yield very low grafting densities. The use of ‘click’
reactions with cellulose in other applications is also very low but increasing; this type of

chemistry has a large, mostly unexplored potential for cellulose grafting.
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Chapter 3

Functionalization of Cellulose in Homogeneous Media:

Synthesizing Precursors for Graft Copolymerization

Abstract

Reactions involving cellulose are limited by the solubility of the polysaccharide. Cellulose
derivatives are typically formed as intermediate products so that the cellulose can be dissolved in
common solvents; cellulose acetate is one of the most common derivatives. Recently, a number
of solvent systems capable of dissolving cellulose directly have been developed. These allow for
direct control over the degree of substitution of the functional groups and avoid having to form
intermediate products. Cellulose acetate and microcrystalline cellulose were used as starting
materials for the synthesis of cellulose with functional groups required for graft
copolymerizations, with imidazolium-based ionic liquids being used to dissolve the
microcrystalline cellulose. The cellulose was functionalized with bromoester groups to allow
controlled radical polymerization from the backbone, and with methacrylate groups for thiol-ene
addition of grafts.

The ionic liquid 1-ethyl-3-methylimidazolium acetate (EMIM AcO) could readily
dissolve cellulose at room temperature, but was found to interact with cellulose during acylation
reactions to produce cellulose triacetate rather than the desired product. Using 1-butyl-3-
methylimidazolium (BMIM CI) as the solvent instead of EMIM AcO resulted in successful
synthesis of cellulose with bromoisobutyrate groups (Cell-BiB), but the elevated temperatures
required for BMIM CI degraded the cellulose and caused side reactions of the functional groups.
Ring-opening of glycidyl methacrylate in tetrahydrofuran or (1,4)-dioxane to impart methacrylate
functionality on cellulose acetate was not found to be successful, with poor control over the
reaction being exhibited. Steglich esterification of cellulose acetate with methacrylic acid was

42



found to be an easy method to control the reaction that did not harm the integrity of the cellulose

acetate chains or result in side reactions occurring.

3.1 Introduction

The limited availability of solvents capable of dissolving cellulose is a major
disadvantage for the chemical modification of cellulose: this limits the type of reactions that can
be used, as well as the polymeric architecture obtainable. Consequently, cellulose derivatives that
are soluble in common solvents are often synthesized as intermediates and are widely available
commercially [1], with cellulose acetate being one of the most important derivatives. Industrial
production of cellulose acetate is now primarily done using the “Acetic Acid Process”, whereby
the cellulose fibres are activated and swollen in acetic acid/sulfuric acid, and then reacted with
acetic anhydride in a heterogeneous process [2]. The formed cellulose triacetate dissolves in the
acetic acid. The primary difficulties associated with this are degradation of the cellulose
backbone and the lack of control over the degree of substitution (DS) of the cellulose. This
process primarily forms cellulose triacetate, which then needs to be de-acetylated by hydrolysis to
the desired DS in order to regenerate hydroxyl groups for further modification.

Recently, attention has been directed to utilizing more exotic solvent systems in order to
dissolve virgin cellulose and functionalize it directly. This has the benefit of not requiring the
formation of intermediate products in order to solubilize the cellulose and allows greater control
over the DS of the functional groups. Examples of such systems include dimethylacetamide
(DMAC)/LICI [3-10], N-methyl-2-pyrrolidone/LiCl [3], dimethyl sulfoxide
(DMSO)/tetrabutylammonium fluoride trihydrate [11, 12], as well as ionic liquids 1-butyl-3-
methylimidazolium chloride (BMIM ClI) [13-19], 1-allyl-3-methylimidazolium chloride (AMIM

ClI) [20-25], and 1-ethyl-3-methylimidazolium acetate (EMIM AcO) [26-28].
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An objective of this thesis is to graft synthetic chains onto cellulose in order to tailor its
properties. To achieve this, the cellulose must be modified to give it functionality that allows the
grafting to occur. The synthesis of cellulose derivatives that are useful precursors as the
backbone polymer in graft copolymerization is discussed here. Both cellulose acetate and
microcrystalline Avicel© cellulose were used as starting materials for these reactions, and the
cellulose derivatives synthesized here were used as starting materials for the research discussed in
Chapters 4 and 5: graft copolymerization using a ‘grafting-from’ and ‘grafting-to’ approach,

respectively.

3.2 Experimental

3.2.1 Materials
Avicel© PH-101 microcrystalline cellulose (MCC, ~50 um), cellulose acetate (CA,

DSaco =2.77 by NMR, M, ~ 30,000 g/mol), 1-ethyl-3-methylimidazolium acetate (EMIM AcO,
>90%, 1857+35 ppm water by Karl-Fischer titration), 1-butyl-3-methylimidazolium chloride
(BMIM Cl, >98%, 5690+50 ppm water by Karl-Fischer titration), methacrylic acid (MAA, 99%),
methacryloyl chloride (MAC, >97%), a-bromoisobutyryl bromide (BrBiB, 98%), N,N’-
dicyclohexylcarbodiimide (DCC, 99%), 4-(dimethylamino) pyridine (DMAP, 99%), glycidyl
methacrylate (GMA, 97%), triethylamine (TEA, 99%), and acetic anhydride (99%) were obtained
from Sigma-Aldrich and used without modification. (1,4)-Dioxane was dried with magnesium
sulfate, and tetrahydrofuran (THF) was distilled and then dried with magnesium sulfate prior to

use. All other solvents and materials were used as received.
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3.2.2 Modification of MCC in ionic liquids

3.2.2.1 Synthesis of Cell-AcO-BiB in EMIM AcO
In a typical procedure, MCC (0.50 g, 1 eg. of hydroxyl groups) was allowed to dissolve

in EMIM AcO (15 g, 3.2 wt% cellulose) for at least one hour at room temperature under a
nitrogen blanket. Upon formation of a transparent solution, the flask was submersed in an
ice/water bath and BrBiB (2.3 mL, 2 eq.) was added drop-wise over 5 minutes in order to allow
the exothermic reaction to dissipate heat. For some reactions, TEA (2.6 mL, 2 eq., used to
neutralize the hydrobromic acid produced) was added as well during this time. The mixture was
allowed to warm to room temperature while stirring. After 24 hours, the viscous, heterogeneous
mixture was poured into a 4:1 water/methanol solution to precipitate the cellulose macroinitiator.
The product was recovered by filtration and washed until the filtrate remained colourless before
being dried in a vacuum oven overnight at 40°C. The Cell-AcO-BiB was analyzed using proton
and HSQC NMR in acetone-ds. *H peak assignment: & = 2.8 — 5.7 ppm (AGU); 1.85, 1.92, 1.96
ppm (-CHg, acetate groups, bromoisobutyryl groups); 2.05 ppm (acetone); 2.85 ppm (water). In
BC: 8 =63 — 131 ppm (AGU); 20 ppm (-CHj, acetate groups); 29 ppm ( -CHs, bromoisobutyryl
groups, acetone). The functionality could not be determined from NMR as the acetate and

bromoester signals overlapped.

3.2.2.2 Synthesis of Cell-BiB in BMIM Cl

In a typical procedure (modified from Chun-xiang et al.[16]), MCC (0.50 g, 1 eq. of
hydroxyl groups) was dissolved in BMIM CI (20 g, 2.4 wt% cellulose) for 24 hours at 80°C
under a nitrogen blanket. Upon formation of a transparent solution, the flask was cooled to 50°C
and TEA (2.6 mL, 2 eq., used to neutralize the hydrobromic acid produced) and BrBiB (2.3 mL, 2
eq.) were added drop-wise over 10 minutes to allow the exothermic reaction to dissipate heat. A

heterogeneous mixture formed. After 45 minutes a gel formed and water was used to extract the
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solvent. The Cell-BiB was recovered by filtration and washed with water until the filtrate
remained colourless before being dried in a vacuum oven overnight at 40°C. The Cell-BiB was
analyzed using 'H and HSQC NMR in acetone-d6. 'H peak assignment: 5 = 2.8 — 5.7 ppm
(AGU); 1.81 ( -CHj;, bromoisobutyryl groups); 2.05 ppm (acetone); 2.85 ppm (water). **C peak
assignment: 6 = 63 — 131 ppm (AGU); 29 ppm ( -CHs, bromoisobutyryl groups, acetone). DSgig:

1.75 (from NMR). Yield: 0.90 g (69%).

3.2.2.3 Synthesis of Cell-AcO in EMIM AcO

In a typical procedure, MCC (2.0 g, 1 eq. hydroxyl groups) was allowed to dissolve in
EMIM AcO (50 g, 3.8 wt% cellulose) overnight at 70°C. Acetic anhydride (6.3 g, 1.7 eq) was
added drop-wise over an hour and the reaction was continued for an additional 5 hours. The
solution was then precipitated in excess water. The precipitate was filtered and washed with
water until the filtrate remained colourless. The samples were dried and then the cellulose
triacetate (DSaco ~ 3) was extracted with chloroform from the cellulose acetate (DSaco = 2.79).
'H peak assignment in acetone-ds: & = 2.8 — 5.7 ppm (AGU); 1.85, 1.92, 1.96 ppm (-CHs, acetate
groups); 2.05 ppm (acetone); 2.85 ppm (water). *C peak assignment: & = 63 — 131 ppm (AGU);
20 ppm (-CHs, acetate groups); 29 ppm (-CHjs, acetone). Yield: 3.12 g (98%) total, 3.01 g of

Cell-AcO, 7.

3.2.2.4 Synthesis of cellulose with methacrylate functionality via ring-opening of GMA in EMIM
AcO

MCC (0.2 g, 1 eqg. of hydroxyls) was dissolved in 5 mL of EMIM AcO (3.8 wt%) at room
temperature. After one hour, 0.6 mL of GMA (1.2 eg.) was added and the solution was allowed
to stir. After 2.6 hours the transparent, red solution was poured into ACN to precipitate the
cellulose. The product (Cell-GMA) was washed with ACN, dissolved in water, and re-
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precipitated in ACN to yield the final product. 'H peak assignment in D,O: & = 7.3 ppm (=CH,);
3.0-5.5 ppm (AGU); 6 = 3.1, 3.7, 4.1 ppm (propyl group); d = 1.3 ppm (-CH; adjacent to alkene).

DSakene: 0.54 (from NMR). Yield: 0.21 g, 71%.

3.2.3 Modification of cellulose acetate in cyclic ethers

3.2.3.1 Synthesis of cellulose acetate with methacrylate functionality via ring-opening of GMA

Cell-AcO,.79 (0.50 g, 1 eq. of hydroxyls) was dissolved in 15 mL of THF (3.3 wt/vol%) in
a 30°C oil bath. Next, 0.05 mL of sulfuric acid (0.06 M) was added followed by 0.37 mL of
GMA (6 eg.). The solution was stirred for 22 hours and then precipitated in water and washed
with methanol. The recovered product (Cell-AcO-GMA) was dissolved in dioxane, re-
precipitated in water, and washed with methanol until the alkene signal in the NMR spectra
showed no change. 'H peak assignment in acetone-dg: & = 5.5, 6.0 ppm (=CH,); 3.0-5.3 ppm
(AGU); 6 = 3.6, 4.0, 4.1 ppm (propyl group); 6 = 1.8 ppm (-CHj; adjacent to alkene; signal

overlaps acetate signal); 2.05 ppm (acetone); 2.85 ppm (water). DSgkene: 0.09 (from NMR).

3.2.3.2 Synthesis of cellulose acetate with methacrylate functionality via esterification of MAA

CA,77 (2.4 g, 1 eq. of hydroxyls) was dissolved in 30 mL of THF (8 wt/vol%) at room
temperature and 1.14 mL of MAA (6.8 eq.) was added. DCC (2.8 g, 6.8 eq.) was dissolved in 20
mL of THF and added to the reaction vessel, followed by DMAP (0.05 g). The resulting
heterogeneous mixture was stirred overnight and then filtered to remove the precipitated
dicyclohexylurea. The precipitate was washed with dioxane to recover the cellulose acetate. The
product (CA-MAA) dissolved in THF/dioxane was precipitated in water, washed with methanol,
re-dissolved in dioxane and precipitated with water, washed repeatedly with methanol, and then

dried in a vacuum oven at 40°C. The purification steps were repeated until the alkene signal in
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the NMR spectra showed no change. 'H peak assignment in acetone-dg: & = 5.6, 6.1 ppm (=CH,);
3.0-5.3 ppm (AGU); 6 = 1.8 ppm (-CH; adjacent to alkene; signal overlaps acetate signal).

DSakene: 0.29 (from NMR). Yield: 1.20 g, 47%.

3.2.4 Characterization

Bromine analysis was carried out by Guelph Chemical Laboratories, Ltd. in Guelph,

Ontario using ion chromatography. All other characterizations were carried out by the author.

3.2.4.1 Nuclear Magnetic Resonance (NMR)

'H and Heteronuclear Single Quantum Correlation (HSQC) NMR spectroscopy were
used to identify the samples, and to predict conversion and degree of substitution. Spectra were
obtained on a 400 MHz Bruker Avance instrument. Degree of substitution (DS) of the
functionalized cellulose was obtained by comparing the relative areas of the cellulose backbone
protons and the attached functional group in *H NMR (64 scans). Spectra were assigned using

information from [29], [30], and [31].

3.2.4.2 Gel permeation chromatography (GPC)
THF-soluble polymer samples were analyzed using a Viscotek GPCmax VE-2001 with a

model VE 3580 refractive index (RI) detector, and a model 270 dual detector [light scattering
(low angle light scattering and right angle light scattering), and viscosity (IV)]. Three
PolyAnalytik columns (2 x PAS-106 with an exclusion molecular weight of 20 x 10° g/mol and
guard) were used in series at a temperature of 40°C. Distilled THF was used as the eluent at 1.0
mL/min. The triple detection system was calibrated using a narrow poly(styrene) sample of 93 x

10°® g/mol, with refractive index 0.185 mL/g and intrinsic viscosity 0.465 dL/g. The molecular
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weight analyses were performed using the Viscotek OmniSEC software. It is important that the
concentration of these samples be accurately known for the molecular weight calculations.
Water-soluble polymer samples were analyzed on a Viscotek GPCmax VE-2001 with a
Viscotek TDA 302 refractive index detector. Four PolyAnalytik columns (PAA-204, PAA-203,
PAA-202.5, guard) with an exclusion limit of 1 x 10° g/mol were used in series at a temperature
of 40°C. Water with 0.02 M sodium azide was used as the eluent at 1.0 mL/min. The columns

were calibrated with poly(ethylene oxide) (PEO) standards in the range 600 to 1 x 10° g/mol.

3.3 Results and discussion
3.3.1 Modification of microcrystalline cellulose in ionic liquids

3.3.1.1 Undesired acetylation of cellulose in EMIM AcO

The synthesis of Cell-BiB (cellulose functionalized with bromoisobutyrate groups that act
as ATRP initiation sites) was first attempted in EMIM AcO. EMIM AcO seemed to be a
promising ionic liquid for cellulose modification: its low melting point (<-20°C) allows a wider
range of reaction temperatures than ionic liquids that are solid at room temperature, as well as
lower viscosity [32], and while it cannot dissolve as much cellulose as BMIM CI [33] these lower
temperatures and viscosities yield a more useful solution. EMIM AcO has been studied for use in
lignocellulosic fractionation [34] and enzymatic hydrolysis [27]. The acylation reaction of

cellulose with BrBiB is given in Scheme 3.1.

0 0
CHj CHs
Q
Cellilose—OH ~ +  Br g 18NS cgylose—o0 .
HaC EMIM AcO HaC '

Scheme 3.1: Acylation of cellulose with BrBiB in EMIM AcO. Similar reactions were
undertaken in BMIM CI with TEA and BrBiB or MAC.
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The reaction of cellulose dissolved in EMIM AcO with BrBiB led to an organic-soluble
product with the *"H NMR spectrum shown in Figure 3.1. The peak distribution in the obtained
spectrum matched the predicted proton spectrum, and the three peaks between 6 = 1.8 — 2.1 ppm
were assigned to be bromoisobutyrate groups distributed approximately equally on the three
hydroxyl sites on the anhydroglucose unit (AGU). The DS was calculated to be 1.67. However
attempts to use this material as an ATRP macroinitiator lead to unsatisfactory results; while
polymerization using MA resulted in a living system, the polymerization rate was substantially
slower than the expected rate at this concentration of initiation sites (see Chapter 4 for more

detail). Numerous conditions were tried in an attempt to improve the rate, without success.

Cell-AcO-BiB AGU Methyl groups

J

Cell-MAC

8.0 7.5 7.0 6.5 6.0 55 5.0 4.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0

1 Goom
Figure 3.1: 'H NMR spectra of cellulose samples prepared by acylation: Cell-AcO-BiB and Cell-
MAC synthesized in EMIM AcO, unmodified cellulose acetate obtained from Sigma-Aldrich.
and Cell-BiB synthesized in BMIM CI. Acetone signal at 2.05 ppm (water 2.84 ppm); chloroform
signal at 7.26 ppm.
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The same reaction conditions were then used in an attempt to make cellulose
functionalized with methacrylate groups (Cell-MAC) using methacryloyl chloride instead of
BrBiB. Unexpectedly, a nearly identical 'H NMR spectrum (Figure 3.1) was obtained as to that
when using BrBiB, with no alkene presence in the region 6 = 5.5 — 6.5 ppm, and with a similar
area of functional-group peak to AGU peak. It was observed that the spectrum of commercially
obtained cellulose acetate appeared similar to the other two spectra, which would suggest that the
samples were being acetylated by the solvent rather than having the desired acylation reaction
occur. If the functional group appearing in the NMR spectrum for the sample of Cell-BiB
synthesized in EMIM AcO was acetate rather than bromoisobutyrate, then the DSa.o was
calculated to be 2.97: essentially complete acetylation had occurred. To compare, Cell-BiB
(DSgig = 1.75) was instead synthesized using BMIM CI as the solvent (spectrum shown in Figure
3.1). The functional group appeared at the same chemical shift as those for the samples prepared
in EMIM AcO but was qualitatively different, with the signal consisting of only one large peak
rather than three peaks; this would indicate that the compounds prepared in the two solvents were
not the same. To verify this, the HSQC spectra were examined. The spectra for the Cell-BiB
synthesized in EMIM AcO (Figure 3.2-a) and the Sigma-Aldrich cellulose acetate (Figure 3.2-b)
appeared identical. When comparing these to the spectrum of Cell-BiB prepared in BMIM CI
(Figure 3.2-c), the methyl groups for the BMIM CI sample were in the same location on the
proton axis as for the other two samples but appeared in a different location on the carbon axis:
29 ppm instead of 20 ppm. This would further support the conclusion that primarily acetylation
was occurring in EMIM AcO rather than the desired acylation reaction.

Bromine analysis of the samples revealed that the macroinitiator synthesized in EMIM
AcO had a bromine content of only 2.38+0.16 wt%, compared to 23.04+0.20 wt% for the
macroinitiator synthesized in BMIM CI: this corresponds to a DSg;s of 0.0887 (assuming all other

hydroxyls have been replaced by acetate groups) and 0.819 (assuming complete bromine
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functionality on the bromoester groups), respectively. In an effort to improve the bromine
content of the macroinitiator synthesized in EMIM AcO, TEA was added to the reaction in order
to more effectively neutralize the acid produced. This led to a moderate increase of bromine
content to 4.55+0.17 wt% (DSg;g 0of 0.175).

The DS measured by bromine analysis was less than half that as measured by NMR for
the Cell-BiB synthesized in BMIM CI. The large difference should be well outside the margin of
error for the measurement methods, suggesting that not all functional groups had bromine. NMR
measured the methyl groups on the bromoisobutyrate rather than the bromine directly; since the
bromine is labile, it is possible that it was being partially reacted during the synthesis, especially
as elevated temperatures were used, and thus led to some of the functional groups not having
bromine. The missing bromine groups were assumed to have been substituted by water
(hydrolysis), and solving for DSg, under this assumption obtained a value of 1.13 with a
molecular weight of the repeating unit of 393 g/mol. These values were used for the calculation
of degree of polymerization (DP) and the concentration of initiating sites.

A more extensive review of the literature in this area reveals reports of acetylation
occurring in place of acylation in EMIM AcO [26, 35, 36]; this occurs by formation of an acetic
anhydride or mixed anhydride intermediate (see Scheme 3.2). The excess of acetate as well as its
greater reactivity in the anhydride species ensures it is dominant in the subsequent esterification.
Acylation is clearly not possible in EMIM AcO and all further acylation reactions were conducted
in BMIM CI. The macroinitiator synthesized in EMIM AcO still had some bromine functionality
and so will be referred to as Cell-AcO-BiB to differentiate it from the macroinitiator made in

BMIM CI which had no acetate groups and higher bromine functionality.
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Scheme 3.2: Formation of mixed anhydride in presence of acetate.
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Figure 3.2: HSQC spectra of cellulose derivatives recorded in acetone-ds: a) Cell-AcO;.99-BiBg g9
synthesized in EMIM AcO; b) cellulose acetate (DSaco = 2.77) obtained from Sigma-Aldrich; ¢)
Cell-BiBy 13 synthesized in BMIM ClI; d) Cell-AcO, 74 synthesized in EMIM AcO.

3.3.1.2 Synthesis of Cell-BiB in BMIM Cl
Sui et al. [24] used a 4 wt% solution of cellulose in AMIM CI and then diluted it with 29

wt% dimethyl formamide (DMF) as their solvent system to synthesize Cell-BiB. The cellulose

was then reacted with 2-bromopropionyl bromide in an ice water bath. Meng et al. [23] also used

53



AMIM CI diluted with DMF. A reaction scheme similar to this was first attempted using a 3.2
wt% solution of cellulose in BMIM CI (0.5 g/15 g), which was then diluted by the addition of 24
wt% DMF (5.0 g), but with TEA used to neutralize the liberated hydrobromic acid. The
undiluted solution was extremely viscous and did not allow for adequate stirring, but stirring was
reinitiated upon the addition of DMF. The mixture appeared homogeneous with the addition of
the DMF. The mixture was cooled in an ice bath and then TEA and BrBiB were added drop-
wise; unfortunately, the mixture immediately gelled upon addition of the liquid reactants and
stirring rapidly stopped. After purification, 0.60 g of solid was recovered. The recovered solid
could not be re-dissolved in any common organic solvent, including DMSO, DMF, dioxane, or
acetone. From the lack of solubility and the low mass recovered it was concluded that little or no
functionalization had occurred, likely due to the cellulose not remaining in solution during the
reaction.

Next, a procedure modified from Chun-xiang et al. [16] was used. The authors had used
the same ionic liquid (BMIM CI) as their solvent as that used in this work but did not add base to
neutralize the hydrobromic acid. Triethylamine was used here in order to minimize any potential
degradation to the cellulose that would occur from the acid. A 2.4 wt% solution of cellulose in
BMIM CI (0.5g /20 g) was prepared at 50°C and then the liquid reactants were added. The
mixture became heterogeneous but stirring was still possible unlike with the previously discussed
method. After 45 minutes, stirring had ceased due to gelation and so the reaction was stopped by
addition of water. After purification, 0.90 g of solid was recovered (69% yield) which could
readily dissolve in DMSO, DMF, dioxane, and acetone, and was sparingly soluble in THF. From
NMR analysis in acetone-ds, the DS of BiB groups was calculated to be 1.75 (spectra given in
Figure 3.1 and Figure 3.2). However, bromine analysis by ion chromatography gave a much
lower DS of 1.13, and the discrepancy was believed to be caused by the labile bromine atom

being removed from the BiB groups. The higher temperature (50°C) of the reaction may have
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contributed to this, especially as the reaction was exothermic and could have caused the reactor to
overheat. However, this method gave better results than when EMIM AcO was used and was
therefore chosen for future acylation reactions of microcrystalline cellulose. The use of Cell-BiB

as a macroinitiator for ATRP will be discussed in detail in Chapter 4.

3.3.1.3 Synthesis of Cell-AcO with acetic anhydride in EMIM AcO

Cellulose acetate was synthesized in EMIM AcO to make a cellulose derivative with
more favourable solubility characteristics which could then be further modified to impart the
desired functionality. The cellulose solvents DMAC/LICI [7], DMSO/tetrabutylammonium
fluoride trihydrate [37], AMIM CI [20, 25, 32], and BMIM CI [19] have been used to acetylate
cellulose in homogeneous medium. A method modified from Wu et al. [20] and Cao et al. [35,
32] using EMIM AcO and acetic anhydride was used here. The product was recovered in high
yield (98%) and showed no impurities in NMR analysis (HSQC spectrum given in Figure 3.2-d).
Chloroform was used to extract the cellulose triacetate fraction, and the remaining cellulose
acetate (DS = 2.79) was used for further reactions. Considering the results for acylation reactions
in EMIM AcO found previously in this work and in other published reports [26, 35, 36], it is
probable that the solvent itself was primarily responsible for the acetylation that occurred in this
reaction rather than the added acetic anhydride.

The molecular weight distributions of the derivatives of microcrystalline cellulose were
measured on a Viscotek GPC in THF using a triple detection setup and are displayed in Figure
3.3 with the molecular weight data presented in Table 3.1. The molecular weight distribution of
the virgin cellulose was not available and the degree of polymerization was not specified by the
supplier so it was not known to what extent the cellulose had been degraded by the reactions. A
paper by Mormann [38] reported a DP of 220 for Avicel© PH-101 by conversion to cellulose

tricarbanilate, but there could be significant variation in DP between different batches of
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cellulose. Degree of polymerization is the best metric to compare between the samples as the
different functional groups change the molecular weight of the repeat units. The Cell-AcO;.g9-
BiBy 09 had the highest DP with a value of 142, while Cell-BiB; 13 had a significantly lower value
of 77. The Cell-AcO, 79 had the lowest DP with a value of only 62. The degradation of the
cellulose may be temperature related, as the highest DP sample (Cell-AcO-BiB) was dissolved at
room temperature and synthesized in an ice bath. The other two samples were both dissolved at
elevated temperatures (70 — 80°C); the Cell-BiB synthesis then took place over 45 minutes in a
50°C reactor, while the much more degraded Cell-AcO was synthesized over 6 hours at 70°C.
Solid cellulose has a decomposition temperature of 266°C [39], but will likely exhibit signs of
degradation at much lower temperatures. The acidic character of the solutions may also promote
the degradation when temperatures are elevated. In addition, the columns for the
chromatographic system have poor resolution in the low molecular weight region (<10* g/mol)
and it was not clear if the low molecular weight shoulder had returned to baseline. This could

lead to overestimation of M,

Table 3.1: Molecular weight data for cellulose derivatives.

Sample M, (g/mol) PDI DP [n](dL/g) dn/dc (mL/g) @
Cell-BiB; 13 30,400 252 77 0.723 0.0922 0.806
Cell-AcO,¢1BiBgggg 36,700 247 142 0.661 0.0517 0.783
Cell-AcO; 79 15,600 226 62 124 0.0887 1.05
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Figure 3.3: Molecular weight distributions of microcrystalline cellulose derivatives. The large
range of DP values obtained suggests degradation of the cellulose is occurring. The molecular
weights were obtained using the triple detection system.

3.3.1.4 Synthesis of Cell-MAC in BMIM CI

Cellulose was reacted with methacryloyl chloride in order to give it methacrylate
functionality along its backbone. The methacrylate groups function as sites for attaching other
groups via thiol-ene photo-click or Michael addition. In the literature there are reports of
cellulose dissolved in DMAC/LICI reacted with acryloyl chloride to yield a DS of 2.36 [40] and
methacryloyl chloride to yield a DS of up to 1.34 [41]. The reaction was undertaken here in a
similar manner as for the synthesis of Cell-BiB and the product was precipitated in water. It first
appeared that water was a good anti-solvent for the product, but during the subsequent washing

and filtration steps it became evident that the product was being washed away as well; a similar
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result was observed with acetone and methanol, with these being able to swell and partially
dissolve the product. By the time a reasonably pure sample was obtained there was almost no
product left for analysis. The NMR spectrum is given in Figure 3.4 and is quite dilute due to the
small amount of product isolated; the peaks attributed to the methacrylate are nonetheless clearly
visible, with the alkene peaks at 6 = 5.7, 6.1 ppm and the methyl adjacent to the alkene at 1.9
ppm. An unknown peak also appears at 1.2 ppm. This may indicate a loss of alkene
functionality, causing the methyl group signal to shift. DMSO and DMF were able to fully
dissolve the product. Dichloromethane and chloroform were observed to be excellent anti-
solvents for the Cell-MAC. Since these are both miscible with BMIM Cl, it is recommended that

they be used as anti-solvents.
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Figure 3.4: 'H NMR spectrum of Cell-MAC. The sample was dilute but methacrylate peaks are
clearly visible. Spectrum recorded in DMSO-ds.
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With this solvent information now available, the reaction was repeated in an attempt to
improve the purification procedure. However, a different result was obtained this time with the
product being highly insoluble in water as well as most other solvents. It would swell but not
dissolve in DMSOQO. This was attributed to the BMIM CI having become too wet by this point.
All reactions were performed using the same container of BMIM CI without access to a glove-
box. As the BMIM Cl is an extremely hygroscopic solid, it is reasonable to assume that moisture
content increased each time the container was opened. The final moisture content of the BMIM
Cl was measured to be 5690+50 ppm by Karl-Fischer titration: for these reaction conditions, this
corresponds to 0.11 g of water, or 0.69 equivalents, and does not include the bound moisture that
is inevitably present in the cellulose itself. This is enough water to severely hamper the reaction.
As a further verification of this conclusion, the BMIM CI was then used in an attempt to make the
Cell-BiB discussed earlier, with unsatisfactory results. Considering the results of the first
reaction with methacryloyl chloride, as well as the literature reports for DMAC/LICI [40, 41], it is
expected that this reaction can be done successfully provided the solvent is kept dry and the

cellulose remains adequately solvated.

3.3.1.5 Etherification of cellulose with glycidyl methacrylate in EMIM AcO

Epoxides have been used to react with cellulose under heterogeneous conditions via ring-
opening [42], and glycidyl methacrylate has been used to react with chitosan dissolved in aqueous
acid [43] and dextran dissolved in DMSO [54] to impart methacrylate functionality, although in
the dextran/DMSO case the authors concluded that transesterification was occurring rather than
opening of the epoxide. EMIM AcO has also been used to prepare hydroxyl propyl cellulose
without the addition of catalyst using propylene oxide [45]; the authors found that ionic liquids
with acetate anion catalyzed the etherification but not ionic liquids with chloride anion. In

addition, NMR studies of the reactions in EMIM AcO showed side reactions occurring and the
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authors note that “detailed analyses” were necessary to interpret the spectra [45]. The reaction of
GMA with cellulose is shown in Scheme 3.3. Note that multiple isomers can form: as EMIM

AcO has a pH less than 7, the second isomer is expected to be the most prevalent.
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Scheme 3.3: Reaction of cellulose with GMA and formation of favoured isomers under acidic
and basic conditions.

The etherification reaction was first attempted using GMA and un-derivatized cellulose
dissolved in EMIM AcO in an attempt to obtain cellulose with methacrylate functionality and
without any other functional groups (Cell-GMA) using a method similar to that by Kohler et al.
[45]. The Cell-GMA was to be used as the starting material for the work in Chapter 5 and so it
was required that it be soluble in organic solvents, with DMF being one of the more desirable
solvents. The results of these reactions are summarized in Table 3.2. In the first two reactions
(samples GMALE and GMAZ2E), 6.0 GMA monomer units were added per cellulose hydroxyl. In
the first 45 minutes of stirring at room temperature, no observable change was noticed. After 50
minutes, the solution quickly became very hot and began changing in colour from a golden brown
to a dark red. After 80 minutes stirring had ceased due to the increased viscosity and the reaction
was stopped. It was found that precipitation in water, methanol, or acetone was impossible but
the use of acetonitrile or chloroform resulted in excellent precipitation provided a large excess

was used (~10 times by volume). Once separated, the product could only be re-dissolved in
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water. Due to the observed high reactivity and exothermic behaviour of the reaction, the ratio of
GMA used in subsequent reactions was decreased which helped mitigate rapid increases in

temperature.

Table 3.2: Summary of reaction conditions for synthesis of Cell-GMA in EMIM AcO.

Sample GMA:OH Mass Temp. Reaction Result
Cellulose (g) time (h)

GMAI1E 6.0 0.20 Ambient 2 DS =0.85
GMA2E 6.0 0.20 Ambient 1.3 DS =1.80
GMAS3E 1.2 0.20 Ambient 2.6 DS =0.54
GMAAE 0.5 0.75 Ambient 20.5 DS =1.52
GMAGSE 0.5 0.60 Ambient 18 DS =1.05
GMAGE 1.0 0.50 Ice bath 20 DS=1.24

Analysis through HSQC NMR of sample GMASE (Figure 3.5) revealed the desired
methacrylate presence, as well as the propyl group that linked it to the cellulose, but also showed
peaks that did not correspond to the desired functionality. The signal marked ‘a’ in Figure 3.5 is
attributed to the alkene protons. However, this is substantially downfield of the values obtained
of samples of other cellulose-methacrylate materials in acetone (see Figure 3.8 and Figure 3.12),
and it is uncertain whether D,O would cause the signal to shift this much. The equivalent
unsaturated protons of the imidazolium ring would appear in this approximate region and this
could possibly be contaminating the sample; the inequivalent unsaturated proton on the
imidazolium ring should then appear at ~9-10 ppm in the proton spectrum, but no signals appear
above 7.5 ppm. The circle directly above the AGU protons contains the protons attributed to the
propyl group in glycidyl methacrylate after the epoxide has opened; the presence of more peaks
than the expected three may be due to isomerization. The methyl group appears at ‘b’. The
signals that appear in the circle labeled ‘f” do not correspond to any groups in the desired product.

61



The signal that appears at {2.1, 20 ppm} may be due to acetate groups; it has been seen
previously in this chapter (section 3.3.1.1) that the acetate anions of EMIM AcO can attach to
cellulose under certain conditions. However, the major source of this signal is speculated to be
methylene groups formed by polymerization of methacrylate groups. The spectrum is

complicated, though, and other side reactions should not be ruled out.
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Figure 3.5: HSQC Spectrum of Cell-GMA (sample GMAGSE) recorded in D,O. It appears that
some autopolymerization of the monomer may have occurred.

'H NMR spectra of the samples are presented in Figure 3.6. These spectra show the same
general peak patterns, but the region 1.75 — 2.25 ppm in each spectrum (where no peaks are
expected to be in the desired product) show different peaks and peak intensities among samples.

The rest of the regions are similar amongst the spectra. This suggests that side reactions were
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taking place, and that they were not necessarily happening in the same way or to the same extent

in each sample.
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Figure 3.6: "H NMR spectra of Cell-GMA samples recorded in D,0.

Molecular weight distributions for samples GMASE and GMAGE were obtained on an
aqueous Viscotek GPC (Figure 3.7). In both distributions, a sharp peak appears at 1,100 g/mol
with a broader peak appearing at higher molecular weight. The higher molecular weight peak
corresponds to the main cellulose chain. It is not clear whether the low molecular weight peak is a
degradation product, homopolymer of GMA, or something else. Since this peak is identical in
molecular weight and distribution for each sample it is unlikely to be homopolymer. When
comparing the distributions to that of Cell-BiB prepared previously in this chapter (Figure 3.3),

the molecular weights of the Cell-GMA samples are substantially lower; Cell-BiB has an M, of
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100,000 g/mol, while GMASE has an M, of only 16,000 g/mol and GMAGE has an even lower
M, of 3,200 g/mol. The molecular weights measured for GMASE and GMAGE are only relative
to PEO and are not absolute values, but the difference when compared to Cell-BiB and even
between the two samples is stark enough that it can be concluded that the cellulose was being

severely degraded during the reaction.
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Figure 3.7: Molecular weight distributions of Cell-GMA (relative to PEO standards).

It is apparent that while the reaction proceeded readily and imparted methacrylate
functionality, it also had problems of side reactions taking place which decrease the efficiency of
the reaction and impart non-functional material to the cellulose. In addition, GPC traces show

that the cellulose was experiencing significant degradation during the reaction. There may be
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ways to mitigate these difficulties, but it was not deemed fruitful to further pursue this reaction

route as the Cell-GMA produced was water-soluble rather than organic-soluble.

3.3.2 Modification of cellulose acetate in cyclic ethers

3.3.2.1 Etherification of cellulose acetate with glycidyl methacrylate

In order to ensure a hydrophobic product with good solubility in organic solvents,
cellulose acetate with a DS of about 2.8 was used as the starting material. A variety of reaction
conditions were attempted in the solvents THF and (1,4)-dioxane which are summarized in Table
3.3. The reaction was first attempted using Cell-AcO, - in THF at 30°C (entry GMALT in Table
3.3). This was successful, with an alkene signal clearly present in 'H NMR (Figure 3.9;
assignment in acetone-dg: 6 = 5.5, 6.0 ppm, alkene; 6 = 3.6, 4.0, 4.1 ppm, propyl; & = 1.8 ppm,
methyl signal hidden behind acetate signal) although the degree of substitution was only 0.09 (out
of a theoretical 0.21). In an attempt to increase the DS, the temperature and stoichiometry of the
reaction were increased (GMAZ2T, Figure 3.9) and the reaction was allowed to proceed for a
longer period of time. This resulted in a DS of 0.98, which was substantially higher than the
theoretical 0.21. While it is possible that there may have been some unreacted monomer still
bound to the cellulose after purification, this value of DS was too large for that to be the primary
cause as unreacted monomer would have to be about 40% of the mass of the solid. Instead, it is
hypothesized that transesterification was occurring between the acetate groups on the cellulose
and the methacrylate groups on the GMA. It has been noted in the literature that GMA can react
with dextran in DMSO via a transesterification reaction rather than the expected ring-opening of
the epoxide [44]. For both GMALT and GMAZ2T, the obtained Cell-AcO-GMA exhibited a
greatly reduced solubility in THF as compared to the starting Cell-AcO, with solid and gel

material being observed in the reactor prior to stopping the reaction.
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The HSQC spectrum for GMAZ2T is given in Figure 3.8 and aids in assignment of the
proton spectrum. The spectrum is complicated which makes identification of each individual
peak difficult but the general peak patterns are identified. The characteristic circular patterns of
the AGU protons of cellulose acetate are clearly visible in the centre of the spectrum, as are the
acetate protons at {1.8 ppm, 20 ppm}. The propyl group of GMA once its ring has opened
consists of methylene and methine groups bonded to oxygen atoms similar to the AGU groups,
and so the signals from these protons overlap the signals from the AGU protons. The alkene
functionality is clearly seen by a pair of peaks located at a carbon shift of 125 ppm. The
corresponding methyl signal almost overlaps the acetate signal but has a slightly lower carbon
shift of 17 ppm. The low proton-shift signals (<1.0 ppm) are suspected to be methyl groups

shifting upfield due to loss of alkene functionality.
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Figure 3.8: HSQC spectrum of GMA2T in acetone-dg.
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Figure 3.9: 'H NMR Spectra of GMA reactions carried out in THF. GMAS3T recorded in
DMSO-ds (solvent signal 2.50 ppm, water 3.33 ppm; both signals suppressed); GMAST recorded
in CDCls; all others recorded in acetone-dg (solvent signal 2.05 ppm, water 2.84 ppm; water
signal suppressed).

Subsequent reactions in THF experienced the problem of autopolymerization of the
monomer occurring, even at the relatively mild temperature of 50°C. This was observed by
excessive mass of polymer, changes in solubility, lack of alkene functionality, and methyl peaks
shifting upfield in the proton NMR spectra (Figure 3.9). The reaction was exothermic which may
have caused uncontrolled temperature rises in the reactor and subsequent polymerization even
though the monomer was inhibited. The reactions were first performed using Cell-AcO, 79
synthesized in the laboratory, but concerns over batch-to-batch variability in this material led to
commercially obtained CA, 7, being used instead. However, while two of the reactions with Cell-
AcO, ;9 were successful (GMALT and GMAZ2T), both of the reactions using CA, 7 (GMAA4T and

GMAD5T) led to autopolymerization of the monomer, as well as a third reaction with Cell-AcO, 9
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(GMAZ3T). Autopolymerization was confirmed for GMA3T and GMAST through NMR, with
minimal alkene signal being observed and the methyl signal shifting to the 0.8 — 1.5 ppm; the
polymer peaks were significantly more pronounced for GMAST than GMAST due to the higher
ratio of GMA to cellulose used. In the case of GMAAT, attempts to precipitate it in water were
unsuccessful and the polymer was not recovered. As Cell-AcO-GMA was insoluble in water, the
solubility in this case was attributed to the polymerization of GMA and followed by the
hydrolysis of the epoxide, making a water-soluble polymer. In addition, THF is susceptible to
ring-opening polymerization in acidic conditions and could have copolymerized with the epoxide
functionality of the GMA, contributing to the poor reproducibility in the experiments [46]. The
DS of alkene groups would be altered depending upon the type of polymerization that could

occur: whether radical polymerization of the methacrylate groups or ring-opening of the epoxide.

Table 3.3: Reaction conditions for etherification of cellulose acetate with glycidyl methacrylate.

ID GMA:OH MassCA(g) Solvent T(°C) Reaction time (h) Result
GMA1T 6 0.50" THF 30 22 DS =0.09
GMA2T 100 0.24" THF 50 23,46 DS =0.74, 0.98
GMA3T 4 0.30" THF 50 22 Autopolymerization
GMAA4T 4 0.1 THF 50 24 Autopolymerization
GMAST 120 0.1 THF 50 24 Autopolymerization
GMA1D 27 1.5 Dioxane 30 35 DS =0.01
GMA2D 4 1.15" Dioxane 40 4 DS =0.02
GMA3D 4 2.5 Dioxane 40 19 No reaction
GMA4D 4 2.5 Dioxane 50 22 No reaction
GMAS5D 4 0.73" Dioxane* 50 20 No reaction

(*uses TEA as base catalyst rather than HCI; +uses Cell-AcO, ;¢ rather than CA; 77)

(1-4)-Dioxane was tried as the solvent for the reaction as it is a cyclic ether similar to
THF, but unlike THF will readily dissolve both Cell-AcO and Cell-AcO-GMA (in general,
dioxane was found to dissolve a much wider range of the cellulose derivatives discussed in this

chapter than THF could), but under a variety of reaction conditions little or no change was
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observed. For samples GMA1D and GMAZ2D a low alkene functionality (DS = 0.01, 0.02; Table
3.3) was found, but for all other reactions no change was observed in the NMR spectra (see
Figure 3.10 for examples of the spectra). However, even the low degree of substitution obtained
with GMALD and GMAZ2D led to the samples being poorly soluble in THF, making analysis on a
THF GPC unfeasible. It is not known why the reaction in dioxane was less reactive than in THF.
Concerns with the difficulties encountered in controlling the etherification reaction and

the degree of substitution of methacrylate groups led to esterification reactions being considered

instead.
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Figure 3.10: '*H NMR spectra of CA-GMA samples prepared in (1,4)-dioxane and recorded in
acetone-ds. Minimal alkene functionality is observed.

3.3.2.2 Steglich esterification of cellulose acetate with methacrylic acid

Steglich esterification was examined as an alternative route to give cellulose methacrylate

functionality with the reactions summarized in Table 3.4. The use of DCC with 3-10 mol%
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DMAP allows the esterification of carboxylic acids in high yields, including sterically demanding
esters, at mild conditions while limiting side reactions [47]. Mild conditions are desirable in
order to prevent the autopolymerization of methacrylate observed when using GMA, as well as to
prevent degradation of the cellulose. The reaction is presented in Scheme 3.4. The reaction was
first attempted using a small stoichiometric excess of reagents in an ice bath but only limited
esterification was observed (DS = 0.02, MAALT) and the mixture remained in a single phase
throughout the reaction. The ice bath was used because the reaction was exothermic and there
was concern about the vessel overheating. However, the diluteness of the cellulose solution and
the low concentration of hydroxyls present should prevent an excessive amount of heat being
released. In addition, esterification reactions are sensitive to water and the hygroscopic cellulose
solvents are difficult to keep dry, which can hamper high yields when stoichiometric proportions
of reactants are used. Subsequently, the reaction was performed successfully at room temperature
using a larger (6.8 fold) excess of MAA and DCC, with a precipitate being immediately formed
and the reaction vessel becoming moderately warmer than ambient. The CA-MAA possessed
similar solubility properties to the unmodified cellulose acetate, being readily soluble in acetone,

THEF, dioxane, DMSO, and DMF.
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Scheme 3.4: Steglich esterification of cellulose acetate with methacrylic acid.
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Table 3.4: Summary of reaction conditions for esterification of CA, 7z with MAA.

Sample MAA:OH Mass CA,;;(g) Solvent Temperature Result

MAA1T* 1.8 2.5 THF Ice bath DS=0.02
MAA2T* 6.8 1.25 THF Ambient DS=0.29
MAA3T" 6.9 0.50 THF  Ambient, increase to 50°C DS=0.13
MAAA4T* 6.8 2.4 THF Ambient DS=0.28

(+ uses 4.8 wt/vol% cellulose/THF; ++ uses 8.3 wt/vol% cellulose/THF)

NMR spectra were recorded in acetone-dg; the HSQC spectrum for sample MAAA4T is
given in Figure 3.11. In contrast to the other methods that were attempted in order to provide
methacrylate functionality, this method yielded a relatively clean and easy to identify spectrum.
The alkene and AGU protons can both be seen clearly separated from each other. The methyl
signals from the acetate and methacrylate groups overlap on the proton axis, but are separated
from each other on the carbon axis, allowing both groups to be visible in the HSQC spectrum, but

not the proton spectrum (Figure 3.12).
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Figure 3.11: HSQC spectrum of MAA4T (CA-MAA, ,g) recorded in acetone-ds.
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Both samples MAA2T and MAAA4T had degrees of substitution higher than the
theoretical value of 0.21. When observing the *H NMR spectra for these samples (Figure 3.12),
as well as MAAZT, it can be seen that the alkene peaks are not present as a clean pair, but that
there appears to be smaller peaks doubling the main peaks. This would indicate that there are
alkene groups present that are chemically dissimilar, and that there may remain unreacted
methacrylic acid bound to the product despite the vigorous washings undertaken. The presence
of bound monomer could limit the yields of grafting reactions if a sub-stoichiometric amount of
thiol is used.

The standard reaction conditions used a 4.8 wt/v% solution of cellulose in THF and
allowed a DSgyene 0f 0.29 to be reached; using a more concentrated 8.3% solution resulted in a
much more viscous solution and a final DS,ene Of only 0.13. When using the more concentrated
solution, the temperature was increased to 50°C after mixing the reactants in order to decrease the
viscosity and improve mixing. The intermediate compound formed between the methacrylic acid
and the DCC is temperature sensitive, and Steglich esterification is typically carried out below
ambient temperature in order to avoid unwanted products [47]. It is likely that the elevated

temperature reduced the yield of the reaction for this sample.
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Figure 3.12: 'H NMR spectra of CA-MAA samples. Substantial alkene functionality is
observed.

GPC was used in order to compare the elution profiles of the samples MAA3T and
MAAAT before and after esterification. Since the amount of methacrylate functionality imparted
was low, CA-MAA was expected to have a similar molecular weight distribution to CA. If the
molecular weight increased substantially it would likely be due to crosslinking of the
methacrylate groups (particularly if the distribution broadens), while a decrease in molecular
weight would indicate degradation of the cellulose chain. The molecular weight distributions
were recorded on the Viscotek GPC with triple detection and are displayed in Figure 3.13. The
curves for unmodified cellulose acetate and sample MAAS3T were very similar, with only a small
change in M, and M observed. The triple detection system has a greater error associated with
molecular weight measurements than using a calibration curve, but it allows for analysis of

samples with unknown Mark-Houwink parameters and unknown dn/dc. In particular, the
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columns had poorer resolution in the low molecular weight region (<10* g/mol), and so the
differences observed were not considered significant. Sample MAAA4T had a higher M, and a
slightly higher Mp than the cellulose acetate. Since the high molecular weight shoulder did not
change, this may be due to lower molecular weight polymer being washed out during the
purification procedures (yields of these reactions were low, suggesting polymer was lost during
purification). An My of 24,000 g/mol was measured for the unmodified cellulose acetate: Sigma-
Aldrich specifies that it should be about 30,000 g/mol.

The lack of increase in either high or low molecular weight tailings indicated that the
integrity of the cellulose acetate was being preserved throughout the reaction. As such, these

samples (MAA3T and MAAA4T) were used for the grafting reactions in Chapter 5.
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Figure 3.13: Molecular weight distributions of CA and CA-MAA (MAA3T and MAAA4T)
recorded in THF using a triple detection system. Sigma-Aldrich specifies an M, of about 30,000
g/mol for the CA.
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3.4 Conclusions and recommendations

3.4.1 Conclusions

It was found that EMIM AcO was unsuitable for esterification reactions due to the acetate
anions of the solvent attaching to the cellulose. Reactions with acyl halides resulted in the
formation of cellulose triacetate rather than the desired cellulose ester. Carrying out the reactions
in BMIM Cl instead resulted in the formation of the desired product, such as the Cell-BiB; 13 that
was used in Chapter 4. The reactions using methacryloyl chloride had mixed results; this was
attributed to the high moisture content of the solvent. It is expected that the reaction would be
successful if the solvent was drier. BMIM CI may not be an appropriate solvent, however, as the
elevated temperatures may promote polymerization of the methacrylate groups. When attempting
to attach gylcidyl methacrylate to cellulose in EMIM AcO, polymerization of the monomer was
observed through NMR and significant degradation of the cellulose was observed through GPC.
This was likely due to the exothermic reaction that caused uncontrolled temperature increases in
the reactor, and the high viscosity of the solution which hindered heat transfer. Since the product
was soluble in water rather than organic solvents the reaction was not pursued.

The reactions of cellulose acetate and glycidyl methacrylate in tetrahydrofuran were
difficult to control: autopolymerization was a major problem. In (1-4)-dioxane, however, very
little reaction was observed resulting in extremely low alkene functionality. Esterification of
cellulose acetate with methacrylic acid using DCC resulted in a highly functional product with
favourable solubility characteristics without degradation or side reactions occurring. This Cell-

MAA was used extensively in Chapter 5.

3.4.2 Recommendations and future work
e The use of non-ionic liquid solvent systems such as DMAC/LICI should be examined.
The difficulties encountered here by both EMIM AcO and BMIM CI suggests that other

solvents would be more effective.
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o Cellulose acetate with a lower degree of substitution should be examined in order to
allow greater numbers of functional groups to be attached (due to the greater availability

of free hydroxyl sites).
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Chapter 4
Synthesis of Cellulose Graft Copolymers Using Cu(0)-Mediated

Polymerization and a ‘Grafting-From’ Approach

Abstract

The ‘grafting-from’ approach has been utilized for the synthesis of cellulose graft copolymers,
often in conjunction with controlled radical polymerization techniques. Atom Transfer Radical
Polymerization (ATRP) with Cu(l) as catalyst is one of the most common methods, but as the
cellulose derivatives tend to be soluble in highly polar solvents the use of Single Electron
Transfer (SET) with Cu(0) is increasing in frequency. However, little effort has been made to
compare the Kkinetics of the grafting polymerization to that of homopolymerization.
Understanding this behaviour would allow better reaction design through the use of easier to
characterize homopolymers as models.

The grafting of poly(methyl acrylate) (PMA) and poly(methyl methacrylate) (PMMA)
was undertaken using Cu(0)-mediated polymerization with a cellulose macroinitiator (Cell-BiB)
in DMSO. The polymerization rate of PMA from Cell-BiB was about 60% to 70% that obtained
using a standard ATRP initiator (EBiB) under similar conditions. An average graft density of
0.71 grafts per glucose ring was obtained; this may have been limited due to steric reasons as the
initiation efficiency for Cell-BiB was lower than EBiB. The rate using MMA was initially
similar between the two initiators but increased with time for EBiB but not Cell-BiB. This
appears to have been caused by slow initiation of the BiB groups, which limited the graft density
for Cell-g-PMMA to 0.15 grafts per glucose ring. The grafted chains were cleaved from the
cellulose using acid-catalyzed transesterification with methanol. The reaction was very sensitive
to the solvent conditions used, and using basic conditions resulted in degradation due to

irreversible hydrolysis.
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4.1 Introduction

In the synthesis of cellulose graft copolymers using a ‘grafting-from’ approach, initiation
sites are formed on the cellulose backbone and polymer chains are grown outward from these
sites. Polymerizations have been reported using both conventional free radical [1, 2] and
controlled radical polymerization mechanisms [3]. In theory, using a controlled ‘grafting-from’
mechanism should allow for a well-tailored, controlled growth of polymer and high density of
grafted chains, but in practice problems have been encountered with bimolecular termination of
growing chains on different cellulose molecules [4-8], poor initiation efficiency [4, 9], and
difficulties in characterizing the side chains and final copolymer [6, 7].

It has been discovered that the use of Cu(0) as a catalyst in highly polar solvents with
acrylic monomers results in a well-controlled and very fast polymerization [10]. The authors
called this ‘Single Electron Transfer Living Radical Polymerization’ (SET-LRP), but there is
debate in the literature over whether SET-LRP has the same mechanism as ATRP [11, 12] or a
different mechanism [10, 13, 14]. In any case, as the cellulose macroinitiators are highly polar
and soluble in polar solvents such as DMSO and DMF, Cu(0)-mediated polymerization was seen
as a suitable choice for the ‘grafting-from’ reaction with acrylic monomers, and beginning in
2010 it began to be used for the grafting reaction from cellulose [4, 8, 15], as well as the related
biopolymers hemicellulose [16, 17] and dextran [18].

Raus et al. [4] experienced poorer rates and initiation efficiencies when using an SET
type reaction (Cu(0) as catalyst) as opposed to ATRP (Cu(l) as catalyst), while Hiltunen et al. [8]
successfully polymerized N,N-dimethylacrylamide from cellulose using Cu(l) as catalyst but
were unsuccessful when using Cu(0). However, it is not clear to what extent these results were
due to the grafting reaction itself as opposed to the conditions used for polymerization; it would
clearly be beneficial in designing reactions to know whether the graft copolymerization will
behave in a similar fashion to a linear (i.e. non-branched) homopolymerization in terms of

kinetics and degree of control, and whether the homopolymerization is capable of successful
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results under the conditions used. Furthermore, it would be desirable to first design a successful
reaction using inexpensive and ubiquitous commercial initiators prior to attempting the grafting.
This is especially pertinent as the cellulose macroinitiators typically have limited solubility,
restricting the choice of solvents and the concentration of initiating sites to conditions that have
not necessarily been previously examined for the polymerization technique utilized. While
grafting from cellulose using a controlled radical polymerization has been widely reported, few
papers provide a comparison between the graft copolymerization and homopolymerization using
an analogous non-polymeric initiator.  Billy et al. [19] used a linear homopolymerization as a
model in order to design a successful reaction for ATRP grafting of methyl diethylene glycol
methacrylate from cellulose acetate in their desired solvent, cyclopentanone; however, the
concentration of initiating sites used for the model homopolymerization was approximately 10°
times greater for the homopolymerization than for the grafting and so the reactions are not
directly comparable. Dupayage et al. [18] studied ATRP grafting of methyl methacrylate from
dextran in DMSO and found that while the dextran macroinitiator protected with acetate groups
behaved similarly to EBiB during polymerizations, unprotected dextran had a much faster
polymerization rate and problems with gelation.

This research was conducted in order to investigate whether the cellulose macroinitiator
(Cell-BiB) behaves in a similar fashion during Cu(0)-mediated polymerization as an analogous
non-polymeric initiator (EBiB) in terms of rate, initiation efficiency, and molecular weight
control, or whether the presence of the cellulose and the graft architecture has a retarding effect

on the reaction rate and control.
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4.2 Experimental

4.2.1 Materials

Avicel© microcrystalline cellulose (MCC, ~50 um), Copper (Il) bromide (98%), a-
bromoisobutyryl bromide (BrBiB, 98%), 1-ethyl-3-methylimidazolium acetate (EMIM AcO,
>90%), ethyl a-bromoisobutyrate (EBiB, 98%), tris[2-(dimethylamino)ethyl]amine (MesTREN),
and anhydrous dimethylsulfoxide (DMSO, 99.8%) were purchased from Sigma-Aldrich and used
without further modification. Copper electrical wiring (14 gauge) was stripped of insulation,
submerged in sulfuric acid, and rinsed with acetone prior to immediate use. Tetrahydrofuran
(THF) was distilled and dried with magnesium sulfate prior to use. Methyl methacrylate (MMA)
and methyl acrylate (MA) were obtained from Sigma-Aldrich, passed through a column to
remove inhibitor, and stored in the refrigerator prior to use. All other solvents were used as
received. The cellulose macroinitiators Cell-AcO;.9-BiBg g9 and Cell-BiB; ;5 were synthesized

as described in Chapter 3.

4.2.2 Experimental procedure
4.2.2.1 Polymerization of MMA from Cell-AcO,.9:-BiBg o9 in EMIM AcO

To 5 mL of EMIM AcO was added 0.153 g of Cell-AcO; ¢:-BiBg g9 (46 pumol of bromine,
1 eq.). A stirring magnet wrapped with 10 cm of copper wire was introduced and the mixture
was stirred at 70°C for 27 hours, at which point the temperature was reduced to 50°C and the
solution sparged with nitrogen. After 30 minutes, 60 pL (4.9 eq.) of Me,TREN was added
followed by 5 mL of MMA (1020 eq.). The reaction was left overnight and the mixture
solidified. The polymer was separated from the EMIM AcO by dissolving the mixture in THF
and precipitating in water three times. The polymer was then dissolved in THF again and passed

through a column of basic aluminum oxide. Solvent was evaporated under air and the polymer

83



sample was dried in a vacuum oven for 24 hours (70°C, -20 inHg) prior to analysis by GPC and

NMR.

4.2.2.2 Polymerization from EBIiB and Cell-BiB ;3 in DMSO

In a typical polymerization, 10 cm of copper wire (cut into four pieces) was added to a
round-bottom flask along with a stirring magnet. The flask was placed in a 50°C oil bath and
purged with nitrogen for at least 15 minutes to remove oxygen. Simultaneously, bottles of
DMSO, MA, and a stock solution of EBiB in DMSO (12 pL/mL) or Cell-BiB; ;3 in DMSO (21.1
mg/mL) were degassed by sparging with nitrogen for at least 45 minutes. A stock solution of
CuBr; in acetonitrile (ACN) was prepared in advance (60.7 mg/mL). If CuBr, was used in the
reaction (as an added deactivator to improve livingness) it was injected into the flask during the
degassing step (38 pL, 2.3 mg CuBr; 0.05 eq.). Following the degassing, 2.5 mL of MA (134
eq.) along with 11 pL of MesTREN (0.2 eq.) were injected into the flask. The reaction was
started by injecting 2.5 mL of the EBiB/DMSO solution (30 pL EBIiB, 200 umol, 1 eq) or 2.4 mL
of the Cell-BiB solution (0.051 mg Cell-BiB, 250 pmol of Br, 0.71 eq). Samples were
withdrawn at periodic intervals and diluted with chloroform-d, shaken to dissolve oxygen, and
stored in the freezer (-20°C) prior to NMR analysis for conversion.  Similar procedures were

used for polymerization of MMA.

4.2.2.3 Chain extension of Cell-g-PMA
The Cell-g-PMA (sample G-PMA-1B, 50 mg, estimated 5.1 pmol of Br, 1 eq.) was

dissolved in 5 mL DMSO, 5 cm of copper wire (cut into two pieces) was added, and the flask was
sparged with nitrogen for 45 minutes in a 30°C oil bath. To start the reaction, 50 uL of
MesTREN/DMSO stock solution (0.27 pL MesTREN, 0.2 eq.) and 0.58 mL of degassed MA

(1285 eq.) were injected into the reactor. Samples were withdrawn at periodic intervals and
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diluted with chloroform-d, shaken to dissolve oxygen, and stored in the freezer (-20°C) prior to

NMR analysis for conversion.

4.2.2.4 Cleaving of grafted chains by selective transesterification

In a typical procedure, 50 mg of copolymer was dissolved in 5 mL of dry THF and
sparged with nitrogen for 15 minutes. After degassing, 0.5 mL of a 2 N sulfuric acid/methanol
solution was added (for a final concentration of 0.2 N sulfuric acid) and the reactor was placed in
a 60°C oil bath. After 6 hours a sample was withdrawn, filtered through basic aluminum oxide,

and diluted with THF prior to GPC analysis.

4.2.3 Characterization

4.2.3.1 Nuclear Magnetic Resonance (NMR)

'H NMR spectroscopy (64 scans) was used to identify the samples and to predict
conversion. Spectra were obtained on a 400 MHz Bruker Avance instrument. Conversion was
determined by comparing the area of the alkene protons of the monomer (approximately 5.0 ppm
and 5.5 ppm) to the area of the methoxy protons belonging to the monomer and polymer
(approximately 2.9 ppm and 2.8 ppm) Spectra were assigned using information from [21], [22],

and [23].

4.2.3.2 Gel Permeation Chromatography (GPC)

The NMR samples used for conversion analysis were diluted with acetone, passed
through basic aluminum oxide to remove the dissolved copper, and evaporated to dryness. The
samples were then stored in a vacuum oven (50°C, -20 inHg) for 24 hours in order to further

remove solvent. The dry samples were dissolved in distilled THF to a concentration of
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approximately 5-10 mg/mL. After dissolution the samples were passed through 0.2 um (for
homopolymer) or 0.45 um (graft copolymer) nylon syringe filters into sample vials.

The homopolymer samples of PMA and PMMA were analyzed on a Waters 2695
separations module using a model 410 differential refractometer as detector. Five Waters
Styragel HR columns (guard, HR 4.0, HR 3.0, HR 1.0, HR 0.5) were used in series at a
temperature of 40 °C. Distilled THF was used as the eluent at a flow rate of 1.0 mL/min. The
system was calibrated using poly(styrene) standards with narrow molecular weights ranging from
374 to 400 x 10° g/mol. The molecular weights obtained using the poly(styrene) calibration were
corrected using the Mark-Houwink parameters summarized in Table 4.1. The correction can be

made through the use of the Mark-Houwink equation (Equation 4-1).

[n] = K(MW)* Equation 4-1

Table 4.1: Summary of Mark-Houwink parameters.

Polymer T (°C) Molecular Weight for  K/10°(mL/g) o  Ref.
Measurements (g/mole)

PS 30 - 11.4 0.716 [30]
PMA 30 <20,000 6.11 0.799 [31]
PMMA 30 100,000 9.44 0719 [32]

The copolymers were analyzed using a Viscotek GPCmax VE-2001 with a model VE
3580 refractive index (RI) detector, and a model 270 dual detector [light scattering (low angle
light scattering, LALS, and right angle light scattering, RALS), and viscosity (IV)]. Three
PolyAnalytik columns (2 x PAS-106, guard) with an exclusion molecular weight of 20 x 10°
g/mol were used in series at a temperature of 40 °C. Distilled THF was used as the eluent at 1.0
mL/min. The triple detection system was calibrated using a narrow poly(styrene) sample of 93 x
10° g/mol, with refractive index increment (dn/dc) of 0.185 mL/g and intrinsic viscosity ([n]) of

0.465 dL/g. The molecular weight analysis was performed using the Viscotek OmniSEC
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software which estimated the molecular weight, refractive index increment, Mark-Houwink
parameters, and the intrinsic viscosity of the polymer samples. It is important that the

concentration of these samples be accurately known for these calculations.

4.3 Results and discussion

4.3.1 Polymerization of MMA from Cell-AcO,.¢;-BiBg g in EMIM AcO

lonic liquids have been used for copper catalyzed controlled radical polymerizations: the
ionic liquid 1-butyl-3-methylimidazolium hexafluorophosphate has been found to improve the
rate and livingness of the Cu,0/2,2’-bipyridine catalyst system with MMA [26], and in general
ionic liquids have been found to increase propagation rate while decreasing termination rate for
radical polymerizations [27]. In addition, the high polarity of ionic liquids allow excellent
disproportionation of Cu(l) species to Cu(0) and Cu(Il) for SET [10]. The grafting reaction was
first attempted in the original solvent for the Cell-BiB synthesis, EMIM AcO. The reaction was
conducted assuming a DS of bromine of 1.6 from NMR: this value was subsequently revised to
0.089 upon bromine analysis by ion chromatography for reasons discussed in Chapter 3, and the
ratios of reactants reported here reflect this new value.

While cellulose dissolved readily in EMIM AcO at room temperature, the Cell-AcO;g;-
BiBo.oge did not and elevated temperatures (70°C) and long dissolution times (27 hours) were
required in order to obtain a homogeneous solution. In addition to this, the MMA was
immiscible in the EMIM AcO, and so the reaction was run overnight as a dispersed phase
reaction. After 16 hours the mixture had solidified. Time samples to measure conversion could
not be taken due to the phase separation: final conversion was calculated to be 78% by weighing
the purified polymer. NMR analysis was undertaken for the final polymer and is displayed in
Figure 4.1. Signals attributed to PMMA are clearly visible in the spectrum. There are some

signals in the region 3.0 ppm — 5.0 ppm that may be from cellulose anhydroglucose units (AGU)

87



although it is difficult to be certain as they are broad and ill-defined. As the Cell-AcO,4:-BiBg o
was only expected to be about 4% by mass of the final copolymer any signals that would be

present would be very weak.
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Figure 4.1: 'H NMR spectrum of Cell-g-PMMA synthesized in EMIM AcO. The PMMA
signals (a, b, and c) are clearly visible. The signals appearing in region 3.0 ppm — 5.0 ppm may
be from cellulose AGU but it is not clear. Alkene signals at 5.5 ppm and 6.0 ppm indicates some
residual monomer is present.  Spectrum recorded in CDCl;.  Reaction conditions:
[M]:[LI:[Cu(1)] = 1020 : 4.9 : 0; 50% EMIM AcO by volume; 50°C.
Molecular weight data was obtained for the copolymer; the data is summarized in Table
4.2 with the molecular weight distributions presented in Figure 4.2. The molecular weight
distribution shifts to higher molecular weight after grafting, and the PDI narrows from 3.43 to
2.17. The measured molecular weight of the copolymer is only a little more than half of the
predicted value; however, it is possible that the M, of the Cell-BiB was overestimated due to poor

resolution in the low molecular region (see Chapter 3) and this would lead to overestimation of

the predicted copolymer molecular weight as well. From the molecular weight data obtained, as
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well as the NMR spectrum, it was not clear whether the sample was in fact Cell-g-PMMA or only
PMMA homopolymer (which could form if BiB groups were non-covalently bonded to the
cellulose). However, intrinsic viscosity ([1]) measurements were also made for the polymer
samples, and intrinsic viscosity is known to be substantially lower for branched polymers than
linear polymers of the same molecular weight [28]. The Cell-g-PMMA had a measured intrinsic
viscosity of 0.683 dL/g: linear homopolymer of PMMA at this value of [n] is calculated to have a
viscosity-average molecular weight (M,) of only 229,000 g/mol using Equation 4-1. This is
substantially less than the measured molecular weight of the copolymer which indicates a highly
branched polymer rather than linear; this would suggest that grafting had occurred. The
polymerization was attempted using EBiB in EMIM AcO without success, which is believed to
have been caused by the initiator migrating to the monomer phase rather than remaining in the

solvent phase.

Table 4.2: Summary of molecular weight data for polymerization of MMA in EMIM AcO.

Sample IV (dL/g) dn/dc Mark-Houwink My Predicted PDI
(mL/g) o (kDa) My (kDa)

Cell-AcO,4:-BiBgogy  0.404 0.0435 0.711 325 - 3.43

Cell-g-PMMA 0.683 0.0642 0.683 445 811 2.17
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Figure 4.2: Molecular weight distributions of Cell-AcO;.¢;-BiByg gy (blue) and Cell-g-PMMA
(red) grown in EMIM AcO recorded using a triple detection system. Reaction conditions:
[M]:[L]:[Cu(11)] = 1020 : 4.9 : 0; 50% EMIM AcO by volume; 50°C.

4.3.2 Polymerization of MA from EBIiB in DMSO

Polymerizations in DMSO were first attempted using EBiB in order to model the growth
of the grafted polymer chains and optimize the conditions for the grafting, with the reactions
summarized in Table 4.3. The graft polymerization was expected to result in a very viscous
solution due to the high molecular weights, and there was concern about potential gelling
occurring due to combination through intermolecular termination of the radicals. As there are
many growing radicals on each cellulose chain, even a small proportion of them combining could
cause detrimental crosslinking and gelling to occur. As such, the model homopolymerization was
designed in order to mitigate these problems. While Cu(0)-mediated homopolymerizations are

often carried out at a low solvent fraction (33%) [10, 14, 29, 30], much higher fractions (50% to
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90%) were used here in order to prevent the viscosity from becoming too great. In addition, it
has been reported that adding a small amount of Cu(ll) at the beginning of a Cu(0)-mediated
polymerization (0.05 eq.) allows for higher end-group fidelity of polymer chains than when Cu(0)
is used alone [31], and this was also examined as a method to inhibit combination of the
copolymers. Polymerization rates have been found to be dependent on the surface area of solid
copper available [32], and have also been found to be higher when the solid copper has been

activated by removing copper oxide from the surface [14].

Table 4.3: Summary of polymerizations of MA from EBIiB in DMSO.

Sample [M] T  [M]:[L]:[Cu(l)] Conv. Kapp [n Pred. Meas. PDI IE
(vol%) (°C) (%) (min®) (M) My My (%)
(kDa) (kDa)

F-PMA-1A 33 50  140:0.10:0.05 99 0.058  0.027 12.0 41.1 1.28 29
F-PMA-1B 33 50 140:0.10:0 100 0.050 0.027 12.0 36.8 133 33
F-PMA-2A 50 50 134:0.20:0 97 0.13 0.040 11.2 10.6 1.17 106
F-PMA-2B 50 50 134:0.20:0 94 0.096 0.040 10.9 12.1 1.15 90
F-PMA-3A 33 30 134:0.20:0.05 77 0.090 0.028 8.93 8.93 1.07 93
F-PMA-3B 33 30  134:0.20:0.05 84 0.098 0.028 9.75 10.3 1.12 95

Figure 4.3 displays the kinetic data of the model polymerizations with EBIiB, with each
set of conditions duplicated to demonstrate the degree to which they were reproducible. It was
seen that only one pair of experiments exhibited significant deviation in rate between each other
(red lines in Figure 4.3); it appears that the slow experiment in this pair may have had an
induction period, indicating some oxygen was present at the start of the reaction and leading to
the variation. Increasing the volume of solvent from 50% to 67% (blue to orange) led to a
decrease in rate as expected, but decreasing the temperature from 50°C to 30°C (orange to red)
had no significant effect on rate (taking into account that the one experiment was slower due to
the induction period). The addition of 0.05 eq. of CuBr, had no discernible effect on rate (orange

squares to orange triangles). The polymerizations were very fast, with even the slowest reaction
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reaching 80% conversion after 45 minutes. Furthermore, after only 5 minutes the conversions for
the reactions were typically around 40%. All reactions showed a decreasing slope (decreasing
rate) up to around 45 minutes, indicating non-first order kinetics, but the two reactions that were
allowed to continue to complete conversion displayed a constant slope beyond this point; these

two reactions reached a final conversion of 99.2% and 99.5%, respectively.

5 -
4 -
H
=3
=)
=
E
2
1
0 T T T T 1
80 100 120 140 160
Time (min)
Figure 4.3: Kinetic data for polymerization of MA from EBIB. Sample F-
PMA-1A [M]:[L]:[Cu(11)] = 140:0.1:0.05, 67 vol% DMSO, 50°C; Sample F-

PMA-1B, [M]:[L]:[Cu(l1)] = 140:0.1:0, 67 vol% DMSO, 50°C; Blue: Samples F-PMA-2,
[M]:[L]:[Cu(11)] = 134:0.2:0, 50 vol% DMSO, 50°C; Red: Samples F-PMA-3, [M]:[L]:[Cu(l1)]
= 134:0.2:0.05, 67 vol% DMSO, 30°C. No significant effect on rate was observed when
increasing temperature from 30°C to 50°C (red to orange). The rate increased as solvent fraction
decreased (orange to blue). Lines are drawn to guide the eye.
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Since the cellulose macroinitiator was a solid it needed to be dissolved prior to the
polymerization, and as it had poor solubility the concentration of the stock solution of Cell-BiB
in DMSO was limited when compared to EBiB in DMSO. The initiator stock solutions were
made to be about 20-30 mg/mL to ensure the Cell-BiB was well dissolved; this stock solution
would then account for anywhere from a third to half of the total reaction volume. As such, a
procedure modified from Voepel et al. [16] and Edlund et al. [17] was adopted whereby the Cell-
BiB would be dissolved in DMSO, after which the monomer would be added and the contents
degassed together by sparging with nitrogen at the reaction temperature. The reaction would be
started by addition of the ligand followed by the catalyst. This was first conducted using EBiB
instead of Cell-BiB (samples F-PMA-1) with the kinetics displayed in Figure 4.3 and the
molecular weight data displayed in Figure 4.4 and Figure 4.5. The reaction was very fast with a
narrow polydispersity (<1.3) but had poor initiation efficiency of 29% when CuBr, was used
(Figure 4.4) and 33% when no CuBr, was used (Figure 4.5). Using CuBr, resulted in a lower
PDI (<1.2) until around 95% conversion when polydispersity began to increase sharply. The
obtained initiation efficiencies were substantially less than the >90% values expected according
to the literature. It was not clear exactly what was causing the low initiation efficiency but it was
suspected to be related to the initiator being in the presence of the monomer during degassing.

The procedure was modified so that the monomer and the initiator/DMSO stock solution
would be degassed separately and that the reactor flask containing only the catalyst would be
placed in the oil bath and also degassed. The reaction method was again conducted with EBiB,
with the order of reagent addition being: monomer, extra DMSO (if needed), ligand, and finally
the initiator/DMSO solution to start the reaction. This resulted in much more satisfactory results
(F-PMA-2B, Figure 4.6; and F-PMA-3A, Figure 4.7), with initiator efficiencies greater than 90%
obtained. In addition, the distributions were narrower without any sign of combination occurring
in the distribution until 94% conversion when a high molecular weight hump appeared. All

subsequent reactions used this degassing method, and reactions using EBiB obtained initiation
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efficiencies in the range of 90% to 106%. From the molecular weight distributions of PMA
initiated by EBIB, the polydispersities do not begin to broaden until around ~80% conversion,

and so reactions with Cell-BiB were kept well below this conversion.
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Figure 4.4: Molecular weight data for sample F-PMA-1A: [M]:[L]:[Cu(ll)] = 140:0.1:0.05, 67
vol% DMSO, 50°C. Reaction started by adding catalyst.
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Figure 4.5: Molecular weight data for sample F-PMA-1B: [M]:[L]:[Cu(Il)] = 140:0.1:0, 67 vol%
DMSO, 50°C. Reaction started by adding catalyst.
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Figure 4.6: Molecular weight data for sample F-PMA-2B, [M]:[L]:[Cu(ll)] = 134:0.2:0, 50 vol%
DMSO, 50°C. Reaction started by injecting EBiB stock solution.
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Figure 4.7: Molecular weight data for sample F-PMA-3A, [M]:[L]:[Cu(Il)] = 134:0.2:0.05, 67
vol% DMSO, 30°C. Reaction started by injecting EBiB stock solution.

4.3.3 Polymerization of MA from Cell-AcO, ¢;-BiB g in DMSO

The graft polymerization from cellulose was first attempted using a macroinitiator
synthesized in EMIM AcO (details in Chapter 3). From NMR, the DSg;g Was estimated to be 1.6,
and so the reaction was attempted using conditions similar to those for F-PMA1. However, as
seen in Figure 4.8, this had unsatisfactory results. While the system did result in polymerization,
it was at an extremely slow rate. Varying the reaction temperature between 30°C and 70°C did

not lead to an improvement. A more thorough analysis of the macroinitiator (discussed
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previously in Chapter 3) revealed that the methyl groups identified in NMR were primarily
acetate groups rather than the desired BiB groups, and that the DS of BiB groups measured by
bromine analysis was only 0.089. This meant that the concentration of initiating sites used was
only 1/13" of the desired amount — 0.00205 M as opposed to 0.0267 M — and explained the slow
rate of polymerization. This also meant that instead of the desired reaction conditions of
[Br]:[M]:[L]:[Cu(ID] = 1:140:0.1:(0/0.05), the conditions were actually 1:1811:1.29:(0/0.65).
While good results have been obtained using a wide range of ligand concentrations [10], of which
1.29 per initiating group fits comfortably into, the high ratio of Cu(ll) to bromine (0.65) could
hamper the polymerization due to the lack of a suitable reducing agent and explain the lack of
polymerization when CuBr, was added. The copolymer obtained did not dissolve in DMF or
THF so analysis by GPC was impossible, although it would swell substantially in these solvents.
The copolymer was not crosslinked (it dissolved completely in chloroform) and therefore NMR
was performed on the samples. The *H NMR spectrum for the Cell-g-PMA sample synthesized
at 50°C is displayed in Figure 4.9. As the conversion was only 6.8% the cellulose acetate peaks
are clearly visible as well as peaks corresponding to PMA, showing that both polymers are

present in the mixture. Polymerizations using MMA had no measurable conversion.
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Figure 4.8: Comparing kinetics of polymerization of MA from Cell-AcO,¢;-BiBg g9 and EBIB.
Figure on left displays only polymerizations from Cell-AcO,.4,-BiByog9, While the figure on the
right shows both Cell-AcO,4,-BiBgog and EBiB. Reactions using Cell-AcO,.9;-BiByg g With
added Cu(ll) showed no evidence of polymerization and are not displayed here. Reaction
conditions for EBiB: [M]:[L]:[Cu(Il)] = 140:0.1:(0/0.05); 50% DMSO by volume; 50°C. The
reaction was carried out for Cell-AcO,;-BiBy g9 Under the same conditions as EBiB assuming
DSgig was 1.6: revising these numbers to the new DSgpg of 0.089 leads to conditions of
1560:1.29:(0/0.65).
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Figure 4.9: 'H NMR spectrum of Cell-g-PMA sample synthesized in DMSO using Cell-AcO5.;-
BiBooss. Reaction conditions: [M]:[L]:[Cu(I1)] = 1560:1.29:0; 50% DMSO by volume; 50°C. As
polymerization reached only 6.8% conversion, both cellulose acetate and PMMA peaks are
clearly evident. Spectrum obtained in CDCls.
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4.3.4 Polymerization of MA from Cell-BiB;3in DMSO

Following the poor performance of the macroinitiator synthesized in EMIM AcO (Cell-
AcO0,4:-BiBggg9), the macroinitiator was instead synthesized from BMIM Cl with a DSgp
measured by NMR to be 1.75 (subsequently adjusted to 1.13 following bromine analysis, Chapter
3). These reactions are summarized in Table 4.4. Polymerization with MA was fast with 58%
conversion being obtained after 30 minutes (Figure 4.10). The reaction was stopped at this point
as the solution had become extremely viscous and difficult to sample. Repeating the experiment
twice more with more frequent sample taking resulted in a somewhat slower rate with only 40%
conversion being reached after 30 minutes. The difference in rate appears to be due to
differences in initiator efficiency (IE), as the first reaction had an IE of 71% (calculation of IE of
graft copolymers to be discussed later) while the two repeat experiments had an IE of only 45%
and 56%. It is not known the reason for the difference in initiator efficiencies, but this is clearly
an item of interest. Though the rates were fast, they were nonetheless still much slower than the
reactions with EBIB which had reached about 90% conversion in this time. Following the
adjustment of the DSgjg downward, the concentration of initiating sites of the Cell-BiB; 13 was
calculated to be 71% of that for the accompanying EBIB reactions (0.031 M compared to 0.040
M) and this would partly explain the slower rate. The average initial apparent rate constant (Kapp,
initial slope in Figure 4.10) for the Cell-BiB; 13 was 0.024 min™, and 0.11 min™ for EBiB. Using
the initiation efficiencies of each reaction to calculate the average effective initiator concentration
(concentration of growing chains) led to values of 0.017 M for Cell-BiB; 13 and 0.042 M for
EBiB. Finally, calculation of the ratio of rate constant to effective initiator concentration yields
1.7 min™/M for Cell-BiB, 13 and 2.7 min™/M for EBIB: the ratio for Cell-BiB, 5 is only 63% of
the ratio for EBiB. This would suggest that while the two systems have similar rates, the
polymerization with Cell-BiB is still slower even when taking into account the concentration of

growing chains.
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Table 4.4: Summary of polymerizations of MA from Cell-BiB; 13

Sample [M] T [M]: Conv. Kapp [n v Pred. Meas. PDI Pred. Meas. Graft IE DS

(v%) (°C)  [MesTREN]: (%) (minY) (M) (dL/g) M, M, Graft  GraftM, PDI (%) Graft
[Cu(IN)] (kDa)  (kDa) Mn(kDa)  (kDa)

G-PMA-1A 50 50 188:0.28:0 58 0.040 0.029 0160 880 1,210 4.28  9.49 13.3 111 71 0.80
G-PMA-1B 50 50 179:0.28:0 36 0.015 0.031 0.238 529 426 394 556 9.85 1.06 56  0.63
G-PMA-1C 50 50 188:0.28:0 50 0.016 0.031 0.247 751 546 398  8.05 17.7 1.04 45 051

G-PMA-2A 33 30 188:0.28:0.07 56 0.048 0.020 0.0883 842 1,040 3.84  9.07 9.84 1.06 92 1.0
G-PMA-2B 33 30 180:0.28:0.07 40 0.020 0.020 0.0671 608 468 401  6.45 12.4 1.06 52 0.9
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Figure 4.10: Kinetic data for polymerization of MA from Cell-BiB;13 compared to EBIB.
Conditions for EBiB polymerization (red): [M]:[L]:[Cu(I)] = 134:0.2:0; 50% DMSO by volume;
50°C. The polymerizations using Cell-BiB;y; (blue) was first conducted under the same
conditions as EBiB using the DSg;g of 1.75 calculated from NMR. Adjusting these numbers for
the final bromine analysis obtains conditions of 188:0.28:0. The Cell-BiB; 3 polymerizations
were slower than the EBiB polymerizations but had constant slope in these plots, except for the
faster reaction which had a decreasing slope. Lines are drawn to guide the eye.

The fraction of copolymer that was gel was determined by dissolving a mass of
copolymer in a large volume of acetone (<10 mg/mL), a good solvent for both PMA and Cell-
BiB, and then filtering to separate the insoluble fraction from the dissolved polymer. The gel
fraction for sample G-PMA-1C was calculated to be 65% at 50% conversion. In an effort to
decrease this value, new reaction conditions were attempted where the solvent fraction was

increased to 67%, the temperature reduced to 30°C, and CuBr, was added to improve end-group
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fidelity. Figure 4.11 displays the plot of monomer consumption for these reactions. The EBIB
reactions proceeded at the same rate as each other (although one appeared to have an induction
period) but the Cell-BiB; 3 reactions did not. Again, this seems attributable to initiation
efficiency, as the faster reaction had an IE of 92% calculated, while the slower reaction had an IE
of only 52%. Through the same type of calculations used previously, ratios of initial Ky, t0
effective initiator concentration were determined to be 2.4 min*/M for Cell-BiB, 13 and 3.5 min’
/M for EBIB:; the ratio for Cell-BiB, 13 is 69% of the ratio for EBiB, which is comparable to that
obtained previously. The rates for Cell-BiB and EBIB are expected to be similar in magnitude
but not identical as the group attached to the BiB (ethyl or cellulose) is expected to affect the
ATRP equilibrium constant [32], and these results appear to be consistent with this expectation
and do not indicate any negative effects on rate attributable to grafting itself. The gel fraction for
sample G-PMA-2B was calculated to be 52% at a conversion of 40% which is not a large
improvement over the value obtained using more concentrated conditions and no Cu(ll).

The average initiator efficiency for the reactions with Cell-BiB was only 63%, while
those using EBIB under similar conditions had an average initiator efficiency of 96%.
Furthermore, the variation was substantially greater with Cell-BiB (ranging from a low of 45% to
a high of 92%) compared to EBiB (90% to 106%). One possibility is that the grafting was being
limited directly by steric hindrance. The repeat structure of cellulose (cellobiose) has been
reported to have a length of 1.03 nm [33]. The highest DSy« of PMA obtained here was 1.0; this
would correspond to one grafted chain every ~0.50 nm along the backbone. However, as each
glucose unit is rotated 180° to the adjacent units this allows the grafts to grow in opposite
directions to each other and reduce the steric hindrance. Furthermore, this would not explain the
large variation obtained in graft density. Another possibility is that the BiB groups were not
initiating simultaneously; as the polymerization rate was very fast, any uninitiated BiB group
would quickly become buried in the grafted polymer brush and rendered inaccessible.

Attempting the grafting with Cell-BiB of a higher DS would reveal whether higher graft densities
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could be achieved. Of the studies that reported a graft density for their obtained copolymer, only
one has comparable levels of grafting to those reported here. Raus et al. [4] used Cell-BiBy, as
their macroinitiator and obtained a DS, of 1.0 for poly(styrene) chains and 0.70 for poly(methyl
methacrylate) when using Cu(l) as catalyst. However, they obtained much lower maximum
values of 0.32 and 0.094 when using Cu(0) as catalyst. Vlcek et al. [15] obtained a maximum
value of DSy,n for poly(methyl methacrylate) of 0.18 using Cu(0) as catalyst in DMSO and

cellulose acetate functionalized with dichloroacetyl groups as the macroinitiator.
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Figure 4.11: Kinetic data for polymerization of MA from Cell-BiB; 13 using diluted conditions
and added Cu(ll). Conditions for EBiIB polymerization (red): [M]:[L]:[Cu(ll)] = 134:0.2:0.05;
67% DMSO by volume; 30°C. The polymerizations using Cell-BiBy3 (blue) were first
conducted under the same conditions as EBIiB using the DSgig of 1.75 calculated from NMR.
Adjusting these numbers for the final bromine analysis obtains conditions of 188:0.28:0.070. The
Cell-BiBy ;3 polymerizations were slower than the EBiB polymerizations but also had dissimilar
rates to each other as there was a large difference in IE between the two runs.

102



Molecular weight measurements were made for each of the final, non-gel fractions of the
copolymers, and molecular weight distributions with time were obtained for one experiment each
from the reaction set without Cu(ll) (Figure 4.12, Table 4.5) and with Cu(ll) (Figure 4.13, Table
4.6). In Figure 4.12, it is seen that the peak profiles evolved cleanly as the conversion increased
with only small broadening of the peak from a polydispersity of 2.52 for the Cell-BiBy 5 to 3.98
for the final copolymer. The measured molecular weights of the Cell-g-PMA samples were lower
than the predicted values; it is important to note that the ratio of these values do not correspond to
the initiation efficiency of the grafts, as the number of discrete polymer chains is fixed by the
number of cellulose chains at the beginning of the reaction. Instead, if the measured-to-predicted
ratio (M/P) is greater than unity this would indicate fewer discrete cellulose chains and thus
combination of the molecules. A ratio less than unity indicates more chains than expected; this
could be due do to the formation of homopolymer or scission of the copolymers, but in this case it
was expected that the M, of the Cell-BiB was overestimated due to poor resolution of the
columns in the low molecular weight region, and thus the predicted copolymer values would also
be overestimated. As such, from the low M/P ratio, the lack of major peak broadening, and the
absence of high molecular weight shoulder formation the GPC analysis does not show evidence
of combination through intermolecular termination occurring. However, the samples were
diluted with acetone and filtered through basic aluminum oxide during which insoluble material
was removed and this could have removed high molecular weight material. If this were the case,
it would be expected that the M, values would show a leveling off and the high molecular weight
shoulder would stop growing, but instead the peaks shift cleanly and molecular weight increases

linearly.

103



800,000 4.5
1.0

e 0% cONV. + Measured Mn
— 8% CONV. e Predicted Mn
0.9 40.5; ca:: 700,000 4 Measured PDI A 40
0.8 — 50% conv. < 600,000
= © F 35
2 0.7 £ .
£ = 500,000
H 0.6 _*é r 3.0
: 0.5 'g 400,000 a
@
& 5 [
g 04 = 300,000 -
s ]
203 ° 20
S 200,000
0.2
[ 15
0.1 100,000
0.0 - r " 0+ T T T T + 10
3.5 4.5 5.5 6.5 7.5 0% 10% 20% 30% 40% 50%

log(MW) Conversion

Figure 4.12: Molecular weight distributions for polymerization of sample G-PMA-1C. Reaction
conditions: [M]:[L]:[Cu(Il)] = 188:0.28:0; 50% DMSO by volume; 50°C. The distributions
evolve cleanly with some broadening of the peak with increasing conversion. The M, of the Cell-
BiB is thought to be overestimated which explains why the M, of the copolymers is lower than
predicted.
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Figure 4.13: Molecular weight distributions for polymerization of sample G-PMA-2B. Reaction
conditions: [M]:[L]:[Cu(Il)] = 188:0.28:0.07; 67% DMSO by volume; 30°C. These copolymer
peaks appear bimodal and have a higher M/P ratio than those for sample G-PMA-1C (no added
Cu(l)).

Molecular weight distributions for the samples with Cu(ll) (Figure 4.13) show bimodal

behaviour. It is not known why this would be as the distributions are not much broader than

those in Figure 4.12 and the behaviour of the evolution does not suggest the presence of
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homopolymer. The M, of the higher peak in the pair is about 2 to 3 times that of the M, of the

lower peak amongst the distributions.

Table 4.5: Molecular weight data for sample G-PMA-1C.

Conversion Predicted Measured PDI M/P ] dn/dc o
(%) My (kDa) My (kDa) (dL/g) (mL/g)
0 30.4 30.4 2.52 1 0.723 0.0922 0.806
28 435 290 3.54 0.67 0.322 0.0561 0.450
40 609 380 3.73 0.62 0.299 0.0541 0.437
50 751 526 3.98 0.70 0.247 0.0486 0.375

Table 4.6: Molecular weight data for sample G-PMA-2B.

Conversion Predicted Measured PDI M/P [n] dn/dc o
(%) My (kDa) My (kDa) (dL/g) (mL/g)
0 30.4 30.4 2.52 1 0.723 0.0922 0.806
18 296 226 4.35 0.76 0.103 0.0293 0.501
32 499 444 3.95 0.889 0.0885 0.0241 0.481
40 608 468 4.01 0.77 0.0671 0.0282 0.676

The solvent-polymer behaviour measured for the samples in Table 4.5 and Table 4.6
display some unusual results. In particular, the measured intrinsic viscosity of the samples
consistently decreased as the reactions proceeded. This was highly unexpected. While graft
copolymers have been reported to decrease in intrinsic viscosity below the value for their
backbone depending on the solvent [34, 35], it was expected that the intrinsic viscosity should
then increase as the graft length increased [36, 37]. Despite THF being a good solvent for PMA
homopolymer (a=0.799 [24]), the Cell-g-PMA exhibited reduced solubility in acetone and THF,
requiring more dilute conditions. In addition, the values of a found for the copolymer were
generally <0.5 and decreased as the polymerization proceeded. A contraction of the chains due to
decreased solvation would decrease the intrinsic viscosity, but this should be offset by the more
than an order of magnitude increase in molecular weight. The samples of Cell-g-PMA appeared

completely soluble but were difficult to filter through the 0.45 um filters, and as such some
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material may have been filtered out, reducing the concentration and affecting the measurements.
The variability and unexpected behavior in the results suggests that this was occurring and that
the molecular weight measurements of the copolymer (here and in the following sections) should
therefore be treated with a great deal of caution. In the future, more suitable solvents should be
found for the GPC that better solvate the copolymer and increase the refractive index increment
of the copolymer in solution. Multiple injections should be made for each sample so that the

measurements can be more easily accepted or dismissed.

4.3.5 Chain extension of Cell-g-PMA

In order to demonstrate the living behaviour of the polymer, chain extension experiments
were undertaken. Sample G-PMA-1B was used as the starting macroinitiator with graft lengths
measured to be 9,850 g/mole, and the experiment was conducted three times at the same
conditions. 50 mg of the copolymer was dissolved in 5 mL of DMSO and polymerized with 0.58
mL of MA (1285 eq.). As seen in Figure 4.14, the reaction proceeded readily despite the low
concentration of initiating sites (0.00091 M) and monomer (10 vol%, 1.2 M). Low concentration
was required due to the poor solubility of G-PMA-1B and the high viscosity; despite the low
monomer concentration, the reactions were very difficult to sample once about 40% conversion
had been reached due to the viscosity. There was variation in the rates obtained but the two
reactions with slower rates appeared to have induction periods, and slower propagation rates have

been observed when residual oxygen causes induction periods [38].
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Figure 4.14: Kinetic plot of chain extension experiments from macroinitiator G-PMA-1B.
Reaction conditions: [M]:[L]:[Cu(Il)] = 1285:0.2:0; 90% DMSO by volume; 30°C; MA as
monomer. Lines are drawn to guide the eye.

Molecular weight measurements were made for the final graft copolymer samples from
the three chain extension experiments and are displayed in Figure 4.15. The molecular weights
are substantially higher for these samples than for the predicted values. This would suggest that
the molecules were combining; however, the shape of the distributions does not show much
change from the initial macroinitiator and the measured PDI actually decreases. As seen in Table

4.7, the intrinsic viscosity for these samples did not change substantially from the initial

macroinitiator, while o decreased further to <0.3.
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Figure 4.15: Molecular weight distributions for final copolymer samples from the three chain
extension experiments. Reaction conditions: [M]:[L]:[Cu(ll)] = 1285:0.2:0; 90% DMSO by
volume; 30°C; MA as monomer.

Table 4.7: Molecular weight data for chain extension experiments.

Sample Conv. Pred. Pred. My Meas. PDI  M/P [n] dn/dc o
(%) Graft (kDa) My (dL/g) (mL/g)
My (kDa) (kDa)

G-PMA-1B 0 9.85 426 426 3.94 1 0.238 0.0382 0.429
Extl 49 63.7 2,550 3,430 4.02 1.3 0.293 0.0400 0.201
Ext2 15 26.1 1,050 2,520 3.12 2.4 0.201 0.0290 0.276
Ext3 41 61.3 2,190 3,390 3.55 15 0.241 0.0332 0.173

4.3.6 Polymerization of MMA in DMSO

Polymerization of MMA was attempted with added Cu(ll) and the diluted conditions
used previously with MA. The reaction was carried out three times using both EBIB and Cell-
BiB;1s. It was seen that while the reaction initially proceeded at a similar rate for both initiators,
reactions with EBiB began to increase in rate while those with Cell-BiB; 13 slowly decreased in
rate (Figure 4.16). This appears to be attributable to slow initiation in the MMA system. As
more EBiB molecules began to initiate, the rate increased. However, this could not happen for
the Cell-BiB system as once polymerization began the uninitiated BiB groups were buried in the
polymer brush and no further initiation could take place. Initiation efficiency could only be

measured for one of the copolymer samples, but this value was found to be 16% at the end of the
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reaction. In contrast, the EBiB initiated sample F-PMMA-3 had an IE of 13% (DSg# 0.15) after
the first sample point (4.4% conversion) but the efficiency continued to increase throughout the
reaction, reaching a final value of 56% at 41% conversion. This increase in initiating efficiency
is illustrated in Figure 4.17: the difference between measured and predicted molecular weight
becomes steadily less, while a low molecular weight tail steadily increases in size in the
molecular weight distributions leading to increases in the PDI. Thus, it would appear that in
order to increase the graft density of the cellulose copolymer faster initiation needed to be
achieved. Low initiation efficiency with MMA has been encountered before [10, 39] although in

these papers the initiating efficiency appeared constant and not to increase with time.
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Figure 4.16: Kinetic plots for polymerization of MMA from EBIB and Cell-BiB;13. The
experiments were conducted three times: two experiments for 120 minutes and one experiment
for 240 minutes. The plot on the left highlights the region up to 120 minutes while the plot on the
right shows the entire time scale. The data points for each experiment are noisy but taken
together they show the trends of the reaction. Polymerization from each initiator appeared to
proceed at a similar initial rate but began to increase for EBIB (red) as the reaction proceeded,
indicating a slow initiation of EBiIB. The reactions with Cell-BiB (blue) slowly decreased in rate
as the reaction proceeded: the initiating sites on Cell-BiB would be buried in the polymer brush
and thus unable to continue initiating once polymerization had started. Reaction conditions for
EBiB: [M]:[L]:[Cu(Il)] = 113:0.2:0.05; 67% DMSO by volume; 30°C. Reaction conditions for
Cell-BiBy ;3 were 158:0.28:0.07. Best-fit lines were drawn through each set of experiments to
guide the eye.
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Figure 4.17: Molecular weight data of PMMA initiated by EBiB (sample F-PMMA-3). Reaction
conditions: [M]:[L]:[Cu(11)] = 113:0.2:0.05; 67% DMSO by volume; 30°C. The distributions
show low molecular weight tailing as initiation efficiency increased throughout the
polymerization.

GPC analysis was performed on Cell-g-PMMA samples; the molecular weight
distributions with conversion are displayed in Figure 4.18 for the polymerization that was left for
4 hours (G-PMMA-1). It was observed that the peaks broadened quite severely over the course
of the reactions with M, increasing well above its predicted value, which would indicate that
combination of the copolymer was occurring. This was not unexpected as the average gel
fraction of these samples was measured to be 66%. As can be seen in Table 4.8, the intrinsic
viscosity followed a pattern that agreed better with the literature, with intrinsic viscosity initially
decreasing upon grafting and subsequently increasing as graft length increased. In addition, o
remained above 0.5 for the samples, indicating less contraction of the Cell-g-PMMA in THF than
Cell-g-PMA in THF. In contrast to the Cell-g-PMA, the partial insolubility of the Cell-g-PMMA
appears to be due to combination and crosslinking. Figure 4.19 shows the final molecular weight
distributions for the three grafting reactions with the molecular weight data summarized in Table
4.9. A very large high molecular weight shoulder is seen in each sample indicating that

combination is occurring; furthermore, the shoulders appear to extend beyond the resolution

110



limits of the system, and so the actual broadness of the peaks could be quite larger than that
measured here.

It is known that MMA experiences a larger proportion of termination by
disproportionation as opposed to combination; however, studies report that the ratio of
disproportionation to combination decreases as the temperature decreases [45]. The low
temperature used here (30°C) would allow a greater proportion of termination by combination.
In addition, the structure of the copolymer (with multiple radical sites in each molecule) would
mean that the molecular weight would change much more dramatically than with homopolymer
(which has only one radical site per molecule) for the same amount of combination. This is
observed through the GPC traces, with both the molecular weight distributions and the elution
profiles broadening through high molecular weight tailing. The very narrow distributions of
PMA homopolymer (Figures 4.4 - 4.7) indicate that termination was not occurring to an
appreciable degree until high conversion (>80%) in the PMA system. The broadness of the
PMMA homopolymer (Figure 4.17) was caused at least partially by slow initiation resulting in
low-molecular weight tailing; termination could also have contributed to this, although it is

difficult to determine just from the molecular weight distributions.

Table 4.8: Molecular weight data for G-PMMA-1.

Conv. (%) Pred. My (kDa) Meas. My (kDa) PDI M/P  [n]  dn/dc (mL/g) o

(dL/g)

0 30.4 30.4 252 1 0.723 0.0922 0.806
4.6 101 144 3.34 14 0.380 0.0701 0.718
10.8 195 139 435 0.71 0.342 0.0603 0.623
13.8 243 427 3.25 1.76 0.481 0.0735 0.732
15.4 266 527 6.42 1.98 0.648 0.0806 0.598
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Figure 4.18: Molecular weight distributions of G-PMMA-1. The peaks show a very large
amount of broadening, with the PDI increasing from 2.5 to 6.4 over the course of the reaction and
a large high molecular weight shoulder forming: this would suggest combination of the
copolymer occurring. Reaction conditions: [M]:[L]:[Cu(ll)] = 158:0.28:0.07; 67% DMSO by
volume; 30°C.
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Figure 4.19: Molecular weight distributions of final Cell-g-PMMA samples. Combination is
quite severe in the reactions and the high molecular weight shoulders appear to extend beyond the
resolution limits of the columns. Reaction conditions: [M]:[L]:[Cu(Il)] = 158:0.28:0.07; 67%
DMSO by volume; 30°C.
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Table 4.9: Molecular weight data for polymerization of MMA from Cell-BiBy 1s.

Sample Conv. Pred. Meas. PDI M/P [In] dn/dc o
(%0) My My (dL/g)  (mL/g)
(kDa) (kDa)
Cell-BiBy;z 0 30.4 30.4 252 1 0.723 0.0922 0.806
G-PMMA-1 154 266 527 6.42 2.0 0.648 0.0806 0.598
G-PMMA-2 16.9 264 1,856 169 70 0.279 0.0364 0.356
G-PMMA-3 10.0 169 925 414 55 0.27 0.0319 0.737

4.3.7 Cleavage of grafted chains through selective transesterification

Cleavage of polymer chains grafted to cellulose has been extensively reported [4, 9, 15,

19, 40-43]; however, these reports used a hydrolysis mechanism to cleave the chains, even in the

case of acrylic polymers. Acrylic polymers contain ester groups and the ester group in these

acrylic polymers would presumably have hydrolyzed as well, as no evidence was presented to

contradict that assumption. In addition, there have been reports of an inability to successfully

cleave the grafted polymer chains, despite using similar conditions reported by other groups; this

was attributed to the graft density being too high and hindering access to the ester attached to

cellulose [7], or because the conditions were found to degrade the grafts [6].

Scheme 4.1

summarizes the transesterification and hydrolysis reactions encountered in this research. These

reactions will be used to discuss the results obtained here.
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Scheme 4.1: Summary of transesterification and hydrolysis reactions of Cell-g-PMA.. a) The use
of methanol selectively breaks the desired ester with acid as catalyst. Using water breaks both
ester groups. b) In the presence of hydroxide, hydrolysis of an ester is irreversible, regardless of
the presence of an alcohol. Alkoxides can be used for transesterification reactions under
anhydrous conditions. ¢) Under acidic conditions, hydrolysis is reversible. An excess of alcohol
will minimize hydrolysis. Summarizing information from Bruice [20].

As shown in Scheme 4.1, methanol is the alcohol needed to break the ester attaching the
synthetic chain to cellulose as it will not affect the methyl ester in PMA and PMMA. A
hydrolysis reaction could be used instead with the goal of converting all the ester groups to their
acidic form and obtaining poly(acrylic acid) or poly(methacrylic acid), but this presents several
problems. The acid versions of the polymer are soluble in water but have limited solubility in
organic solvents; thus, an aqueous GPC would be needed to analyze them. As well, the polymers
would change solubility during the reaction and the product polymer may not be soluble in the
reaction solvent. This change in solubility during the reaction would hinder complete conversion
of the esters to acid. As such, the methanol transesterification reaction was chosen to use.

The cleavage reaction was first attempted by modifying methods reported in the literature

that used methanol. These methods all used hydroxide to promote the reaction rather than an acid
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catalyst: Billy et al. [19] used 20 g/mL of cellulose-g-poly(diethylene glycol methacrylate in 0.2
M NaOH/MeOH (heterogeneous reaction) and stirred at room temperature; Vlcek et al. [15] used
8 mg/mL of cellulose-g-PMMA dissolved in 0.3 M KOHY/(2 parts THF/1 part MeOH) and stirred
at room temperature for 3 days; and Raus et al. [4] used the same conditions as Vlcek et al.
Cell-g-PMA (G-PMA-1A) was dissolved in 19 mL of THF (5 mg/mL) and 1 mL of 2 M
KOH/MeOH was injected to start the reaction (final concentration of KOH was 0.1 M).
However, addition of the base solution caused the reaction mixture to turn heterogeneous as the
polymer began to precipitate. This was instantaneous for the reaction done at 60°C, and began
occurring within minutes for the reaction at 30°C. The copolymer itself was soluble at these
solvent concentrations at a neutral pH, and so the insolubility was attributed to the presence of the
base. After allowing the reactions to stir overnight, they were filtered to separate the THF-
soluble fraction from the solid. The solid fraction was found to be water soluble. Figure 4.20
displays the molecular weight distributions of the THF soluble fractions compared to the original
copolymer. The higher molecular weight portion of the distribution is cut-off due to the size-
exclusion limits of the column, but the low molecular weight tail is the portion of the distribution
that is of interest. It is seen that the original copolymer peak disappeared, to be replaced with a
bimodal peak of lower molecular weight. The lower molecular weight peak in this bimodal
distribution may be from the cleaved chains with the higher molecular weight peak being the
copolymer residue, but it is not clear. In addition, a large series of signals appeared in the elution
profile below the calibration limits of the column. This is not shown in the distribution here but
does indicate that a very large fraction of the sample consisted of oligomeric or otherwise
degraded material. The molecular weight distributions were not satisfactory for obtaining
molecular weight data of the grafts. Similar results were obtained for attempts using other

samples, other solvent concentrations, and using NaOH.
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Figure 4.20: Molecular weight distributions of sample G-PMA-1A before and after base-
promoted ester cleavage. The sample appeared highly degraded and it was not clear if the peak
that formed was from the cleaved chains or other degradation products.

It was suspected that the methyl ester groups of PMA were being hydrolyzed during the
reaction, and this was confirmed through NMR (spectra given in Figure 4.21). The expected ratio
of signals of the methyl ester group to the PMA backbone was 1:1. The measured ratio was only
0.87:1 for the organic-soluble fraction, and decreased further to 0.38:1 for the water-soluble
fraction. While the spectrum for the organic-soluble sample showed the presence of
contaminants which could skew the integration (BHT being the largest one), the spectrum for the
water-soluble sample was relatively clean and showed the larger disparity in the measured ratio.
Thus, a majority of the methyl ester groups were being converted to carboxylate groups. This can

be explained by the reactions in Scheme 4.1; hydroxide does not catalyze transesterification
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reactions and instead results in irreversible hydrolysis. As such, no proportion of excess alcohol

will prevent the hydrolysis from occurring.
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Figure 4.21: Spectra of sample G-PMA-1A after base-promoted ester-cleavage at 60°C. A ratio
of methyl ester to backbone signals of 1 was expected. The ratio was only 0.87 for the organic-
soluble fraction (bottom, CDCIs), and decreased further to 0.38 for the water-soluble fraction
(top, D,0). This indicated that most of the methyl-ester groups were being converted to
carboxylates. The peaks upfield of ~1.45 ppm in the organic spectrum are not attributed to PMA:
the largest peak is due to BHT (a preservative in the solvent THF) and the others are due to
unknown contaminants. Integration of the PMA backbone was carried out between 1.45 and 4.5
ppm for this sample.

Hydrolysis is reversible under acidic conditions, as Scheme 4.1 illustrates. Provided that
a large enough excess of methanol is provided, hydrolysis of the methyl ester groups should be
minimized. The reaction was therefore attempted using sulfuric acid in place of the potassium

hydroxide. Markedly different results were obtained. The reaction mixture remained in a single
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phase upon addition of the acid, and the polymer remained completely dissolved throughout the
reaction. The reaction was sampled at 6.5 hours and 23.5 hours. Analysis of the samples by GPC
(Figure 4.22) showed that while the main copolymer peak did not change significantly, a new
peak was clearly formed after the transesterification reaction. This new peak overlapped the low
molecular weight tail of the original copolymer; however, since this tail was relatively flat it was
treated as the baseline for the new peak, allowing integration to be performed. The peak obtained
by this was very narrow and similar in appearance to homopolymer samples of PMA at this
conversion (~40%). The measured PDI of 1.06 was extremely low; this polydispersity may be
somewhat underestimated due to part of the cleaved peak’s shoulders being obscured by the
copolymer peak, but the obtained PDI was not substantially lower than expected as
polydispersities of 1.08 were obtained with EBIB at this conversion (F-PMA-2B), and so this was
deemed an acceptable approximation. There was no change observed when increasing the time
from 6.5 hours to 23.5 hours.

Figure 4.22 also plots the macroinitiator. Although this peak did shift to higher
molecular weight after the grafting, the extreme low molecular weight portion of the tail does not
appear to shift very much, and the cleaved grafts appear at higher molecular weights than the
copolymer tail. It was observed previously that the Cell-g-PMA copolymers had lower intrinsic
viscosity than their backbone polymers, and it has been reported elsewhere that intrinsic viscosity
can be lower for graft copolymers than their constituent polymers [36, 37]; this could explain why
the copolymer appears at lower molecular weight than the cleaved polymer. In addition, in
Chapter 3 it was found that bromine content measured by ion chromatography was lower than
that predicted by NMR suggesting that some of the bromine groups had become substituted; this
may have happened preferentially to the lower molecular weight material, thereby preventing

grafting from occurring.
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Figure 4.22: Molecular weight distributions of samples before and after acid-catalyzed
transesterification of sample G-PMA-1B. A new peak appeared at M, = 10,000 g/mol. There
was no observable change when increasing the time from 6.5 hours to 23.5 hours. The cleaved
peak was integrated using the copolymer tail as a baseline.

The NMR spectrum (Figure 4.23) of the sample with the transesterification carried out
using an acid catalyst is similar in appearance to the organic-soluble polymer fraction from the
base-promoted reaction, with a similar methyl ester to backbone ration of 0.83; however, there
was a large degree of error associated with this as contaminants in the sample cause partial
overlap of peaks. The large number of unidentified signals may indicate some chemical changes
in the polymer occurring; the visual appearance of the polymer would support this, as the polymer
changed from a relatively colourless solid before the reaction to a yellow-brown colour after the

reaction. However, there was less discoloration than when a base was used, the entire polymer

sample retained its original solubility characteristics, and the NMR spectrum showed a more
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favourable ratio of methyl ester peaks to PMA backbone peaks. Thus, it was concluded that

using an acid as catalyst was a more appropriate choice for the reaction.
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Figure 4.23: NMR spectrum of sample G-PMA-1B after acid-catalyzed transesterification. The
peaks upfield of ~1.45 ppm are not attributed to PMA. BHT is the peak at 1.36 ppm, but the
others may indicate chemical modification of the polymer or some unidentified contaminants.
The ratio of methyl ester to PMA backbone was measured to be 0.83.

The conditions for the transesterification reaction were varied in order to determine if a
greater quantity of grafts could be removed from the copolymer. The reaction was carried out by
adding aliquots of a 2 N H,SO,/MeOH solution to 10 mg/mL solutions of copolymer dissolved in
THF. It was hypothesized that increasing the volume of the H,SO,/MeOH solution used would
result in greater chain cleavage due to the higher concentrations of methanol and acid. However,
this was not what was observed. When samples G-PMA-1A, G-PMA-2A, and G-PMMA-1 were
used, along with twice the methanol concentration as that used in Figure 4.22, only limited peak

formation was observed after 5.5 h that left interpretation ambiguous. This was unexpected as the

samples appeared completely dissolved throughout the reaction, and so this study was expanded
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using sample G-PMA-1A at a variety of H,SO,/MeOH concentrations and leaving the reaction
for 24 h. These results are summarized in Figure 4.24, and show that while at least limited peak
formation was observed for all reactions, only the reaction carried out at 4.8 vol% MeOH/THF
resulted in a sharp peak forming (the conditions used in Figure 4.22).

The acid and alcohol concentration changed in tandem throughout these reactions, but the
acid (as a catalyst) was only expected to affect the rate of reaction. Since Figure 4.22 showed no
change in the distributions when increasing the reaction time from 6.5 hours to 23.5 hours at 0.1
N H,SO,, it was expected that all reactions studied in Figure 4.24 would be complete after 24
hours and that therefore the acid concentration was not what was limiting the reaction. Instead, it
was hypothesized that the methanol concentration was affecting the solvation of the copolymer.
The ester that was the focus of the reaction was buried in the centre of a very large, hydrophobic
molecule: for the ester to react, it required a hydrophilic molecule (methanol) to migrate to the
centre of this hydrophobic molecule. A large enough concentration of methanol is required in
order to create a strong gradient for migration, but too large of a methanol concentration could
cause the grafted chains to retract and make the ester less accessible. This was not examined
further, but what was clear from the reactions carried out was that the transesterification was very
sensitive to the conditions used. Furthermore, it is expected that the optimal conditions will be
different between graft copolymers of different structure (i.e. graft density, graft length, type of
polymer). The solvation of the copolymer and its grafts needs to be understood better for a more

efficient reaction.
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Figure 4.24: Identification of optimal conditions for the acid-catalyzed transesterification of G-
PMA-1A. Main chart: distribution of cleaved grafts superimposed on distributions of entire
samples. Inset: enlarged region of copolymer distribution where cleaved peak appears. While all
reactions show some formation of a cleaved peak, only the 4.8% MeOH/THF solution shows a
very clear peak forming.

The copolymer sample in Figure 4.24 had a hump in the shoulder that corresponded to
the area where the cleaved peak appeared: this may indicate the presence of a small portion of un-
grafted polymer, although that is not clear. The cleaved peak was not as symmetrical as the peak
in Figure 4.22, but this is due to the fact that the copolymer shoulder for this sample was less
linear and therefore skewed the integration more. The peak was still very narrow, with a
polydispersity of 1.11 measured. All other transesterification reactions were conducted at these

optimal conditions. However, only one sample grafted with PMMA (G-PMMA-1) resulted in the

grafted chains being cleaved, and none of the chain extension samples resulted in successful
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cleaving of the grafts; this was likely due to the very thick layer of PMA that the methanol would

need to diffuse through.

4.4 Conclusions

Grafted chains of PMMA were grown from cellulose in EMIM AcO. However, the
monomer was not miscible in the solvent leading to a dispersed phase reaction, and the
macroinitiator was poorly soluble requiring long dissolution times. DMSO was used for the
grafting instead due to the ease of use and reproducibility. The grafting of PMA from cellulose in
DMSO appeared to proceed at a slower rate than EBIB; when scaling these values to the
concentration of growing chains, the rate for Cell-BiB was about 60% to 70% of the rate for
EBiB. This difference in rate is minor and appears to be consistent with the differences in ATRP
equilibrium constant expected, and as such using EBiB to model the polymerization is an
appropriate choice. Chain extension experiments from Cell-g-PMA demonstrated the living
behaviour of the polymerization and the retention of bromine functionality. Graft density for the
Cell-g-PMMA appeared to be limited by the slow initiation in the system (as demonstrated using
EBIB), as once the chains began to grow they blocked any uninitiated BiB groups. The DSg.x
obtained for PMMA grafting was 0.15 chains/ring. Graft density for the Cell-g-PMA may have
been limited due to steric hindrance, as the average initiation efficiency for Cell-BiB was 63%
(DSgratt 0.71), while that for EBiB was 96%. However, there was a large variation in efficiencies
obtained (ranging from 45% to 92%) and it is possible that the efficiency was being limited for a
similar reason as in the MMA system: not all BiB groups initiating simultaneously. While there
was minimal evidence of intermolecular combination of cellulose occurring for the PMA
grafting, it was prevalent for the PMMA grafting leading to very high molecular weight material
of broad distribution being formed. Optimization of the system by using EBIiB as a model

initiator should allow these obstacles to be overcome.
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Cleaving of chains grafted to cellulose was successfully accomplished via acid-catalyzed
transesterification with methanol. However, only a small portion of the chains were cleaved, and
there was a narrow window of solvent conditions were the reaction was successful, with 4.8 vol%
MeOH/THF being the optimal point. This is thought to be due to the balancing of solvation of
the polymer with adequate methanol concentration for the reaction. Using hydroxide to promote
the reaction (as commonly done in the literature) was unsuccessful as this resulted in irreversible

hydrolysis of the ester groups in PMA and PMMA.
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Chapter 5

Synthesis of Cellulose Graft Copolymers Using

Thiol-Ene Addition and a ‘Grafting-to> Approach

Abstract

Cellulose is an abundant, renewable polymer, but it often requires modification in order to
overcome barriers to its use. Graft copolymers that have a cellulose backbone and synthetic
polymer arms are one way to tailor the properties of the cellulose. Research in this area has
focused primarily on using a ‘grafting-from’ mechanism, whereby chains are polymerized
outwards from the cellulose substrate. ‘Grafting-to’, where fully formed chains are attached to
the cellulose, has received much less attention but has some potentially beneficial characteristics,
including ease of characterizing side chains, reduced intermolecular termination between growing
chains, and optimized polymerization conditions for the growth of the synthetic arms as the
polymerization is not limited by the solubility of the cellulose macroinitiator.

Thiol-ene Michael addition is a robust, fast, and high yield reaction that was explored for
the grafting step. An Atom Transfer Radical Polymerization (ATRP) initiator with a cleavable
internal disulfide bond was chosen to give the synthetic polymer sulfide functionality. Cu(0)-
mediated ATRP from this initiator yielded good control over poly(methyl acrylate) (PMA)
molecular weights, but less control for poly(methyl methacrylate) (PMMA). Subsequent
reduction of the disulfide and reaction with cellulose acetate (functionalized with methacrylate
groups) yielded a graft copolymer with a cellulose acetate backbone and synthetic polymer arms.
The efficiency of the grafting reaction was limited by the sulfide functionality of the polymers.
The cellulose acetate/methacrylate could also react quantitatively with thiophenol and
dodecanethiol, demonstrating the versatility of this reaction for attaching functional groups to

cellulose.
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5.1 Introduction

Cellulose is the most abundant renewable polymer on Earth, with about 100 billion tons
produced every year [1]. Its relative abundance makes it an attractive alternative to petroleum-
based feedstocks for polymers and synthetic materials. However, its poor solubility in common
solvents and hygroscopic nature can be obstacles to widespread use. Consequently, cellulose is
often modified in order to tailor its properties. The most common modification (resulting in a
wide range of commercially available products) involves the synthesis of so-called cellulose
derivatives, where some or all of the hydroxyl groups have been replaced with other functional
groups: 0.9 million tons of cellulose acetate and 3.2 million tons of cellulose xanthate are
produced annually [2]. Of more recent interest are cellulose copolymers with unique
architectures, consisting of synthetic/renewable polymer hybrids. Such architectures include:
cellulose chains with a synthetic polymer block [3, 4]; graft copolymers with a cellulose
backbone and synthetic polymer branches [5, 6]; gels and interpenetrating networks of polymers
[7-9]; and grafting of polymers from solid cellulose surfaces, including particles, fibres, and
sheets [5, 6, 10, 11].

In the synthesis of cellulose graft copolymers there are two main approaches, known as
‘grafting-from” and ‘grafting-to’, with the ‘grafting-from’ approach being more common [6].
With ‘grafting-from’, initiation sites are formed on the cellulose backbone and polymer chains are
grown outwardly from these. The polymerizations are done using both conventional [12, 13] and
controlled radical mechanisms [5], including Reversible Addition Fragmentation (Chain) Transfer
(RAFT), Atom Transfer Radical Polymerization (ATRP), and Nitroxide Mediated Polymerization
(NMP). In theory, a controlled ‘grafting-from’ mechanism should allow for a well-tailored,
controlled growth of polymer and high density of grafted chains, but in practice problems are
encountered with combination of the cellulose molecules due to bimolecular termination of
growing chains on different cellulose molecules [14-18], poor initiation efficiency [14, 19], and

difficulties in characterizing the side chains and final copolymer [17, 16].
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With the ‘grafting-to’ approach, fully formed (and characterized) chains with appropriate
end-group functionality are attached to the backbone polymer. This should allow for easier
characterization of the copolymer and avoid intermolecular combination of the combs, although if
grafting is incomplete the separation of the homopolymer can be problematic. Part of the reason
that a ‘grafting-to’ approach receives less attention is that it is thought to have a lower possible
graft density due to steric hindrance [5]; however, if the goal is to have a high cellulose content in
the final copolymer this may not be a serious problem. In addition, there is well-established
literature on various controlled polymerization techniques, and growing the grafts separately from
the backbone would allow this knowledge to be directly applied under optimal polymerization
conditions (i.e. conditions that might not be possible for a ‘grafting-from’ polymerization due to
restrictions imposed by the macroinitiator, such as solubility and initiator concentration).

To date, there are a handful of papers detailing the synthesis of graft copolymers with a
cellulose acetate backbone [20, 21] and with a synthetic backbone and cellulose acetate arms [22]
using a ‘grafting-to’ approach. With cellulose acetate employed as the backbone polymer,
poly(styrene) was prepared by anionic polymerization and then attached to the free hydroxyls of
the cellulose acetate via esterification. The grafting densities were low (the highest had a degree
of substitution (DS) of 0.078), and decreased with increasing molecular weight of the grafts [20,
21]. A polymer consisting of synthetic backbone with grafted cellulose acetate (oligomer) arms
used the azide/alkyne ‘click’ reaction and reached a much higher grafting density of 0.44
cellulose acetate arms per synthetic repeat unit [22]. However, the cellulose acetate arms had a
degree of polymerization (DP) of only 13.

In the work presented here, it was hypothesized that using a more reactive mechanism
than esterification for the grafting reaction would allow higher graft densities. It was also desired
to create a method that could be applicable to a wider range of controlled radical polymerization
techniques, including ATRP, and that the reactive functionality be a part of the initiator in order

to avoid post-polymerization end-modification of the polymer chains. An initiator with an
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internal disulfide bond was chosen to allow for subsequent reduction to sulfide and use in thiol-
ene addition reactions. Thiol-ene chemistry has been utilized for ‘click’ applications, including
ultraviolet (UV)-induced “click’ [7, 8, 23] as well as Michael addition of activated alkenes [24,
25]. This mechanism is also useful for RAFT-made polymers, as the RAFT end group can be
reduced to a sulfide; this has been used to make star polymers using thiol-ene Michael addition
[24]. The thiol-ene reaction allows near quantitative yields under mild conditions, is extremely
rapid, and is relatively insensitive to water and oxygen [26]; it was therefore seen as a promising

reaction for cellulose modification and grafting.

5.2 Experimental

5.2.1 Materials
Copper (1) bromide (98%), bis(2-hydroxyethyl) disulfide (BHEDS, technical grade),

N,N’-dicyclohexylcarbodiimide (DCC, 99%), 4-(dimethylamino) pyridine (DMAP, 99%), tris[2-
(dimethylamino)ethyl]amine  (MesTREN), Tris(2-aminoethyl)amine (TREN, 96%), 2-
bromobutyric acid (97%), sodium borohydride (NaBH,4, 99.99%), DL-dithiotheitol (DTT, 99%),
mercaptoethanol (ME, 99%), thiophenol (97%), dodecanethiol (98%), hexylamine (HA, 99%),
and triethylamine (TEA, 99%) were purchased from Sigma-Aldrich and used without further
modification. Copper electrical wire (14 gauge) was submerged in sulfuric acid and rinsed with
acetone prior to immediate use. Methyl methacrylate (MMA, 99%) and methyl acrylate (MA,
99%) were obtained from Sigma-Aldrich, passed through a column to remove inhibitor, and
stored in the refrigerator prior to use. Tetrahydrofuran (THF) was distilled and dried with
magnesium sulfate prior to use. All other solvents were used as received. The syntheses of Cell-

AcO-GMA, CA-GMA, and CA-MAA samples were discussed in Chapter 3.
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5.2.2 Synthesis of sulfide-terminated polymers

5.2.2.1 Synthesis of bis[2-(2-bromobutyrate)ethyl] disulfide [(BrBE),S;]

The bifunctional ATRP initiator containing an internal disulfide linkage was synthesized
using a procedure modified from Tsarevsky and Matyjaszewski [27, 28]. BHEDS (4.9 g, 1 eq. of
hydroxyls) was dissolved in 100 mL THF. This solution was then immersed in an ice/water bath
and 2-bromobutyric acid (6.9 mL, 1 eq.) was added, followed by DCC (13.2 g, 1 eq.) dissolved in
50 mL of THF. A solution of DMAP (0.18 g, 0.05 eq.) in 5 mL of THF was added drop-wise.
The resulting heterogeneous mixture was stirred for 18 h and then filtered to remove the
precipitated dicyclohexylurea; the precipitate was washed with THF on the filter paper. Solvent
was removed from the filtrate by rotary evaporation at 50°C and the resultant turbid oil was
filtered to remove crystallized impurities. The filtrate was kept under vacuum (-20 inHg) for
three more days to further remove solvent and then stored in the refrigerator (4°C) overnight and
filtered again to yield the final product, a viscous, yellow liquid. Yield: 11.2 g (81%), 92%
functional by nuclear magnetic resonance (NMR; 8% unreacted alcohols remaining). The

specific gravity was measured to be 1.38 at 4°C.

5.2.2.2 Polymerization from (BrBE),S,

In a typical polymerization, 15 mL of MA (100 eq.) and 7.5 mL of anhydrous DMSO
were added to a round-bottom flask along with 10 cm of copper wire (cut into 8 equal-sized
pieces) and 18.6 mg of CuBr, dissolved in 0.29 mL of acetonitrile (0.05 eq.). The flask was
placed in a 50°C oil bath and sparged with nitrogen for at least 45 minutes. At this point, 44 pL
of MesTREN (0.1 eq.) was added followed by 0.30 mL of (BrBE),S; (1 eq.) to start the reaction.
Samples were withdrawn periodically from the reactor for 1 hour at which point the poly(methyl
acrylate) (PMA) was precipitated and washed with water. The samples were injected into NMR

tubes, diluted with chloroform-d, and stored in the freezer prior to conversion measurements by

132



NMR. The samples were then diluted with acetone, filtered through basic aluminum oxide, and
the solvent was evaporated under air. The dried samples were dissolved in THF for analysis by

gel permeation chromatography (GPC).

5.2.2.3 Substitution of bromine functional groups on polymer chain ends with thiophenol

Poly(methyl methacrylate) (PMMA) with M, of 10,400 g/mole (6.9 g, 1 eq. bromine)
was dissolved in 20 mL of DMF at 40°C and sparged with nitrogen for 30 minutes, after which
TEA (0.18 mL, 1 eq) and thiophenol (0.14 mL, 1 eq.) were added. The mixture was stirred for 2
hours followed by precipitation in water/methanol. The precipitate was filtered, washed with
methanol (MeOH), and then dissolved in acetone and re-precipitated in water/MeOH followed by
a final washing in MeOH. The final dried product had no remaining odour of thiol and was

analyzed by NMR and GPC.

5.2.2.4 Redox of internal disulfide of polymer chains

PMA with M, of 11,900 g/mol (11.9 g) was dissolved in 60 mL of DMF and sparged
with nitrogen in a 60°C oil bath. After 45 minutes of purging, NaBH, (0.69 g, 0.30 M solution)
was added to start the reaction. After 2 h, the reactor contents were cooled in an ice bath and
added slowly to cold, acidic water to precipitate. Flammable decomposition gases evolve. The
polymer was washed with water (or MeOH in the case of PMMA), re-dissolved in THF, and then
precipitated again. This cycle was repeated several times. For several samples the polymer was
also dialyzed against THF in dialysis tubing with a molecular weight cut-off of 3,500 g/mol. The
same reduction procedure was also used with DTT or mercaptoethanol as the reducing agent
instead of NaBH,, except that enough TEA to make a 0.1 M solution was added as well.

To oxidize the sulfides back to their original disulfide form, approximately 0.05 g of

reduced and purified polymer was dissolved in an equal-volume mixture of THF and DMF (~2
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mL). The solution was then heated at 60°C for 24 hours, at which point the solvent was removed

by drying under air. Redox reactions were characterized by GPC.

5.2.3 Modification of cellulose acetate with thiol-ene Michael addition

5.2.3.1 Model thiol-ene addition with methyl methacrylate and thiophenol
To 2.5 mL of DMF, 0.16 mL of MMA was added (1 eq.; 0.6 M solution). The catalyst

hexylamine (0.20 mL, 0.6 M) or triethylamine (0.21 mL, 0.6 M) was then added and the solution
placed in a 30°C oil bath. After sparging with nitrogen for 30 minutes, 0.18 mL of thiophenol
(1.2 eq) was added to start the reaction. Samples were withdrawn, diluted with chloroform-d, and
cooled on ice. Conversion was determined by the ratio of phenyl to alkene signals in the NMR

spectrum.

5.2.3.2 Model thiol-ene addition with CA,;7-MAA, 13 and thiophenol
To 6 mL of DMF, 0.10 g of CA,7;7--MAA 13 (1 eq.; sample MAAS3T from Chapter 3) and

0.48 mL of hexylamine (0.6 M) were added. The reactor was placed in a 30°C oil bath and
sparged with nitrogen for 30 minutes. The reaction was begun by injecting 34 uL of thiophenol
(1.2 eq.). After 24 hours, water was added to precipitate the product which was collected by
filtration. The product was subsequently washed with methanol three times, followed by two
washings with pentane to remove the hydrophobic thiophenol. The sample was analyzed by

NMR and GPC.

5.2.3.3 Model thiol-ene addition with Cell-AcO, o,-GMA g5 and dodecanethiol
To 10 ml of DMSO, 0.19 g of Cell-AcO,0,-GMAg g (1 eq. of alkene; sample GMA2T

from Chapter 3) was added and allowed to dissolve at 50°C. Upon formation of a transparent
solution, 0.17 mL of TEA (0.12 M) and 0.15 mL of dodecanethiol (1.5 eq.) were added. The

reaction was stopped after 24 hours by precipitation in water, followed by washing three times
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with MeOH. The solvent was evaporated under air and the product was washed twice with
pentane before being dried in a vacuum oven (40°C, -20 inHg) for 24 hours. The sample was

analyzed by NMR.

5.2.3.4 Grafting of synthetic chains onto CA; 77-MAAg 13
To 3 mL of DMF, 0.051 g of CA,7--MAA. 13 (1 eq. of alkene; sample MAA3T from

Chapter 3) and 0.24 mL of hexylamine (0.6 M) were added. The solution was sparged with
nitrogen at 30°C for 45 minutes at which time 0.10 g of reduced PMMA (0.11 eq. of sulfide) or
PMA was added. The reaction was stirred for 24 hours and then a sample was withdrawn. The
remainder of the solution was stirred for an additional 24 hours before the reaction was stopped.
Solvent was evaporated under air and the samples were further dried in a vacuum oven (40°C,

-20 inHg) for 24 hours before analysis by GPC.

5.2.3.5 In-situ reduction and grafting of synthetic chains onto CA,7;7-MAA 13
To 3 mL of DMF, 0.050 g of CA,7--MAA. 153 (1 eg. of alkene; sample MAA3T from

Chapter 3), 0.24 mL of hexylamine (0.6 M) were added, followed by 0.10 g of PMA or PMMA.
The solution was sparged with nitrogen at 60°C for 45 minutes at which time 0.030 g of NaBH,
(0.3 M) was added to start the reaction. After 45 minutes, water and then HCI were added to the
mixture to precipitate the product and decompose the NaBH,. The samples were washed with
water, dried under air, and further dried in a vacuum oven (40°C, -20 inHg) for 24 hours before

analysis by GPC.
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5.2.4 Characterization

5.2.4.1 Nuclear Magnetic Resonance (NMR)
'H (64 scans) and Heteronuclear Single Quantum Correlation (HSQC; 12 scans) NMR

spectroscopy were used to identify the samples, and to predict conversion and degree of
substitution. Spectra were obtained on a 400 MHz Bruker Avance instrument. Degree of
substitution (DS) of the functionalized cellulose was obtained by comparing the relative areas of
the cellulose backbone (anhydroglucose units; AGU) protons and the attached functional group in

'"H NMR. Spectra were assigned using information from [29], [30], and [31].

5.2.4.2 Gel Permeation Chromatography (GPC)
The homopolymer samples of PMA and PMMA were analyzed on a Waters 2695

separations module using a model 410 differential refractometer as detector. Five Waters
Styragel HR columns (guard, HR 4.0, HR 3.0, HR 1.0, HR 0.5) were used in series at a
temperature of 40°C. Distilled THF was used as the eluent at a flow rate of 1.0 mL/min. The
system was calibrated using poly(styrene) (PS) standards with narrow molecular weights ranging
from 374 to 400 x 10° g/mol. The molecular weights obtained using the poly(styrene) calibration
were corrected using the Mark-Houwink parameters summarized in Table 5.1. The correction

can be made through the use of the Mark-Houwink equation (Equation 5-1)

[n] = K(MW)* Equation 5-1

Table 5.1: Summary of Mark-Houwink parameters.

Polymer T (°C) Molecular Weight for ~ K/10° (mL/g) a Ref.
Measurements (g/mole)

PS 30 - 114 0.716 [32]
PMA 30 <20,000 6.11 0.799 [33]
PMMA 30 100,000 9.44 0.719 [34]
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The cellulose derivatives and copolymers were analyzed using a Viscotek GPCmax VE-
2001 with a model VE 3580 refractive index (RI) detector, and a model 270 dual detector [light
scattering (low angle light scattering, and right angle light scattering) and viscosity]. Three
PolyAnalytik columns (2 x PAS-106, guard) with an exclusion molecular weight of 20 x 10°
g/mol were used in series at a temperature of 40°C. Distilled THF was used as the eluent at 1.0
mL/min. The triple detection system was calibrated using a narrow poly(styrene) sample of 93 x
10° g/mol, with refractive index increment (dn/dc) of 0.185 mL/g and intrinsic viscosity ([n]) of
0.465 dL/g. The molecular weight analysis was performed using the Viscotek OmniSEC
software. It is important that the concentration of these samples be accurately known for the

molecular weight calculations.

5.3 Results and discussion
5.3.1 Synthesis of sulfide-terminated synthetic polymers

5.3.1.1 Synthesis of (BrBE),S,
Scheme 5.1 displays the reaction for the synthesis of (BrBE),S,. The (BrBE),S, was

analyzed using 'H NMR with the spectrum recorded in methanol-d,. From Figure 5.1, the
functionality of the initiator was calculated to be 92% by comparing the areas of the CH,S
protons in the reacted and unreacted compounds: & = 2.9 ppm (f) for the protons adjacent to the
unreacted alcohol; and & = 3.0 ppm (e) for the protons adjacent to the ester. All of the diol was
assumed to have been consumed in the reaction, with the unreacted alcohol being located on
mono-functional initiators. Some unidentified signals appear in the region d = 1.2 — 2.0 ppm
indicating some impurities were still present. The negligible signal at 3.71 ppm shows that THF

has been fully removed.
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Figure 5.1: 'H NMR spectrum of (BrBE),S, in methanol-d,.

5.3.1.2 Polymerization of methyl acrylate and methyl methacrylate from (BrBE),S;

The poly(methyl acrylate) had a targeted DP that varied from 100 to 200 (per sulfide, so
length of disulfide containing chain would be approximately 200 to 400). It was expected that
longer chains would result in less efficient grafting and lower graft density due to steric effects
and so the DP of the chains was kept low. However, too low of a molecular weight made the
polymer very difficult to separate and purify as it became more soluble in water and alcohols,
particularly after the disulfide bond had been cleaved. The poly(methyl methacrylate) chains had
a lower targeted DP of 20 to 100, reflecting the fact that this polymer was less soluble in water

and methanol, and therefore easier to purify.
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The polymerizations of methyl acrylate from (BrBE),S, are summarized in Table 5.2.
Entry PMAS (used for the grafting in section 5.3.2.4) is discussed in detail here to highlight the
typical features and important observations of these polymerizations. The polymerization of
PMAS8 was fast with 82% conversion being reached after 60 minutes, but the time dependence of
In([M(0))/[M(t)]) was non-linear and showed a decreasing radical concentration (decreasing
slope, Figure 5.2). The measured molecular weight decreased steadily below the predicted value
as conversion increased, which was a recurring observation in the polymerization of MA. The
molecular weight distributions showed low molecular weight tailing that was attributed to
monofunctional initiator species (see Figure 5.3); this low molecular weight tailing appeared to
increase with intensity throughout the reaction, but nonetheless the PDI remained below 1.2
throughout. For some polymerizations (e.g. PMA®G), the low molecular weight tailing became
pronounced enough to show a distinct second peak due to mono-functional chains.

It should be noted that with the bifunctional initiators, the ratio of predicted-to-measured
molecular weight does not correspond directly to the actual initiator efficiency (IE) as it would
with monofunctional initiators. For example, if all the bifunctional initiators grew chains in only
one direction (rather than both directions) the measured molecular weight would still be the same
as the predicted molecular weight, despite the initiator efficiency being only 50%. If initiation is
incomplete, it would be reasonable to expect a mixture of (BrBE),S, initiated on one side, both
sides, and neither side, with more of the bi-initiated species at higher initiation efficiency and
more of the non-initiated species existing at lower initiating efficiencies. Thus, molecular
weights of the chains after scission of the disulfide bond should be used for initiator efficiency
calculations. Redox reactions of the disulfide bond will be discussed later, but reduction of the
bond for this sample (PMAS8) allowed an initiation efficiency of 108% to be calculated; the
reason for this being higher than 100% is expected to be due to the error involved in the reduction
process. The average initiator efficiency for all PMA samples was 101% indicating all the

bromine groups initiate in the MA polymerization within the margin of error.
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Table 5.2: Summary of polymerizations with MA.

Sample [M] [M]:[L]:[Cu(ID] Conv. Meas.M, Pred.M, PDI Meas. M,after Pred. M, after PDI after IE
(Vol%o) (%) (g/mol) (g/mol) reduction (g/mol) reduction reduction (%)
(g/mol)
PMALl 50 95:0.1:0.05 86 13,100 13,200 121 - 7,030 - -
PMA2 50 160:0.1:0.05 84 16,300 21,700 1.21 - 11,600 - -
PMA3 50 200:0.1:0.05 69 15,900 22,400 1.23 - 11,900 - -
PMA4 67 120:0.1:0.05 85 13,400 16,600 1.20 8,890 8,760 1.17 99
PMA5 67 100:0.1:0.05 81 12,000 12900 1.16 7,070 7,000 1.08 99
PMAG 67 100:0.1:0.05 87 11,900 13,700  1.13 7,020 7,470 1.07 106
PMA7 67 100:0.2:0.05 98 15,800 15,400 1.17 9,050 8,440 1.13 93
PMAS8 73 200:0.1:0.05 82 21,700 26,700  1.13 13,100 14,100 1.10 108
Table 5.3: Summary of polymerizations with MMA.
Sample [M] [M]:[L]:[Cu(ID)] Conv. Meas.M, Pred.M, PDI Meas. M,after Pred. M,after  PDI after IE
(Vol%o) (%) (g/mol) (g/mol) reduction reduction reduction (%)
(g/mol) (g/mol)
PMMAL1 50 50:0.1:0.05 51 12,700 4,850 1.81 - 2,780 - -
PMMA2 67 100:0.1:0.05 54 24,000 10,00 1.70 17,000 5,390 1.49 32
PMMA3 67 20:0.2:0.05" 59 10,400 2,160 1.83 12,300 1,180 1.79 9.6
PMMA4 67 50:0.2:0.05 68 15,400 6,210 1.64 14,200 3,380 1.49 24
PMMAG 73 50:0.1:0.05 43 17,900 4,050 1.59 14,300 2,030 1.61 14

"TREN as ligand
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Figure 5.2: Kinetic plots for polymerization of PMAS8. [MA]:[L]:[Cu(I)] = 200:0.1:0.05.
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Figure 5.3: Molecular weight distributions of PMAS8 (left) and PMMAG (right).
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Figure 5.4: Kinetic plots for polymerization of PMMAG. [MMA]:[L]:[Cu(I)] = 50:0.1:0.05.
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Table 5.3 summarizes the polymerizations of methyl methacrylate from (BrBE).S, .
When MMA was used as the monomer, polymerization was slower compared to MA. Sample
PMMAG (used for the grafting in section 5.3.2.4) is discussed here, and obtained a conversion of
43% conversion after 120 minutes (although with four times the initiator concentration as
PMAG). The PMMA samples did not reach complete conversion under the conditions studied
here as once the solutions reached between 60% and 80% (depending on the solvent
concentration and targeted molecular weight) the solution would become highly viscous (too
viscous to stir) and the reaction would be stopped. Note that gelling did not occur, as there was
no crosslinking, loss of solubility, or severe increase in the PDI observed. The kinetic plot for
PMMAG showed a non-linear time dependence of In(JM(0)]/[M(t)]) (Figure 5.4); a decreasing
radical concentration was commonly observed in the other MMA polymerizations, although some
experiments (such as PMMAZ3) showed an increasing concentration. In contrast to the MA
polymerizations, the molecular weights obtained using MMA were substantially higher than the
predicted values, indicating low initiation efficiency. This may partially explain the broadness of
the PMMA distributions (final PDI 1.59) as a mixture of bi- and mono-initiated chains would
increase the bimodal nature of the distribution (see Figure 5.3 and Figure 5.11). Low initiation
efficiencies with MMA in Cu(0)-mediated polymerization were observed in Chapter 4 and have
been reported elsewhere [35, 36].

Initiation efficiency of sample PMMAG6 was calculated to be 14% with an average for all
reactions of 20%; this resulted in substantially higher molecular weights obtained than was
desired. As shown in Figure 5.5, the initiation efficiency decreased as the targeted DP was
decreased (i.e. as the initiator concentration was increased). In order to obtain low molecular
weights, a high monomer-to-initiator ratio (high targeted DP) with low conversion should be
targeted instead. A more detailed analysis is necessary to study the initiator efficiency issue with

MMA.
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Figure 5.5: Initiation efficiency vs. targeted DP in MMA polymerizations from Table 5.3.
Initiation efficiency is correlated with targeted DP. Polymerization conditions ([M]:[L]:[Cu(11)]):
PMMAZ2, 100:0.1:0.05; PMMAZ3, 20:0.2:0.05; PMMA4, 50:0.2:0.05; PMMAG®, 50:0.1:0.05.

As seen in Table 5.2, the initiator efficiencies calculated for the MA polymerizations
were high, with an average of 101% for the five samples measured. However, as Figure 5.6
shows, the measured molecular weights of the unreduced samples were in almost all cases
significantly less than the predicted values. M/P is defined here as the ratio of measured M, to
predicted M,; an M/P less than unity means that there are more chains present than expected. An
M/P less than unity was observed for the unreduced samples, but since the reduced chains had an
M/P of ~1 there could not have been more chains initiating than there should have been. Instead,
it appears that the disulfide bond was being partially reduced during the polymerization. As
Cu(0)-mediated ATRP operates via a redox equilibrium with Cu(0) acting as a reducing agent
assisted by a ligand, it should not be surprising to see the disulfide bond capable of being partially
reduced under these conditions. Previous studies using Cu(l)-mediated polymerizations and a
disulfide containing initiator [27, 28] did not report any interaction with the disulfide bond, but

the catalyst/ligand/solvent systems used were not the same as those used here. The initiation
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efficiency of the PMMA samples had an average of only 20%; thus, it was more difficult to

observe whether the disulfide bonds were being reduced for these.
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Figure 5.6: Ratio of measured molecular weight to predicted molecular weight for PMA samples
(left) and PMMA samples (right). Unreduced samples are in blue; reduced samples are in red.
The lower M/P ratio for unreduced samples than reduced samples suggests that the disulfide bond
was being reduced during the polymerization.

When comparing sample PMA6 with PMA7 (a sample produced under the same
conditions as PMAG6 except with twice the ligand concentration) some interesting trends were
observed in the kinetics. Overlaying the two plots shows that PMA7 proceeded at a faster rate
(Figure 5.7), and that the value of M/P for PMA7 was about 1 while that for PMAG6 was less than
0.9; this suggests that PMA7 was not being reduced, and proceeded at a faster rate than PMAG
which was being reduced. If the disulfide bond is not inert in the reaction but is instead being
reduced by the catalyst, presumably this would affect the polymerization kinetics. A decrease in
the amount of reduced catalyst relative to oxidized catalyst would decrease the ATRP equilibrium
constant and thereby decrease the concentration of radicals as well as the rate. These are only

two experiments, however, and so this remains a source of speculation. A more thorough series
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of experiments would need to be designed in order to examine the interactions of the disulfide

bond, catalyst, and polymerization Kkinetics.
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Figure 5.7: Comparing kinetics of PMAG6 with PMA7. The sample with an M/P ratio closer to 1
proceeded at the faster rate. Polymerization conditions ([M] : [L] : [Cu(ID]): PMAS, 100: 0.1 :
0.05; PMA7,100: 0.2 : 0.05.

5.3.1.3 Substitution of bromine groups with thiophenol

Bromine groups can be substituted by sulfide groups via an Sy2 reaction to form a
thioether, particularly when the bromine is activated by being in proximity to an electron-
withdrawing group such as the ester group in acrylic polymers, and under basic conditions such
as those used for the thiol-ene Michael addition [37]. In order to prevent the sulfide groups of
one polymer chain from reacting with the bromine group on another chain, the polymers were
reacted with thiophenol in order to remove the bromine functionality prior to being reduced. An
overview of the redox treatment of the polymers is presented in Scheme 5.2 along with the

bromine substitution step.
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Scheme 5.2: Overview of redox treatment of polymers grown from (BrBE),S, (R = polymer
chain).

The presence of the thiophenol in the polymers following substitution and purification
was confirmed by *H NMR (Figure 5.8), and the molar amount of thiophenol was calculated by
comparing the areas of the phenyl and methyl ester signals. The PMA was calculated to be 187%
substituted, whereas the PMMA was calculated to be 79% substituted. Purification of the PMA
was more difficult than the PMMA due to its lower T, (10°C for PMA as opposed to 105°C for
PMMA [38]). The low Ty created difficulties in removing all traces of non-covalently bound
sulfides, as was evidenced by the unmistakeable odour that remained with the purified PMA but
not the PMMA. As such, it was suspected that the PMA still had non-covalently bound
thiophenol in the mixture. The reaction with PMA was first done using a four times excess of
thiophenol, but this was reduced to a stoichiometric amount, or slight excess, in subsequent

reactions in order to ease the purification.
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Figure 5.8: 'H NMR spectra of polymer samples after thiophenol substitution. The amount of
substitution that occurred was calculated by taking the ratio of the area of the phenyl groups (5
protons per group) to the area of the methyl ester groups (3 protons per group) and comparing this
ratio to the one predicted according to the molecular weight of the polymer. Spectra recorded in
acetone-ds.

The measured molecular weights of the polymer samples showed drastic decreases after
the substitution reaction, particularly the PMA samples, as shown in Table 5.4. As can be seen in
Figure 5.9 for PMADS, the peak became strongly bimodal after the thiophenol reaction, with the
two peaks lining up with the original polymer peak and the reduced polymer peak, respectively.
It is clear that the excess thiophenol used in the reaction (four times excess) was cleaving a
portion of the disulfide bonds in the polymer. This may also explain the extra phenyl presence in
the NMR spectrum, as sulfides reduce disulfides by exchange. Without a large enough excess of
the thiophenol it will only partially exchange positions with the polymer chains; that is, the
polymer chains will be connected by a disulfide linkage to a thiophenol rather than to each other,

but will not be reduced to the sulfide. In addition, thiolates at the end of the polymer chain are
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generated during this exchange, and these can compete with the thiophenol molecules during the
bromine substitution: in this case, the reduction step would appear non-quantitative due to this
new bond formation that would increase the molecular weight. This was not observed, however,
as the PMA could be reduced quantitatively. After these test reactions, the bromine substitution
was done using a one-pot approach, where the polymer was mixed with thiophenol or
mercaptoethanol first and allowed a sufficient time to react, and then the reducing agent was

introduced in the same vessel without purifying the polymer.
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Figure 5.9: Molecular weight distributions of PMAS before and after thiophenol substitution (4x
excess thiophenol). The thiophenol reaction resulted in partial cleavage of the disulfide bond.

Table 5.4: Summary of molecular weight changes after thiophenol substitution.

Sample M, (g/mol) PDI M,after substitution (g/mol) PDI after substitution

PMAS 12,000 1.16 9,800 1.28
PMAG 11,900 1.13 8,420 1.20
PMMA2 24,000 1.70 18,000 1.64
PMMA3 10,400 1.83 11,200 1.74

5.3.1.4 Redox of synthetic polymers with internal disulfide linkage

The use of redox reactions to change molecular weight was seen as a good approach to

measure sulfide functionality due to the ease and accuracy of molecular weight measurements of
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the homopolymers on the Waters GPC. Since the DP of the polymer was typically around 100,
this led to a concentration of sulfides being present which was undetectable by IR or NMR.
Reduction of the disulfide was necessary in order to generate the sulfides required for the addition
reaction, and so oxidation of the final polymer samples to their original disulfide form was a
complementary method with an easily measureable effect. The reducing agents examined were
sodium borohydride (NaBH,), dithiothreitol (DTT), and mercaptoethanol (ME). DTT [27, 39,
40] and ME [9] are commonly used as reducing agents for disulfide bonds, while NaBH, has
been used to analyze disulfide content [41]. DTT and ME are better reducing agents under basic
conditions: DTT has a redox potential of -0.322 v at pH 7, but this increase to -0.366 v at pH 8.1
[39]. DMSO is capable of oxidizing sulfides to disulfides [9, 42] and was used for that purpose
here due to its ability to be both solvent and oxidant for the reaction; the high concentration of
DMSO aids in efficient oxidation, while the mild nature of its oxidation prevents side reactions
from occurring. Redox reactions of PMA are summarized in Table 5.5, while those for PMMA
are summarized in Table 5.6.

Sodium borohydride was first used as a reducing agent for the reduction of PMA at a
concentration of ~0.3 M in DMF at 60°C. Samples were taken with time (2.5 hours, 8.5 hours,
and 24 hours) and precipitated in water. However, only the first sample precipitated well. The
second sample formed an opaque mixture in water without properly precipitating, and the final
sample formed a clear solution in water. It appears the polymer was being degraded, either from
hydrolysis of the ester groups under the basic conditions in the solution or from reduction of the
ester groups to alcohols. Thus the reaction was never left longer than 2 hours when NaBH, was
used as the reducing agent in order to minimize degradation of the polymer; all reactions with
PMA showed complete scission of the disulfide during this time period. Figure 5.9 is an example

of a sample reduced with NaBHj.
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Table 5.5: Summary of redox reactions with PMA.

Sample M, PDI Reduction method M, after PDI after M, after PDI Sulfide
(g/mol) reduction reduction oxidation after (%)
(g/mol) (g/mol)  oxidation
PMA6-R1 11,900 1.13 0.30 M NaBH,, DMF, 60°C, 2 h 7,020 1.07 7,080 1.08 0.85
PMA7-R1 15800 1.17 0.38 M DTT, THF, 0.1 M TEA, 60°C, 2 h 9,150 1.11 10,900 1.39 19
PMA7-R2 15,800 1.17 1.4 M ME, THF, 0.1 M TEA, 60°C, 2 h 9,430 1.15 9,970 1.17 5.7
PMA7-R3 15800 1.17 0.16 MDTT, THF, 0.1 M TEA, 60°C, 4 h 9,050 1.13 12,800 1.71 41
PMA8-R1 21,700 1.13 0.23 M DTT, DMF, 0.1 M TEA, 60°C, 24 h 13,100 1.10 13,100 1.11 0.0
PMAS8-R2 21,700 1.13 0.16 M NaBH,, DMF, 0.1 M TEA, 60°C, 2 h n.d. n.d. 11,940 1.12 0)
Table 5.6: Summary of redox reactions with PMMA.
Sample M, (g/mol) PDI Reduction method M, after PDI after M,after PDI Sulfide
reduction reduction oxidation after (%)
(g/mol) (g/mol)  oxidation
PMMA3-R2 10,400 1.83 0.51 M NaBH,, DMF, 60°C, 2 h 12,300 1.74 15,500 1.52 26
PMMA3-R3 10,400 1.83 0.33 M NaBH,, DMF, 60°C, 2 h 11,700 1.74 12,200 1.69 4.3*
PMMA4-R1 15,600 1.55 0.38 M DTT, THF, 0.1 M TEA, 60°C,28 h 14,400 1.51 25,400 151 76
PMMA4-R2 15,600 1.55 1.4 M ME, THF, 0.1 M TEA, 60°C, 28 h 14,100 1.48 17,900 1.40 27
PMMA4-R3 15,600 155 1.2 M ME, THF, 0.1 M TEA, 60°C, 48 h 13,900 1.44 19,200 1.59 38
PMMA4-R4 15,600 1.55 0.14 M DTT, THF, 0.1 M TEA, 60°C, 4 h 14,200 1.48 22,900 1.46 61
PMMAG-R1 17,900 1.59 0.23 M DTT, DMF, 0.1 M TEA, 60°C, 24 h 14,300 1.61 19,900 1.47 39
PMMAG-R2 17,900 1.59 0.19 M NaBH,, DMF, 0.1 M TEA, 60°C,2h 17,300 1.43 17,900 1.38 3.5

*purified with acetone
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Figure 5.10: Redox reactions of PMAG6-R1 (left) and PMA7-R3 (right). PMA6-R1 was reduced
using NaBH, in THF. PMA7-R3 was reduced using DTT in THF. PMA6-R1 shows no sign of
oxidation, while PMA7-R3 shows some oxidation has occurred.

Figure 5.10 contains the molecular weight distributions of the redox reactions of sample
PMAG6-R1. This sample was reduced with NaBH, in DMF. It can be seen here that the large
hump in the low molecular weight shoulder that is present in the unmodified polymer completely
disappears upon scission of the disulfide bond, leaving a monomodal peak with a very low
polydispersity of 1.07. However, the sample showed no significant change in molecular weight
after oxidation, with a negligible sulfide functionality of 0.85% calculated. This can be compared
to PMA7-R3 in the same figure which was reduced using DTT in THF. While PMA7-R3 did not
regain its original shape after oxidation, it did show oxidation occurring, with a sulfide
functionality of 41% calculated. This plot also shows that no oxidation occurred after the reduced
sample was dialyzed in non-degassed THF during the purification process, indicating the sample
was stable in the presence of oxygen at room temperature.

In contrast to the reduction of PMA, reduction of PMMA resulted in only small changes
in molecular weight, or in some cases no change. This was not unexpected as the initiator

efficiency of the PMMA was low, and so many (or most) of the bifunctional initiators were
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thought to have initiated on only one side and would not show a measureable change in molecular
weight upon reduction. However, qualitative examination of the molecular weight distributions
suggests that the PMMA samples were in some cases not being completely reduced, as they
appeared to retain bimodal character after the reduction. Sample PMMA3-R2 was a good
example of this; as can be seen in Figure 5.11, there was very little change in molecular weight
after the reduction step (in fact, the measured molecular weight increased, likely due to oligomers
being washed out during the purification steps) and the same hump in the low molecular weight
shoulder remained. Upon oxidation, a symmetrical profile was obtained with a lower PDI of
1.52, and it was seen that the low molecular weight shoulder was shifted toward the main peak,
while the main peak and high molecular weight shoulder remained stationary. This suggests that
primarily chains that have disulfide group at the end (that is, mono-initiated) were being reduced,
and that chains with the disulfide in the middle (that is, bi-initiated) were not. Since the PMA
chains discussed previously did not oxidize fully, it would be fair to question whether the
oxidation method utilized could form disulfides quantitatively; from the shape of the curve in this
sample, it would appear that it could. The monomodal behaviour exhibited in this oxidized
sample indicates there was not a problem with the oxidation step itself. This is a qualitative
assessment; quantitatively, it can be calculated that the reduced PMMA chains of PMMAS3-R2

had sulfide functionality of 26% based on the change in molecular weight.
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Figure 5.11: Redox reactions of PMMA3-R2 (left) and PMMA4-R1 (right). PMMA3-R2 was
reduced using NaBH, in DMF. When acetone was used as a solvent for purification no oxidation
was observed, likely due to the formation of thioketals. PMMAA4-R1 was reduced using DTT in
THF and showed the highest sulfide functionality (76%) of any sample.

The purification of sample PMMA3-R2 was first done by dialyzing against THF. Plotted
on the same graph in Figure 5.11 is the molecular weight distribution of a sample that was
purified by dialyzing against acetone instead of THF. When acetone was used, essentially no
increase in molecular weight was observed upon oxidation. Sulfides can react with aldehydes
and ketones in acidic conditions to form thioacetals and thioketals [29] and this was thought to be
occurring here. The use of acetone was therefore avoided with the sulfide/disulfide containing
polymers.

Also plotted in Figure 5.11 are the molecular weight distributions of sample PMMA4-R1.
This sample had the highest measured sulfide content (76%). In this case, the entire distribution
shifted after the oxidation reaction, indicating there were little or no un-cleaved disulfide bonds
remaining after the reduction step. The narrow polydispersity, monomodal behaviour, and high
sulfide functionality measured in this sample also supported the conclusion that the DMSO

oxidation step was adequate.
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Mono-functional initiation would mean that non-polymeric sulfides were generated
during the reduction process. As the polymers are only end-functional, even a small quantity of
these sulfides (or the ME, DTT, or thiophenol used during the reactions) remaining bound to the
polymer throughout purification would significantly alter the total concentration of sulfides.
Analytical techniques that measure sulfides directly [41] would tend to overestimate the polymer
functionality in this case. In the case of the redox reactions used here, sulfide functionality is
measured indirectly through molecular weight.  Oxidation that results in bonding of the non-
polymeric sulfides with the polymeric sulfides would show no measurable change in molecular
weight, and thus would underestimate the sulfide functionality of the polymer. When considering
competition of polymeric and non-polymeric sulfides in the thiol-ene addition reaction, however,
this measurement technique may give a more accurate depiction of the effective sulfide
functionality than measuring the total sulfide concentration. Since the PMA was more difficult to
purify, this may explain why the sulfide functionalities measured for these samples were
substantially lower than the PMMA samples.

Figure 5.12 compares the effect of reaction solvent and reducing agent on the sulfide
functionality obtained, as well as the type of polymer sample used (PMA or PMMA). It is
immediately obvious that PMMA samples had substantially higher sulfide functionality than
PMA. It is not known why this would be, as the PMA samples were all easily and quantitatively
reduced. PMA required more vigorous purification techniques that still did not completely clean
the samples — as evidenced by the sulfide odour that remained — and it is possible that the sulfides
were being reacted with something during the purification process (similar to the way they
reacted with acetone), or the ester groups that attach the sulfide to the polymer chain could have
been hydrolyzed. The polymeric sulfides may also have been forming disulfide bonds with other
residual sulfides; these disulfide bonds would not show any change in molecular weight of the

PMA chains.
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DTT was the reducing agent that resulted in the highest sulfide functionality, followed by
ME, and then NaBH,. When the reduction step was done in THF it resulted in a much higher
sulfide functionality than when performed in DMF. However, NaBH, was used only with DMF
(due to its poor solubility in THF), while ME was used only in THF, and DTT was used in both.
It is not immediately clear if these trends are reflective of the role of the solvent or the role of the
reducing agent. Comparing reactions using DTT in the two solvents is more revealing. With
PMA samples PMA7-R1 (DTT, THF, 2 h), PMA7-R3 (DTT, THF, 4 h), and PMA8-R1 (DTT,
DMF, 24 h) it can be seen that while the samples reduced in THF showed sulfide functionality
(19% and 41%, respectively), the sample reduced in DMF had no measurable functionality. In
fact, no reduction of PMA conducted in DMF resulted in a successful subsequent oxidation. For
PMMA, reductions in DMF did leave some sulfide functionality intact, but similar reactions done
with DTT in THF showed that DMF was less successful. Comparing PMMAA4-R1 reduced in
THF to PMMAG-R1 reduced in DMF, the reaction performed in THF resulted in a 76% sulfide

functionality while the functionality was only 39% when done in DMF.
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Figure 5.12: Comparing sulfide functionality amongst samples prepared using different reduction
techniques. THF resulted in the highest sulfide functionality along with DTT. NaBH, and DMF
resulted in lower measured functionalities. Summarizing data for all samples in Table 5.5 and
Table 5.6.
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5.3.2 Modification of cellulose acetate with thiol-ene Michael addition

5.3.2.1 Model thiol-ene reaction with methyl methacrylate to determine optimal addition

conditions

The thiol-ene Michael addition reaction used here is given in Scheme 5.3. The sulfide is
de-protonated by a base, and the resulting thiolate is added across an alkene activated by an
electron withdrawing group (such as an ester, amide, or nitrile) [26]. To investigate the optimal
catalyst type and temperature for the thiol-ene Michael addition, methyl methacrylate and
thiophenol were reacted together in DMF. The MMA and thiophenol were used as models for the
polymeric compounds, and DMF was used as the solvent as it is capable of dissolving a wide
range of cellulose derivatives and synthetic polymers of interest. The results are summarized in
Table 5.7. The reaction was first done at 60°C using a stoichiometric amount of thiol and alkene.
However, as can be seen for the hexylamine (HA) entry, the reaction plateaued at a conversion of
less than 100%. This was attributed to the presence of disulfide bond impurities in the thiophenol
reagent due to oxidation, resulting and less than complete sulfide functionality. When the
reaction was repeated at 30°C the stoichiometry was increased to 1.2 equivalents of sulfide in
order to overcome this and ensure that all of the alkene would be consumed (see Figure 5.13 for
NMR spectra). It can be seen that when hexylamine was used as catalyst the reaction essentially
reached a maximum value within the first hour regardless of temperature, while triethylamine
(TEA) did not reach maximum conversion in this time frame in either reaction. This was as
expected, as primary amines like hexylamine were reported to be better catalysts for the reaction
than tertiary amines like triethylamine [26]. It was also seen that the solvent, DMF, did not
catalyze the reaction as none of the alkene reacted at 30°C, although some alkene did react at
60°C. From these results, hexylamine was chosen to be used as the catalyst for the grafting
reactions and it was concluded that elevating the reaction temperature above ambient provided no

benefit to the addition reaction.
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Scheme 5.3: Michael addition of sulfide to an activated alkene bonded to cellulose acetate.

Table 5.7: Optimization of thiol-ene addition conditions.

Catalyst 30°C (1 hour)* 60°C (1 hour)* 60°C (24 h)*
None 0% 25% 55%
Triethylamine (0.6 M) 81% 65% 78%
Hexylamine (0.6 M) 97% 80% 88%

*1 eq. of thiophenol; 1.2 eq. of thiophenol

Phcn}l/ / Alkene

JD_Oct21] Mifdel_TEA DMF
1H Standar
499.4MHz

JD_Oct20, mydel_3-1
11

75 74 73 72 71 70 69 68 67 66 65 6.4{1(?);11)6.2 6.1 60 59 58 57 56 55 54 53 52
Figure 5.13: Reaction of MMA with thiophenol under different catalyst conditions in DMF at
30°C: 0.6 M hexylamine (top), 0.6 M triethylamine (middle), and no catalyst (bottom). No
reaction was observed when no catalyst is used, while the reaction using hexylamine has reached
essentially complete conversion (97%). The reaction with triethylamine reached 81% conversion.

Spectra recorded in chloroform-d.
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5.3.2.2 Model thiol-ene addition with CA,;--MAA, 13 and thiophenol

The reaction was modeled using CA,;7-MAA. 13 (sample MAAS3T from Chapter 3) and
thiophenol under the same (optimized) conditions as for the grafting reaction (30°C, 0.6 M
hexylamine in DMF). CA;7-MAA, 13 without any source of thiol was used as a control. As seen
in the NMR spectrum (Figure 5.14), the reaction with thiophenol resulted in almost complete
suppression of the alkene peaks (6=5.6, 6.1 ppm), as well as the addition of phenyl peaks (6 =
7.0-7.7 ppm). The alkene peaks in the control reaction were retained. This indicates the reaction
proceeded readily in the presence of sulfide, and the alkenes were otherwise stable under these

conditions.
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ppm

Figure 5.14: '"H NMR spectra of model reaction with CA-MAA (MAA3T) and thiophenol in
DMF with 0.6 M hexylamine as catalyst. The reaction with thiophenol results in almost complete
suppression of the alkene peaks while the control shows minimal change. Spectra recorded in
acetone-ds.
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GPC traces of the samples were obtained on the Viscotek GPC to ensure that there were
no drastic changes in molecular weight occuring due to backbone degradation of the cellulose or
combination of the methacrylate groups (Figure 5.15). The molecular weight measurements
using the triple detection appararus are very sensitive to the measured concentration of the
samples, and as such a larger error would be expected when compared to a sample measured
against a calibration curve. The raw elution profiles are provided as well, as they are expected to
show changes more accurately than the molecular weight distributions. The peak retention
volume of the three samples showed no change, and only small changes in M, were observed.

The reaction conditions were therefore concluded not to affect the integrity of the cellulose

samples.
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Figure 5.15: Elution profiles (left) and molecular weight distributions (right) of model reactions
of CA-MAA with thiophenol. There were no changes after the reaction, indicating no
combination or degradation occurring during the reaction.

5.3.2.3 Model thiol-ene addition with Cell-AcO, o,-GMA g5 and dodecanethiol

The addition reaction was also attempted with dodecanethiol and the cellulosic material
Cell-AcO,,0,.-GMA, gg from Chapter 3. This reaction was done using a 0.12 M TEA in DMSO
solution at 50°C for 24 hours. Even at these non-optimized conditions the reaction proceeded
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guantitatively, as can be seen from the complete disappearance of the alkene signal in Figure
5.16. The signals from dodecanethiol are clearly present in the final spectrum as well, showing
that the dodecanethiol remained covalently bonded after purification. DMSO has been found not
to oxidize dodecanethiol at room temperature [42] and so the addition reaction proceeded quickly

enough that disulfide formation was not an issue.
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Figure 5.16: Addition of dodecanethiol to Cell-AcO-GMA in 0.12 M TEA/DMSO. After the
reaction the alkene signal has disappeared and signals attributed to dodecanethiol have appeared.
The product was not soluble in acetone so the spectrum was recorded in DMSO-ds.

5.3.2.4 Grafting of synthetic chains onto CA; 77-MAAg 13
Samples PMMAG-R1 and PMA8-R1 (reduced using DTT in DMF) were reacted with

CA,77-MAA, 13 (sample MAAST) in an attempt to graft the synthetic polymers onto the cellulose

acetate. The PMMA sample was measured to be 39% functional by oxidation of the thiols using
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DMSO, but the PMA had no measurable functionality. Nonetheless, the reaction was attempted
with both samples. Elution profiles of the samples were recorded on the Viscotek GPC (Figure
5.17) and are compared to the starting CA,7--MAAq13. No attempts were made to separate the
grafted and ungrafted polymer samples and so both appear in the profile. The tallest peaks appear
in the high retention volume (low molecular weight) region of the scale; these peaks correspond
to ungrafted synthetic polymer. It is obvious that there was a large quantity of ungrafted polymer
present after the reaction, but it can also be seen that the peak retention volume (Vrp) of the
cellulose acetate had decreased (marked with vertical lines in Figure 5.17). This decrease in
retention volume indicated an increase in the size of the cellulose; as there was no change in Vr,
in the control reaction, this led to the conclusion that grafting had successfully ocurred. The Vr,
of CA,77-MAA, 15 occured at 17.6 mL; this showed a moderate decrease to 17.2 mL after the
PMA grafting, and a much greater decrease to 16.2 mL after the PMMA grafting. There were
only marginal changes in the elution profiles when increasing the reaction time from 24 hours to
48 hours, indicating that the reaction was complete within the first day.

The PMMA reaction resulted in a signifcantly broader distribution of the CA-g-PMMA
than that of the original CA. This may indicate an uneven distribution of grafts. As the ratio of
sulfide to alkene was low (0.1), it is reasonable to conclude that there remained cellulose acetate
without any grafted chains in the mixture. It was not expected that the PMA reaction would show
a change in retention volume as there was no sulfide functionality measured by oxidation of the
reduced polymer. The decrease observed may indicate that there was in fact a low quantity of

sulfide-terminated polymers present that was not detectable by oxidation.
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Figure 5.17: Elution profiles of grafted cellulose samples. The un-grafted synthetic polymer (Vr,
= 18.7 mL, 19.2 mL) has a large presence after the reaction, but the peak retention volume of the
cellulose acetate clearly increases: from 17.6 mL to 17.2 mL for PMA grafting, and from 17.6 mL
to 16.2 mL for PMMA grafting. The increase in Vr, indicates that grafting has occurred.

5.3.2.5 In-situ reduction and grafting of synthetic chains onto CA;7;7-MAA 13

The addition reaction was attempted by cleaving the disulfide bond in the reaction
mixture without subsequent separation and purification of the reduced polymer. Sodium
borohydride was used for this as both DTT and ME contain sulfides and would therefore react
preferentially with the methacrylate groups over the sulfides on the polymer chains. Reduction of
disulfide with NaBH, generates thiolates which can then be protonated to form sulfides; since the
Michael addition reaction requires de-protonation of the sulfide, the generation of thiolates was
not seen to be an issue. It has been reported in the literature that RAFT-terminated polymers can

be reduced in-situ to thiolates using NaBH,; the thiolates were then successfully bonded to gold
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nanoparticles [43]. However, solubility of the cellulose in the work presented here was a
problem. The first reaction was done at a concentration of CA-MAA of only 17 mg/mL, but
addition of the NaBH, to the DMF/polymer solution caused the CA-MAA to form a gel. After 45
minutes stirring had ceased (due to gelation) and so the reaction was stopped. All samples were
completely soluble in THF and were analyzed by GPC, with the results presented in Figure 5.18.
The reaction with PMA had no significant change, but the reaction with PMMA showed a small
decrease in Vr, from 17.5 mL to 17.2 mL which may indicate some grafting occurred despite the
short reaction time, poor mixing, and poor cellulose acetate solubility.

In an attempt to improve the cellulose acetate solubility, the volume of solvent was
doubled and dioxane was tried in addition to the DMF. However, in each case the cellulose
acetate formed a gel. These mixtures were still capable of being stirred so they were left for 24
hours. The resulting polymer was largely insoluble; the control sample was insoluble in all
solvents tried, while small portions of the other samples were THF-soluble. GPC analysis of
these THF-soluble fractions revealed the presence of only the synthetic polymer peak and no
cellulose acetate peak.

While these reactions were not successful, the small change in the PMMA sample in
Figure 5.18 suggests that the reaction could work provided the right reducing agent is found.
Sodium borohydride caused the cellulose acetate to gel in solution. It also reacted with the
cellulose acetate, as evidenced by the complete insolubility of the cellulose acetate after the

reaction and subsequent purification. Other, milder reducing agents should be considered.
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Figure 5.18: Elution profiles for in-situ reduction of disulfide and addition to CA-MAA.
Samples PMA8 and PMMAGS used. The reaction with PMMA shows a small decrease in
retention volume of the CA-MAA peak which may indicate grafting has occurred. Sodium
borohydride was used for the in-situ reduction but caused the solution to turn heterogeneous,
thereby hindering the reaction.

5.4 Conclusions and recommendations

5.4.1 Conclusions

Polymerization of MA from the disulfide containing initiator [(BrBE),S,] resulted in an
extremely fast polymerization, low polydispersity, and complete initiation efficiency. Thus,
molecular weights of the cleaved chains could be easily controlled. The disulfide bond appears to
be capable of cleaving during the polymerization process and this may affect the polymerization
kinetics; this would need to be studied in more detail. Polymerization of MMA was not as fast as

MA and resulted in higher polydispersities of the cleaved chains. More problematic was the fact
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that initiation efficiency was very low (22% on average) and decreased as shorter chains were
targeted. This created difficulties in controlling the molecular weight of PMMA, particularly
when shorter chains were desired.

Reduction of the disulfide bond in the PMA samples proceeded easily and quickly, with
monomodal and symmetrical molecular weight distributions obtained. The reduced molecular
weights agreed with the predicted values and had low polydispersities, as small as 1.07.
Reduction of PMMA resulted in only minor changes in molecular weight, which was expected as
the initiation efficiencies were very low and so few bi-initiated species were expected. However,
the bimodal nature observed in some of the reduced samples as well as the large range of
polydispersities (1.43 - 1.74) encountered would qualitatively suggest that the PMMA samples
are being incompletely reduced.

Oxidation of the reduced samples resulted in a wide range of sulfide functionalities being
measured. However, PMA samples showed a much lower change in molecular weight upon
oxidation than the PMMA samples did. Reductions performed in DMF resulted in a lower
measured sulfide functionality than reductions performed in THF, and reductions using NaBH,
were found to have a lower sulfide functionality than the other reducing agents studied. Further
study is required to determine the cause of these trends.

The addition of thiophenol and dodecanethiol to cellulose acetate functionalized with
methacrylate groups proceeded quantitatively, with complete disappearance of the alkene signal
observed by NMR. This reaction scheme could be used to impart cellulose acetate with a wide
variety of functional groups. The addition of sulfide-terminated polymers resulted in a low
grafting yield, which was not unexpected due to the low functionality of sulfide measured.
However, significant changes in retention volume of the cellulose acetate were observed,
confirming that grafting of synthetic chains onto cellulose acetate had occurred. The grafting

concept illustrated here can be successfully employed for any controlled polymerization that
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contains a disulfide bond or other group that can be converted to a sulfide, but it requires

optimization. The end-group functionality of sulfide-terminated polymers can be conveniently

monitored through redox reactions and molecular weight measurements, which is the prime

advantage of using thiol-ene chemistry over other ‘click’ reactions.

5.4.2 Recommendations and future work

Sulfide functionality of the synthetic polymer appears to be the limiting feature of this
reaction. The loss of sulfide functionality needs to be examined in greater detail and
corrected to ensure an efficient reaction. Acetone was one solvent that was found to

decrease sulfide functionality.

Loss of sulfide functionality may potentially be occurring during the purification stage.
As such, an in-situ formation of sulfides could be a solution to the problem. The
reducing agents employed in this study could not be used to that end, as DTT and ME
both have thiol functionality that would react with the alkene groups and NaBH, caused
gel formation of the cellulose acetate solution, so other reducing agents would be needed.
Since the PMMA has low initiation efficiency, a large number of low molecular weight
thiols would be produced and as such the alkene would need to be present in a large

enough excess to account for this.

A quantitative method for measuring grafting yield needs to be determined. If sulfide
functionality of the polymer can be increased this should increase the grafting yield and
may eliminate the need for separating the polymers, but barring that a higher molecular
weight cellulosic material could be used to increase the separation of peaks in the GPC
elution profile, or a selective solvent extraction of the un-grafted polymer could be

attempted (this also may be easier with a higher molecular weight cellulose).
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Chapter 6

Conclusions and Recommendations for Future Work

6.1 Conclusions

This thesis investigated the synthesis of cellulose graft copolymers using Cu(0)-mediated
polymerization in homogeneous media using both ‘grafting-from’ and ‘grafting-to’ approaches.
As ‘grafting-from’ is well established in the literature, this thesis sought to clarify the extent to
which graft copolymerizations behaved like more widely studied linear homopolymerizations.
This information was currently lacking but is required to enable better design of the grafting
reaction. ‘Grafting-to’ has received a more limited treatment, and so this thesis demonstrated the
feasibility of a novel ‘grafting-to” method with thiol-ene addition that can be used with controlled
radical polymerization techniques.

Cellulose was reacted with a-bromoisobutyryl bromide in the ionic liquid 1-butyl-3-
methylimidazolium chloride (BMIM CI) to synthesize an Atom Transfer Radical Polymerization
(ATRP) macroinitiator (Cell-BiB). The degree of substitution (DS) of the BiB groups was 1.13
as measured by ion chromatography; this was less that the DSgig 0f 1.75 predicted by NMR. The
discrepancy was attributed to the substitution of bromine groups occurring during the reaction
due to the elevated temperature (50°C) required for the solvent. The elevated temperature, high
viscosity, and highly hygroscopic nature of BMIM CI are obstacles to its use as a reaction
medium for cellulose, both on a laboratory and industrial scale. The acylation of cellulose was
also attempted in the ionic liquid 1-ethyl-3-methylimidzaolium acetate (EMIM AcO), but this
resulted primarily in acetylation from the solvent rather than the desired acylation, as evidenced
by NMR, ion chromatography, and the polymerization rate of the macroinitiator. EMIM AcO is
therefore unsuitable for esterification reactions. The synthesis of cellulose acetate with

methacrylate functionality (CA-MAA) via Steglich esterification with methacrylic acid in
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tetrahydrofuran (THF) was found to be a good route that allowed control over the reaction
without degradation of the cellulose occurring. Ring-opening of glycidyl methacrylate was also
attempted as an alternative route for obtaining methacrylate functionality using the solvents
EMIM AcO and THF, but the reaction was difficult to control, had difficulties with
autopolymerization, and degraded the cellulose.

Polymerization of methyl acrylate from Cell-BiB proceeded at a slower but comparable
rate to EBiB (a commonly used ATRP initiator that is analogous in structure to Cell-BiB) under
the same conditions, but the initiation efficiency was lower for Cell-BiB than for EBIB.
Polymerization of methyl methacrylate (MMA) from EBiB demonstrated that the system suffered
from slow initiation; this limited the graft density as a non-uniform initiation meant that un-
initiated BiB groups became buried in the growing polymer brush and inaccessible. This reason
for the limited graft efficiency could not have been easily determined by studying the graft
copolymerization alone and demonstrated the usefulness of modelling the grafting reaction with
linear homopolymers.  Graft density for poly(methyl acrylate) (PMA) was higher than
poly(methyl methacrylate) (PMMA) (average DSg.s of 0.71 as opposed to 0.15). The grafted
chains were successfully cleaved from the cellulose using acid-catalyzed transesterification with
methanol, but the reaction was sensitive to the solvent conditions used, which is suspected to be
related to the solvation of the grafted chains. Base-promoted transesterification was not
successful as it resulted in irreversible hydrolysis of the pendant methyl ester groups in the PMA
and PMMA grafts. Chain extension experiments conducted on the Cell-g-PMA demonstrated the
living behaviour of the system and the retention of bromine functionality.

Thiol-ene Michael addition of thiophenol and dodecanethiol to CA-MAA proceeded
guantitatively at room temperature without any loss in the integrity of the cellulose acetate,
demonstrating the usefulness of this reaction for attaching functional groups to cellulose acetate.

Chains of PMA and PMMA with end-group sulfide functionality were synthesized using a
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bifunctional ATRP initiator containing an internal disulfide bond. The disulfide bond was
reduced to cleave the chains and form the sulfide groups. The redox of the disulfide was
monitored by molecular weight changes in the polymers; this convenient method of calculating
end-group functionality is the primary advantage of thiol-ene chemistry over other ‘click’
reactions. The reduction step proceeded quickly and quantitatively under a range of conditions.
Subsequent oxidation of the reduced polymers resulted in an increase in molecular weight
demonstrating the presence of sulfide groups, but the increase was less than expected, indicating
the sulfide functionality was less than complete. The sulfide-terminated polymers were then
added to the methacrylate groups on the CA-MAA to form a graft copolymer. This was
determined to be successful by measuring a decrease in retention volume of the cellulose acetate
during chromatographic separation, indicating an increase in size of the molecule. The grafting
efficiency appeared to be limited by the sulfide functionality of the synthetic polymers. The low
sulfide functionality is something that further research should be able to overcome, allowing
much higher grafting efficiencies. Thus, the ‘grafting-to’ approach has great potential for the
synthesis of cellulose graft copolymers as the synthesis of the grafts separate from the cellulose
avoids many of the difficulties encountered when using a ‘grafting-from’ scheme. In addition, if
a large cellulose content is desired in the copolymer the low graft densities obtained using

‘grafting-to’ are desirable.

6.2 Recommendations and future work

The following sections list the recommendations produced from this thesis, organized by
chapter.  There are recommendations for future work that still needs to be examined, for
procedures to be used when carrying out this research, and for procedures to be avoided when

carrying out this research.
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6.2.1 Functionalization of cellulose

Chapter 3 described methods for functionalizing cellulose with groups required for the

grafting reactions in Chapters 4 and 5. The lessons are applicable to other functional groups and

other cellulose derivatives synthesized in a similar fashion.

The use of non-ionic liquid solvent systems such as dimethylacetamide (DMAC)/LiCl
should be examined for the functionalization of cellulose. The difficulties encountered in
this work with ionic liquids suggest other solvents may be more effective. EMIM AcO
should be avoided as it can react with the cellulose, while BMIM Cl is inappropriate for
reactions requiring low temperatures and its highly hygroscopic nature makes it

unsuitable for moisture-sensitive reactions.

Steglich esterification using cellulose acetate was an effective method of
functionalization and could be applied to other functional groups. Cellulose acetate with
a lower DSaco than that used here (~2.8) should be examined in order to obtain higher

degrees of substitution of the desired functional group.

The acylation of virgin cellulose with methacryloyl chloride in DMAC/LICI for use in
thiol-ene addition reactions should be furthered investigated to eliminate the need for
protection of the cellulose. The reaction was attempted in BMIM CI unsuccessfully,
which was attributed to the high moisture content of the solvent (5690+50 ppm) and the

elevated temperatures required by the solvent (50°C).
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6.2.2 Synthesis of cellulose graft copolymers using a ‘grafting-from’ approach

Chapter 4 investigated the similarity of graft copolymerization kinetics to linear

homopolymerization kinetics in order to improve the design of the grafting reactions. Accurate

characterization of the copolymer grafts was crucial for this analysis.

EBIB is useful for modelling the grafting reaction from Cell-BiB and should be used to
optimize the grafting conditions, in particular to overcome the problems experienced with
intermolecular combination and limited graft density. Researchers using polysaccharides
with ATRP initiating groups other than BiB should find an analogous non-polymeric

initiator to use for their homopolymerizations.

Cell-BiB with a higher DSgig should be synthesized in order to examine the limits of graft
density. It is not clear from the work in this thesis whether the maximum possible graft
density (due to steric considerations) had been reached as the highest density obtained

(DSgrat 1.0) was similar to the density of initiating sites (DSgjg 1.13).

It is recommended that acidic conditions be used for the transesterification reaction and
not the basic conditions common in the literature. Using hydroxide causes irreversible
hydrolysis of ester groups in PMA and PMMA, creating inaccuracies in molecular weight

measurements and affecting the efficiency of the reaction.

The effect of solvation on the transesterification needs to be understood better in order to
properly design the reaction. The transesterification was found to be very sensitive to
solvent conditions, and cleaving the grafted chains is extremely important for proper

characterization of the copolymer and understanding of the polymerization.
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THF may not be the most appropriate solvent choice for studying the molecular weights
of the copolymer and other solvents should be examined. Measurement of Mark-
Houwink parameters and intrinsic viscosity indicate the polymer is poorly solvated by

THF with the chains being minimally extended.

6.2.3 Synthesis of graft copolymers using a ‘grafting-to’ approach

Chapter 5 developed a method for grafting synthetic polymers to cellulose acetate using

thiol-ene Michael addition. Cu(0)-mediated polymerization was used in this chapter to synthesize

the grafts, but this method of grafting could be easily transposed to any controlled polymerization

technique that can incorporate a sulfide group in the initiator.

Sulfide functionality of the synthetic polymer appears to be the limiting feature of this
grafting approach. The loss of sulfide functionality needs to be examined in greater
detail and corrected to ensure an efficient reaction. Acetone was one solvent that was

found to decrease sulfide functionality.

An in-situ formation of sulfides should be examined in order to avoid any potential loss
of functionality during the purification process of the sulfide-terminated polymers. The
reducing agents employed in this study could not be used to that end, as dithiothreitol and
mercaptoethanol both have thiol functionality that would react with the alkene groups and
sodium borohydride caused gel formation of the cellulose acetate solution, so other
reducing agents would be needed. Since the PMMA had low initiation efficiency, a large
number of low molecular weight thiols would be produced and as such the alkene would

need to be present in a large enough excess to account for this.
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A quantitative method for measuring grafting yield needs to be determined. If sulfide
functionality of the polymer can be increased this should increase the grafting yield and
may eliminate the need for separating the polymers, but barring that a higher molecular
weight cellulosic material could be used to increase the separation of peaks in the GPC
elution profile, or a selective solvent extraction of the un-grafted polymer could be

attempted (this also may be easier with a higher molecular weight cellulose).
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