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Abstract

Synthetic, man-made polymers are produced from petroleum, however this activity may
well decrease as a function of time because of the non-renewability of the oil. This will
result in the decreased production of synthetic polymers with consequent problems to our
everyday life because of their ubiquity (food, furniture, containers, electronics...). An
alternative could be the use of biopolymers such as cellulose, starch, proteins, amylose
and chitin which are extracted from renewable sources. Cellulose is the most abundant
biopolymer on earth and is principally found in the cell walls of plants. Cellulose presents
interesting properties such as a high thermal stability and high strength, however the
principal drawback is its insolubility in both organic and aqueous solvents limiting
considerably its use in industry. Chemical modification of the hydroxyl groups of
cellulose overcomes some of this problem. In fact, hydroxyethyl cellulose (HEC), where
the hydroxyl groups have been modified with ethylene oxide, shows good solubility in
aqueous solvents (dimethyl sulfoxide, water) due to the interruption of the cellulose H-
bonding networks. Although the chemical modification of cellulose has improved
considerably the physical properties of cellulose, the derivatives are usually not

competitive against synthetic polymers.

Due to its solubility and the presence of the three hydroxyl groups, HEC was chosen as a
substrate for chemical modification, with the aim of mimicking the properties of synthetic
polymers. The synthetic polymer of reference in our work was poly(N-vinylpyrrolidone)
(PVP) because of its solubility in organic and aqueous solvents and sorption properties.
The introduction of lactam groups onto HEC could produce a material with properties
similar to PVP and this was the goal of our work. Three methods for modifying HEC with

lactam groups are reported. The first was the functionalization of HEC with 1-
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(hydroxymethyl)-2-pyrrolidone (HMP) with degrees of functionalization up to ~0.9 on
the primary alcohol functionality of HEC. The functionalized HECs showed markedly
different properties to unfunctionalized HEC, such as increased the thermal stability and
reduced viscosity. The two others methods led to the preparation of well-defined HEC-g-
PVPs using a “grafting from” strategy combined with Atom Transfer Radical
Polymerisation (ATRP) and “grafting to” combined with Reversible Addition-
Fragmentation Chain-Transfer (RAFT) polymerisation. The ATRP of N-vinylpyrrolidone
(NVP) from a prior-synthesised macro-initiator, Br-HEC, did not work efficiently;
however, RAFT polymerisation of NVP using an alkyne-terminated xanthate as transfer
agent produced an 80% monomer conversion with a 1.4 Du. The alkyne-terminated PVP
was coupled successfully to partially °N-labelled N3-HEC and the copper-catalyzed
azide-alkyne cycloaddition (CUAAC) was confirmed by ®N NMR spectroscopy. The
versatility of the method was demonstrated using poly(N-isopropyl acrylamide)
(PNIPAAM) which was synthesised using an alkyne-terminated trithiocarbonate as
transfer agent with a 90% monomer conversion and a 1.2 Pwm. Subsequently, this
straightforward method was used to prepare anti-microbial graft-copolymers of HEC
from an ionic liquid (IL) monomer, 1-(11-acryloyloxyundecyl)-3-methylimidazolium
bromide which was polymerised in high monomer conversion (70-80%) with some
evidence of control over molecular weight distribution (Pm =1.5). The influence of the
chain length of the grafts on the antibacterial effects was minor with a 20 and 39 pg/mL
minimum inhibition concentration (MIC) for E. coli and for S. aureus respectively. The
MICs were comparable to those measured for ampicillin, which is known as an antibiotic,

indicating the strong effect of our HEC-g-P(IL) on bacteria.

Vi
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Chapter 1:  Introduction

1.1. POLYMERISATION METHODS

1.1.1. Introduction

Polymerisations produce macromolecules from repeat units called monomer residues
which are often constituted of carbon and hydrogen atoms. Polymerisation methods can
be divided into two main categories depending on the nature of the reaction mechanism.
Step-growth polymerisation consists of the reaction of monomers containing bi-
functional or multifunctional groups such as carboxylic acid, alcohol and amino groups,
and thus leads to the progressive formation of dimer, trimer, oligomer molecules and thus
polymer chains. Figure 1-1 displays the schematic plot of the evolution of the average
degree of polymerisation (DP) as a function of the monomer conversion (p) in a step-
growth polymerisation (orange curve) and shows that the average molecular weight
increases slowly while the consumption of monomer is relatively fast. This results in
polymers with low to moderate average degree of polymerisation. Chain-growth
polymerisation consists of the successive addition of monomers through a minimum two-
step mechanism (initiation and propagation) leading potentially to a high degree of
polymerisation. Unlike step-growth polymerisation, the monomers are consumed slowly
while the molecular weight increases rapidly and this is shown in Figure 1-1 with the blue
curve which exemplifies one chain-growth polymerisation named free radical

polymerisation'. Other chain-growth polymerisations include anionic, cationic,



coordination and group transfer polymerisations, however our interest was is in free

radical polymerisation.
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Figure 1-1: Schematic plots respresenting the evolution of the degree of polymerisation
(DP) as a function of the monomer conversion (p); for the step-growth polymerisation
(orange), the plot follows Carathors equation (i.e. DP = 1/(1-p)); for free radical
polymerisation (blue), the plot is a sketch showing the theoretical relationship between

DP and p.

1.1.2. Free radical polymerisation

Free radical polymerisation is extensively used to synthesise vinyl polymers such as
polystyrene, polyacrylonitrile and polyacrylamide. The mechanism which is summarised
in Figure 1-2 is defined by three steps: initiation, propagation and termination. The
initiation step consists of the formation of radical species which can sometimes be

produced by heating the monomer itself, but more commonly, free radical initiators are

2



used which are divided into four classes: (hydro)peroxides, azo compounds, redox
initiators and others that produce radical species under light. The radical species activates
the carbon-carbon double bond of the monomer species via an addition mechanism which
processes with head-to-tail orientation because of steric and electronic effects. In the
second step named chain-propagation, the radical derived from the monomer reacts with
other monomers leading to the formation of a propagating chain radical. Subsequently,
this can react with another propagating chain radical via a recombination or
disproportionation process, which defines the termination step of the free radical
polymerisation mechanism. The recombination process consists of the radical-radical
coupling of two propagating chains leading to the formation of one dead chain having
higher molecular weight. Unlike the recombination process, the disproportionation
process, which consists of the abstraction of a hydrogen atom from the methylene group
next to the radical of another propagating chain, leads to the formation of two distinct
dead chains with lower molecular weight. The predominant termination mechanism

depends on the steric hindrance at the active centre.
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Figure 1-2: Mechanism of free radical polymerisation



The average number of monomers polymerised per initiated chain (v) is defined by the
following equation 1-1.

kyp [M]

TR

where kp, kq and k: are the rate constants of propagation, initiator dissociation and
termination; f defines the efficiency of the initiation; and [M] and [I] corresponds to the

concentration of monomer and initiator respectively.

The average chain-length can be optimised by varying the monomer and/or initiator
concentrations. A decrease of initiator concentration results in a decrease of the number
of growing chains. This leads to longer chain length which subsequently increases the
molecular weight. Free radical polymerisation can be used to produce polymers with
controlled molecular weight (see section 1.1.3). However, the molecular weight
distribution represented by the dispersity value Pm which is the ratio of the weight-
average molar mass (Mw) to number-average molar mass (My) is relatively broad with
Dwm value ranging from about 1.5 to 50 depending on the level of monomer conversion
and side effects such as gelation effects and chain transfer occurring during the

polymerisation process.

1.1.3. Reversible-deactivation radical polymerisations

Over the last two decades, reversible-deactivation radical polymerisation (RDRP),
previously known as controlled radical polymerisation (CRP) techniques, have been
extensively developed in order to reduce the molecular weight distribution and achieve

control of the molecular architecture in terms of topology, functionalities and composition
5



compared to conventional free radical polymerisation. The main features of RDRP are
well-described by Matyjaszewski and co-workers?. One feature is the linear evolution of
the rate of polymerisation as the function of the polymerisation time when the
concentration of the propagating radical species is kept constant over time. This is
obtained via the introduction of a dynamic equilibrium between propagating species and
dormant species which can be achieved by either a reversible termination mechanism as
developed in Atom Transfer Radical Polymerisation and Stable Free-Radical
Polymerisation (SFRP) or a reversible transfer process as demonstrated in Reversible
Addition-Fragmentation Chain-Transfer (RAFT) polymerisation. However, the
concentration of propagating radical species is influenced by the rate of the initiation step
and termination step. In fact, increasing the rate of the initiation step increases the
concentration of propagating radical species whereas the presence of the termination step
results in the decrease of the concentration of propagating radical species. Another feature
of RDRPs is the linear evolution of the degree of polymerisation as a function of the
monomer conversion as shown schematically in Figure 1-3 (green curve). This is due to
a fast rate of initiation compared to that of the propagation and the suppression of radical

transfer reactions.
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Figure 1-3: A sketch representing the evolution of the degree of polymerisation as a
function of the monomer conversion for Reversible-Deactivation Radical

Polymerisation (green)

Furthermore, the rate of initiation is one of the criteria responsible for the molecular
weight distribution. In fact, the production of a narrow molecular weight distribution (i.e.
a Pwm <1.2) requires that the rate of the initiation rate is faster or comparable to that of
propagation and this results in a simultaneous growth of the chains. The presence of the
dynamic equilibrium reduces the overall concentration of radical species, suppressing the
termination step, which decreases the dispersity to a value below 1.2. In fact, a decreased
radical concentration ([M"]) decreases the rate of termination (vt) and propagation (vp),
however v; is reduced more than v, because of its square dependence on the radical
species concentration (vi = 2kiM']%) compared to the rate of propagation (vp = Kp
[M][M])®. The supression of the termination step also leads to an additional feature of

RDRPs: the possible chain extension due to the conservation of the active centre after the



total consumption of the monomer species. This results in the possibility of propagating

other monomer species which leads to the formation of block copolymers.

1.1.3.1. Atom Transfer Radical Polymerisation

Atom Transfer Radical Polymerisation (ATRP) was discovered independently by
Sawamoto and Matyjaszewski in 1995 and is currently the most investigated RDRP
technique with over 11,000 publications®. The dynamic equilibrium is established
between the dormant species which is the initiator (R-X) and the propagating chain (R)
shown in Figure 1-4. The dormant species, typically an alkyl halide, reacts with the
transition metal (Mt™) which is prior-complexed with a ligand in order to solubilise the
transition metal and this reaction proceeds with a rate constant of activation (Kact). The
transition metal complex is then oxidised to a higher level (X-Mt™1) and the formed
radical species R can then react with the monomer (M) at a rate constant of propagation,
kp. The reversible mechanism, where the dormant species and the transition metal
complexes with a lower oxidation state are reformed, proceeds with a rate constant of

deactivation Kgeact. The ratio of Kact t0 Kdeact determines the equilibrium constant of ATRP

(KaTrP).
M: monomer
" Mt™: transition metal
act . . . .
R—X+ ML, ==  X-M"™UL, + Rka L,: complexation ligand
ky M R: polymer chain
eact S
K X: Bror Cl
K AtrP= Kact'Kgeact R
ac cac \

Figure 1-4: Mechanism of Atom Transfer Radical Polymerisation



The rate of polymerisation (Rp) depends on the propagation (k) and ATRP equilibrium
(Katrp) constants and the concentration of monomer ([M]), initiator ([R-X]) and

transition metal complexes ([Mt™/Ln] and [X-Mt™/L,]) and is shown in Equation 1-2.

[R-X][Mt™/Lyn][M]
[X-Mt™+1/Ly]

R, = ky X Kyrgp X (1-2)

In the total absence of termination and chain transfer processes, the dipersity Pwm
(Equation 1-3) can be estimated as a function of the constant of propagation, deactivation,
monomer conversion and concentration of initiator and transition metal complex at higher

level of oxidation.

D=1+ 55+ (kdeac!;[—sz_fffl“/Ln]) G B 1) (1-3)

with p the monomer conversion and DP the average degree of polymerisation.

The structure of the ligand (L) and the alkyl halide (R-X) and reaction conditions
(temperature, solvent and pressure) influence Kact, Kdeact and thus Katre. In fact, the
denticity and the bite angle characteristics of the ligand influence strongly its binding with
the transition metal and this results in different values of kst for each ligand. For instance,
the use of tetradentate ligands provides a larger kact compared to bidentate ligands due to
the formation of a more stable complex between ligand and transition metal resulting in

a higher rate of polymerisation. Furthermore, kact depends on the reactivity of the initiator,



the alkyl halide which varies with the choice of alkyl group and the transferable halogen.
A fast homolytic bond cleavage and a relatively good stabilisation of the radical species
increases Kact. For instance, bromide is a better leaving group compared to chloride
resulting in a faster rate of polymerisation when using an alkyl bromide and the rate of
the polymerisation increases also with the stability of the alkyl group. Furthermore, Katre
increases with both the temperature and the solvent polarity. However, the rate of
polymerisation has to be balanced with the dispersity Pwm. In fact, an increase of the rate
can result in a loss of the control of the polymerisation. For instance, the use of a
tetradentate ligand results in both a high rate of polymerisation and high value of Dwm
compared to the use of a bidentate ligand. For each monomer, an appropriate set of
parameters (i.e., choice of ligand, catalyst, initiator and reaction conditions) must be
defined to have a relatively good comprise between the rate and the control of

polymerisation.

1.1.3.2. Stable Free-Radical polymerisation

Stable Free-Radical polymerisation is similar to ATRP because the dynamic equilibrium
resides in a reversible termination process between growing chains and stable radicals
such as nitroxides. The most used stable radical is 2,2,6,6-tetramethyl-1-piperidinoxyl
(TEMPO) which lends its name to the best known SFRP technique, Nitroxide-Mediated
polymerisation (NMP). The stable radical can be either produced from the thermal
decomposition of the initiator such as an alkoxyamine (Figure 1-5) or added together with

a conventional initiator such as AIBN.

10



Stable radical

Alkoxyamine Reactive radical
(TEMPO)

Figure 1-5: Thermal decomposition of an alkoxyamine

The reactive radical initiates the polymerisation while the stable radical decreases the
overall concentration of radical species thus limiting the termination step. The mechanism

Is summarised in Figure 1-6.

Initiation:
. S: Stable radical
R—S —/—= R + S R: Reactive radical

R+ M—> R—M

Propagation:

. nM .
R—M ——> R—Mn+l

Main equilibrium:

R—Mn+1 + S °

Y

M

R—Mn+1-S

Figure 1-6: Mechanism of Nitroxide-Mediated Polymerisation
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Compared to ATRP, NMP needs to proceed at higher temperatures and for longer reaction
times and dipersity Pwm values down to 1.1-1.2 can be difficult to reach. Furthermore, the
rate of polymerisation is usually slower than that of ATRP and initiators are often not
commercially available. However NMP processes do not require the use of a transition
metal which needs to be removed from polymers produced from ATRP* (although more

recent variants of ATRP employ very low levels of metal).

1.1.3.3. Reversible Addition-Fragmentation Chain-Transfer

polymerisation

Unlike ATRP and SFRP, the reversible equilibrium in Reversible Addition-
Fragmentation Chain-Transfer (RAFT) polymerisation consists of a degenerative chain-
transfer process between dormant species and growing chains using a chain-transfer agent
(CTA) which contains a thiocarbonylthio functional group. The mechanism of the RAFT
polymerisation is shown in Figure 1-7. The initiation, as for the conventional free radical
polymerisation, consists of the decomposition of the initiator into radicals which
subsequently react with monomers forming polymeric radicals. These growing chains
react with the thiocarbonylthio group leading then to the liberation of a new radical
species from the CTA (pre-equilibrium step) which initiates the growth of another chain
(reinitiation step). The new polymeric chain can then react with the CTA through the
thiocarbonylthio-function liberating the other polymeric chain which can then grow. This
latter step is reversible and is known as the main-equilibrium of the RAFT

polymerisation.
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Figure 1-7: Mechanism of Reversible Addition-Fragmentation Chain-Transfer

polymerisation

The pre-equilibrium can be defined with the partition coefficient (@) which is the ratio of
rate constant of the fragmentation (kg) to the sum of the rate constants of fragmentation
and addition (k-add). To promote the fragmentation process, the R group of the CTA
structure (Figure 1-7) should be a good homolytic group leading to a @ value superior to
0.5. Furthermore, the R group structure should be different to that of the monomer species
to promote the liability of the R group. The rate of the main-equilibrium can be
determined using the chain transfer coefficient (Cy) which is the ratio between the rate
constant of chain transfer (ky) to rate constant of propagation (kp) and Cy is determined

by the reactivity of the CTA. Four main classes of CTA including trithiocarbonate,
13



dithiocarbonate, dithiocarbamate and xanthate (Figure 1-8) were developed with different
value of Cy enhancing the versatility of RAFT polymerisation toward monomer

structures® ®,

S S S A
A e
S S

Trithiocarbonate Dithiocarbonate
S N S (@]
. / T \Z . e T \Z
S S
Dithiocarbamate Xanthate

Figure 1-8: Structures of CTAs

In fact, monomers can be classified into either less activated monomers (LAMS) or more
active monomers (MAMS) categories depending on their reactivity and radical
stabilisation. MAMs form more stable radicals enhancing the propagation step but are
less reactive towards chain-transfer because MAMSs contain carbonyl, nitrile or aromatic
groups adjacent to the vinyl group engendering resonance stabilisation effects. Methyl
methacrylate, acrylamide, acrylonitrile are examples of MAMSs. To ensure the control of
the polymerisation of MAMs, a CTA with a high transfer constant such as
trithiocarbonate and dithiocarbonate has to be used. LAMs are monomers such as N-
vinylpyrrolidone, vinyl acetate and N-vinylcarbazole that have a hydrogen or nitrogen
lone pair, a saturated carbon or a heteroatom of a heteroaromatic group adjacent to the

carbon-carbon double bond. Their radical forms are then less stabilised limiting then the

14



chain-propagation but are more reactive towards chain-transfer processes. For
polymerising LAMs in a controlled manner and/or supressing retardation processes, a
CTA with a low transfer constant due to the resonance effect such as a xanthate or

dithiocarbamate has to be used.

Compared to ATRP and SFRP, RAFT polymerisation is more versatile towards
monomers and less sensitive to air which simplifies the procedure. However, the use of a
CTA containing sulphur compounds can lead to the formation of coloured polymers

which can be an important issue for some applications.

1.2. ABIO-POLYMER: CELLULOSE

1.2.1. Definition

Cellulose is the most abundant biopolymer on Earth as it represents about fifty per cent
of biomass, with an annual production estimated to be 10! tons per year’°. Cellulose is
synthesised by some plants, animals, bacteria and also algae. In plants, cellulose is a major

component of the rigid cell walls®2,

1.2.2.  Structural aspects

The molecular structure of cellulose is shown in Figure 1-9 and is defined as long polymer
chains of B-D-anhydroglucopyranose units (AGU units). The B-D-glucoses are covalently

bonded together by the linkage between the C1 anomeric carbon and the C4 oxygen atom,
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providing B-1,4-glycosidic bonds®®. The structural aspect of cellulose defines its

properties.
Reduced end non-reduced end
OH OH OH
HO 0 HO OH
HO (0] g o
OH OH

HO

Figure 1-9: Molecular structure of cellulose

The supramolecular aspect is mainly characterised by two hydrogen-bonding networks:
the intramolecular (Figure 1-10) and intermolecular (Figure 1-11) H-bonding networks
which are respectively within and between chains. These networks are responsible for the

insolubility of cellulose in common solvents” 1416,

/HHHIHI””,””O/H H O/H
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Figure 1-10: Intramolecular H-bonding network of cellulose
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Figure 1-11: Intermolecular H-bonding network of cellulose

1.2.3. Chemically modified cellulose

1.2.3.1. Introduction

Although cellulose is a low cost material with low density (in its unpurified state),
biodegradability, high strength and high thermal stability, its applications have been
mainly limited to the paper and textile industries due to its poor solubility. Cellulose has
been chemically modified to impart new properties such as solubility in organic solvents,

crease resistance, dimensional stability, thermoplasticity and antimicrobial properties?

15,17
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1.2.3.1.1. Reactivity

The reactivity of cellulose arises from the presence of hydroxyl groups. Two secondary
alcohols are present at the C2 and C3 positions and one primary alcohol at the C6 position,
where the -OH reactivity follows the order: -OHcs >> -OHcz > -OHc3!® 1°. The degree of
substitution (DS) defining the number of hydroxyl groups that have been modified ranges
from 0 to 3. Different methods using NMR spectroscopy?® 2! and elemental analysis??
have been established for measuring DS. For instance, DS is directly calculated as the
ratio of integrals of protons defining the functional group that have been added to
cellulose to protons defining the cellulose backbone in the *H spectrum. Meanwhile, the
content of carbon, hydrogen, nitrogen or any other halogens present in the newly prepared
derivatives can be measured using elemental analysis and the resulting data permit the

estimation of the DS in some cases.

1.2.3.1.2. Homogeneous vs heterogeneous reactions

The chemical modification of cellulose and its derivatives has been performed under both
heterogeneous and homogeneous conditions. Heterogeneous conditions refer to situations
where cellulose is not dissolved in the solvent so the reaction occurs at the interface
between the solid and liquid phases resulting in modification only at the surface. Cellulose
fibers?® 24 membranes® 2 and nano-whiskers?” % have all been modified under
heterogeneous conditions. Homogeneous conditions are defined by the dissolution or, at
least, by the swelling of cellulose in the solvent resulting in modification of the entire
cellulose molecular structure. This remains extremely challenging because of both the
high molecular weight of cellulose and the intra/inter-H bonding networks which define
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the cellulose solid-state structure and limit considerably its solubility in common solvents.
Recently, Olsson and Westman?® reviewed advances in methods for the dissolution of
cellulose. Water swells cellulose because the water molecules interact with the cellulose
backbone but do not break fully the H-bonding interactions. Cellulose is partially soluble
in alkali solution where a maximum of 10% wi/w of cellulose was dissolved in NaOH/H20
solution. The addition of species including PEG, urea or thiourea enhances the solubility
of cellulose in alkali solution at low temperature by limiting the aggregation of cellulose
chains. Furthermore, the DMAC/LICl system has been used commonly to dissolve
cellulose. It involves interaction between the hydroxyl groups of cellulose and the CI
anion, resulting in the formation of “bridges” between cellulose and the macro-cation
[DMAc-Li]*. However, this process requires the prior-elimination of water which
prevents its use in industry. lonic liquids (IL) such as 1-butyl-3-methylimidazolium
chloride (BMIMCI) dissolve cellulose due to the penetration of the anion into the

cellulose structure, breaking the H-bonding networks.

1.2.31.3. Commercial cellulose derivatives

Etherification, esterification and oxidation reactions of the hydroxyl groups have been
used to create ranges of new cellulosic materials. These commercial derivatives include
hydroxyethyl cellulose (HEC), carboxymethyl cellulose (CMC), ethyl cellulose (EC),

hydroxypropyl cellulose (HPC) and others (Figure 1-12).
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Figure 1-12: Molecular structure of cellulose derivatives (considering a DS of 1 at the

C6 position); (a) CMC, (b) HEC, (c) EC, and (d) HPC

For instance, HEC (Figure 1-12 b) is obtained by etherification with ethylene oxide and
is defined by both the DS and the molecular substitution (MS) which represents the length
of the ethylene oxide side chain. This addition to the cellulose backbone disrupts the H-
bonding networks resulting in solubilisation in polar solvents such as dimethylsulfoxide
(DMSO) and water. HEC has been used extensively as an emulsifier, stabiliser, thickener

and as a cosmetic film-former in the formulation of hair and skin products®>-22,
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1.2.3.2. Grafting approaches

1.2.3.2.1. Definitions

Recently, chemical modification of cellulose by polymer grafting has generated much
interest because it combines two polymers, one of which is a bio-polymer, and the other
a unique material, combination of which is expected to produce new materials properties.
Different grafting approaches are described in the literature!® 3334 the “grafting through”
approach is characterised by the polymerisation of a macro-monomer in the presence of
a low molecular weight monomer; the “grafting to” approach involves attaching a pre-
synthesised polymer chain to the cellulose backbone; the “grafting from” approach

involves the polymerisation of monomeric species from the backbone.

1.2.3.2.2. “Grafting from”

The “grafting from” approach is the most popular for modifying cellulose. Free radical
polymerisation is the main method used to graft synthetic polymers from cellulose, where
the backbone has been initiated by hydrogen abstraction® 3, single electron transfer?’,
irradiation®® *° or other methods?® 3* “°, However, these methods also result in the
formation of ungrafted homopolymer chains and give no control over the density or the
length of the grafts. In recent years, Reversible-deactivation radical polymerisation
(RDRP) processes have been used to create cellulose-based graft-copolymers producing
a narrow molecular weight distribution of the grafts. The most commonly used RDRP
process is Atom Transfer Radical Polymerisation (ATRP)* 42 because of the

straightforward preparation of cellulose macro-initiators from the reaction between one
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of the hydroxyl groups present on the cellulose backbone and commercially available acyl
chlorides or bromides. However, Reversible Addition-Fragmentation Chain-Transfer
(RAFT) polymerisation is another reported way for producing well-defined graft-
copolymer cellulose. Semsarilar et al.** were the first to report the use of the RAFT
method in combination with cellulosic material and they highlighted the preparation of a
macro-CTA from an HPC backbone which acted as a chain-transfer agent (CTA) in the

RAFT polymerisation of N-isopropylacrylamide (NIPAAM) and ethyl acrylate.

Compared to other RDRP techniques, ATRP produces polymers with the narrowest
molecular weight distribution, and the required reagents such as catalysts and ligands are
commercially available at low cost. On the other hand, commercially available transfer
agents for Reversible Addition-Fragmentation Chain-Transfer (RAFT) polymerisation*
can be quite expensive and may have to be synthesised for specific targets, which adds
steps to the fabrication process. Furthermore, the use of RAFT polymerisation produces
polymers with possibly undesirable colour and odour due to the presence of sulphur in
the transfer agent* which can be a constraint in some applications. This problem could
potentially be solved by cleaving RAFT agents, and recently, Willcock et al.* reviewed
different approaches, including for instance thermal elimination, aminolysis and hetero-
Diels-Alder reactions. It should be pointed out that ATRP also has some inherent
disadvantages; it has to be conducted in a rigorously oxygen-free environment and the
use of copper may be a problem as it can be difficult to remove. Furthermore, some
solvents and vinyl monomers deactivate the catalyst resulting in unsuccessful or

uncontrolled polymerisation.
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1.2.3.2.3. “Grafting to”

The conjugation between cellulose or cellulose derivatives with synthetic polymers is
possible via the presence of functional groups on each polymer which undertake reactions
such as thiol-ene chemistry*’, hetero Diels-Alder chemistry*® 49 or azide-alkyne
cycloaddition chemistry (CUAAC)**%2, In order to prepare well-defined cellulose-based
graft-copolymers, RDRP techniques such as RAFT and ATRP have been used. Recently,
Hansson et al.>® combined an ATRP process and click chemistry to prepare graft-
copolymers, Cell-g-PMMA. Their method consisted of using an alkyne-terminated
initiator for ATRP of methyl methacrylate (MMA) and PMMA was thus clicked to
cellulose, which was prior-functionalized with sodium azide. Subsquently, Goldmann et
al.®8 used RAFT polymerisation to graft poly(isobornyl acrylate) to a cellulose substrate
using Diels-Alder cycloaddition and Xiao et al.** used RAFT polymerisation in
combination with thiol-ene click reaction for preparing methyl cellulose-g-

poly(vinylacetate).
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Chapter 2:  Aims and objectives

The work presented in this thesis was partially funded by Ashland Inc. which is an
American chemical company. Ashland is known as being one of the worldwide leaders
in the preparation of hydroxyethyl cellulose (HEC) and merged three years ago with ISP
an international company which was well-known for producing poly(N-vinylpyrrolidone)
(PVP). Ashland decided to focus on the development of novel cellulosic materials which
will combine the properties of both the parent cellulosic material and synthetic polymers
such as PVP. This fusion inspired the work described in this thesis with the broad aim to
chemically modify HEC which was chosen because of its solubility in polar solvents and
water, and the presence of the three hydroxyl groups, capable of undertaking chemical
reactions. Thus, the preparation of HEC derivatives and HEC-based graft-copolymers
will alter the properties of the parent HEC and thereby potentially mimic synthetic
polymers properties. This could lead to potential alternatives to synthetic polymers
derived from the petrochemical industry which will lose its prevalence, in the future. For
this, three different strategies were pursued for modifying HEC and each approach
corresponds to a chapter in this thesis. The first approach (Chapter 3) was based on the
functionalization of the hydroxyl groups of HEC with functional groups, whereas the two
other methods described in Chapters 4 and 5 refer to the grafting approaches in order to
prepare well-defined graft-copolymers of HEC. Chapter 4 explores the “grafting from”
approach combined with Atom transfer Polymerisation (ATRP) for the preparation of
synthetic polymers, whereas Chapter 5 discusses the “grafting to” approach where
synthetic polymers were produced from Reversible Addition-Fragmentation Chain-

Transfer (RAFT) polymerisation. The physical properties of HEC derivatives prepared in
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Chapter 3 were evaluated and compared to the parent HEC, however the preparation of
well-defined graft-copolymers, explored in both Chapter 4 and 5, led to new HEC

properties such as antibacterial action.
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Chapter 3: HEC modification via functionalization

reactions

3.1. INTRODUCTION

This chapter was developed from one of the requirements of our industrial sponsor,
Ashland, which was the preparation of cellulose derivatives containing lactam groups. In
the literature, lactam groups were introduced onto cellulose/cellulose derivatives using a
“grafting from” approach and this consists of polymerising synthetic monomers from a
cellulose backbone to form graft-copolymers. The polymer containing lactam groups that
has been grafted from cellulose and cellulose derivatives was poly(N-vinylpyrrolidone)
(shown in Figure 3-1) which is a biocompatible polymer and, commonly prepared via
radical polymerisation of N-vinylpyrrolidone (NVP)>. The key property of poly(N-
vinylpyrrolidone) (PVP) is its solubility in both organic and aqueous solvents. Its
solubility is due to the presence of the lactam amide group which provides both
hydrophobic and polar characteristics. In addition, polar methylene and methine define
the backbone and a ring engenders further hydrophobicity. PVPs are mostly used as
vesicle transporters®® 57, film formers® 5° binders®® and detoxifiers®® in the

pharmaceutical, cosmetic, food and adhesive industries.
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Figure 3-1: Structure of poly(N-vinylpyrrolidone) (PVP)

The most widely used technique for polymerising NVP onto cellulose and cellulose
derivatives is conventional free radical polymerisation where radicals are generated from
either a hydrogen abstraction or a single electron transfer. To abstract a hydrogen of one
alcohol group of a cellulose backbone, Mustafa Yigitoglu et al.®® used AIBN resulting in
the formation of CMC-g-PVP whereas Flefel et al.>® used persulfate ion in their study on
the graft-copolymerisation of both NVP and acrylamide (AA) onto a mixture of CMC
and HEC. Furthermore, direct oxidation allows the production of radical species due to a
single electron transfer and this was used in the work of Ibrahim et al.*” who described
the use of a Ce(lV) system for grafting PVP to a cellulosic membrane, defined as a
mixture of CMC-Na and HEC. As an alternative to the use of chemicals for initiating the
graft-copolymerisation of NVP onto cellulose/cellulose derivatives, y-radiation was used
in two different approaches®® *°. The first was pre-irradiation where the NVP was added
after irradiating the cellulose backbone which minimized NVP homopolymerisation.
However, the second approach, called mutual irradiation, which consisted of irradiating
the mixture containing both monomer and cellulose, afforded both the grafting of NVP
to cellulose and the homopolymerisation of NVP. The use of y-rays risks the degradation
of cellulosic material by breaking down the glycosidic linkage'® 3, and this can be

mitigated in the mutual irradiation approach because of the presence of the monomer
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which acts as a stabilizer. Inagaki and Katsuura®® used a small amount of sodium ethoxide
in order to activate the graft-polymerisation of NVP onto cellulose phosphonate via the
reaction of the P-H bond with the vinyl groups. The reactivity of P-H was estimated to be
up to 96%, however only a short chain length of PVP (5 repeated units of NVP) was

grafted from cellulose phosphonate.

The graft-copolymerisation of NVP onto cellulose or onto cellulose derivatives has
significantly improved some of the properties of these materials. Takacs et al.>® showed
that 30% grafting of NVP onto cotton-cellulose increased the water uptake by a factor of
2-3 and this was due to the opening of the cellulose structure. Furthermore, Ghanshyam
et al.>® reported the improvement of the sorption of metal ions such as Fe?*, Cu?* and
iodine of a cellulose-based graft-copolymer. Flefel et al.*®, who modified a mixture of
CMC-Na and HEC with both PVP and poly(acrylic acid) (PAA), showed considerably
increased biodegradability resistance and significant activity against fungi that are
responsible for plant diseases. The modification of cellulose phosphonate with NVP
produced flame-retardant properties because of the increase of thermal stability resulting
in a reduction of the flammability. Furthermore, Ibrahim et al.*” grafted NVP onto a
mixture of CMC-Na and HEC (ratio of 3:1) to increase membrane affinity for water,
increasing the solute permeability through the membranes. To conclude, the modification
of cellulose and cellulose derivatives with lactam groups extends the use of cellulosic
material into waste water purification, metal ion enrichment, separation and effluent
remediation technologies, increasing the range of applications from fungicidal agents to

absorbent agents.

The motivation of our work was the coupling of the cellulose derivative, HEC, with
lactam groups in order to mimic the properties of PVP, leading to applications in new

areas of advanced materials science for cellulosic materials. We aimed to lactam-
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functionalize HEC to give a unique bio-based polymer, rather than graft-copolymerise
NVP onto HEC. Our functionalization strategy is based on a low cost reaction centered
on short reaction times under solvent-free conditions. Furthermore, our lactam-
functionalized material has a well-defined cellulose-based polymer backbone, which
facilitates characterisation using standard equipment platforms. Consequently, the
lactam-functionalized HEC may compete favorably with a grafted copolymer equivalent
from an industrial point of view. Like the graft copolymer, our lactam-functionalized
HEC displayed significantly improved stability, swelling, solubility and bacterial anti-
adhesive properties over unfunctionalized HEC. These enhancements, combined with
straightforward synthesis, provide a new type of cellulose hybrid material that could be

produced economically on an industrial scale.

3.2. EXPERIMENTAL

3.2.1. Materials

2-Pyrrolidone, paraformaldehyde, 2-hydroxyethyl cellulose (Mw =250 kDa, DS =1, MS
=2), 2-amino-2-methyl-1-propanol hydrochloride, potassium hydroxide, dimethyl
sulfoxide (DMSO), N-methyl-pyrrolidone (NMP), dimethylformamide (DMF) 1,4-
dioxane, Luria broth and ampicillin sodium salt were purchased from Sigma. 1-
(Hydroxyethyl)-2-pyrrolidone (HEP) was obtained from Ashland. Cyclohexane, acetone,
butanone, ethanol, dichloromethane (DCM), propan-2-ol, chloroform, toluene and diethyl
ether were purchased from Fisher Scientific. Deuterated solvent, DMSO-ds was

purchased from Apollo Scientific. Bacteria Escherichia coli K-12 wild-type strain
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(W3110 / ATCC27325, F-, A-, rpoS(Am), rph-1, Inv(rrnD-rrnE)) and Staphylococcus

aureus (3R7089 strain Oxford / ATCC9144) were grown in the laboratory.

3.2.2. Characterisation techniques

Solution state NMR spectroscopy was performed using either a Varian VNMR-700
spectrometer at 699.73 MHz (*H) and 174.93 MHz (*3C), or a Bruker Advance 400
spectrometer at 400.13 MHz (*H) and 100.60 MHz (**C). For solid state *C NMR
spectroscopy, a Varian VNMRS spectrometer with a 9.4 T magnet was used at 100.56
MHz employing the cross polarisation method. Elemental analyses were performed using
an ULTIMA 2ICP optical emission spectrometer. Size exclusion chromatography (SEC)
was under taken with DMF as solvent at 70 °C, where 100 pL of solution, agitated
overnight, to ensure complete dissolution was injected at a flow rate of 1.00 mL.min by
a Viscotek SEC autochanger model. A Viscotek TDA 301 unit with triple detection (right
angle laser scattering at 670 nm, differential refractometer and viscometer) was used.
Analyses were undertaken using OmniSEC 4.0 software. A Perkin Elmer Pyris 1 system
was used for thermogravimetric analysis (TGA). A Brookfield Digital Viscometer model
DV-I+ was used for measuring dynamic viscosities. A PowerWave™ XS Microplate

Spectrophotometer was used for measuring absorbance in 96-well microplates.
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3.2.3. Synthesis and characterisation of modified HECs

3.2.3.1. Functionalizing agent: 1-(hydroxymethyl)-2-pyrrolidone

In a one-necked round-bottomed flask carrying a condenser, 2-pyrrolidone 1 (10.62 g,
0.125 mol, 1eq.) and potassium hydroxide (0.03 g, 0.534 mmol) were mixed and heated
at 80 °C. Paraformaldehyde (3.78 g, 0.125 mol, 1 eq.) was added slowly and the mixture
was stirred for 30 min at 80 °C. After the mixture was allowed to cool to room
temperature, toluene was added, and the mixture was heated to 80 °C until complete
dissolution occurred. The solution was allowed to cool to room temperature and filtered.
The solid product was then recrystallized from toluene, filtered and dried under vacuum
at 40 °C overnight to afford 1-(hydroxymethyl)-2-pyrrolidone (11.78 g, 82%) as a white
powder; mp. 78-80 °C. *H NMR (400 MHz, DMSO-ds): on (ppm) 5.75 (s, 1H, CH2-OH);
4.57 (s, 2H, CH2-OH); 3.40 (t, J =7.2 Hz, 2H, CH-CH2-N); 2.22 (t, J =8.0 Hz, 2H, CHo-
CO); 1.91 (app gn, J =7.6 Hz, 2H, CH,-CH2-CHy); 3C NMR (100 MHz, DMSO-ds): dc
(ppm) 174.2(C=0); 65.0(CH2-OH); 45.1 (CH2-CH,-N); 31.1 (CH,-CO); 17.6 (CH2-CH,-
CHo>); EA (calculated): 51.9 %C; 7.8 %H; 12.0 %N; EA (found): 52.0 %C; 7.8 %H; 11.9

%N.

3.2.3.2. Functionalization of HEC with 1-(hydroxymethyl)-2-

pyrrolidone

2-Hydroxyethyl cellulose (HEC) 3 (Mw =250,000 g/mol, DS =1, MS =2, 1.0 g, 4 mmol,
1 eq), 1-(hydroxymethyl)-2-pyrrolidone (HMP) 2 (1.5 or 10 eq.) and 2-amino-2-methyl-
1-propanol hydrochloride (0.116 g, 0.923 mmol, 0.25 eq.) were mixed and the mixture

was heated for a defined reaction time. Temperatures and reaction times are summarised
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in Table 3-1. Once the mixture had cooled to room temperature, the product 4 was
precipitated with acetone (200 mL) and collected by filtration. Due to the presence of
unreacted HMP in the *H NMR spectrum, polymer was dissolved in water (10 mL) and
precipitated in acetone (100 mL) and these processes were repeated until the total
disappearance of signals of starting material HMP by *H NMR spectroscopy. This
resulted in a relatively low yield (20-50%). Increased yields were achieved by dialysis of
the reaction mixture for 2 days using a 3,500 Da MWCO membrane against milli-Q water
and product 4 isolated by lyophilization. The precipitate was collected by filtration and
dried under vacuum at 50 °C overnight to afford the modified HEC as a pale yellow
powder in yields ranging from 30% to 100% based on the estimation of DS by **C NMR
spectroscopy. Samples from each reaction were characterised by solid state 1*C NMR
spectroscopy using the cross polarization method. Samples were also dissolved in
DMSO-ds and were characterised using *H (700 MHz), $3C (176 MHz), HMBC and
HSQC NMR experiments. A sample of experiment FJ-73 was characterised using size

exclusion chromatography (SEC) in DMF.

3.2.3.3. Functionalization reaction of HEC with 1-(hydroxyethyl)-2-

pyrrolidone

In a three necked reactor fitted with an overhead stirrer, 2-hydroxyethyl cellulose 3 (1 g,
4 mmol, 1 eq.), 1-(hydroxyethyl)-2-pyrrolidone 5 (5.16 g, 40 mmol, 10 eq.) and 2-amino-
2-methyl-1-propanol hydrochloride (0.116 g, 0.923 mmol, 0.25 eq.) were heated at 155
°C for 2 h. Once the mixture had cooled at room temperature, the product 6 was dialysed
for 2 days through a 3,500 Da MWCO membrane against milli-Q water. The aqueous

solution was lyophilised and the polymer was obtained as a pale yellow powder in yield
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of 0% (1 g) based on the estimation of DS by 3C NMR spectroscopy. The samples were
characterised using solution state NMR spectroscopy. Samples were dissolved in DMSO-

ds and *H NMR (400 MHz) and 3C NMR (150 MHz) experiments were run.

3.2.4. Evaluation of physical properties of HMP-

functionalized HEC

3.2.4.1. Assessment of solubility

The solubilities of HEC and HMP-functionalized HEC (DSgrimary alconol ~0.9) were
evaluated. Solvent (1 mL) (see Table 3-4) was added to cellulosic material (10 mg) in a
vial. The vials were allowed to stand overnight at room temperature then the solutions

were vortexed before determining visually the solubility.

3.2.4.2. Dye release study

HMP-functionalized HEC (D Sprimary aicohot ~0.9) and HEC were both tested for comparison
purposes. Cellulosic material (0.1 g) and rhodamine B (3 mg) were ground to a powder
using a pestle and mortar. The powder was then pressed at a force of 10 tonnes for 5 min
using a KBr press, normally used for preparing IR samples. Each disc was placed in a
vial with distilled water (20 mL). The samples were then left at 25 °C for 7 h, and the dye
release from the discs was monitored visually, with photographs being taken every 10

min for the first hour and then every hour.
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3.2.4.3. Measurement of single point viscosity

Solutions of 3% w/w in water were prepared using HMP-functionalized HEC (DSprimary
aicohol ~0.9) and HEC. Defining a measure of internal resistance, the dynamic (absolute)
viscosity of each solution was measured in mPa.s using a Brookfield instrument which
measured the force required for the torque to rotate the spindle in the immersing solution.
In our experiment, the rotational speed of the torque and temperature was kept constant,

i.e., at 96 rpm and 25 °C respectively.

3.2.4.4. Assessment of thermal stability

The thermal stabilities of HMP-functionalized HEC (DSprimary alcohot ~0.9) and HEC were
compared using thermogravimetric analyses under nitrogen with a temperature ramp of

30 °C to 300 °C at a rate of 10 °C/min.

3.2.4.5. Bacteriological studies

Escherichia coli K-12 wild-type strain (W3110, F, A, rpoS(Am), rph-1, Inv(rrD-
rmE))®? and Staphylococcus aureus (3R7089 strain Oxford)®® were selected for
bacteriological studies as representative Gram-negative (E. coli) and Gram-positive (S.
aureus) species. The following two experiments aimed to evaluate bacterial anti-adhesion
properties and monitor their viability and growth following exposure to materials treated

with either HEC or HMP-functionalized HEC (DSgprimary aiconol ~0.9).

34



3.245.1. Anti-adhesion testing

Bacterial adhesion properties were assessed using the procedure of Wood et al.®.
Aqueous solutions containing 3% w/w of HEC and HMP-functionalized HEC (DSprimary
alcohol ~0.9) were prepared. Squares (18 mmx18 mm) of Whatman 3MM filter paper were
submerged in each cellulosic solution and also in distilled water, as a control, for 40 min
at room temperature. Each paper was then placed in a separate flask and dried overnight
under vacuum at 50 °C. On each paper, bacterial culture (100 puL) grown to an Agsonm Of
0.4 was applied. Sterile squares of polymer film (Saran wrap) were placed over each paper
square to limit evaporation, then the squares were incubated at 37 °C for 24 h in a humid
environment. The film was removed and 56/2 minimal salts buffer (150 puL) was added
to each filter paper. Excess culture and the filter paper were placed ina 2 mL spin column
vial and centrifuged to recover the bacterial culture. The resulting bacterial pellet was re-
suspended in Luria-Bertani (LB) broth and serial 10-fold dilutions from 10 to 10 were
prepared using LB as diluent. Dilutions (10 pL) were spotted onto an LB agar plate, the
plates were incubated for 18-20 h at 30 °C and the number of colonies was visually

counted.

3.2.4.5.2. Bacterial growth and viability testing

Aqueous solutions containing 0.04 g/mL of HEC and HMP-functionalized HEC (D Sprimary
alcohol ~0.9) were prepared. E. coli and S. aureus were grown to an Assonm Of approximately
0.25 in a 96-well microplate, then a solution (10 pL) containing either HEC or HMP-
functionalized HEC (DSprimary alconol ~0.9) was added. Appropriate controls using water

(10 pL) or ampicillin solution (10 pL) were added to bacteria growing on the same plate.
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Bacterial growth at 37 °C was monitored at Aesonm as a function of time using a Biotek

Synergy HT Multi-Mode Microplate Reader.

3.3. RESULTS AND DISCUSSION

3.3.1. Synthesis

3.3.1.1. 1-(hydroxymethyl)-2-pyrrolidone

The preparation of 1-(hydroxymethyl)-2-pyrrolidone 2 followed a literature procedure®:
Paraformaladehyde was reacted with 2-pyrrolidone 1 in the presence of potassium
hydroxide for 30 min at 80 °C (Scheme 3-1) to obtain 1-(hydroxymethyl)-2-pyrrolidone

2 in ayield of 82%.

H Paraformaldehyde w
KOH
1 2

Scheme 3-1: Preparation of 1-(hydroxymethyl)-2-pyrrolidone 2 (HMP)

3.3.1.2. Functionalization of HEC with 1-(hydroxymethyl)-2-

pyrrolidone

The functionalization reaction was inspired by the modification of textiles with

methylolated lactams®. The modification of HEC 3 with 1-(hydroxymethyl)-2-
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pyrrolidone (HMP) 2 (Scheme 3-2) was investigated with different reaction conditions

which are summarised in Table 3-1.

Table 3-1: Reaction conditions used for the functionalization reaction of HEC with 1-

(hydroxymethyl)-2-pyrrolidone

Reaction conditions )
Exp. = - : Ratio (mol) Yield
N° ime emperature atio (mo . %
Solvent ) C) HEC:HMp | Catalyst (%)
FJ-13 17 90 1:1.5 Y 67
FJ-10 DMSO™ 17 110 1:1.5 Y 46
FJ-8 17 155 1:1.5 Y 60
FJ-27 17 155 1:1.5 Y 80
FJ-73 17 155 1:0 Y 100
FJ-23 N 5 155 1:1.5 Y 45
NMP™1
FJ-36 5 155 1:10 Y 45
FJ-35 2 155 1:1.5 Y 62
FJ-40 05 155 1:1.5 Y 50
FJ-41 05 155 1:10 Y 33
FJ-49 1 155 1:10 Y 90
FJ-251 N | " 1.5 155 1:10 Y 94
o0 solvent
FJ-45 2 155 1:10 Y 66
FJ-21 5 155 1:10 Y 64
FJ-29 5 155 1:10 N 26
FJ-213 17 155 1:10 Y 99

* “Y”:yes, “N”:no
“Lin one neck round bottom flask with a magnetic stirrer with 20 mL of solvent

2 in a three necked reactor fitted with an overhead stirrer

Our investigation was divided into three parts depending on the solvent used. Dimethyl
sulfoxide (DMSQ) was first used and permitted the determination of the minimum

required temperature for initiating the functionalization of HEC with HMP. The second
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solvent used was N-methyl-pyrrolidone (NMP) which probed the influence of both the
reaction time and ratio of AGU:HMP on the degree of substitution (DS) of the hydroxyl
groups of HEC with HMP. Furthermore, the integrity of the polymer chains under acidic
conditions was investigated in NMP. Finally, HMP acting as both functionalizing agent
and solvent was explored. The importance of the catalyst on the DS was also investigated

and the absence of degradation of the HEC backbone was confirmed.
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Scheme 3-2: Functionalization reaction of HEC 3 with HMP 2

3.3.1.2.1. Functionalization reactions using dimethyl sulfoxide

The functionalization reactions where DMSO was used as solvent proceeded for 17 h
with a ratio 1:1.5 of AGU:HMP in the presence of 2-amino-2-methyl-1-propanol

hydrochloride. The temperature was set at 90, 110 and 155 °C for the experiment FJ-13,
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FJ-10 and FJ-8 respectively in order to determine the temperature necessary for
functionalizing HEC with HMP. Each sample was characterised using NMR
spectroscopy and the structure of HMP-functionalized HEC was numbered as shown in

Figure 3-2.
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Figure 3-2: Numbering structure of HMP-functionalized HEC 4

The solid state **C CP-MAS NMR spectrum (Figure 3-3) of a sample of experiment FJ-
13 shows signals correlating with the presence of the HEC backbone. The signal éc ~61.8
is assigned to the primary alcohols at C10 (R=H) and C6’ (R=H) position and the broad
signal oc ~71.0 ppm is assigned to the set of carbons from positions C6 to C9, defining
the ethylene oxide side-chain. The signal dc ~75.2 ppm is assigned to the set of carbons
at C2, C2°, C3, C3’ and CS5 positions, dc ~83.0 ppm is assigned to the carbon at C4

position and dc ~103.6 ppm is assigned to the carbon defining the anomeric centre C1.
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Figure 3-3: Solid state **C CP-MAS NMR spectrum of sample of exp. FJ-13 (17 h at

90 °C in DMSO)

The solution state *H NMR spectrum (Figure 3-4) of a sample of experiment FJ-13
showed only two signals on ~3.4 ppm and ~3.5 ppm which are assigned to the protons
defining the ethylene oxide side-chain. However, the broad signals across the baseline are
assigned to the rigid cellulose backbone whereas the sharper signals are due to the more

mobile side-groups.
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Figure 3-4: Solution state *H NMR (700 MHz, DMSO-ds) spectrum of sample of exp.

FJ-13 (17 h at 90 °C in DMSO)

The solution state *3C NMR spectrum (Figure 3-5) of a sample of experiment FJ-13
showed signals characteristic of the HEC backbone and better resolved spectrum
compared to the solid state spectrum (Figure 3-3). The peak dc ~60.6 ppm is assigned to
the carbons of the primary alcohols at C10 and C6’ position where R=H. The peak dc
~70.2 ppm is assigned to the set of carbons at C7, C8 and C6 (R=H) position that define
the ethylene oxide side-chain. The peak dc ~72.7 ppm is assigned to the carbon at the C9
position whereas the signal éc ~74.6 ppm s assigned to the carbon at the C5 position. The
peak oc ~77.3 ppm is assigned to the carbon at C2 position and the peak dc ~80.2 ppm is

assigned to the carbons at C3 and C2’ (R=H) position. The signal at 82.1 ppm is assigned
41



to the carbons at C4 and C3’ (R=H) position and the signal 102.0 ppm is assigned to the

anomeric carbon at the C1 position.
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Figure 3-5: Solution state 3C NMR (176 MHz, DMSO-ds) spectrum of sample of exp.

FJ-13 (17 h at 90 °C in DMSO)

The results of the NMR spectroscopy for sample of experiment FJ-13 did not show the
presence of the functionalizing agent, HMP, but only those of HEC were detected
indicating the unsuccessful derivatization of HEC backbone with HMP. For the following
experiment FJ-10, the ratio AGU:HMP and reaction time was the same as for experiment
FJ-13, however, the reaction temperature was increased from 90 to 110 °C. The

characterisation of the sample of experiment FJ-10 using NMR spectroscopy showed the
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non-functionalization of HEC with HMP as the sample of experiment FJ-13. The
temperature was increased from 110 to 155 °C for the experiment FJ-8 and the analysis

of the sample using NMR spectroscopy revealed spectra containing some differences.

The solid state *C CP-MAS NMR spectrum (Figure 3-6) of a sample of experiment FJ-
8 showed the appearance of new signals characteristic of HMP moiety. The set of signals
oc ~18.3, 31.7 and 47.2 ppm is assigned to the carbons defining the pyrrolidone ring with
oc ~18.3 ppm to the -CH2-CH2-CHa, dc ~31.7 ppm to the -CH2-C=0 and dc ~47.2 ppm
to the -N-CHz- and the signal oc ~178.6 ppm is assigned the carbonyl group. In
comparison with the spectrum in Figure 3-3, a decrease of the intensity of the signal dc
~60 ppm suggested that the modification takes place preferentially at the primary
alcohol(s) of HEC. The newly formed methylene group of HEC is likely to appear in the
range of oc ~70-75 ppm, resulting in an increase in the broadness of the bands in this
range. In addition, the -CH>O- signal of HMP is also likely to be obscured by these

signals.

43



'00 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
0 (ppm)

Figure 3-6: Solid state *C CP-MAS NMR spectrum of sample of exp. FJ-8 (17 h at

155 °C in DMSO)

The solution state *H NMR spectrum (Figure 3-7) of a sample of experiment FJ-8 shows
signals at on ~1.93 ppm and 2.27 ppm corresponding to the protons of -CH2-CH2-CHo-
and -CH2-C=0 group respectively of the pyrrolidone ring. The signal of the -CH2-N- is
probably overlapping with the signal én ~3.42 ppm which is in line with that expected for
an HEC derivatives as well as the signal on ~3.50 ppm (Figure 3-4). Most importantly,
however, the signal n ~4.61 ppm appears to be consistent with the pendent -CH2- group
of HMP attached to a hydroxyl group of HEC. The chemical shift, although similar to the
functionalizing agent HMP, is distinct (0w ~4.57 ppm), which supports the idea of the OH

of HMP being exchanged with an O-alkyl fragment from HEC.
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Figure 3-7: Solution state *H NMR (700 MHz, DMSO-ds) spectrum of sample of exp.

FJ-8 (17 h at 155 °C in DMSO)

In order to demonstrate the attachment of HMP to HEC, HMBC and HSQC solution NMR
experiments were performed (Figure 3-8). The HSQC experiment (Figure 3-8 a) permits
the assignment of the solution state *3C NMR spectrum (Figure 3-9). Critically, a signal
consistent with the pendent -CH>- group of HMP lies at dc ~72.5 ppm. Signals between
oc ~60 ppm to dc ~70 ppm correlate to the HEC backbone and the signals éc ~18, 31 and
46 ppm correspond to the pyrrolidone group, which further supports the presence of both
HEC- and HMP-like species within the isolated material®” 8. Furthermore, the correlation
of the signal oc ~46 ppm with the signal on ~3.37 ppm permits the assignment of the

protons -CH2-N- in the solution state *H NMR spectrum (Figure 3-7).
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Figure 3-8: 'H-C NMR correlation spectra of the sample of exp. FJ-8 (17 h at 155 °C

in DMSO) (a) HSQC and (b) HMBC
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Figure 3-9: Solution state 3C NMR (176 MHz, DMSO-ds) spectrum of sample of exp.

FJ-8 (17 h at 155 °C in DMSO)

The HMBC experiment (Figure 3-8 b) highlights the covalent bonding between HMP and
HEC. The on ~4.61 ppm signal, which is assigned to the pendent -CH2- group of HMP,
correlates with oc ~45.8 ppm, 67.5 ppm and 175.7 ppm. The signals éc ~45.8 ppm and
175.7 ppm are respectively assigned to -CH>-N- and the carbonyl -C=0 group of the
pyrrolidone. The presence of correlation between dc ~ 67.5 ppm and Jon ~4.61 ppm
suggests covalent bonding between the pendent -CH2- group of HMP and the primary

alcohol group(s) of HEC. This is consistent with the primary C6' (R=H) / C10 -methylene-
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hydroxyl group being the most nucleophilic hydroxyl on HEC, in agreement with the
established order of hydroxyl group nucleophilicities of HEC (C10 > C6’ (R=H) >> C2
> C3)'2. The signal éc ~72.5 ppm of the pendent -CH.- group of HMP correlates to on
~3.47 ppm. The o ~3.47 ppm can be assigned to the protons at the C10 and C6’ position
where R#H which serves to provide a second confirmation of the ligation between HMP
and HEC. For reference purposes, the solution state *C NMR spectrum of HEC is shown

in Figure 3-5.

The BC NMR assignment of the functionalized HEC (Figure 3-9) also permits
quantification of functionalization through integration of methylene signals, which are
expected to relax at similar rates. The signals éc ~60.6 ppm and 67.5 ppm have been
assigned to the carbons at C6’/C10 positions where R=H and R#H respectively. Using
the relative integrals of these C6’/C10 signals, the DSprimary alconol Value for the sample of

experiment FJ-8 was estimated to be ~0.1.

To summarise, the functionalization of HEC with HMP in DMSO did not take place at
temperatures of 90 and 110 °C, but when the reaction temperature was increased to 155
°C, the presence of HMP was detected using NMR spectroscopy. The attachment of HMP
to HEC backbone was proven using the 2D NMR spectroscopy and a D Sprimary alcohol OF
~0.1 was calculated using the solution state *C NMR spectrum. DMSO decomposes at
155 °C because of the detection of the characteristic smell at the end of the reaction. For
this reason, the solvent was changed to N-methyl-pyrrolidone (NMP) for subsequent

investigations.
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3.3.1.2.2. Functionalization reactions using N-methyl-pyrrolidone

NMP was used as the solvent for investigating the influence of both the reaction time and
the ratio of AGU:HMP on the DSprimary aicohol. FOr €ach experiment, the temperature was
setat 155 °C and a 1:1.5 ratio of AGU:HMP was chosen for experiment FJ-27, FJ-23, FJ-
35 and FJ-40 whereas the ratio AGU:HMP was decreased markedly to 1:10 for the
experiment FJ-36. The functionalization reactions were allowed to proceed for 17, 5, 2
and 0.5 h for FJ-27, FJ-23, FJ-35 and FJ-40 respectively. For the experiment FJ-36 where
the influence of the amount of HMP was evaluated, 5 h of reaction time was chosen. Each

sample of experiment was characterised using NMR spectroscopy.

From analyses of the *H, 1*C, HMBC and HSQC spectra, the successful functionalization
of HEC is demonstrated. Based on the 3C NMR spectra, the DSprimary alcohol Values
estimated from the ratio between the integrals of the signal dc ~67 ppm of the modified
HEC primary alcohol(s) to that of the unmodified cellulose primary alcohols at dc ~61
ppm are reported in Table 3-2 for each experiment. For the sample of experiment FJ-27,
the DSprimary alcohol Was the same as that for sample of experiment FJ-8 where DMSO was
used as solvent. With a DSprimary aicohol OF 0.1, the change of solvent from DMSO to NMP
did not affect the level of the derivatization, however the decrease of the reaction time
increased the DSprimary alconol UP t0 @ value of 0.2. This can be explained by side reactions

which break down the linkage between HEC and HMP after a certain reaction time.
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Table 3-2: DS result for each experiment using NMP as solvent

Reaction time Ratio

Exp. N° h) AGU HMP DSprimary alcohol
FJ-27 17 1:1.5 0.1
FJ-23 5 1:15 0.2
FJ-36 5 1:10 0.2
FJ-35 2 1:15 0.2
FJ-40 0.5 1:1.5 0.2

The decrease of the reaction time resulted in minor changes in the NMR spectra of
samples compared to those of HMP-functionalised HEC (D Sprimary alconol ~0.1) (Figure 3-6,
Figure 3-7 and Figure 3-9) which suggested an increase of the DSprimary aiconol. Because of
the same value of DSprimary alconol fOr others samples (exp. FJ-23, FJ-36 and FJ-40), only

NMR spectra of sample of experiment FJ-35 were discussed.

In the solid state *C NMR spectra (Figure 3-10) of HMP-functionalized HEC (DSprimary
alcohol ~0.2), increases in the signals oc ~18.3, 31.7 and 47.2 ppm assigned to the
pyrrolidone ring were observed, the signal oc ~71ppm overlapped with the signal oc ~75
ppm and the signal oc ~60.6 ppm, assigned to primary alcohol(s) of HEC, decreased

compared to those of the HEC backbone.
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Figure 3-10: Solid state 3C CP-MAS NMR spectrum of HMP-functionalized HEC (DS

~0.2)

The solution state *H NMR spectrum (Figure 3-11 a) of HMP-functionalized HEC
(DSprimary alcohol ~0.2) showed a signal én ~3.47 ppm which was not detected in the ‘H
NMR spectrum of HMP-functionalized HEC (DSprimary alconol ~0.1) (Figure 3-7). This is
assigned to the protons of primary alcohol(s) (i.e, at C6 (R #H) and C10 (R #H) positions)
which reacted with HMP. The intensities of HMP signals on ~1.93, 2.27 and 4.61 ppm
were increased compared to those in Figure 3-7. In the solution state 3C NMR (Figure
3-11 b) of HMP-functionalized HEC (DSprimary aiconol ~0.2), the intensities of signals
assigned to HMP moiety were also increased and the intensity of the signal oc ~61 ppm
assigned to the primary alcohols of HEC decreased compared to those in the spectrum of

HMP-functionalized HEC (DSprimary aicohot ~0.1) (Figure 3-9). In addition, the ratio of the
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integrals of the signals dc ~67 ppm to dc ~61 ppm was used to estimate a DSprimary alcohol

of being 0.2 which correlated with the changes observed in the NMR spectroscopy

analysis.

(@)

N
/\

N/
/\

N J

5.0 48 4.6 44 4.2 4.0 3.8 3.6 3.4 3.2 3.0 2.8 2.6 2.4 2.2 2.0 1.8 1.6
0 (ppm)

(b)

AV4
/\

230 210 190 170 150 130 110 90 70 50 30 10 -10
o (ppm)

Figure 3-11: Solution state NMR spectra of HMP-functionalized HEC (DS ~0.2); (a)

IH (700 MHz, DMSO-ds) and (b) 13C (176 MHz, DMSO-ds).
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With the objective of increasing the DSprimary alconol, the number of equivalents of HMP
per glucose unit was greatly increased in reaction FJ-36 and reaction time was increased
to 5 h. However, the calculated DS was again ~0.2 and this implied that the number of
equivalents of HMP per glucose unit did not influence the DS in reactions using NMP as
solvent. This ceiling in the DSprimary alconol Can be explained by the presence of two
hydrogen bonding networks, where the presence of intramolecular and intermolecular H-
bonding in HEC structure could limit the functionalization reaction of HMP to HEC in

this solvent.

In order to investigate the integrity of HEC chains under the reaction conditions, HEC
was dissolved in the presence of the catalyst in NMP during 17 h at 155 °C (exp. FJ-73).
The samples were characterised using SEC alongside the starting HEC material. The
resulting curves are display in Figure 3-12 and both were found to overlay, indicating
little or no change to the HEC backbone, containing the stability of the polymers chains

of HEC over 17 h at 155 °C in the presence of catalyst.
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Figure 3-12: Results of SEC analysis of (a) HEC and (b) HEC treated at 155 °C
overnight in the presence of 2-amino-2-methyl-1-propanol hydrochloride; plot shown is

from RI detection.

To summarise, the influence of the reaction time and the ratio AGU:HMP was evaluated
when NMP was used as solvent. The decrease of the reaction time from 17 hto 5 h
afforded increased DSprimary alconol from 0.1 to 0.2 respectively. However, a further
decrease in reaction time to 0.5 h with & DSprimary alcohol Of ~0.2 being achieved after only
30 min. On the other hand, a decreased ratio AGU:HMP did not lead to an increase of the
D Sprimary alcohol demonstrating a poor influence of the ratio AGU:HMP over the degree of
functionalization of HEC with HMP. The stability of the polymer chains under these
conditions was questioned because of the combination of high reaction temperature and
the use of a mild acid catalyst. The SEC analysis of HEC before and after being heated in
presence of the catalyst at 155 °C confirmed a lack of degradation. Subsequent
investigations were carried out to increase the DSprimary alcohol, Where our strategy was

based on the use of HMP as both functionalizing agent and solvent.
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3.3.1.2.3. Functionalization reaction using 1-(hydroxymethyl)-2-pyrrolidone

HMP is liquid at the reaction temperature of 155 °C and served as both solvent and
functionalizing agent. An AGU:HMP ratio of 1:10 was chosen to provide a less viscous,
and eventually homogeneous, reaction system. A series of reactions were performed with
varying reaction times of 0.5, 1, 1.5, 2, 5 and 17 h in the presence of the catalyst to
determine the influence of reaction time on the degree of functionalization of the primary
alcohol group(s) of the HEC backbone. Furthermore, an extra experiment FJ-29 where

the catalyst was omitted was performed to evaluate the influence of the catalyst on

DSprimary alcohol.

Each sample was characterised using NMR spectroscopy where 2D experiments
confirmed the attachment between the HMP moiety and HEC backbone. DSprimary aiconol

were calculated using solution state **C NMR spectra and are summarised in Table 3-3.

Table 3-3: DS results for each experiment in a solvent-free reaction

Reaction time

Exp. N° h) DSprimary alcohol
FJ-41 0.5 0.1
FJ-49 1 0.9
FJ-251 1.5 0.9
FJ-45 2 0.9
FJ-21 5 0.8
FJ-213 17 0.3

For a reaction time of 30 min, the calculated DSprimary aicohot Was 0.1. This low value is
explained by the heterogeneous nature of the reaction mixture. HMP was used as the

solvent and its incomplete melting after 30 min created a heterogeneous system. For
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reaction times of 1, 1.5 and 2 h, DSprimary alcohol Values of 0.9 were calculated using the
solution state C NMR spectra (Figure 3-13 b) which showed the near-complete
disappearance of the signal oc ~61 ppm assigned to the primary alcohols of HEC. In
addition, the solid state *C NMR spectrum (Figure 3-13 a) highlighted the near-complete
functionalization of HEC with HMP. However, a DSgrimary alconol Value less than 1 indicates
either limited accessibility of HMP to the HEC backbone because of H-bonding in the

HEC, or the presence of side reactions.
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Figure 3-13: 1*C NMR spectra of HMP-functionalized HEC (DS ~0.9); (a) solid state

CP-MAS and (b) solution state (176 MHz, DMSO-ds).

For a reaction time of 5 h, a decreased DSprimary aiconol Value of 0.8 was determined and a
DSprimary alcohol O 0.3 was estimated after 17 h. A possible reason of this reduction is the

presence of side reactions resulting in the breakage of the linkage between HMP and
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HEC. This liberates HMP 2 from the functionalized-HEC material which could
decompose into formaldehyde and 2-pyrrolidone 1. This decomposition reaction is
essentially irreversible given that formaldehyde can be lost as a gas from the system
(Scheme 3-3) and could be verified, for instance, using NMR spectroscopy proving the

presence of 2-pyrrolidone.

2
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Scheme 3-3: Scheme of degradation of HMP-functionalized HEC 4 (DS =1 at C10

position)

Furthermore, the side reactions could potentially lead to the alteration of the integrity of
the HEC chains, however the breadth of the HEC backbone NMR signals (Figure 3-13)
is a strong indication of the high molecular weight of HMP-functionalized HEC,
nonetheless further analysis was performed to probe the integrity of the cellulose
backbone following reaction with HMP. HEC of 90 kDa (1 g) after reacting with HMP
was dialysed against a 50 kDa membrane and near quantitative mass recovery (~1.5 g)
was obtained after lyophilisation. This indicates that the average molecular weight of the
recovered HEC is higher than 50 kDa but this experiment did not supress the degradation
hypothesis because chains could be effectively degraded to lower average molecular

weight from 90 kDa to 50 kDa. However the results of SEC experiments showed in Figure

58



3-12 demonstrated no major loss of molecular weight after HEC was treated under mild
acidic conditions for overnight. Thus we conclude that reaction with HMP did not cause

significant degradation of the HEC backbone.

To determine the influence of the catalyst on the efficiency of the reaction, the catalyst
was removed for the experiment FJ-29, the ratio AGU:HEC was kept the same as in others
experiments and the reaction was performed for 5 h at 155 °C. A DSprimary aicohol Of 0.1 was
calculated whereas a DSprimary alconol OF 0.8 was reached when using 2-amino-2-methyl-1-

propanol hydrochloride. This confirmed the reliance on the catalyst.

To summarise, solvent free reactions enhanced the level of functionalization of primary
alcohol(s) with HMP (DSprimary aiconot ~0.9) after only 1 h of reaction. However, a strong
decrease of the DSprimary aiconol Was observed after a reaction time of 3 h suggesting a
degradation of HMP-functionalized HEC in HMP and this suggested the reversibility of
the functionalization reaction. In addition, the importance of the catalyst was proven
because of significant reduction of the DSprimary aiconol IN a@bsence of catalyst and the
evidence of the stability of HEC chain under these reaction conditions was further

confirmed via a dialysis experiment.

3.3.1.2.4. Conclusion

Our preliminary investigation of the functionalization reaction of HEC with HMP was
performed in DMSO permitting the optimisation of the reaction temperature. The reaction

takes place at a minimum temperature of 155 °C, and a DSprimary alconol Of 0.1 was obtained
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after 17 h with a 1:1.5 ratio of AGU:HMP in presence of 2-amino-2-methyl-1-propanol
hydrochloride. Owing to the decomposition of DMSO at 155 °C, NMP was subsequently
used as solvent and a DSprimary aiconol Value of ~0.2 was reached after only 0.5 h. The
decreased ratio AGU:HMP did not affect DS, however, the use of HMP as solvent and
reagent increased considerably the DSprimary aicohol t0 @ value up to 0.9. The use of the
catalyst permitted a near-complete functionalization of the primary alcohol(s) whereas its
absence decreased the DSprimary alcohol t0 0.1. Furthermore, the use of an ammonium salt
mitigates against the possibility of acid-catalysed polysaccharide chain degradation.
HMP, as a formaldehyde-derived system, is more reactive than the sugar-derived
glycosidic acetals, where the oxocarbenium ions formed on glycosidic bond cleavage are
significantly destabilised by the 2-hydroxy group®® °. More reactive acetal-derived
systems are generally susceptible to transformations mediated by weaker general acid
species, whereas polysaccharides are unreactive. This idea is borne out in our observation

that polysaccharide degradation is not evident from SEC and dialysis experiments.

3.3.1.3. Functionalization reaction of HEC with hydroxyethylol-

pyrrolidone

The aim of this experiment was to investigate the functionalization reaction mechanism
by attempting to couple hydroxyethylol-pyrrolidone (HEP) 5 to HEC 3 (Scheme 3-4). In
term of structure, an ethylene group in HEP replaces a methylene in HMP. The presence
of the two methylene groups on the side chain of HEP provides a different reactivity due
to the absence of resonance effects between the nitrogen and alcohol. The reaction

between HEP and HEC was based on the same procedure for that of HMP-functionalized
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HEC (DSprimary alcohol ~0.9). The product 6 was further characterised using solution state

NMR spectroscopy.

§ i
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with R=H or

z Lf

6

Scheme 3-4: Functionalization of HEC 3 with hydroxyethylol-pyrrolidone 5

An *H NMR spectrum (Figure 3-14 a) demonstrated the presence of HEC with signals ou
~3.4-3.5 ppm assigned to the ethylene oxide side chain of HEC, but did not show signals
characteristic of HEP leading us to conclude that functionalization of HEC with HEP was
unsuccessful. This was also confirmed with the 3C NMR spectrum (Figure 3-14 (b))
which does not contain signals of HEP, but only those of HEC were detected. The absence
of reactivity between HEC and HEP suggested a reaction mechanism for preparing HMP-
functionalized HEC which relies on the resonance effects of HMP. The catalyst, 2-amino-
2-methyl-1-propanol hydrochloride protonates the hydroxyl group of HMP which is

eliminated as a water molecule due to effect of resonance. This results in the formation

61



of an iminium ion which reacts with the primary alcohol(s) of HEC. The summary of this

mechanism is presented in Scheme 3-5.
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Figure 3-14: Solution state NMR spectra of product 6; (a) *H (400.13 MHz, DMSO-ds)

and (b) *C (100.62 MHz, DMSO-ds).

62



HO
2 3
Q
N ( 0
o\\/ 0
><\/ 2 0 ><\/ G H
0 ut 0
0 H o}
-
HO Ownn, HO O,
HO HO

Scheme 3-5: Reaction mechanism scheme for the reaction between HMP 2 and HEC 3

(DS =1 at C10 position)

3.3.2. Evaluation of physical properties

The physical properties of HMP-functionalized HEC with a DSprimary aicohol Of ~0.9 were
evaluated in comparison to unmodified HEC. Solubility, viscosity, thermal stability, dye

release and bacteriological effects were investigated.

3.3.2.1. Solubility

The solubility of the HMP-functionalized HEC (DSprimary alcohol ~0.9) was tested and
compared to the unfunctionalized material, HEC. A concentration of 10 mg/mL of

cellulosic material was chosen. The results of the tests are summarised in Table 3-4.
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HEC, which is not soluble in organic solvents, became soluble or swelled in these same
organic solvents such as DMF, DCM and EtOH after functionalization with HMP. HMP
contains a lactam group which represents the key moiety of poly(N-vinylpyrrolidone)
(PVP). PVP is well-known for its solubility in both aqueous and organic solvents due to
its amphiphilic character. The introduction of lactam groups onto HEC could lead to the
development of an amphiphilic derivative of HEC which could see its uses extended in

industrial applications.

Table 3-4: Results of the solubility testing for HEC and HMP-functionalized HEC

(Dsprimary alcohol "'0.9)

Solvents HEC HMP-functionalized HEC
Water A
dimethyl sulfoxide
dimethylformamide
cyclohexane
Dioxane
butanone -
Ethanol -
dichloromethane -
propan-2-ol -
chloroform -
Toluene S
diethyl ether -

1w 4+ +

D+ On+ +

s, swelling; +, soluble; -, insoluble

3.3.2.2. Dye release study

HEC is used in the preparation of pharmaceutical tablets as a binder because of its

biocompatibility and biodegradability, however, the modification of HEC with HMP

64



could affect the release profile of the active molecule from such a tablet. Therefore, the
dye-release test was undertaken to simulate the release of a drug from a tablet prepared
from HEC and HMP-functionalized HEC (DSprimary aiconot ~0.9). A water soluble dye,
rhodamine B was used as a model drug and tablets were prepared using a KBr press. The

dye release was evaluated as a function of time and is shown in Figure 3-15.

Figure 3-15: Results of the swelling test of (a) HEC and (b) HMP-functionalized HEC

(DS ~0.9) using rhodamine B

The dye contained in the unmodified HEC disc was released into water, indicating the
beginning of the disintegration of the disc. The dye diffusion started from the bottom of
the vial where the HEC disc was located, leaving the top of the vial clear. The diffusion

of the dye increased slightly during the first hour. Over the following hours, an increase

65



of the dye diffusion was continuously observed with disc disintegration. After 6 h, the
entire aqueous solution contained the dye and the disc had completely disintegrated.
However, the colour effect suggests a gradual dye concentration decrease from the bottom
to the top of vial. A homogeneous concentration in the vial may be achievable with a

longer experiment time or stirring.

Regarding HMP-functionalized HEC, the disc swelled continuously with time in water.
The dye contained in the centre of the disc was not released, highlighting the swelling of
the disc, however, the dye at the surface was released and diffused completely into the
water. The swelling of the disc increased rapidly during the first hour without dye release
into the water. After 2 h, the gel-like disc started to release the dye, and, over the following
hours, the swollen disc decomposed. The dye was then released and diffused through the
water. At 6 h, the observations were similar to the HEC disc with a gradual change in dye

concentration through the solution.

HMP functionalization clearly affected the dye release properties of HEC. The
introduction of HMP to HEC was expected to interrupt the H-bonding network, resulting
in increased water solubility. Furthermore, the polarity of the amide group of HMP may
further improve the solubility of functionalized HEC in water as well as in polar organic
solvents, compared to HEC. However, HMP also presents a partial hydrophobic character
due to the presence of the lactam ring. The bonding of HMP to HEC may cause an
increase of HEC hydrophobicity (estimated log P of N-methyl-pyrrolidone ranges from
—0.38 to —0.57"%). The hydrophobic/hydrophilic properties could explain the tendency of

the functionalized HEC to swell in water during the first hour and subsequent dissolution.
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3.3.2.3. Thermal stability

The thermal stability was studied for determining the range of temperatures over which
HMP-functionalized HEC can be processed and/or used without any degradation. The
weight losses on heating of HMP-functionalized HEC (DSprimary aiconol ~0.9) and HEC as
a function of temperature are recorded in Figure 3.16. HEC (Figure 3-16 a) lost ~5% of
weight between 20 °C and 70 °C due to the loss of water after which its weight remained
stable from 70 to 200 °C indicating its thermal stability over this temperature range.
However, weight loss increased sharply above 210 °C indicating the beginning of HEC
decomposition. At 300 °C, a weight loss of 40% was measured. Regarding the
functionalized HEC (Figure 3-16 b), a slight loss of weight (~3%) was observed from 20
°C to 70 °C indicating the presence of moisture contained in the material, however its
weight was relatively stable over the temperature range 70 °C to 210 °C. From 250 °C,
the functionalized HEC started to show a very slight weight loss, however, at 300 °C, the

functionalized HEC had lost only ~4% of its weight.
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Figure 3-16: Evolution of weight loss as a function of temperature by TGA (a) HEC

and (b) HMP-functionalized HEC (DSprimary alconol ~0.9)

The measured weight loss at 300 °C of the functionalized HEC was ten times less than
that of the HEC material. The functionalization of HEC with HMP therefore generated a
more thermally stable polymer compared to unfunctionalized HEC due to the increase of
the molecular weight of HMP-functionalized HEC compared to unmodified HEC. This
provides another piece of evidence concerning the integrity of the HEC chains, which
corroborates with the results of our previous studies. In fact, significant degradation of
HEC backbone should result in the loss of thermal stability because of a decrease of the
average molecular weight of HEC, however an increase of the thermal stability was
demonstrated compared to the parent HEC. HMP-functionalized HEC can be used and/or
processed for desirable industrial applications over a broader range of temperature than

HEC.
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3.3.2.4. Viscosity measurement

The measured dynamic (absolute) viscosities for HEC and functionalized HEC were
respectively 453.1 and 15.6 mPa.s. The viscosity of functionalized HEC is approximately
30 times lower compared to that for HEC and this cannot due to a possible degradation
of HEC backbone. In fact, the integrity of HEC chains remains under the reaction
conditions that were used to functionalize HEC with HMP and this was demonstrated
using SEC (Figure 3-12). The introduction of the lactam group into HEC causes both the
breaking of the H-bonding network and an increase in the distance between HEC chains.
As a consequence, the water accessibility into the structure is improved, the solubilisation
of functionalized HEC is enhanced, and this, in turn, causes the drastic viscosity

reduction.

3.3.2.5. Bacteriological testing

Cellulosic materials are widely used in regenerative tissue culture, drug delivery, personal
care, cellular immobilization and wound healing applications’> 3. The adherence of
bacteria to such surfaces can lead to the establishment of infections and the formation of
complex biofilms that hinder treatment. A plausible route to reduce the risk of infections
is to chemically modify material surfaces, where the modified surfaces could result in the
death and/or the reduced adhesion of bacteria. For instance, the presence of cationic
molecules such as imidazolium groups is known to kill bacteria™. In 2007, Cheng et al.”
investigated the anti-adhesion properties of bacteria on zwitterionic surfaces which are
produced via Atom Transfer Radical Polymerisation (ATRP) of N-(3-sulfopropyl)-N-

(methacryloxyethyl)-N,N-dimethylammonium betaine from gold particles. The reduction
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in bacterial adhesion was most evident with zwiterrionic and hydrophilic/neutral
polymers, with both Gram-positive and Gram-negative bacteria behaving in a similar
fashion. It was anticipated that the introduction of lactam groups would confer dipolar
properties to HEC and thus could enhance its anti-adhesion properties against bacteria.
The influence of the HMP-functionalization of HEC on bacterial viability, growth and
adhesion was therefore examined using representative Gram-negative (E. coli) and Gram-

positive (S. aureus) strains to investigate bacterial selectivity.

For the viability and growth experiments, a solution in water of HEC and HMP-
functionalized HEC was added to a 96-well microplate containing bacteria grown to an
Assonm OF approximately 0.25. Growth was recorded as a function of time for both E. coli
and S. aureus (Figure 3-17 a & b). For anti-adhesion testing, filter paper was impregnated
with a solution containing either HEC or HMP-functionalized HEC; sterile water was
used as a control. Cultures of E. coli and S. aureus in mid-logarithmic phase (Aesonm 0.4)
were applied to the surface of the paper and the adhered bacteria were recovered after 24
h at 37 °C. Serial ten-fold dilutions of the recovered bacteria were prepared and spotted
onto an agar plate (Figure 3-18). The plate was incubated and bacterial recovery was

evaluated visually by counting colonies at appropriate dilutions (Table 3-5).
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Figure 3-17: Growth of E. coli and S. aureus as a function of time after addition
(indicated by arrows) of solutions containing HEC, HMP-functionalized HEC (DSprimary

alcohol ~0.9), water (H20) and ampicillin (amp)

For E. coli, the growth and viability (as judged by optical density) of the bacteria (Figure
3-17 a) were largely unaffected by the presence of HEC and HMP-functionalized HEC
solutions indicating that these materials lack bactericidal properties. Regarding anti-

adhesion properties (Figure 3-18 a & Table 3-5), the number of recovered bacteria from
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the filter paper treated with water (Figure 3-18 i (b)) was slightly lower (1.0 x 107 cfu/mL)
than that coated with functionalized HEC (1.36 x 107 cfu/mL), whereas a significantly
larger number of bacteria were recovered from samples treated with HEC (1.96 x 108
cfu/mL). E. coli therefore adhered most strongly to the control filter paper (treated with
water). HEC treatment (Figure 3-18 i (c)) significantly enhanced the bacterial anti-
adhesion properties of the paper with a 20-fold increase in recovery of bacteria and
enhanced the growth of bacteria with a 2-fold increase of recovered bacteria compared to
the control (7.2x10”" CFU/mL) which represents the number of deposited bacteria on the
surface. The functionalized HEC treated paper (Figure 3-18 i (d)) showed considerably
reduced anti-adhesion properties, with only a 1.4-fold increase in the number of bacteria

recovered relative to the paper treated with water.

For S. aureus, the viability and growth (Figure 3-17 b) was unaffected following the
addition of a solution containing HMP-functionalized HEC. HEC did reduce the bacterial
density as cells entered the stationary phase of growth compared to HMP-functionalized
HEC, although the results are similar to those seen with E. coli (Figure 3-17 a). In anti-
adhesion experiments (Figure 3-18 ii & Table 3-5), the number of recovered bacteria from
the paper treated with the solution of HMP-functionalized HEC (Figure 3-18 ii (d)) was
the highest (8.3 x 10* cfu/mL) compared to those treated with water (5.4 x 10° cfu/mL)
or with the HEC solution (0 cfu/mL). For the paper treated with HEC (Figure 3-18 ii (c)),
bacteria were not recovered indicating complete adhesion of S. aureus to the paper since
HEC does not show any significant bactericidal effects (Figure 3-17). In the case of S.
aureus, the chemical modification of HEC with HMP clearly improved the anti-adhesion

properties relative to the unfunctionalized HEC.
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Figure 3-18: Adhesion testing of i) E. coli ii) S. aureus monitoring the recovery of
viable bacteria from filter paper pre-treated with (b) H2O, (c) HEC, and (d) HMP-
functionalized HEC (D Sprimary alcohot ~0.9). A control sample (a) not exposed to filter

paper was also tested.
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Table 3-5: Recovery of bacteria from filter papers treated with water, HEC and HMP-

functionalized HEC (DSprimary alcohol "'09)

cells/mL SD fraction recovered

control 7.2 x 107 1.6 x 107 1.0
E. coli H20 1.0 x 107 4.0 x 10° 0.14
HEC 1.4 x 108 1.2 x 107 1.9
HMP 1.9 x 107 0 0.27
control 2.4 x 108 8.0 x 107 1.0

S. aureus H20 5.4 x 103 1.4 x 103 2.2x10°

HEC 0 0 0
HMP 8.3 x 10* 1.0 x 10° 3.5x10*

In summary, the anti-adhesion testing reveals a marked difference in the behaviour of
HEC and HMP-functionalized HEC between the two bacterial species. This difference
may be due to altered hydrophobicity, one of the criteria influencing bacterial adhesion.
In fact, bacterial adhesion depends on surface properties, including roughness, charge,
hydrophobicity and chemical composition, the hydrophobicity and charge of the bacterial
envelope and other surface structures’®. Bacteria with a hydrophobic exterior will adhere
preferentially to hydrophobic substrates, whereas bacteria with hydrophilic surfaces
favour hydrophilic materials’’. The E. coli bacteria used in this study present a
predominantly negatively-charged, hydrophilic surface composed of lipopolysaccharides
and outer membrane proteins, whereas S. aureus, although possessing a negatively-
charged surface composed of peptidoglycan, teichoic acids and surface proteins, is
radically different in character’®. The filter paper treated with water presents a more
hydrophilic surface with a larger surface area than that treated with HEC, hence the
adhesion of E. coli increased slightly, whereas almost all of the S. aureus cells were
retained. Treatment with a solution containing HEC appears to increase the

hydrophobicity of the paper and reduces bacterial adhesion by E. coli and increases
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adhesion by S. aureus. Introduction of lactam groups onto HEC decreases its hydrophobic
character and improves bacterial adhesion by E. coli but significantly decreases bacterial
adhesion by S. aureus, reflecting the differences in the cell envelope architecture in these

bacteria.

3.4. CONCLUSION

Our strategy to introduce lactam groups onto a cellulosic material via the
functionalization of HEC with HMP was found to be highly efficient. The synthesis of
the functionalizing agent, HMP 1, gave reproducibly high yields. The modification of
HEC with HMP was investigated in different media. However, the highest degree of
functionalization was reached in a solvent free reaction when HMP acted as both
functionalizing agent and solvent resulting in the preparation of HMP-functionalized
HEC with DSprimary aiconol OF ~0.9. The incomplete functionalization of the primary
alcohols of HEC is consistent with the particular structure of the cellulose, notably the
presence of intramolecular and intermolecular hydrogen bonding which block the
accessibility of the primary alcohols to the functionalizing agent. The conditions of the
modification reaction with HMP have been shown not to lead to any significant
degradation of the cellulose backbone. The lactam-functionalized HEC gave faster the
dye release compared to unfunctionalized HEC. Moreover, the viscosity of the lactam-
functionalized HEC decreased while the thermal stability increased compared to
unmodified HEC. Furthermore, bacteriological assays revealed an increase in bacterial
adhesion by E. coli and, reciprocally, a decrease in adhesion of S. aureus to lactam-
functionalized HEC in comparison to unfunctionalized HEC. This can be explained by

both the breakage of the hydrogen bonding network and the introduction of the lactam
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groups which enhance the material’s hydrophilicity and has contrasting effects depending
on the nature of the bacterial envelope surface. The HMP-functionalized HEC could be
used as a controlled drug delivery system and as a coating which is more thermally stable
than the parent HEC and can prevent the adhesion of bacteria of Gram-positive. Overall,
the modification of HEC did not lead to new applications but added a considerable value
to the use of a cellulosic material in industry because of the alteration of its properties

(solubility, viscosity and thermal stability).
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Chapter 4:  “Grafting from” approach for preparing

graft-copolymers of hydroxyethyl cellulose

4.1. INTRODUCTION

This chapter details the preparation of well-defined graft-copolymers of hydroxyethyl
cellulose (HEC) using a “grafting from” approach. During the last decade, the most
investigated reversible-deactivation radical polymerisation (RDRP) technique for
preparing well-defined cellulose-based graft-copolymers has been Atom Transfer Radical
Polymerisation (ATRP) and this has been reviewed by the author in the article entitled
“The Preparation of Graft Copolymers of Cellulose and Cellulose Derivatives Using
ATRP Under Homogeneous Reaction Conditions”’® which was arranged into sections
based on the parent cellulose derivative undergoing chemical modification. Cellulose
(Cell), ethyl cellulose (EC) and hydroxypropyl cellulose (HPC) have received most
attention as materials for the graft-copolymerisation of various monomers, including
methyl methacrylate®®-8?, N-isopropylacrylamide®®% and styrene®® 8 (Table 4-1). The
graft-copolymerisation process involves principally two steps. The first is the preparation
of macro-initiators characterised using DS which determined the graft-density of graft-
copolymers. The second step is the use of macro-initiators for initiating the ATRP process
of various monomers, resulting in the formation of graft-copolymers of cellulose and
cellulose derivatives. The efficiency of the polymerisation was highlighted using the
monomer conversion (%) which permitted the determination of the chain length, and the
control of the polymerisation was evaluated measuring Pm. The main purpose of the
grafting was to create amphiphilic hybrid materials which could self-assemble into

nanoscale species and/or which possess stimuli-responsive properties. These materials
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are being considered for applications in biotechnology given their cost effectiveness and

their largely renewable origin.

As discussed in Chapter 2 (section 3.1.), the monomer N-vinylpyrrolidone (NVP) has
been polymerised onto cellulose and cellulose derivatives using free radical and anionic
polymerisation, however, its controlled polymerisation from cellulose and derivatives has
not been yet reported. ATRP of NVP has been investigated in solution and from surfaces.
The ATRP was initiated from modified silicon® and gold® surfaces and the control of
the polymerisation was proven by determining the homogeneity of the surface using
surface characterisation technique such as X-ray photoelectron spectroscopy (XPS),
reflectance FT-IR and water contact angles. The thickness of the PVP layer was up to 15
nm from the silicon wafers whereas only 5 nm was generated from the gold surface. In
solution®®, NVP has been successfully polymerised from methyl-2-propionate chloride
with a conversion up to 65% after 3 h, and a narrow molecular weight distribution (Dwm
=1.1-1.2) was obtained. Furthermore, Mishra et al.®* reported the use of glucose which
had been prior-modified into an initiator via the derivatization of the alcohol groups with
an alkyl bromide for initiating the polymerisation leading to the formation a five-arm star

structure.

In order to satisfy Ashland requirements, ATRP of NVP from HEC was investigated as a
novel strategy for introducing lactam groups onto cellulosic materials. In parallel, we
were also interested in developing the antibacterial properties of cellulose materials
because of the use of cellulose in biomedical applications®* *3. In Chapter 3 we showed
that the introduction of lactam groups onto HEC affected only the adhesion of bacteria,
subsequently we were not expecting that the graft-copolymer, HEC-g-PVP, to present
any bactericidal properties. However, the introduction of cationic polymers onto HEC

should lead to the preparation of bactericidal graft-copolymers. Tatsuo Tashiro® and,
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more recently, Mufioz-Bonilla®, reviewed the advances in the preparation of antibacterial
polymers which contain, for instance, quaternary ammonium salts, biguanide groups,
quaternary pyridinium salts, phosphonium or sulfonium salt, and these functional groups
lead to the death of bacteria. A new class of monomers, ionic liquid monomers (IL), which
include vinylimidazolium, (methyl)acryloyl and styrene-based ILs (Figure 4-1) have been
recently developed and present promising properties such as high thermal stability, high

ionic conductivity, low vapour pressure and bactericidal effects®,

@) \ (©)

Figure 4-1: lonic liquid monomer structure (a) acryloyl-, (b) vinyl-imidazolium- and (c)

styrene- based IL

ILs have been successfully polymerised using conventional free radical polymerisation®
and RDRP techniques such as ATRP%0-102 agnd RAFT 104 Thus, the ATRP of an

acryloyl-based IL, 1-(11-acryloyloxyundecyl)-3-methylimidazolium bromide, which has
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to be prior-synthesised, was investigated in order to prepare bactericidal HEC-based

graft-copolymers.
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4.2. EXPERIMENTAL

4.2.1. Materials

2-Hydroxyethyl cellulose (HEC) (Mw =90 kDa, MS =2.5), HEC (Mw =250 kDa, DS =1,
MS =2), collidine, triethylamine (TEA), 2-bromoisobutyryl bromide, copper (1) bromide
(CuBr), methyl methacrylate (MMA), N,N,N'N'-tetramethylethylenediamine (TMEDA),
N-vinylpyrrolidone (NVP), 11-bromo-1-undecanol, p-toluene sufonic acid, monomethyl
ether hydroquinone (MEHQ), acrylic acid, 1-methylimidazole, dimethyl sulfoxide
(DMSO), potassium hydroxide (KOH) and sodium hydroxide (NaOH) were purchased
from Sigma Aldrich. Dichloromethane (DCM), chloroform, tetrahydrofuran (THF),
methanol, 1 M solution hydrochloride, toluene, acetone, cyclohexane and diethyl ether
were supplied from Fisher Scientific and the deuterated solvent, DMSO-ds was purchased

from Apollo Scientific.

4.2.2. Characterisation techniques

For solid state 3C NMR spectroscopy, a Varian VNMRS spectrometer with a 9.4 T
magnet was used at 100.56 MHz employing the cross polarisation method. Solution state
NMR spectroscopy was performed using a Bruker Advance 400 spectrometer at 400.13
MHz (*H) and 100.60 MHz (*3C). IR spectra were recorded on a Perkin-Elmer 1600
Series FT-IR spectrometer. Elemental analyses were performed using an ULTIMA 2ICP
optical emission spectrometer. Size Exclusion Chromatography (SEC) was performed on

a Viscotek TDA 302 complete with a GPCmax autosampler where refractive index,
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viscosity and light scattering detectors were used to determine the number average
molecular weight (My) and dispersity (Dw). A value of 0.08 mL/g'® was used for the
dn/ dc of PMMA, 2 x 300mm PLgel 5 um mixed C columns were used with a linear range
of molecular weight from 200 to 2 000 000 g/mol and THF was used as the eluent with a

flow rate of 1.0 mL/min at 35 °C.

4.2.3. Synthesis and characterisation

4.2.3.1. Preparation of the macro-initiators: Br-HECs

In a one-necked, round-bottomed flask, 2-hydroxyethyl cellulose (HEC) 1 (4.8 g, 1 eq.)
and a base; either collidine or triethylamine (2 eg.) were mixed in dry dichloromethane
(DCM) (80 mL). The mixture was cooled to 0 °C and 2-bromoisobutyryl bromide 2 (2
eq.) was added carefully. The reaction was carried out at room temperature for 24 h. The
mixture was filtered and the solid residues were washed with acetone (200 mL). The
product was dried overnight under vacuum at 40 °C. Finally, unreacted 2-
bromoisobutyryl bromide was removed from the product by Soxhlet extraction using
chloroform for 48 h. The product 3 was then dried under vacuum at 40 °C and was
obtained as a white powder. The influence of the atmosphere, the molecular weight and
molar substitution (MS) of HEC, and the choice of the base on the degree of the
substitution (DS) were investigated; Table 4-2 summarises the different reaction
conditions, yield (%) and mass recovery (g).

Samples were characterised using solid state *C CP-MAS NMR and FT-IR
spectroscopies and the content of bromine was determined using elemental analysis and

to estimate the DS.
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4.2.3.2. Preparation of HEC-graft-poly(methyl methacrylate)

4.2.3.2.1. Synthesis

In a two-necked, round-bottomed flask, CuBr (0.1 g, 6.9x10* mol, 1 eq.) and a magnetic
stirrer bar were degassed three times by freeze-pump-thaw cycling. MMA 4 (125 eq., 30
eq., 15 eq. and 12 eq.), TMEDA (0.2 mL, 1.3x10° mol, 2 eq.) and DMSO (10 mL) were
added and the resulting mixture was degassed three times. Under N2, the mixture was
heated to 90 °C and the macro-initiator Br-HEC 3 (DS ~0.3 or 0.7, 0.2 g, 1 eq.) was then
added. The reaction was run overnight. Once cooled to room temperature, the polymer 5
was isolated by precipitation using chloroform. The polymer was then dried overnight
under vacuum at 40 °C. The polymer was obtained as a light blue powder. Products were
characterised using solid state *C CP-MAS NMR and FT-IR spectroscopies.

Different degrees of MMA polymerisation (DP) and DS for the macro-initiator Br-HEC

were chosen and these are summarised in Table 4-4.

4.2.3.2.2. Cleavage of PMMA chains

The procedure followed that reported in the literature®® %7, In a round-bottomed flask,
sample FJ120 (1 g) was mixed in THF (80 mL) and a 1 M KOH solution in methanol (40
mL) was added. The reaction was run for 3 days at room temperature. A 1 M solution of
hydrochloric acid (30 mL) was added and the solvents were removed by rotary
evaporation. Toluene (30 mL) was added to ensure the dissolution of the PMMA chains.

The solution was then filtered. The PMMA grafts were precipitated in to petroleum ether,
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solids were collected by filtration and dried overnight under vacuum at 40 °C. The PMMA

chains were characterised using SEC.

4.2.3.3. Preparation of HEC-graft-poly(N-vinylpyrrolidone)

In a two-necked, round-bottomed flask, N-vinylpyrrolidone 6 (13.40 mL, 1.2 mol, 400
eq.), CuBr (0.35 g, 2.5x10° mol, 1 eq.) and TMEDA (370 pl, 3x10° mol, 2 eq.) were
dissolved in a water / methanol mixture (25 mL / 75 mL). The flask was sealed and the
solution was degassed three times. Under a N2 atmosphere, the macro-initiator Bro7-HEC
3(1 g, 2.8x10° mol, 1 eq.) was added to the solution. The mixture was heated at 60 °C
for 4 h under a N2 atmosphere. The mixture was cooled to room temperature and dialysed
against water for 2 days. The final aqueous solution was then freeze-dried. The recovered
product 7 was obtained as a fine powder in a yield of 0.5% (0.6 g). The product was
characterised using solid state *C CP-MAS NMR and FT-IR spectroscopies.
Furthermore, elemental analysis C, H and N was performed and the bromine content was

determined.

4.2.3.4. Preparation of HEC-graft-poly(1-(11-acryloyloxyundecyl)-3-

methylimidazolium bromide)

4.2.3.4.1. Synthesis of 1-(11-acryloyloxyundecyl)-3-methylimidazolium bromide

First step: In two-necked, round-bottomed flask fitted with both a condenser and a
dropping funnel, 11-bromo-1-undecanol 8 (2.5 g, 9.95x10° mol, 1 eq.), p-toluene
sulfonic acid (0.2 g, 1.16x103 mol,1 eq.) and monomethyl ether hydroquinone (MEHQ)
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(0.02 g, 1.6x10™* mol, 0.02 eq.) were dissolved in 27 mL of cyclohexane and the mixture
was refluxed for 1 h. Acrylic acid 9 (0.8 mL, 1.16x102 mol, 1 eq.) was dissolved in 4 mL
of cyclohexane and was dropped into the mixture using the dropping funnel. The final
mixture was refluxed overnight. Once cooled to room temperature, the organic solution
of product was washed with NaOH (10% w/w, 3x50 mL), dried over MgSO4 and
concentrated under vacuum. The product 10 was obtained in a yield of 88% (2.4 g). 'H
NMR (400 MHz, DMSO-ds): &+ (ppm) 1.3-1.8 (m, 18H, Br-CHz-(CHz)s-), 3.52 (t, J =6.7
Hz, 2H, Br-CH2-), 4.10 (t, J =6.7 Hz, 2H, -O-CH2-), 5.94 (dd, J =10.3, 1.6 Hz, 1H,
HCH=CH-), 6.17 (dd, Jac =17.3, 10.3 Hz 1H, -CH-CH,), 6.32 (dd, J =17.3, 1.6 Hz, 1H,
HCH=CH-); **C NMR (100 MHz, DMSO-ds): dc (ppm) 25.3-35.1 (9C, Br-CHa-(CH2)s-

),40.4 (-CHo-Br) 64.0 (-CH,-0-), 128.4 (-CH=CHy), 131.2 (-CH=CHy), 165.4 (-C=0).

Second step: Bromoalkylacrylate 10 (2.4 g, 7.96x10° mol, 1 eq.), and 1-methylimidazole
11 (0.6 mL, 7.96x10mol, 1eq.) were mixed and heated at 50 °C for 24 h. When the
mixture was cooled to room temperature, the product precipitated and was filtered. The
product 12 was then washed with diethyl ether (3x50 mL) and dried under vacuum to
obtain a white powder in a yield of 85% (2.6 g). *H NMR (400 MHz, DMSO-ds): o
(ppm) 1.24-1.77 (M, 18H, -O-CH,-(CH2)e-CHo-), 3.86 (s, 3H, -N-CH), 4.08 (t, J =6.6
Hz, 2H, -O-CH2-), 4.16 (t, J =7.2 Hz, 2H, CH2-CH2-N-), 5.95 (dd, J =10.3, 1.7 Hz, 1H,
HCH=CH-), 6.15 (dd, J =20.3, 10.3 Hz, 1H, -CH-CH>), 6.30 (dd, J =17.3, 1.6 Hz, 1H,
HCH=CH-), 7.77 (dd, 2H, J =27.0, 0.97 Hz, -CH=CH-), 9.22 (s, 1H, -CH=N*-); 13C
NMR (100 MHz, DMSO-ds): dc (ppm) 25.3-35.1 (9C, Br-CHa-(CHa)s-), 35.7 (N-CHs),
48.7 (CH2-CHa-N-), 64.0 (-CH2-0-), 122.2 (N-CH=CH-N) , 123.5 (N-CH=CH-N), 128.4

(-CH=CH3), 131.2 (-CH=CHy), 136.5 (-N-CH=N-), 165.4 (-C=0).
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4.2.3.4.2. ATRP of 1-(11-acryloyloxyundecyl)-3-methylimidazolium bromide

In one-necked, round-bottomed flask equipped with a magnetic stirrer, CuBr (1 eg.) was
degassed three times by freeze-pump-thaw cycling and back filled with N.. 1-(11-
Acryloyloxyundecyl)-3-methylimidazolium bromide 12 (100 eq. and 10 eq.), TMEDA (2
eq.) and DMSO were added and the mixture then degassed three times and back filled
with N2. The mixture was heated at 90 °C and the macro-initiator, Bro7-HEC 3 (Mw =129
kDa, Mwacu =406 g/mol, DSgr~0.7, 1 eq.) was added. The reaction was run overnight at
90 °C and was quenched by opening the flask to air. Once cooled, the product 13 was
precipitated in methanol (10 x volume of DMSO) and was dried overnight at 40 °C under
vacuum. Different concentrations of Bro7-HEC in DMSO and different degrees of
polymerisation were chosen. The reaction conditions and yields (%) of each reaction are
summarised in Table 4-5. Samples were characterised using solid state 3C CP-MAS

NMR and FT-IR spectroscopies.

4.3. RESULTS AND DISCUSSION

4.3.1. Macro-initiators Br-HECs

Macro-initiators Br-HECs 3 were synthesised from under heterogeneous conditions using
2 equivalents of bromoisobutyryl bromide 2 per AGU unit of HEC 1, and the reactions
were performed at room temperature for 24 h (Scheme 4-1). To investigate the influence
of the reaction conditions on the degree of functionalization of the hydroxyl groups, the
base, atmosphere quality and molecular weight and molar substitution levels of HEC were

changed and are reported in Table 4-2.
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Table 4-2: Summary of reaction conditions for the bromination of HEC

Exp. HEC Mass  Yield
N‘EJ Mo DS MS Base Atm. ©) (%)
FJ-232 90 .. 25 TEA air 5.1 84
FJ-233 90 .. 25 collidine air 5.3 80
FJ-237 90 .. 25 TEA N2 54 81
FJ-242 90 .. 25 collidine N2 5.6 79

FJ-245 250 1 2  collidine N2 5.0 84

For the experiments FJ-233, FJ-232, FJ-237 and FJ-242, a 90 kDa molecular weight HEC
with a molar substitution level of 2.5 was chosen because of its good solubility properties.
In fact, 90 kDa HEC is the lowest commercially available molecular weight of HEC
resulting in better solubility properties compared to HEC of higher molecular weight. Its
use should therefore enhance the degree of functionalization. The importance of the
choice of base was investigated in experiments FJ-232 and FJ-233 where triethylamine
(TEA) and collidine were used respectively. Furthermore, these two reactions were
repeated (FJ-237 and FJ-242) where the air was replaced by nitrogen, permitting the
investigation of the influence of the atmosphere quality on the DS. In the last experiment
FJ-245, a higher molecular weight of HEC (250 kDa, MS =2) was used leading to
investigate the importance of molecular weight on the DS. Due to a lack of solubility in
common deuterated solvents, samples of each experiment were characterised using solid
state 3C CP-MAS NMR and FT-IR spectroscopies and, the bromine content was

measured to estimate the DS.
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Scheme 4-1: Synthesis of the macro-initiator, Br-HEC 3

In the solid state **C CP-MAS NMR spectrum for the sample of experiment FJ-232
(Figure 4-4 a), the presence of bromoisobutyryl bromide and hydroxyethyl cellulose
signals was demonstrated. The set of signals éc ~104 ppm, 83 ppm, 75 ppm, 72 ppm and
62 ppm are assigned to the carbons defining hydroxyethyl cellulose. The peaks dc ~104
ppm and 83 ppm are respectively assigned to anomeric carbon at the position C1 and to
the carbon at the position C4 (Figure 4-3). The peak dc ~75 ppm is assigned to the carbons
at position C2, C3 and C5 and, the peak dc ~71 ppm is assigned to the carbons defining
the ethylene oxide side chain -CH2CH20- whereas the peak dc ~62 ppm is assigned to
the carbon carrying the primary alcohols, i.e., -CH2OH. Meanwhile, the peaks dc ~31
ppm, 57 ppm and 171 ppm are assigned respectively to methyl groups, the tertiary carbon
and the carbonyl group of the alkyl bromide. In the spectrum recorded for the sample of
the experiment FJ-233 (Figure 4-4 b), the same set of signals was observed, however the
intensities of the signals dc assigned to the alkyl bromide increased compared to those of
HEC, suggesting a higher degree of functionalization for sample FJ-233 than for FJ-232.
The increase of the functionalization resides in the change of base; triethylamine used in
experiment FJ-232 was replaced by collidine in the experiment FJ-233. The use of
collidine enhanced the degree of functionalization of the hydroxyl groups with bromo-

alkyl bromide. The reaction between hydroxyethyl cellulose and bromo-alkyl bromide is
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a nucleophilic substitution followed by an elimination reaction. The latter involves the
liberation of a proton which will complex with the base forming an aminium which
compensate the charge of the release bromide anion (Figure 4-2). The both bases removed
acidic protons from HEC backbone, however, triethylamine is much more nucleophilic
than collidine resulting in a higher probability of side reactions and thus a slower rate for

the functionalization reaction.

Triethylamine

Br-

H
Br-HEC /\IL+/\
0 i : )
H C Br \O+ CO 0 ’
I~ =@ ) -
Br Br H
N/+ Br
N/
Collidine

Figure 4-2: Nucleophilic substitution/elimination mechanism for preparing Br-HEC

The spectrum of the sample of experiment FJ-237 (Appendix 1), where triethylamine was
used as a base and the reaction was carried under positive N2 pressure, is very similar to
the spectrum (b) in Figure 4-4 implying a similar degree of functionalization for sample
of experiment FJ-233 and a higher DS compared to the sample of experiment FJ-232. The
latter could be due to a change of the atmosphere quality. In fact, for experiment FJ-237,
the reaction was carried under positive nitrogen pressure whereas FJ-232 was run under

atmospheric pressure. The spectrum recorded for the sample of experiment FJ-242
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(Figure 4-4 c) showed an increase of the intensity of the peaks éc ~31 ppm, 57 ppm and
171 ppm which are assigned to the alkyl bromide. Furthermore, the intensity of the peak
oc ~62 ppm assigned to the carbon of the primary alcohol of HEC decreased and an
increase of the intensity of the peak dc ~72 ppm assigned to the ethylene oxide side chain
was observed. This suggests that the functionalization reaction takes place preferentially
at the primary alcohols, i.e., at C6 and C8 positions where respectively R’=H and R>’=H
(shown in Figure 4-3). The increase of the signal intensity dc ~72 ppm is attributed to the
chemical shift of the carbons at C6 and C8 positions where respectively R’#H and R”’#H
after having reacted with the bromo-alkyl bromide. Overall, the sample of experiment FJ-
242 was shown to have the highest degree of substitution of the hydroxyl groups with the
alkyl bromide compared to the previous samples because of the use of collidine as base
and the use of nitrogen as atmosphere, both reducing the probabilities of side reactions.
The spectrum (d) of the sample of experiment FJ-245 in Figure 4-4 showed same set of
signals as in (b) and (c), however the intensity of the signals assigned to the alkyl bromide
is lower. Spectrum (b) is similar to spectrum (a) suggesting a decrease of the degree of
functionalization compared to the samples of experiments FJ-242, FJ-237 and FJ-233.
However, a similar degree of functionalization should be observed between samples of
experiments FJ-232 and FJ-245. The low DS of the hydroxyl group was explained by the
change of the molecular weight of HEC from 90 kDa (MS =2.5) to 250 kDa (MS =2).
The use of a higher molecular weight decreased the reactivity of the hydroxyl groups of

HEC, resulting in a decrease of degree of functionalization.
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Figure 4-3: Numbering of the Br-HEC 3 structure
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Figure 4-4: Solid state 13C CP-MAS NMR spectra of Br-HECs 3; (a) exp. FJ-232, (b)

exp. FJ-233, (c) exp. FJ-242 and (d) exp. FJ-245.

The FT-IR spectra of the macro-initiators, Br-HECs are displayed in Figure 4-5. The

absorption bands between 1000 cm™ to 1230 cm™ are assigned to the -C-O stretching
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vibrations, the band at 1300 cm™ is assigned to the bending vibration of -C-H in the
methyl groups, the band at 2900 cm™ is assigned to the -C-H stretching vibrations of the
-CH> and -CHjs groups. Finally, the bands at 3400 cm™ and 1740 cm™ are recorded and
are assigned to the hydroxyl group stretching and bending vibrations of HEC backbone

and the carbonyl stretching vibration of the bromoisobutyryl group respectively.

A
(d)

g (c) ')
(5]
% (b)
=
5
=
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Figure 4-5: FT-IR spectra of Br-HECs 3; (a) FJ-232 (90 kDa, TEA, air), (b) FJ-233 (90
kDa, collidine, air), (c) FJ-242 (90 kDa, collidine, N2) and (d) FJ-245 (250 kDa,

collidine, N2).

In the spectrum of sample of experiment FJ-245, the absorption band at 1740 cm™
assigned to the carbonyl group of the bromo-alkyl is the weakest compared to the bands
in the spectra of the sample of experiments FJ232, FJ233 and FJ-242, suggesting the
sample of experiment FJ-245 has the lowest DS. The spectra of samples of experiments
FJ-232, FJ-233 and FJ-245 are similar, suggesting similar DSgr values. To quantify the

DS, the content of bromine (%Br) of each sample was measured and there are reported in
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Table 4-3. The theoretical relationship between the content of bromine and DSg is

reported in Equation 4-1.

%Br = (DSgr X Mgr) / (DSgr X Mgt + Muec - DSgr) X 100 (4-1)

where Mgr, Mgr and Muec are constant values and correspond respectively to the
molecular weight of the bromine, the bromoisobutyryl group and the molecular weight of

the repeating unit of HEC.

The plots of the DSgr values as a function of the theoretical bromine content were
processed for the two molecular weights of HEC that have been use to prepare Br-HEC
and are shown in Figure 4-6. The DSg: evolutions for a 90 kDa and 250 kDa HEC are
non-linear as a function of the % of Br, but are described as polynomial functions of order

4 in Equation 4-2 and 4-3.

DSer (90 kDa) = 2x10°x(%Br)* — 8x10°x(%Br)* + 0.0021x(%Br)? + 0.0257x(%Br) +

0.0108 (4-2)

DSgr (250 kDa) = 2x106x(%Br)*- 9x105x(%Br)? + 0.0022x(%Br)? + 0.0214x(%Br) +

0.0134 (4-3)
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Figure 4-6: DSg;, evolution as a function of bromine content (%Br) for HEC with My, of

90 kDa (blue) and 250 kDa (red)

From the equations, the DS of each sample was calculated and is reported in Table 4-3.
A DS of 0.5 was calculated for the sample of experiment FJ-232 whereas a higher DS of
0.7 was estimated for samples of experiment FJ-233 and FJ-237. This increase of DS was
explained by the replacement of triethylamine by collidine as base or the air substituted
by nitrogen. A maximum DS of 0.9 was obtained for sample of experiment FJ-242
because both collidine was used and the reaction was conducted under positive pressure
nitrogen. A DS value of 0.3 was found for sample of experiment FJ-245 and the large DS
decrease from 0.9 to 0.3 was due to the change of HEC molecular weight. The use of a
250 kDa HEC resulted in a lower reactivity of the hydroxyl groups of HEC with the
bromoisobutyryl bromide. Knowing the DS of each sample, the yields (%) were

calculated for all experiments and were found relatively high ranging from 79% to 84%.
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Table 4-3: DSgr determination from the measure of bromine content in Br-HEC

EXxp. (E[E)g) Base Atm. \Eclﬁol )d %Br DS
FJ -232 90 TEA air 84 11.3 0.5
FJ -233 90 collidine  air 80 14.8 0.7
FJ -237 90 TEA N2 81 14.4 0.7
FJ -242 90 collidine N2 79 18.0 0.9
FJ -245 250 collidine N2 84 8.6 0.3

To summarise the preparation of the macro-initiators Br-HECs, the use of solid state *C
CP-MAS NMR and FT-IR spectroscopies highlighted the presence of the
bromoisobutyryl bromide on the HEC backbone. The selectivity of the functionalization
reaction at the primary alcohol in the C6 and C8 positions was demonstrated using NMR
spectroscopy. Furthermore, the level of the modification of the hydroxyl groups with
bromo-alkyl groups was determined using the measured content of bromine (%Br). The
calculated DS values were in agreement with the observations that have been discussed
for the NMR spectra. In fact, the DS was influenced by the choice of the base, the quality
of the atmosphere and the molecular weight of the starting material HEC. A maximum
DS of 0.9 was reached when collidine was used as a base and the functionalization
reaction was conducted under positive nitrogen. However, an increase of the molecular
weight of HEC (250 kDa) resulted in a decrease of the DS of -OH groups because of the
lower reactivity of -OH compared to that in 90 HEC. In fact, the accessibility of the -OH
groups was more limited in HEC of 250 kDa because of its higher average chain length.
The variation of reaction conditions permitted the creation of Br-HECs which had DS
ranging from 0.3 to 0.9 and are obtained in a high yield (~80%). This will further give us

opportunities to prepare graft-copolymers of HEC with various graft-densities.
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4.3.2. Poly(methyl methacrylate) grafted from Br-HEC

Atom Transfer Radical Polymerisation (ATRP) of methyl methacrylate (MMA) 4 was
performed to verify the reactivity of the macro-initiator Br-HEC (Scheme 4-2). The graft-
copolymers HEC-g-PMMAs 5 were prepared from different macro-initiators Br-HECs 3.
For experiments FJ-120 and FJ-125, a high DS of 0.7 for Br-HEC was chosen in order to
produce graft-copolymers with high graft-densities whereas a lower DS of 0.3 was used
in experiment FJ-130 and FJ-297 for preparing graft-copolymers with low graft-densities

(Table 4-4).

Table 4-4: Summary of reaction conditions for the ATRP of MMA onto Br-HEC

Exp. Brl\-/IHEC MMA Ratio” Weight  Yield
N°  DSer (va;) W) (9 IMIDVICVIL]  (9) (%)
FJ-120 0.7 129 0.20 5.20 125/1/1/2 3.20 58
FJ-125 0.7 129 0.14 0.56 12/1/1/2 0.46 61
FJ-297 0.3 295 0.2 0.75 30/1/1/2 0.56 48
FJ-130 0.3 295 0.2 0.34 15/1/1/2 0.35 73

“IMY/[1)/[CY/[L] defines the ratio of monomer (M) to initiator (1), catalyst (C) and ligand

(L).

For the high graft-density macro-initiator Bro7-HEC, two chains length of 125 and 12
repeating units of MMA were targeted whereas only short chains of 30 and 15 were
targeted for the low graft-density. Based on the conventional ATRP of MMA found in
the literature'®®, the temperature was set at 90 °C with overnight reaction time and the
ratio of initiator to catalyst and ligand was kept constant at 1:1:2. Furthermore, the volume

of solvent (DMSO) was adjusted for each experiment to ensure constant concentrations
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of AGU in each reaction. The amount of solvent is an important parameter on the ATRP
process because it controls the concentration of initiator sites. In fact, a too high
concentration of initiator leads to the formation of a gel resulting in a poor control of the
polymerisation. In our experiments, a 0.02 g/mL concentration of AGU was chosen to
suppress the gelation process. The products were precipitated using chloroform in which
HEC-g-PMMAs were found to be insoluble, but, in which PMMA chains are soluble. The
monomer conversion based on the weight recovery was estimated to lie between 50 and
60% depending on the experiment (Table 4-4). Due to the poor solubility in common
deuterated solvents, the samples were characterised in their solid states using **C CP-
MAS NMR and FT-IR spectroscopies. In order to estimate the control of the ATRP
process, PMMA chains in the sample of experiment FJ-125 were hydrolyzed from their
HEC backbone following a reported procedure®” and then analyzed using size exclusion

chromatography (SEC) to estimate the dispersity (Pwm).

)\H/O\
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OR' O |
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Scheme 4-2: Atom Transfer Radical Polymerisation of MMA 4 from Br-HEC 3

Figure 4-7 displays the FT-IR spectrum of HECo.7-g-PMMA125 of experiment FJ-120, but

the detected absorption bands indicated mainly the presence of PMMA chains. The
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absorption band at 754 cm™ was assigned to the a-methyl group vibrations. Furthermore,
the absorption bands from 1150 cm™ to 1200 cm™ were assigned to the —C-O- stretching
vibrations whereas from 2900 cm™ to 3000 cm™ to the -C-H stretching vibrations of the
-CH> and -CHjs groups. The -C-H bending vibrations of -CHz groups appeared at 1250
cm™. The absorption band at 1728 cm™ was assigned to the -C=0 group stretching
vibrations. However, the FT-IR spectrum of the graft-copolymer HECo 7-g-PMMA1> of
experiment FJ-125 (Figure 4-8) where a lower degree of polymerisation was targeted
showed absorption bands assigned to the HEC structure such as at 3400 cm™ and at 1028
cm® which were assigned respectively to the alcohol -OH group stretching and bending
vibrations and to the -C-O stretching vibration. Furthermore, the band at 2900 cm™
became broader indicating the presence -C-H stretching vibrations of the methylene
group of HEC. Decreasing the degree of polymerisation (DP) of MMA onto Bro7-HEC
was responsible for the detection of both PMMA and HEC by FT-IR spectroscopy. The
FT-IR spectrum of HECo.3-g-PMMA 15 (Appendix 2) is similar to the spectrum of HECo.7-
g-PMMA1> where both PMMA and HEC were detected, however, the increased DP of
MMA lead to a weaker relative absorption band at 1028 cm™ in the FT-IR spectrum of

HECo.3-g- PMMAgz0 (Appendix 3) compared to the spectrum of HECo3-g-PMMA .
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Figure 4-8: FT-IR spectrum of HECo.7-g-PMMA 12 (exp. FJ-125)

For HEC-g-PMMA (numbered structure shown in Figure 4-9), a solid state 3C NMR
spectrum was recorded and is shown in Figure 4-10. The sets of signals dc ~16 ppm, 45

ppm, 52 ppm, 56 ppm and 178 ppm are respectively assigned to -C-CHzs, -CH»-C, -C-
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CHs3 -O-CHs and -C=0 group of the PMMA chains, however, the signals of the HEC
backbone are absent from the spectrum of HECo.7-g-PMMAu12s. Furthermore, the
homopolymerisation of MMA cannot be the reason of the non-detection of HEC because
of the use of chloroform for recovering the crude HEC-g-PMMAs. In order to prove the
grafting efficiency of PMMA onto HEC, the targeted DP of MMA was reduced for
experiment FJ-125. This allowed the detection of a peak oc ~62 ppm and a band dc ~71
ppm in the spectrum of HECo.7-g-PMMA2 (Figure 4-10 b). The weak peak dc ~62 ppm
Is assigned to the carbon of the unmodified primary alcohol of HEC where the broad band
at ~71 ppm to the other carbons of HEC. To improve the intensities of HEC signals, a
less functionalized Bros-HEC was used for the ATRP of MMA and the spectrum of
HECo.3-g-PMMAs is displayed in Figure 4-10. The peaks of HEC are clearly defined at
oc ~71 ppm, 74 ppm, 81 ppm and 104 ppm which are respectively assigned to the -
CH2CH_20- side chains, carbons C2, C3 and C5 positions, carbon C4 and the C1 position.
Compared to the spectrum of HECo3-g-PMMA:s the increase of the degree of
polymerisation of MMA onto Bro3-HEC in the graft-copolymer HECo 3-g-PMMAz did
not affect the detection of HEC using NMR spectroscopy because of the similarity of their

NMR spectra (Appendix 4).
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Figure 4-10: Solid state *C CP-MAS NMR spectra of HEC-g-PMMAs 5; (a) HECo.7-g-

PMMA 125, (b) HECo.7-g-PMMA12 and (c) HECo 3-g-PMMAs.

The NMR and FT-IR spectroscopy results highlighted the grafting efficiency of PMMA
from HEC. The preparation of graft-copolymers with low graft-density and/or short

length improved the detection of the HEC backbone suggesting a lack of PMMA
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homopolymer. However, the question which remains, when using a RDRP technique to
produce graft-copolymers by “grafting from”, is the determination of the dispersity (Pwm)
of the grafts. Due to their insolubility in conventional solvents such as THF, DMF and
water, the graft-copolymers HEC-g-PMMAs could not been analysed using SEC.
However, procedures have been described in the literature, where grafts are hydrolysed
from the main backbone and further analysed using SEC. PMMA chains from the graft-
copolymer HECo.7-g-PMMA125 were hydrolysed from the HEC backbone permitting the
determination of both Pm and number average molecular weight (Mn) using SEC. The
graft-copolymer with the longest chains was chosen to give the strongest light scattering
detector signal. The SEC trace of the hydrolysed HECo.7-g-PMMA125 is shown in Figure
4-11, My 0f 90 000 g/mol and a Pm of 1.2 were estimated using light scattering with dn/dc

equal to 0.08 mL/g.
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Figure 4-11: Result of SEC analysis of PMMA grafts of HECo.7-g-PMMA125; plot

shown is from RI detection.
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The low value of dispersity indicates a narrow molecular weight distribution which
confirms the control of the polymerisation process. However, the calculated molecular
weight value was high compared to that based on the monomer conversion (7,500 g/mol).
This suggests that the ATRP of MMA had been activated by only 1 bromine per 12
initiator sites resulting in the preparation of a graft-copolymer with one PMMA chain
with a length of 900 repeating units for every 15 AGU units. The low level of ATRP
initiation of MMA onto Br-HEC can be due to a limited accessibility of the activation site
by the monomer. Both the steric hindrance and H-bonding networks can affect the

reactivity of the macro-initiator Br-HEC.

To summarise, HEC-g-PMMAs have been successfully prepared from macro-initiators
Br-HECs with a DS of 0.7 and 0.3, indicating the preparation of graft-copolymers with
different graft-densities. Furthermore, the chain length of the HEC-g-PMMAs were
varied targeting different degrees of polymerisation i.e. 125, 30 and 15. The use of a low
DS for Br-HEC and/or the targeting of short length chains permitted the detection of the
HEC backbone by NMR and FT-IR spectroscopies, confirming the grafting efficiency of
PMMA from HEC. However, the SEC results showed that the polymerisation was not
initiated at all sites for Bro.7-HEC resulting in the preparation of a graft-copolymer defined
by both a low graft-density and long grafts with a narrow molecular weight distribution.
The partial activation of the bromine in Bro7-HEC may be due to the inaccessibility of

MMA to some initiation sites of the HEC backbone.
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4.3.3. Poly(N-vinylpyrrolidone) grafted from Br-HEC

The macro-initiator Br-HEC 3 with a DS of 0.7 described in part 4.3.1 was used to initiate
the ATRP of N-vinylpyrrolidone 6 (Scheme 4-3) because the reactivity of Br-HEC was
demonstrated with the initiation of the ATRP of MMA from the HEC backbone (part
4.3.2). For the ATRP of NVP, a higher degree of polymerisation (DP ~600) was chosen
compared to that for the ATRP of MMA (DP ~125) because of the anticipation of a low
monomer conversion which will still produce long chain length. However, the ratio of
initiator to catalyst and ligand was the same as that for the ATRP of MMA. The reaction
was run overnight at 60 °C under an oxygen-free environment. Based on the product 7
weight recovery, a 0.5% of monomer conversion was calculated and a graft chain length
of 3 repeat units of NVP was estimated. Due to the lack of solubility in common
deuterated solvents, the graft-copolymer was characterised using solid state 13C CP-MAS
NMR and FT-IR spectroscopies. Furthermore, the grafts were not hydrolysed from the
backbone because SEC is not suitable for such short chain lengths. However, the

determination of the content of nitrogen provided an estimation of the chain length.
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Scheme 4-3: Atom Transfer Radical Polymerisation of N-vinylpyrrolidone 6 from Bro.7-
HEC 3
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The solid state *C CP-MAS NMR spectrum was recorded and is shown in Figure 4-12.
The set of signals from dc ~62 ppm to 104 ppm is assigned to carbons of the HEC
backbone. The peak dc ~62 ppm is assigned to the carbon of primary alcohols -CH>0H;
oc ~72 ppm to carbons constituting the side chain -CH2CH2O-; dc ~75 ppm to the group
of carbons at C2, C3 and C5 positions; dc ~83 ppm to the carbon at C4 position; dc ~104
ppm to the anomeric carbon. Furthermore, the set of signals dc ~19 ppm, 32 ppm and 43
ppm are assigned to the pyrrolidone ring. More precisely, the peak dc ~19 ppm is assigned
to the -CH»-CH,-CHa- group; dc ~32 ppm to the -CH»>-C=0 group; dc ~43 ppm to the -
CH>-N- group. The peak dc ~177 ppm is assigned to both carbonyl groups from the
pyrrolidone ring and the macro-initiator. The weak peak dc ~23 ppm is assigned to the
methyl groups of the bromoisobutyryl group residue in the macro-initiator, Br-HEC.
Furthermore, the weakness of the carbon signals assigned to poly(N-vinylpyrrolidone)

compared to those of HEC suggests a relatively low degree of polymerisation.
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Figure 4-12: Solid state **C CP-MAS NMR spectrum of HEC-g-PVP 7

Figure 4-13 displays the FT-IR spectrum of HEC-g-PVP. The absorption bands between
800 cm™ to 1230 cm™ are assigned to the -C-O stretching vibrations. Furthermore, the
absorption band at 1300 cm™ is assigned to the bending vibration of -C-H in the methyl
groups. The absorption band at 2900 cm™ is assigned to the -C-H stretching vibrations of
the -CH. and -CHjs groups. Furthermore, an absorption band at 3400 cm™ was recorded
and was respectively assigned to the -OH group stretching and bending vibrations of the
HEC backbone. Two absorption bands are detected at 1670 cm™ and 1726 cm™ which are
assigned to the stretching vibration of carbonyl -C=0 groups. In fact, one carbonyl group
is involved in the pyrrolidone ring and another from the bromoisobutyryl group.

However, a much stronger carbonyl absorption band was expected for the carbonyl group
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of the pyrrolidone ring as the targeted DP was ~600, this then suggested a drastically low

degree of polymerisation.

Transmittance (%)

3900 3400 2900 2400 1900 1400 900 400
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Figure 4-13: FT-IR spectrum of HEC-g-PVP 7

In order to quantify the DP of NVP (DPnvp) per repeat unit of HEC, the content of N was
modelled as a function of the DPnve which was ranged from 0 to 600 by increments of 1

and the model is represented in Equation 4-4.

%N = (DPnvp X Mn) / (DSgr x (Mgr + DPnve X Mnvp) + Muec - DSgr) % 100 (4-4)

where My, Mgr, Mnve, Muec and DSg; are constant values and correspond respectively to
atomic weight of nitrogen, molecular weight of the bromoisobutyryl group, the repeat

unit in PVP, the repeat unit in HEC and the DS of Br-HEC.
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DPnve values were then plotted as a function of the theoretical content of nitrogen values
(Appendix 5). A mathematical model cannot be fitted to the entire curve, however, a
model can be performed on a segment of the data between a nitrogen content of 0% to

12% and the model is described in Equation 4-5.

DPnve = 7x10™ x (%N)° - 0.0017 x (%N)* + 0.0172 x (%N)* - 0.0532 x (%N)? +

0.3503 x (%N) - 0.0001 (4-5)

The recorded %N from elemental analysis is 1.69% which gives a DPnvp less than 1 (0.7)
per bromine. Considering the discussion in part 4.3.2, the reactivity of the bromine in
Bro.7-HEC was partial and only 1 bromine from 12 activated the ATRP of MMA. This
suggests that DPnve is 12 times more than 0.7 resulting in a chain length of PVP of

approximately 8 repeating units.

To summarise, HEC-g-PVP was prepared and the presence of the repeating unit NVP was
demonstrated by NMR and FT-IR spectroscopies, however the signals of PVP were
weaker compared to those of HEC, indicating a poor polymerisation efficiency.
Furthermore, the weight recovery and the amount of %N confirmed the low grafting
efficiency with a degree of NVP polymerisation varying from 1 to 8 per bromine
depending on the calculation. A possible reason for the low DP is due to deactivation of
the catalyst because of its binding to the amine containing in the monomeric species.
Other plausible reasons for the problems of performing ATRP of NVP are reported in the
literature'® 110 including substitution of the halide by of the propagating chain ends by
the amide and the low values of the ATRP equilibrium constant for amide monomers.

Thus, ATRP of NVP remains a highly challenging particularly on a cellulosic material.
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Further work may need necessary to develop a catalyst system which is not deactivated

by the monomer species.

4.3.4. Poly(1-(11-acryloyloxyundecyl)-3-methylimidazolium

bromide) grafted from Br-HEC

An acryloyl-based ionic liquid (IL) monomer, 1-(11-acryloyloxyundecyl)-3-
methylimidazolium bromide 5 was synthesised following a 2-step procedure (Scheme
4-4) found in the literature!'t. The first step consisted of reaction of bromo-11-undecanol
1 with acrylic acid 2 forming the acrylate 3 in a yield of 88%, and the second step,
substitution of the bromine with 1-methylimidazole 4 forming thus the imidazolium salt

5 which was obtained in a yield of 85%.
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Scheme 4-4: Preparation of 1-(11-acryloyloxyundecyl)-3-methylimidazolium bromide

12

IL 12 was graft-copolymerised from macro-initiator Bro7-HEC 3 with 0.7 DS (Scheme

4-5). The ratio of initiator to catalyst and ligand was equal to 1:1:2 and is the same as that
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used for the ATRP of MMA and NVP. The polymerisation proceeded at 90 °C overnight
under oxygen-free environment and the graft-copolymer was isolated by precipitation in
methanol, in which IL and P(IL) are both soluble. Different degrees of polymerisation

and concentration of initiator were chosen and are summarised in Table 4-5.

Table 4-5: Reaction conditions for the graft-copolymerisation of 1-(11-

acryloyloxyundecyl)-3-methylimidazolium bromide onto Bro7-HEC

Exp. | BrorHEC It DMSO Ratio Cor(‘)‘;eggﬁjt'on Yield

N° mol mol | (mL) | [MI:[AGUL:[CI:[L] (%)
9 | x104 | 9 | (x10? (g/mL)

';‘310 008 20 80 2 20 100/1/1/2 4x10° 5

38 005 12 50 13 6 100/1/1/2 8.3x103 11

';;2 050 12 47 12 5 10/1/1/2 01 30

A DP of 100 was aimed for experiment FJ-230 and FJ-248 whereas a DP of 10 was
targeted for the experiment FJ-282. The decrease of the DP permitted the easier detection
of the graft-copolymer’s HEC backbone by both NMR and FT-IR spectroscopies as
previously demonstrated by the HEC-g-PMMAs discussed in part 4.3.2. The influence of
the concentration of initiator on the grafting efficiency was also studied. For experiment
FJ-230, a 4x10° g/mol concentration was chosen whereas this was increased by a factor
2 for the experiment FJ-248 followed by an increase of a factor 10 for experiment FJ-282.
Due to insolubility in common deuterated solvents, the graft-copolymers were

characterised in the solid state using NMR and FT-IR spectroscopies.
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Scheme 4-5: Atom Transfer Radical Polymerisation of 1-(11-acryloyloxyundecyl)-3-

methylimidazolium bromide 12 onto Bro.7-HEC 3

The solid state *C CP-MAS NMR spectrum of the HEC-g-P(IL)s from experiment FJ-
230 (Figure 4-14 a) showed signals related to the presence of the P(IL) grafts. The peak
oc ~27 ppm is assigned to the methyl groups from the bromoisobutyryl group; déc ~31
ppm is assigned to the methylene and methine groups; dc ~37 ppm is assigned to the
methyl groups carried by the tertiary amine and dc ~51 ppm is assigned to the methylene
groups next to the oxygen and nitrogen present in the grafts. The carbons contained in the
imidazolium ring were detected at dc ~124 ppm and 138 ppm. The signals of P(IL) are
narrow indicating a short length chain and this explains the lack of detection of the
carbonyl groups of P(IL). Although the chain length of the grafts is expected to be short,
the HEC backbone was not detected because of the high molecular weight of the
monomer. In the spectrum (Figurel4 b) of the graft-copolymers from experiment FJ-248
where the concentration of initiating site was higher, the same signals are detected;
however they become broader and then overlapped suggesting an increased chain length.
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Furthermore, the detection of the peak dc ~175 ppm assigned to the carbonyl group of the
acrylate monomer corroborated with the increase of the molecular weight of the grafts.
The spectrum of HEC-g-P(IL) from experiment FJ-282 (Figure 14 c) shows signals
assigned to P(IL), however weak and broad signals appeared between dc ~60 ppm and
110 ppm which are commonly assigned to the carbons of the HEC backbone. The
detection of HEC suggests that the chain length chain was shorter compared to that of

HEC-g-P(IL) of experiment FJ-230 and FJ-248.

(c) C2to C8

\
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Figure 4-14: Solid state **C CP-MAS NMR spectra of HEC-g-P(IL)s 13; (a) FJ-230,

(b) F3-248 and (c) FJ-282.

The FT-IR spectra of the graft-copolymers are displayed in Figure 4-15. Each spectrum

shows the same set of absorption bands which are principally assigned to the P(IL) grafts.
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The absorption band at 620 cm is assigned to the stretching vibration of the -C-Br. The
absorption bands at 1082 and 1170 cm™ are both assigned to -C-O- stretching vibration,
however, the former (1082 cm™) is related to the ester group in the P(IL) and the latter
(1170 cm™) to the ester contained in the macro-initiator Br-HEC. The weak absorption
band at 1264 cm is assigned to the -C-O stretching vibration of the ether group in Br-
HEC. The absorption bands at 1468 and 1574 cm™ are assigned to the double bond
stretching vibration in the imidazolium ring and the strong absorption band at 1732 cm®
is assigned to the carbonyl group. The absorption band at 2854 and 2924 cm is assigned
to the stretching vibration of -C-H in alkanes and the absorption band at 3400 cm™ to the
-O-H stretching and bending vibration in HEC. However, some difference were observed
between spectra, more precisely in the relative intensity of the band at 1082 cm™* which
decreased in the spectrum of HEC-g-P(IL) (Figure 4-15 c) of experiment FJ-282
compared to that of the two other graft-copolymers (Figure 4-15 a & b). Furthermore, an
increase of the relative intensity is observed between the spectrum of HEC-g-P(IL) of
experiment FJ-230 (Figure 4-15 a) and FJ-248 (Figure 4-15 b). Due to the assignment of
the band to the ester group in the P(IL), the increase in the spectra translates to an increase

of the length chain of the grafts.
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Figure 4-15: FT-IR spectra of HEC-g-P(IL)s 13; (a) FJ-248, (b) FJ-230 and (c) FJ-282.

Based on the weight recovery, monomer conversion was estimated for each experiment
and the chain length of each graft-copolymer was determined. For experiment FJ-230,
5% of monomer conversion was calculated whereas for experiment FJ-248, the monomer
conversion was increased by a factor 2 due to the increase by 2 of the concentration of
initiation sites. The HEC-g-P(IL)s of experiment FJ-230 and FJ-248 had a length chain
of 5 and 11 repeating units respectively. For experiment FJ-282, a 30% monomer
conversion was obtained leading to grafts of 3 repeating units because of the low targeted
DP. This increase arises from the increase of the concentration of initiating sites,

enhancing the rate of polymerisation.

To summarise, characterisation using NMR and FT-IR spectroscopies highlighted the
presence of the P(IL) instead of the backbone due to the rigidity of the HEC structure and
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the number of monomer species per AGU unit. Both FT-IR and NMR spectra indicated
a difference of chain length between the graft-copolymers and this is corroborated by the
weight recovery which was used to determine the monomer conversion. Assuming that
the molecular weight distribution was narrow, DP was estimated from the monomer
conversion determined for each experiment and ranged from 3 to 11 depending on the
concentration of AGU in the solvent. The dispersity was not measured using SEC because

P(IL) were not hydrolysed from the backbone due to a very low value of DP.

4.4. CONCLUSION

The macro-initiator, Br-HEC has been successfully prepared with a DS ranging from 0.3
up to 0.9, in a yield of ~80%. To verify its activity for the ATRP process, Br-HEC was
used to polymerise a well-known acrylate monomer, methyl methacrylate which is readily
homo-polymerised using ATRP. The polymerisation lead to monomer conversion up to
61% and a narrow molecular weight distribution of the PMMA grafts with Hm of ~1.2.
However, polymerisation of MMA was not activated by each bromine suggesting a
limited accessibility of the monomer to the initiation site due to the steric hindrance and
/or H-bonding networks. Although the “grafting from” approach limited the graft-density
of the polymeric chains onto HEC, the graft-copolymerisation of N-vinylpyrrolidone onto
Br-HEC was investigated for the first time. However it has been unsuccessful presumably
because of the deactivation of the catalyst in the presence of amide. In order to prepare a
bactericidal graft-copolymer, an acrylate containing an imidazolium ring, 1-(11-
acryloyloxyundecyl)-3-methylimidazolium bromide was also graft-copolymerised onto
Br-HEC leading to 30% of monomer conversion. Although graft-copolymers of HEC can

be prepared using the ATRP method, this approach involves important difficulties and
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there are limitations in the characterisation. For instance, hybrid materials could not be
studied in the liquid phase due to their insolubility in common solvents and the detection
of the HEC backbone was extremely challenging using standard spectroscopy analysis.
The chain length of the grafts was estimated using the weight recovery, however, the
dispersity was unknown as the grafts were not hydrolysed from the HEC backbone.
Because of the difficulties in characterisation, the relatively poor level of grafting, and
the limited solubility of the graft-copolymers, the physical properties such as viscosity,

thermal stability and bacteriological effects were not evaluated.
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Chapter 5: “Grafting to” approach for preparing
graft-copolymers of hydroxyethyl cellulose

5.1. INTRODUCTION

Due to the unsuccessful preparation of well-defined graft-copolymers using the “grafting
from” approach in Chapter 4, our strategy changed to the “grafting to” approach which
has received much less attention (see Chapter 1, Section 1.1.3.2.3.). The “grafting to”
permits both the preparation of well-defined synthetic polymers and the control of the
graft-density along the cellulose backbone, determined by the DS of the hydroxyl groups.
Comparing to the “grafting from” approach, “grafting to” allows the full characterisation
of both the grafts and the cellulose backbone using conventional instruments prior to

“clicking” and there is no need to hydrolyse the grafts after coupling to permit analyses.

Atom transfer Radical Polymerisation (ATRP)*®> '2 and Reversible Addition-
Fragmentation Chain-Transfer (RAFT)* ® polymerisation were used previously for
“grafting to” cellulosic materials, however, RAFT polymerisation has been chosen for
preparing synthetic polymers because of the wider number of monomers that can be
polymerised compared to ATRP. Furthermore, the required conditions for RAFT
polymerisations are less constrained than those for ATRP (e.g., no need for a rigorously
oxygen-free environment or the use of a copper catalyst). For instance, N-
vinylpyrrolidone (NVP) was poorly polymerised from hydroxyethyl cellulose (HEC)
using ATRP (Chapter 4, Section 4.3.3.) because of the deactivation of the catalyst by the
amide, however NVP can be polymerised efficiently using RAFT polymerisation, with
an appropriate chain transfer agent. In the literature!*®>!7 both xanthate and

dithiocarbamate chain transfer agents were shown to be good candidates for polymerising
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NVP, a monomer that is a member of the “less activated monomers” (LAM) class
described by Keddie et al.°. The presence of the double bond next to a nitrogen leads to
conjugation between the C=C and the nitrogen lone pair which leads to the low activity
of such monomers, thus their RAFT polymerisation requires the use of less active RAFT
agents such as xanthates or dithiocarbamates which have high transfer constants. This
also explains why Mori et al.1% used a xanthate-type transfer agent to RAFT polymerise
vinylimidazolium salt-based ionic liquid (IL) monomers leading to a monomer
conversion up to 78% and dispersity (Pw) ranging from 1.2 to 1.4. Vijayakrishna et al.1%,
however, used dithiocarbonate to RAFT polymerise meth(acryloyl)-based IL monomers
such as 2-(1-methylimidazolium-3-yl)ethyl methacrylate bromide and 2-(1-
ethylimidazolium-3-yl)ethyl methacrylate bromide and a lower monomer conversion was
obtained after a longer reaction time. Dv was not determined using size exclusion
chromatography (SEC), but the degree of polymerisation was estimated using *H NMR
spectroscopy and was in agreement with the monomer conversion determined using *H

NMR spectroscopy.

A new range of RAFT agents!'® was developed for preparing clickable polymers,
including alkyne-terminated chain transfer agents which have been used to RAFT
polymerise vinyl acetate, styrene or butyl acrylate’'®12, For instance, Patel et al.'** and
Akeroyd et al.'*® reported the preparation of alkyne-terminated xanthate RAFT agents
which were used for preparing clickable PVP or “macro-RAFT agents” which were
subsequently used to RAFT polymerise NVP. Furthermore, alkyne-terminated
trithiocarbonate was successfully prepared and were used to polymerise “more activated
monomers” (MAMs), another class of monomer described by Keddie et al.®> such as

NIPAAM!Z127
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Huisgen azide-alkyne cycloaddition (CuAAC) was chosen to click poly(NVP), prepared
using alkyne-terminated xanthate, to HEC which was prior-functionalized with sodium
azide. Evidence of the coupling was provided using a partially labelled N3-HEC. In order
to confirm the versatility of our method, PNIPAAM that was polymerised using an
alkyne-terminated trithiocarbonate chain transfer agent, was coupled to N3-HEC. This
proves that coupling can be promoted between other synthetic polymers, presenting
attractive properties such as stimuli-responsiveness or bactericidal properties leading to
broadened uses of cellulose in industrial applications. The preparation of a bactericidal-
based HEC from an acryloyl-based ionic liquid (IL) monomer was discussed in Chapter
4, however, the “grafting from” technique was not efficient. Thus, we decided to use this
straightforward method to prepare well-defined graft-copolymers HEC-g-P(IL)s and
variants containing different chain lengths which were tested against both bacteria and

human cells determining the cytotoxicity.

5.2. EXPERIMENTAL

5.2.1. Materials

2-Hydroxyethyl cellulose (HEC) (Mw =90 kDa, MS =2.5), sodium azide (NaNs3), °N-
labelled sodium azide (Na'°N), tetrabromide, triphenylphosphine, propargyl bromide
solution (80% wt. in toluene), potassium ethyl xanthogenate, N-(3-
dimethylaminopropyl)-N’-ethylcarbodiimide (EDC), 4-(dimehylamino)pyridine
(DMAP), 2-(dodecylthiocarbonothioylthio)-2-methylpropionic acid (trithiocarbonate
CTA), propargyl alcohol, 2,2'-azobis(2-methylpropionitrile) (AIBN), N-vinylpyrrolidone
(NVP), N-isopropyl acrylamide (NIPAAM), sodium L-ascorbate, copper (II) sulphate

pentahydrate,  N,N,N',N'-tetramethylethylenediamine (TMEDA), dimethylformamide
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(DMF), pentane, sodium chloride, 1,4-dioxane, ampicillin sodium salt, Luria broth and
deuterated chloroform (CDCls) were purchased from Sigma Aldrich. Iso-sensitest broth
was obtained from Oxoid™. Toluene, diethyl ether, acetone, tetrahydrofuran (THF),
dichloromethane (DCM), 1 M solution hydrochloride, hexane and chloroform were
supplied from Fisher Scientific and deuterated DMSO-de was purchased from Apollo
Scientific. Both bacteria, Escherichia coli K-12 wild-type strain (W3110 / ATCC27325,
F-, -, rpoS(Am), rph-1, Inv(rrD-rrnE)) and Staphylococcus aureus (3R7089 strain
Oxford / ATCC9144) were prepared in the laboratory. A549 immortalized lung alveolar
cell line was provided from the American tissue culture collection (ATCC). Dulbecco’s
Modified Eagle Medium (DMEM), Fetal Calf Serum (FCS) and Almar blue were

purchased from Life Technologies Limited (UK).

5.2.2. Characterisation techniques

Solution state NMR spectra were recorded using a Bruker Advance 400 spectrometer at
400.13 MHz (*H) and 100.60 MHz (*3C). For solid state NMR spectroscopy, a Varian
VNMRS spectrometer with a 9.4 T magnet was used and *3C (100.562 MHz) and *N
(40.527 MHz) experiments were run using the cross polarisation method. IR spectra were
recorded on a Perkin-Elmer 1600 Series FT-IR spectrometer. For PVP and PNIPAAM,
molecular weight data and the dispersity (Pwm) were obtained using triple detection size
exclusion chromatography (SEC) on a Viscotek TDA 302 with refractive index, viscosity
and light scattering detectors and 2 x 300mL PLgel 5 pm mixed C columns.
Dimethylformamide (DMF) was used as the eluent at a flow rate of 1.0 mL/min and at a

constant temperature of 70 °C. For ionic liquid polymers, molecular weight data and the
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dispersity (Pm) were obtained using triple detection SEC on a Viscotek TDA 301 with
refractive index, viscosity and light scattering detectors and 2 x 300mL PL HFIPgel 9 um
columns. 1,1,1,3,3,3-Hexafluoropropan-2-ol with 25mM NaTFAc was used as the eluent

at a flow rate of 0.8 mL/min and at a constant temperature of 40 °C.

5.2.3. Synthesis and characterisations

5.2.3.1. Preparation of Ns-HEC

In a round-bottomed flask fitted with a condenser, 2-hydroxyethyl cellulose 1 (Mw =90
000 g/mol, MS =2.5, 2.5 g, 9.19%103 mol, 1 eq), sodium azide (3.8 g, 5.85x10 mol, 6
eq.) and ®*N-labelled sodium azide Na'°N3 (0.1 g, 1.54x10 mol, 0.1 eq) were dissolved
in DMF (100 mL). The mixture was heated to 80 °C for 1 h in order to dissolve HEC.
The mixture was cooled to room temperature and carbon tetrabromide (14.3 g, 4.31x1072
mol, 5 eq) was added. Triphenylphosphine (11.8 g, 4.50x102 mol, 5 eq) dissolved in
DMF (12.5 mL) was added carefully to the HEC mixture. The reaction was then left for
24 h at room temperature under magnetic stirring. The product was precipitated by
addition of toluene (500 mL) and collected by filtration. The solid was dissolved in DMF
(50 mL) and re-precipitated using diethyl ether (500 mL). After being filtered, the solid
was washed with acetone (100 mL) and dried under vacuum at 50 °C overnight. The
product 2 was obtained as a light yellow solid in quantitative yield (3.1 g). The product

was characterised using solid state 13C, ®N CP-MAS NMR and FT-IR spectroscopies.

123



5.2.3.2. Preparation of the chain transfer agents

5.2.3.2.1. 0-ethyl s-prop-2-ynyl carbonodithiolate

In a one-necked, round-bottomed flask, propargyl bromide solution 3 (80% wit. in toluene,
1.02 g, 8.57x10 mol) and potassium ethyl xanthogenate 4 (1 g, 6.24x10° mol) were
dissolved in THF (10 mL). The flask was covered with aluminium foil and the reaction
was run overnight at room temperature. THF (100 mL) was added and the mixture was
filtered to remove KOH. The excess solvent was evaporated and distilled water (10 mL)
was added to the residues. The product was extracted with diethyl ether (3x30 mL). The
diethyl ether was removed under vacuum and the final product 5 was purified via column
chromatography using pentane as eluent and dried under vacuum overnight. The product
was obtained as pale yellow oil in a yield of 48% (0.48 g). *H NMR (400 MHz, DMSO-
ds): n (ppm) 1.4 (t, J =7.0 Hz, 3H, CH3-CH,-0), 3.2 (t, J =2.6 Hz, 1H, CH=C-), 4.0 (d,
J =2.6 Hz, 2H, CH=C-CH>-), 4.6 (q, J =7.0 Hz, 2H, -CH2-0); *C NMR (400 MHz,
DMSO-ds): c (ppm) 13.5 (CH3-CH2-0O-), 23.5 (-CH2-S-), 70.6 (-CH»-0-), 74.1 (CH=C-

), 78.6 (CH=C-), 211.8 (-C=S).

5.2.3.2.2. Alkyne-terminated trithiocarbonate

In a one-necked, round-bottomed flask, trithiocarbonate CTA 6 (1 g, 2.74x10° mol, 1
eq.), N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide (EDC) (0.783 g, 5.04x10% mol, 2
eq.) and 4-(dimethylamino)pyridine (DMAP) (0.5 g, 4.09x107 mol, 2 eq.) were dissolved
in dichloromethane (10 mL) and the mixture was purged with nitrogen for 10 min.

Propargyl alcohol 7 (0.5 mL, 8.59x10° mol, 3 eq.) was added and the mixture was stirred
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overnight at room temperature under a positive N2 pressure. The flask was opened to air
and the product 8 was extracted by washing with each of the following solvents (3x30
mL); dilute aqueous HCI, distilled water and brine solution (3.5% w/w NaCl). After
concentration of the organic layer under vacuum, the product 8 was obtained as a viscous
yellow liquid in a yield of 87% (0.95 g). *H NMR (400 MHz, CDCls): én (ppm) 0.8 (t,
3H, J =7.0 Hz, CH3-CH3-), 1.19-1.66 (m, 20H, CH3-(CH?2)10-), 1.6 (S, 6H, -S-C(CHs3)2-),
2.4 (t, 1H, J =2.4 Hz, -C=CH), 3.2 (t, 2H, J =7.5, -CH2-S-), 4.6 (d, 2H, J =2.5 Hz, -O-
CH2-); ¥°C NMR (100 MHz, CDCls): oc (ppm) 14.3 (CHs-), 22.8 (CH3-CHy-), 25.4 (C-
(CHa)2-), 28-32 (9C, CHs-CH2-(CH2)o-), 37.1 (-CH2-S-), 53.5 (-O-CH2-), 55.7 (-

C(CHs)2-), 75.2 (-C=CH) , 77.4 (-C=CH), 172.5 (-C=0).

5.2.3.3. RAFT polymerisations

5.2.3.3.1. Synthesis of poly(N-vinylpyrrolidone)

In a one-necked, round-bottomed flask, o-ethyl s-prop-2-ynyl carbonodithiolate 5 (0.50
g, 3.05x1073 mol, 1 eq.), AIBN (0.35 g, 2.13x10° mol, 0.7 eq.) and N-vinylpyrrolidone 9
(3.44 g, 3.09x102 mol, 10 eq.) were dissolved in toluene (20 mL). The mixture was
purged with N2 for 10 min. The flask was sealed and the reaction was run overnight at 70
°C. The mixture was then cooled to room temperature and the product was precipitated
using diethyl ether (200 mL). The product was collected by filtration and dried overnight
under vacuum at 40 °C. The product 10 was obtained as a white powder in quantitative
yield (3.30 g). The polymer was characterized using solution state *H NMR spectroscopy
and SEC. NMR spectra were recorded in CDCl3z and the number average molecular

weight (Mn) and the dispersity (Pwm) were determined using SEC with conventional

125



calibration (PMMA standards). Solid state °N CP-MAS NMR (40.52 MHz): én (ppm)

~-253.8.

5.2.3.3.2. Synthesis of poly(N-isopropyl acrylamide)

In a one-necked, round-bottomed flask, alkyne-terminated CTA 8 (0.4 g, 9.93x10** mol,
1 eq.), N-isopropyl acrylamide 11 (1.12g, 9.90x10° mol, 10 eq.), and AIBN (0.02 g,
1.21x10* mol, 0.12 eq.) were dissolved in 1,4-dioxane (10 mL). The flask was purged
with N2 for 15 min and, once sealed, the polymerisation was run overnight at 60 °C. The
polymer was precipitated in hexane (100 mL) and recovered by filtration. The product 12
was dried overnight under vacuum at 40 °C and was obtained as a white powder in a yield
of 87% (1.12 g). The polymer was characterised using solution state H NMR
spectroscopy and SEC. NMR spectra were recorded in CDCls and the M and Pwm were

determined using SEC with conventional calibration (PMMA standards).

5.2.3.3.3. Synthesis of  poly(1-(11-acryloyloxyundecyl)-3-methylimidazolium

bromide)

1-(11-acryloyloxyundecyl)-3-methylimidazolium bromide (IL) 13 (10, 50 or 100 eq.),
xanthate 5 (1 eq.) and AIBN (0.3 eq.) were dissolved in DMF (10 mL) and the mixture
was purged with N2 for 10 min. The flask was sealed and the reaction was heated at 70
°C for 17 h. The mixture was dialysed against water for 2 days using a dialysis tubing of

MW(CO of 500-1,000 g/mol for P(IL)10 and 3,500 for P(IL)so and P(IL)100. Subsequently,
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the dialysed material was freeze-dried overnight and the polymer 14 was obtained as
sticky white solid in a yield of 70-80% (Table 5-1). The polymer was characterised using
solution state NMR spectroscopy and SEC. NMR spectra were recorded in DMSO-ds and
the M, and Dwm were determined using SEC with conventional calibration (PMMA

standards).

5.2.3.4. Copper-catalysed azide-alkyne cycloaddition (CUAAC)

5.2.3.4.1. CuAAC between N3-HEC and o-ethyl s-prop-2-ynyl carbonodithiolate

In a one-necked, round-bottomed flask, N3-HEC 2 (0.5 g, 1.7x10°% mol, 1 eq.), o-ethyl s-
prop-2-ynyl carbonodithiolate (0.7 g, 4.4x10° mol, 3 eq.) 5, sodium L-ascorbate (0.24 g,
3.3x10* mol, 0.2 eq.), copper (1) sulfate pentahydrate (0.15 g, 1.7x10* mol, 0.1 eq.) and
N.N,N",N'-tetramethylethylenediamine (0.07 g, 1.7x10 mol, 0.1 eq) were dissolved in
DMF (10 mL). The flask was heated at 30 °C for 24 h, the mixture was cooled to room
temperature and the products were precipitated with chloroform (100 mL). The solid was
then filtered and was washed with acetone (~20 mL) under stirring in order to remove the
unreacted RAFT agent. The product 15 was then filtered and dried overnight under
vacuum at 50 °C. The product was obtained in near quantitative yield (0.7 g). The macro-
CTA was characterised using solid state (:3C and *N) CP-MAS NMR spectroscopies and

FT-IR spectroscopy.

The same procedure has been repeated without the use of copper sulfate pentahydrate in

order to investigate the regioselectivity of the reaction. The resulting material obtained in
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a yield of 66% (0.33 g) was characterised using solid state 3C and *®N CP-MAS NMR

and FT-IR spectroscopies.

5.2.3.4.2. CUuAAC between N3-HEC and alkyne-terminated polymers

In a round-bottomed flask fitted with a drying tube, Ns-HEC 2 (0.5 g, 1.7x10° mol, 1
eq.), alkyne-terminated poly(N-vinylpyrrolidone) 10 (2 eq, 0.3 eq and 0.5 eq), sodium L-
ascorbate (0.57 g, 2.88x102 mol, 2 eq.), copper (I1) sulfate pentahydrate (0.36 g, 1.44x10"
¥ mol, 1 eq.) and N,N,N',N"-tetramethylethylenediamine (0.17 g, 1.46x10 mol, 1 eq) were
dissolved in DMF (20 mL). The flask was heated at 30 °C for 24 h. The mixture was
cooled to room temperature and polymeric materials were precipitated with diethyl ether
(200 mL). The solid was then collected by filtration and was washed for 24 h in water
(~20 mL) under stirring in order to remove the unreacted PVP chains. The product 16
was then collected by filtration and dried overnight under vacuum at 50 °C. The product
was obtained in a yield of approximately 40% by mass. The graft-copolymers were

characterised using solid state (**C and *®N) CP-MAS NMR and FT-IR spectroscopies.

The following procedure was adopted for coupling PNIPAAM 12 (1.06 g, 6.91x10* mol,
3 eq.) to N3-HEC 2 (0.06 g, 2.02x10* mol, 1 eq.) and the resulting product 17 was
obtained in quantitative yield (0.47 g). The polymer was characterised using solid state

(*3C and >N) CP-MAS NMR and FT-IR spectroscopies.

The same procedure was also used for coupling P(IL)s 14 (70 mg of P(IL)10, 50 mg of
P(IL)s0, 685 mg of P(IL)100, 3.4x10° mol, 2 eq.) to N3-HEC 2 (4 mg, 1.7x10° mol, 1 eq.),
except that at the end of the reaction, the mixture was dialysed for 3 days using a 50,000

Da MWCO membrane against milli-Q water. HEC-g-P(IL)s 18 were further lyophilized
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and were obtained in quantitative yield (36 mg of HEC-g-P(IL)10, 284 mg of HEC-g-
P(IL)so0, 533 mg of P(IL)100). HEC-g-P(IL)s were characterised using solid state (**C and

1°N) CP-MAS NMR and FT-IR spectroscopies.

5.2.4. Biological study of HEC-g-P(IL)s

5.2.4.1. Bacteriological testing

The effect of the HEC-g-P(IL)ns 18 (with n =10, 50 and 100) on bacteria was investigated
using Escherichia coli K-12 wild-type strain (W3110, F, 1", rpoS(Am), rph-1, Inv(rrnD-
rme))® and Staphylococcus aureus (3R7089 strain Oxford)®® which were selected as

representative Gram-negative (E. coli) and Gram-positive (S. aureus) species.

5.2.4.1.1. Bacterial growth inhibition assay on agar plates

HEC-g-P(IL)ns were dissolved in Oxoid™ iso-sensitest broth with a concentration of 10
mg/mL and 6 sequential 2-fold dilutions were prepared in the same medium. 10 pL of
each dilution was spotted onto a Luria-Bertani (LB) agar plate containing bacteria in a
soft agar overlay (5 mL) and the plates were incubated overnight at 30 °C. A zone of

growth inhibition was observed due to the presence of the HEC-g-P(IL)xs.
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5.2.4.1.2. Determination of minimum inhibitory concentration (MIC)

MIC determination followed the protocol described by Andrews!?, 10 mg/mL dilution
of HEC-g-P(IL)ns in iso-sensitest broth were prepared and 11 sequential 2-fold dilutions
were made using the medium as diluent. The inoculum was prepared from bacteria grown
on agar plates and inoculation of 5 mL of iso-sensitest broth with a single colony cultures
and incubated overnight at 37 °C. 20-50 pL of overnight culture was inoculated into 1
mL of iso-sensitest broth and incubated at 37 °C with aeration until an inoculum density
of approximatively 10* cfu/spot was reached as determined by an optical density Assonm
of 0.07, equivalent to a 0.5 MacFarland standard (240 uM BaCl, in 0.18 M H2SO4 aq.).

This inoculum was diluted 10-fold in iso-sensitest broth for use in MIC determination.

In a 96-well microtiter plate, 50 pl of each dilution of HEC-g-P(IL)» was mixed with 50
pl of inoculum for each dilution. Ampicillin was diluted in a similar manner as HEC-g-
P(IL)ss and was used as a positive antibacterial control. The plate was incubated at 37 °C
overnight with shaking and the optical density Aesonm Of each well was recorded using a

Biotek Synergy HT Multi-Mode Microplate Reader. Samples were analysed in duplicate.

5.2.4.2. Measurement of the cytotoxicity

A549, an immortalized lung alveolar cell line!?®, was cultured in DMEM (Dulbecco's
Modified Eagle Medium, GIBCO) supplemented with 10% FCS (Fetal Calf Serum).
Approximately 5x102 cells in a volume of 100 pL per well were used to seed a 96 well
plate. Cells were allowed to grow in a humidified incubator with an atmosphere of 5%
CO; at 37 °C until 70% confluency was achieved. HEC-g-P(IL)ns (n =10, 50, 100) to be

tested were dissolved in culture medium to a concentration of 1 mg/mL and 100 pL was
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added to each well of the first column of wells to give a final concentration of 500 pug/mL.
Subsequently 2-fold serial dilutions were performed from columns 1-11 with the final
column left as a negative control. After further incubation the effect of the treatment was
determined by a cell viability assay using Almar Blue*® (GIBCO) and analysed on a
fluorescent plate reader (BioTek, FL500) using the GEN5 software package. The
fluorescence was read using a fluorescence excitation and emission wavelength of 540—
570 nm (peak excitation is 570 nm) and 580-610 nm (peak emission is 585 nm)
respectively. The evolution of the fluorescence intensity as a function of the concentration
of HEC-g-P(IL) permitted the graphically determination of LDsg (Lethal Dose that kills

50% of cells).

5.3. RESULTS AND DISCUSSION

5.3.1. Synthesis of N3-HEC

N3-HEC was prepared from HEC using a one-step procedure (Scheme 5-1)*! In order to
aid the detection of nitrogen by ®N NMR spectroscopy, sodium azide was doped with

Nal®Ns.
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Scheme 5-1: Synthesis of partially *N-labelled N3-HEC 2

The solid state 1*C NMR spectrum (Figure 5-1 b) shows signals at~103 ppm, 83 ppm, 74
ppm, 71 ppm and 52 ppm. The signals at ~103 ppm and 81 ppm are typical of HEC and
are assigned respectively to the anomeric carbon (C1) and the carbon at the C4 position.
The signals oc ~74 ppm are assigned to the set of carbons at C2, C3 and C5 positions and
the signal dc ~71 ppm is assigned to the inner carbon of the ethylene oxide side chain.
The signal at ~52 ppm is assigned to the -CH>-N3 and the loss of the signal at ~62 ppm
commonly assigned to the C6 (R=H) and the final carbon of the ethylene oxide side chain
(Figure 5-1 a) indicates a complete functionalization of the primary alcohol of HEC with

NaNs.
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Figure 5-1: Solid state *C CP-MAS NMR spectra of (a) HEC 1 and (b) N3-HEC 2

The solid state >N NMR spectrum (Figure 5-2) shows two signals at~-310 and -170 ppm
which are characteristic respectively of -CH2-No=Np=N, and -CH2-N,=Ng=N,'32. The
labelled NaNs is labelled at N, and Ny only, and this explains why Ng was not detected.
In the cross polarisation method, the detection of nitrogen is obtained from the transfer of
energy from protons to the nitrogen. Thus, the more protons environments, there are near
to the nitrogen and the closer these protons are to the nitrogen, the easier will be their
detection. In N3-HEC, N, is directly attached to a methylene group which represents also
the closest source of protons for N,. The excitation energy received by N, is greater than
that received by N,, resulting in an easier detection of N, which is demonstrated by a

higher intensity of the signal on ~-310 ppm assigned to N.
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Figure 5-2: Solid state >N CP-MAS NMR spectrum of N3-HEC 2

The FT-IR spectrum of N3-HEC (Figure 5-3) shows a strong absorbance band at ~2100
cm?, characteristic of the presence of an azide group and a relative decrease of the
absorbance band at 3400 cm™ indicating the loss of some hydroxyl groups, reinforcing

the evidence of the functionalization of the primary alcohol with sodium azide.
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Figure 5-3: FT-IR spectra of (a) HEC 1 and (b) N3-HEC 2

5.3.2. Preparation of alkyne-terminated polymers

5.3.2.1. RAFT polymerisation of NVP

The transfer agent was prepared following a reported procedure!*®. Propargyl bromide 3
was reacted with potassium ethyl xanthogenate 4 overnight at room temperature to obtain

0-ethyl-s-prop-2-ynyl carbonodithiolate 5 (Scheme 5-2) in a yield of 50%.

Scheme 5-2: Preparation of 0-ethyl s-prop-2-ynyl carbonodithiolate 5
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The 0-ethyl-s-prop-2-ynyl carbonodithiolate 5 was then used to polymerise NVP 6 in a
controlled manner (Scheme 5-3). The ratio RAFT agent:initiator (AIBN) was optimised
to obtain relatively high conversion and good control of the polymerisation, and we found
that 1:0.7 was a good compromise, with a monomer conversion and a Hmv of 80% and 1.4
respectively. The degree of polymerisation (DPtargeted =10) was kept low in order to
facilitate the spectroscopic detection of the HEC backbone and PVP in the graft-
copolymer HEC-g-PVP, thus highlighting the grafting between the two polymers. At the
end of the reaction, 80% monomer conversion was determined using 'H NMR
spectroscopy. PVP 7 was isolated by precipitation with diethyl ether in near-quantitative

yield. The polymer was then characterised using NMR spectroscopy and SEC.

Scheme 5-3: RAFT polymerisation of NVP 9

The *H NMR spectrum of PVP (Figure 5-4) shows signals at on ~2.0 ppm, 2.4 ppm and
3.2 ppm which are characteristic of the protons of the pyrrolidone ring. The complex
signal at o1 ~1.4-1.7 ppm is assigned to the chain end -CH3s and methylene groups of both
polymer chain and protons of -CH2-C=. Furthermore, the signal at o4 ~3.7-3.9 ppm is
assigned to methine groups of the polymer chain and the signal at n ~4.6 ppm is assigned
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to methylene of the end group, i.e., the protons of -CH2-O. The DP was estimated using
the integral of the signal at on ~4.6 ppm, normalised to 2H against the integrals of the
signal on between 3.7 ppm and 3.9 ppm (12H). From the resulting DP value, a molecular
weight (Mn nmr) of 1,500 g/mol was estimated. This is in good agreement with the

targeted DP of 10.
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Figure 5-4: Solution state *H NMR (400 MHz, CDCls) spectrum of poly(N-

vinylpyrrolidone) (DPtargeteds =10) 10

The SEC results (Figure 5-5) indicate a number average molecular weight (My sec) of

1,180 g/mol and a dispersity (Pwm) of 1.4, calculated with conventional calibration using
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PMMA standards. The My sec value is not representative of the true value because of a
non-negligible difference of the hydrodynamic volume of PMMA standards and PVP
chains. However, the Pm value is measured independently of the method used for
determining the molecular weight and is characteristic of the molecular weight
distribution. A Dm below 1.2 indicates a controlled polymerisation while a value above
1.5 indicates a loss of control. The Pm value of 1.4 therefore indicates some evidence of
control of the polymerisation, especially given the low DP. In fact, a low degree of
polymerisation results in broader molecular weight distribution because of retardation
effects of the propagation step. In theory, the chains should start their growth at the same
time resulting in the preparation of chains of the same length. However this is rarely the
case, as there are always some retardation effects because all chains do not start their
growth at same time. For a high degree of polymerisation such as 100, this retardation
will not significantly influence the dispersity, however for a low DP such as 10, the value
of Pm is expected to be higher compared to a DP of 100 because the detection of the

retardation phenomenon is amplified for a such low DP.
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Figure 5-5: Results of SEC analysis of PVP (DPtargeted =10) 10; plot shown is from RI

detection.

5.3.2.2. RAFT polymerisation of NIPAAM

From a procedure developed by Ranjan and co-worker*?!, an alkyne-terminated
trithiocarbonate 8 (Scheme 5-4) was synthesised from CTA 6 and propargyl alcohol 7 in

a yield of 87% and was fully characterised using NMR spectroscopy.

139



S /\OH S
g O

Scheme 5-4: Synthesis of alkyne-terminated trithiocarbonate 8

NIPAAM 11 was successfully polymerised overnight under mild conditions using 8 at a
0.12:1 ratio of initiator to chain transfer agent. The alkyne-ended PNIPAAM 12 (Scheme
5-5) was obtained in a monomer conversion of 90% determined by 'H NMR

spectroscopy. The polymer was further characterised by NMR spectroscopy and SEC.
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Scheme 5-5: RAFT polymerisation of NIPAAM 11

In the *H NMR spectrum (Figure 5-6), the set of signals at o ~1.1, 1.6, 2.1 and 3.9 ppm
are characteristic of PNIPAAM where the peak at on ~1.1 ppm is assigned to the methyl
groups, on ~1.6 and 2.1 ppm respectively to the -CH2- and -CH- group of the polymeric
chain and on ~3.9 ppm to the -N-CH- group. Some of the transfer chain signals are

detected with the peak at o+ ~0.8 ppm assigned to the methyl group of the chain end, dn
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~1.2 ppm to the gem-dimethyl groups, on ~1.8 ppm to the -C=CH, on ~3.2 ppm to the -
CH2-S-, o1 ~4.6 ppm to the -O-CH2- and dn ~6 ppm to the -NH group. From the
integration of the signal of the end group at o+ ~4.6 ppm compared to the methine group
at on ~3.9 ppm characteristic of PNIPAAM, a degree of polymerisation (DPnwmr) Of ~10

was estimated and this corroborated the calculated monomer conversion.
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Figure 5-6: Solution state *H NMR (400 MHz, CDCls) spectrum of PNIPAAM 12

(D Ptargeted = 10)

The Dvmeasured by SEC (Figure 5-7) was found to be 1.2 confirming the control of the

polymerisation. Because of a very low targeted DP, the calculation of the molecular
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weight using SEC was not reliable regardless of the detector used. However, the
confirmation of a narrow molecular weight distribution permitted the use of the calculated

DPnmr to give an approximation of the molecular weight as ~1,400 g/mol.
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Figure 5-7: Results of the SEC analysis of PNIPAAM (DPtargeted =10) 12 polymerised
using trithiocarbonate 8 (black) and xanthate 5 (orange) as chain transfer agent; plot

shown is from RI detection.

The xanthate that was used to polymerise NVP (5) was also used to polymerise NIPAAM.
However, only 60% monomer conversion was obtained after overnight reaction and the
molecular weight distribution (Figure 6 b) was broader compared to that obtained with
the trithiocarbonate (Pm =1.5 vs. 1.2). Since our aim is to prepare well-defined graft-
copolymers of hydroxyethyl cellulose, only PNIPAAM polymerised using alkyne-

terminated trithiocarbonate CTA was further coupled to N3-HEC.
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53.23. RAFT polymerisation of 1-(11-acryloyloxyundecyl)-3-

methylimidazolium bromide

1-(11-acryloyloxyundecyl)-3-methylimidazolium bromide 13 was prior-synthesised (see
part 4.2.2.4.1.) and was polymerised using a xanthate 5 as transfer agent (Scheme 5-6).
The polymerisation of IL was performed at 70 °C in DMF using a ratio of xanthate to
initiator (AIBN) of 1:0.3. Different degrees of polymerisation (10, 50 and 100) were
targeted in order to produce graft-copolymers of HEC with different chain length. After
17 h of polymerisation, the monomer conversion was determined using *H NMR
spectroscopy and was found to be approximatively 70-80% (Table 5-1). Subsequently,

the P(IL)s 14 were characterised using NMR spectroscopy and SEC.

Table 5-1: Reaction conditions for the preparation of P(IL)s

IL Xanthate AIBN P(IL)

DPtargeted g mmol mg mmol mg mmol Conv. mg \Z(I)ZI)OI

(%)
10 113 292 460 0.287

12 0.079 70 672 57
50 156 4.03 13.0 0.081 4 0.024 80 880 56
100 183 473 76 0.047 2 0.012 75 973 53
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Scheme 5-6: RAFT polymerisation of 1-(11-acryloyloxyundecyl)-3-methylimidazolium

bromide (IL) 13

In the *H NMR spectrum of P(IL)100 (Figure 5-8), signals on ~1.2-1.8 ppm are assigned
to protons -CHzs along the side chain and the backbone of P(IL). The signal o+ ~2.2 ppm
Is assigned to the methine group of the backbone and the signal on ~3.9 ppm is assigned
to the -CH3 group which is the substituent group of the ring. The signal on ~4 ppm is
assigned to -CHz- next to the tertiary amine and the signal o ~4.2 ppm is assigned to the
protons —CHz next to the acrylate group. The signal on~7.7-7.8 and 9.4 ppm are assigned
to the protons defining the imidazolium ring. The signals of the end groups were not
found, perhaps, because they are most likely to be hidden by the signals of P(IL). The
spectra of the P(IL)so and P(IL)10 did not exhibit any new signals corroborating the
proposed overlap between the polymer and end groups signals. Thus, the estimation of
the chain length, based on the ratio of integrals between protons of the polymers and end

groups, was not feasible using NMR spectroscopy.
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Figure 5-8: Solution state *H NMR (400 MHz, DMSO-ds) spectrum of poly(1-(11-

acryloyloxyundecyl)-3-methylimidazolium bromide) (DPtargeted =100) 14

The molecular weight and dispersity of P(IL) were determined using SEC where the
experiments were done by Smithers Rapra in Shawbury, UK. Due to the cost of the
analyses, only P(IL)100 was analysed and the result is displayed in Figure 5-9.
Conventional calibration with PMMA standards was used to determine the average
molecular weight My and was found to be 26,600 g/mol. This is in good agreement with
the 71% monomer conversion (27,600 g/mol) considering a low Dw. Effectively, Pm of
1.5 was measured indicating some control of the polymerisation. In fact, a value Dw of

inferior of 1.2 demonstrates the full control of the polymerisation, however a value
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between 1.2 to 1.5 indicates still some control of the polymerisation. A value superior to
1.5 means the loss of control resulting in broader molecular weight distribution. Typically
polymers produced via conventional free radical polymerisation have Pv value higher
than 1.5. The dispersity value of 1.5 for P(IL)100 Was borderline for a polymer which was
prepared from a RDRP process. Regarding P(IL)s with shorter chain length (10 and 50
DP) bw values were expected to be similar or slightly higher due to the amplification of

the detection of the retardation effects when polymerising shorter chain length.
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Figure 5-9: Results of the SEC analysis of P(IL) (DPtargeted =100) 14; plot shown is from

RI detection.
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5.3.3. Copper catalysed azide-alkyne cycloaddition (CUAAC)

53.3.1. Ns-HEC with transfer agent O-ethyl S-prop-2-ynyl

carbonodithiolate: Macro-CTA

O-Ethyl-s-prop-2-ynyl carbonodithiolate-functionalized HEC 15 was prepared via click
chemistry using copper sulfate pentahydrate, sodium ascorbate and TMEDA (Scheme
5-7). After 24 h at 30 °C, the macro-CTA 15 was isolated in 100% vyield assuming
complete coupling. Due to a lack of solubility in common deuterated NMR solvents, the

product was characterised using FT-IR and solid state NMR spectroscopies.
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Scheme 5-7: CUAAC between partially °N-labelled N3-HEC 2 and transfer agent 5

The preparation of macro-CTA 15 was performed to demonstrate the click reaction
between HEC and a RAFT agent, and help in the assignment of the NMR spectra of the
graft-copolymers. This reaction was thus a key point in our work towards the preparation

of HEC-g-PVP1 graft-copolymers.

The 3C NMR spectrum (Figure 5-10) showed a large band of peaks between 71 and 81

ppm which are assigned to the carbons of the HEC backbone. The peak at 103.2 ppm is
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assigned to the carbon at the C1 position, and the peak at 51.9 ppm is assigned to the
carbon directly attached to the nitrogen of the triazole ring. Comparing the product to the
N3-HEC spectrum (Figure 5-1), the chemical shift of this carbon is the same as that of -
CH>-Ns. However, the click reaction is demonstrated by the presence of peaks at 124.0
and 123.2 ppm which are assigned to the carbons in the triazole ring. Furthermore, the

peak at 15.0 ppm and the broad peak at 32.4 ppm are assigned respectively to the methyl

and methylene of the RAFT agent.
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Figure 5-10: Solid state **C CP-MAS NMR spectrum of the macro-CTA 15
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In order to further confirm the coupling, FT-IR and ®N NMR spectroscopies were
performed. The FT-IR spectra (Figure 5-11) showed a strong relative decrease of the
absorption band at 2100 cm™ assigned to the azide groups, indicating the near-complete

consumption of the azide.
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Figure 5-11: FT-IR spectrum of the macro-CTA 15

In the N NMR spectrum (Figure 5-12), only one peak at dn ~ -134 ppm is present and
is assigned to the N, after cycloaddition with the RAFT agent. The large change in the
chemical shift of N, from -310 ppm to -134 ppm suggests complete reaction of N3 with
the alkyne group of the transfer agent, however, because the FT-IR spectrum showed the
presence of unreacted N3 we propose that the expected peak at -310 ppm corresponding
to unreacted N, was too weak and thus was undetectable by NMR. Comparing to the

spectrum of N3-HEC (Figure 5-2), the ratio of the signal of N, to noise is lower due to the
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change of the environment in terms of protons and the change in the symmetry of the
environment. The peak present at -170 ppm in the *N spectrum of N-HEC (Figure 5-2)
and assigned to N, is absent from the N spectrum of the macro-CTA because the ratio
of signal N, to noise decreased, resulting in an inability to detect it. This peak was

expected to shift to approximately -20 ppm according to studies carried by Corredor et

al .133.

-134.3
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Figure 5-12: Solid state >N CP-MAS NMR spectrum of the macro-CTA 15

Copper catalysed azide-alkyne cycloaddition (CUAAC) is a regioselective reaction that

takes place under mild conditions without special requirements (e.g., exclusion of
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oxygen), resulting in the preparation of 1,4- isomer. In contrast, Huisgen 1,3-
cycloaddition is conducted without copper, typically at much higher temperature, and
leads to a mixture of 1,4- and 1,5-regioisomers*®*. In order to demonstrate that our
reaction was indeed a CUAAC process and not a Huigsen cycloaddition, the reaction
between N3-HEC and the alkyne-terminated xanthate was repeated without copper
sulphate pentahydrate. The NMR spectrum of the resulting product (not shown) does not
contain any signals attributable to a cycloaddition product from the two materials. This
indicates that Huisgen 1,3- cycloaddition did not occur under these experimental
conditions. The macro-CTA was obtained following the CUAAC process alone and thus

is expected to constrain the outcome of the 1,4-disubstituted 1,2,3-triazole exclusively.

To summarise, N3-HEC functionalization was near-complete with the RAFT agent using
a selective 1,4- click reaction resulting in the formation of a macro-CTA from an HEC
backbone. This could be used for the preparation of graft-copolymers of cellulose, such
as in the work by Perrier and co-workers*:. In our case, the preparation of the macro-CTA
allows us to identify the correct conditions for the click reaction and also to determine the
chemical shift of the product in the >N NMR experiments. This information assisted in
identifying the grafting of the alkyne ended PVP to N3-HEC and in the characterisation

of HEC-g-PVP confirming the triazole formation.

5.3.3.2. Ns-HEC and alkyne-terminated PVP

The CuAAC reaction (Scheme 5-8) was used to couple PVP1o 7 to N3-HEC 2, forming

the graft-copolymer 16. A chain length of 10 repeat units of the synthetic polymer was
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chosen because this aided the characterisation of the graft-copolymer and the properties
of HEC should be retained. To examine the scope of the grafting process, ratios of PVP
chain to AGU units (in other words to azide groups) equal to 1:5, 1:3 and 2:1 were chosen.
The coupling reaction was carried out for 24 h at 30 °C. The graft-copolymers HEC-g-
PVP10s and possibly some unreacted PVVP1o chains were precipitated with diethyl ether.
HEC-g-PVP10s were then separated from ungrafted PVP1o chains through differences in
solubility in water (PVP1o chains are water soluble whereas HEC-g-PVP1es are not).
Based on the theoretical ratio of PVP chains to AGU units, the HEC-g-PVP10s were

obtained in a yield of ~40%.
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R'=H or -(CH,CH,0), 5-CH,CH,N;
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Scheme 5-8: CUAAC reaction between partially **N-labelled N3-HEC 2 and alkyne-

terminated PVP1 10
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Figure 5-13: Numbering of the molecular structure of HEC-g-PVP1o 16, where x and y

the degree of functionalization

In the 1*C NMR spectrum of HEC-g-PVP1o with a ratio of PVP to AGU equal to 1:5 (y
=1, x =4) (Figure 5-14 b), peaks characteristic of HEC were detected. The peak at 51 ppm
is assigned to the carbon at the C10 position (Figure 10), the large band between 60 ppm
to 90 ppm is assigned to the carbons of the HEC ring and the ethylene oxide side chain
and the peak at 104 ppm is assigned to the anomeric centre (C1). The presence of PVP is
demonstrated by the peaks at 19.3 ppm, 32.6 ppm, 43.8 ppm and 176.7 ppm which are
assigned respectively to the pyrrolidone ring and the carbonyl group. In the spectrum of
HEC-g-PVP1o (Figure 5-14 c) where the ratio PVP to -N3 increased to 1:3, signals of HEC
and PPy are detected. The intensity of the peaks assigned to PVVP has increased whereas

the intensity of the peaks characteristic of HEC decreased, due to the increase of the graft-
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density of HEC with PVP1o. Increasing the graft-density to attempt to achieve complete
functionalization of N3-HEC with PVP resulted in an almost complete disappearance of
HEC signals in the *C NMR experiment (Figure 5-14 d). Furthermore, the carbons
responsible for the cycloaddition between PVP1 and N3-HEC were not detected because
of their low concentration within the structure and/or an insufficient relaxation time
between the pulses. In fact, these carbons could potentially relax much more slowly than
the others limiting their detection using solid state CP-MAS NMR!®, The NMR
experiments indicated the presence of PVP and HEC in the structure. The signals of the
HEC backbone decreased with increasing grafting density. However, definitive evidence

of the coupling is not demonstrated using these NMR experiments.
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Figure 5-14: Solid state **C CP-MAS NMR spectra of (a) Ns-HEC 2, (b) HEC-g-PVP1o
(1:5), (c) HEC-g-PVP1o (1:3) and (d) HEC-g-PVP1o (2:1). Numbering shown in Figure

5-13; x and y defines in Figure 5-13.

In the FT-IR spectrum of N3-HEC (Figure 5-15 a), an absorption band at ~2100 cm
typical of azide groups is present. Coupling PVP1o with N3-HEC at a ratio PVP:Nz of 1:5
caused the relative intensity of the band at 2100 cm™ (Figure 5-15 b) to decrease and a
band at ~1700 cm™ appears which is assigned to the carbonyl group in PVP1. Increasing
the graft-density of PVP to N3-HEC, the band at 2100 cm™ decreases whereas the band

at 1700 cm™ increases and the total disappearance of the band at 2100 cm™ in the spectrum
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of HEC-g-PVP where the ratio PVP:N3z was 2:1 indicates the complete consumption of

the azide of N3-HEC which probably reacted with PVP1o.
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Figure 5-15: FT-IR spectra of (a) N3-HEC 2, (b) HEC-g-PVP1o (1:5), (c) HEC-g-PVP19

(1:3) and (d) HEC-g-PVP1 (2:1)

To try to demonstrate more clearly the coupling between the PVP1oand N3-HEC, partially
1°N-labelled N3-HEC was prepared. In the N NMR spectrum of N3-HEC (Figure 5-16
a), two peaks at ~-310 and -170 ppm are assigned to N, and Ng. When PVP1o was coupled
to N3-HEC at a ratio PVP:N3 equal to 1:5 (Figure 5-16 b), a peak at -256.3 ppm appeared
which is assigned to the amine present in the pyrrolidone ring (the °N signal for PVP1o
is ~-253.8 ppm) which was not doped with an extra °*N. Increasing the PVP:Nj ratio to
1:3 (Figure 5-16 c) resulted in the detection of an additional signal at ~-140 ppm which

is assigned to N, after its cyclisation with PVP1o. The peaks of unfunctionalized N, and

156



N, are still present in the spectrum but their intensities are decreased relative to the signal

of nitrogen in PVP, indicating an increase in the functionalization of N3-HEC with PVP1.

Ne
(a) y=0
Ny
(b) y=1; x=4
(c) y=1; x=2 N,
(d) x=0 PVP
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Figure 5-16: Solid state >N CP-MAS NMR spectra of (a) Ns-HEC 2, (b) HEC-g-PVP1o

(1:5), (c) HEC-g-PV/P1o (1:3) and (d) HEC-g-PV/P1o (2:1)

For the spectrum of HEC-g-PVP1 prepared from a ratio P\VP:Nz equal to 2:1 (Figure 5-16
d), two signals at -256.3 ppm and -140.4 ppm are detected and are assigned respectively
to the nitrogen in the pyrrolidone ring and the N, after the cycloaddition process. The
intensity of the PVP signal is much higher than that of N, due to the high ratio of nitrogen

of PVP to N3-HEC. In fact, 10 nitrogens of PVP are present per each N, of N3-HEC
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resulting in a higher intensity of the peak assigned to PVP compared to that of N,.
Furthermore, the intensity of the signal of N, in N3-HEC decreased when the graft-density
of N3-HEC with PVPyo increased, however no signal for N, after cyclisation with PVP1o
Is detected. This was also the case in the spectrum of the macro-CTA where the reasons
are identical namely lack of nearby protons for excitation. Because of the total loss of
both signals at -310 ppm and -170 ppm assigned respectively to N, and Ng in N3-HEC
and the appearance of the signal at ~-140.4 ppm assigned to N, after the cycloaddition, a
complete coupling between N3-HEC and PVP1o was thus proved and this is corroborated
by the FT-IR spectra of HEC-g-PVP10s where the consumption of the azide increased

with the increase of the graft-density.

5.3.3.3. Ns-HEC and alkyne-terminated PNIPAAM1o

In order to highlight the versatility of our grafting method, PNIPAAM1o 12 was
successfully synthesised with an alkyne-terminated trithiocarbonate CTA and coupled to
N3-HEC 2 using identical conditions to those described in the previous section (Scheme
5-9). Solid state *C, N NMR and FT-IR spectroscopies were used to characterise the

graft-copolymer, HEC-g-PNIPAAMy 17.
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Scheme 5-9: CUAAC between alkyne-ended PNIPAAM1o 12 and partially *°N-labelled

N3-HEC 2

In the solid state 3C CP-MAS NMR spectrum (Figure 5-17 a), detection of PNIPAAM
was confirmed with peaks at 23.1, 30.1, 41.7 and 175.1 ppm which are assigned
respectively to the methyl, methylene, methine and the carbonyl group. However,
additional weak peaks (Figure 5-17 a inset) are observed and these are assigned either to
the cellulose backbone or the chain transfer agent. The peaks at 14.7 ppm and 242.4 ppm
are assigned to the methyl and the thiocarbonate group of the RAFT agent. Furthermore,
bands at ~71 and ~107 ppm are characteristic of the NMR signals commonly observed
for cellulosic materials, which were assigned respectively to the set of carbons at C2 to

C6 positions and to the anomeric centre (C1). The cycloaddition between PNIPAAM and
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N3-HEC was highlighted due to the presence of signals at ~125 and 143 ppm which are

assigned to the carbons responsible for the formation of the ring.
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Figure 5-17: Solid state *3C CP-MAS NMR spectra of (a) HEC-g-PNIPAAM;, 17 and

(b) N3-HEC 2. Numbering as in Figure 5-13 and Scheme 5-9.

The FT-IR spectrum of HEC-g-PNIPAAMio (Figure 5-18 a) showed complete
disappearance of the band at 2100 cm™ indicating an full consumption of azide via the
reaction of N3-HEC with the alkyne group at the end chain of the PNIPAAMjo chains.

Furthermore, bands at 1646 and 1538 cm™ are assigned to -C=0 and -N-C groups in
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PNIPAAM and the band at 2900 cm™ is representative of -C-H present in the synthetic

polymer.
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Figure 5-18: FT-IR spectra of (a) HEC-g-PNIPAAM 1o 17 and (b) N3-HEC 2

The solid state ®N CP-MAS NMR spectrum (Figure 5-19 a) of the graft-copolymers
showed two signals -134.8 ppm and -244 ppm which are respectively assigned to the
labelled nitrogen *°N, of N3-HEC after the cycloaddition and the nitrogen of PNIPAAM.
The difference in intensities between the two peaks was explained by the concentration
of each within the structure; there is only one partially labelled N, per 10 nitrogens of
PNIPAAM in the structure, resulting in a low intensity of the signal of N,. Furthermore,
the signals of N, and N, of N3-HEC disappeared after the cycloaddition, indicating a

complete coupling between the azide and the alkyne-terminated PNIPAAM1o.
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Figure 5-19: Solid state >N CP-MAS NMR spectra of (a) HEC-g-PNIPAAM1o 17 and

(b) Na-HEC 2

5.3.3.4. Ns-HEC and alkyne-terminated P(IL)s

lonic Liquid polymers P(IL), 14 of different chain length (n =10, 50 or 100) were coupled
to N3-HEC 2 and this resulted in the preparation of graft-copolymers HEC-g-P(IL)s 18
(Scheme 5-10) where the grafts were composed of 10, 50 or 100 repeated units of ionic
liqguid monomers. In order to remove homopolymer, P(IL),, the reaction mixture was
dialysed against water using a dialysis tubing of a MWCO of 50,000 g/mol ensuring the
recovery of only HEC-g-P(IL)ns. The graft-copolymers were characterised using solid

state °C and N CP-MAS NMR and FT-IR spectroscopies. Furthermore, their solubility
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permits characterisation using solution state NMR spectroscopy, unfortunately the
resulting spectra showed only the presence of P(IL) and no evidence of the coupling can
be demonstrated. We decided that the characterisations of HEC-g-P(IL)ss in their solid
state was more appropriate to be reported here. Furthermore, the chain length (defined by
“n”) of P(IL) did not affect the detection, thus only the characterisation of HEC-g-P(IL)s0

is reported here.
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Scheme 5-10: CUAAC between alkyne-ended P(IL), 14 and partially °N-labelled Ns-

HEC 2
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FT-IR spectra of N3-HEC, P(IL)so and HEC-g-P(IL)so are displayed in Figure 5-20, and
the total loss of the azide signal at 2136 cm™ in the spectrum of HEC-g-P(IL)so (Figure
5-20 c) indicated the complete consumption of the azide group of N3-HEC due to the
formation of the triazole with the alkyne-terminated P(IL)so. This is the unique evidence
of the grafting because, otherwise, the IR spectrum of HEC-g-P(IL)so is the same of that
of P(IL)so (Figure 5-20 b), and no absorption band of HEC were detected because they
are probably hidden by those of P(IL)so. The band at 3400 cm™ are assigned to -OH
groups, at ~3142 cm to the -CH groups of the ring, at 2856-2926 cm to the alkyl -CH
groups, at 1734 cm™ to the carbonyl group, at 1676 cm™ to the -C=C- and -C=N- groups,
at 1576 cm™ to the -C-C- and -C-N- groups, at 1468 cm™ to the -CH alkyl groups and at

~1170 cm™ to the alkyl -CH groups.
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Figure 5-20: FT-IR spectra of (a) N3-HEC 2, (b) P(IL)so 14 and (c) HEC-g-P(IL)so 18
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Solid state *C CP-MAS NMR spectrum of HEC-g-P(IL)so (Figure 5-22) showed only
signals of the grafts P(IL)so. The signal oc ~174.4 ppm is assigned to the carbonyl group,
oc ~139.5 and ~123.6 ppm are assigned to the alky -CH groups of the ring, oc ~64.9 ppm
to the -CH>-O group, dc ~49.1 ppm to the -CH>-N group, éc ~41.4 ppm to the methine
group and the signals dc ~36.0-30.6 ppm to the methylene and methyl groups. The
absence of signals for the HEC backbone was predictable because of the high molecular
weight of the grafts, P(IL)so. In the previous couplings with N3-HEC, the molecular
weight of the grafts (PVP1o or PNIPAAMyo) did not exceeded 1,000 g/mol and weak
signals assigned to HEC backbone were detected in the solid state 3C NMR spectra of
the resulting graft-copolymers. Thus, an increase in the molecular weight of the grafts
will result in the disappearance of signals of HEC. This is what we observed here with

the shortest P(IL)» chains having a molecular weight of approximately 4,000 g/mol.
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Figure 5-21: Solid state 3C CP-MAS NMR spectrum of HEC-g-P(IL)so 18

The solid state °*N spectrum of HEC-g-P(IL)so (Figure 5-21) showed two signals on ~-
208.0 and ~-194.3 ppm which are assigned to the imidazolium ring based on the
literature'3®. More precisely, the former is assigned to -N-CHs group and the latter to the
N-CH.- group. The absence of the signal on ~-134 ppm assigned to the N, after the

cycloaddition is caused by the presence of high molecular weight of the grafts P(IL)n.
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Figure 5-22: Solid state >N CP-MAS spectrum of HEC-g-P(IL)so 18

To summarise, the characterisation of the graft-copolymers highlighted the presence of
P(IL)n, however, the presence of HEC could not been proven using NMR and FT-IR
spectroscopies. The only evidence of coupling between P(IL)s and N3-HEC is the
disappearance of the azide band at 2100 cm™ in the FT-IR spectrum of the graft-
copolymers. Although HEC backbone was not detected using spectroscopic techniques,
P(IL) chains of different chain length were probably coupled to HEC backbone because
the use of a dialysis tubing of a 50,000 g/mol MWCO would not retain P(IL) chains (Mn
ranged from 4,000 to 39,000 g/mol) without the presence of a HEC backbone (Mw
=90,000 g/mol). Furthermore, a quantitative yield for each coupling reaction proved

complete functionalization of the azide in N3-HEC, resulting in the preparation of three
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HEC based graft-copolymers, HEC-g-P(IL)10, HEC-g-P(IL)s0 and HEC-g-P(IL)100. The
lack of detection of HEC in the characterisation processes was presumably due to the too

high molecular weight of the grafts per AGU units.

5.3.4. Biological study of HEC-g-P(IL)s

5.3.4.1. Introduction

The successful preparation of HEC-g-P(IL)s 18 allowed us to study their biological
effects against bacteria and an immortalized lung alveolar cell line (A549) to determine
potential applications. Furthermore, the importance of the chain length of P(IL) in the

graft-copolymers was investigated.

5.3.4.2. Evaluation of antibacterial effects

Two tests were performed to evaluate the bacteriological effects of the HEC-g-P(IL)s and
were carried out in collaboration with Dr. Gary J. Sharples at Durham University. The
first was a qualitative test to visualise any effects on growth inhibition, whereas the
second was a quantitative test permitting a determination of the minimum inhibition
concentration (MIC) which is the lowest concentration of a compound which inhibits
bacterial growth. E. coli (Gram-negative) and S. aureus (Gram-positive) were chosen as

representative of the difference cell wall architectures of these bacteria.

In order to proceed to these tests, 10 mg/mL solutions of each HEC-g-P(IL) (n =10, 50

and 100) were prepared using iso-sensitest broth and series of eleven 2-fold dilutions were
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prepared resulting in concentrations ranging from 10 mg/mL to 2 ug/mL. In the first test,
which shall be referred to as the zone inhibition assay, 10 uL of each solution of the first
6 dilutions were spotted onto an agar plate containing an overlay of E. coli or S. aureus
bacteria. The plates were incubated overnight to allow the lawn of bacteria to grow
(Figure 5-23). To determine the MIC (2" test), 50 uL of each graft-copolymer solution
was pipetted into a 96-well plate containing 50 uL of bacteria solution (both in iso-
sensitest broth). The 96-well plate was incubated overnight and the optical density (OD)
at Aesonm Was determined in each well (Figure 5-24). A 10 mg/mL dilution series of

ampicillin was used as a positive control.

For S. aureus (Figure 5-23 a), zones of growth inhibition were observed at 10 mg/mL
concentration for each of the graft-copolymers and the size of zones were similar
suggesting that there is not a strong influence of the chain length on the growth of Gram-
positive bacteria. A decrease in the HEC-g-P(IL) concentration resulted in a reduction in
the inhibitory effect as the size of the zones decreased, however at 2.5 mg/mL
concentration, HEC-g-P(IL)10 still showed a slight growth inhibition, whereas HEC-g-
P(IL)so and HEC-g-P(IL)100 did not. Increased chain length grafts of HEC-g-P(IL)n (n
=50 and 100) showed a similar modest reduction in their effect on the growth of S. aureus
bacteria. A MIC value (Figure 5-24 a) for HEC-g-P(IL)10 was estimated to be 20 ug/mL
whereas a MIC value of 39 pg/mL was determined for HEC-g-P(IL)so and HEC-g-
P(IL)100. Compared to ampicillin, which is well-known for its antibiotic properties against
bacterial infections, the MICs of both HEC-g-P(IL)100 and HEC-g-P(IL)s0 were similar,
however, the MIC of HEC-g-P(IL)10 was lower, suggesting a potentially stronger efficacy
of this graft-copolymer against Gram-positive bacteria. The anti-bacterial activity against
S. aureus was slightly stronger using graft-copolymers with shorter chains and one

plausible explanation can be the accessibility of the cationic charges. In fact, the cationic
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charge interferes with the cell wall envelope of the bacteria resulting in its death. Graft-
copolymers with long grafts can undertake different conformations limiting the

accessibility of the cationic charge for the bacteria and thus the antibacterial power.
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Figure 5-23: Results of the growth inhibition assays for the graft-copolymers HEC-g-

P(IL)s 18 against (a) S. aureus and (b) E. coli
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Regarding the Gram-negative bacterium, E. coli, growth inhibition (Figure 5-23 b) was
obtained from solutions of HEC-g-P(IL)ss with concentrations ranging from 10 to 2.5
mg/mL. For each graft-copolymer, the size of the zone of inhibition decreased with
decreasing concentrations of the cellulosic material. At a 1.75 mg/mL HEC-g-P(IL)n
concentration, inhibition was not observed indicating the loss of antibacterial effect at this
concentration. At 2.5 mg/mL, the size of the inhibition zones for the three graft-
copolymers HEC-g-P(IL)ns were similar indicating there was no major influence of the
chain length on antibacterial properties. In order to corroborate these observations, MICs
were determined and found to be 20 pg/mL for each of the graft-copolymers (Figure
5-24). Furthermore, a 39 ug/mL MIC was measured for ampicillin which is higher than
that determined for HEC-g-P(IL)s demonstrating a stronger inhibition effect against
Gram-negative bacteria of the graft-copolymers. Surprisingly, the chain length did not
influence the anti-bacterial activity against E. coli suggesting that the density of charge
didn’t influence the anti-bacterial properties. The anti-bacterial activity results from the
presence of the cationic charge at the outer surface and did not rely on the number of the

charges that contains the graft-copolymers.

To summarise, inhibitory effects of the graft-copolymers were observed for both Gram-
positive and Gram-negative bacteria and were comparable to those produced by
antibiotics such as ampicillin. The cationic charge which defines the imidazolium ring,
where the charge disrupts the membrane of the bacteria is likely to be responsible for this
effect®. The chain length of the grafts, which determines the number of charges, did not
influence the antibacterial properties of HEC-g-P(IL)s against E. coli with a constant MIC
of 20 pg/mL, however in the case of S. aureus, a lower MIC (20 pg/mL) for HEC-g-

P(IL)10 was noted compared to those of HEC-g-P(IL)so and HEC-g-P(IL)100 (39 pg/mL).
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This was also indicated in the growth inhibition assay on agar plates. The anti-bacterial
activity seems to be independent of the charge density but depends most likely on the
accessibility of the positive charge at the outer surface of the graft-copolymers by the
bacterial®’. In fact, the short grafts for HEC-g-P(IL)10 have less option of chain
conformation and thus the charge is probably more accessible to affect the bacteria cell
envelope while for longer grafts, the cationic charge can be hidden from the bacteria
because of the different possible chain conformations. Furthermore, HEC-g-P(IL)ss (n
=50 and 100) were slightly more resistant to E. coli than S. aureus. The mechanism of the
inhibitory effects resides in the interaction between the cationic charge and the bacterial
membrane which is different for Gram-positive and -negative bacteria in terms of
permeability and density of charge. Although more permeable, S. aureus membrane is
slightly negatively-charge and permits the adhesion of graft-copolymers on the bacteria
surface. In order to destabilise the S. aureus membrane the concentration in HEC-g-P(IL)n
(n =50 and 100) had to be higher compared to that for E. coli where its membrane is
neutral. However, HEC-g-P(IL)10 has similar antibacterial effects against both bacteria
(E. coli and S. aureus) and this can be due to relatively good accessibility of the cationic
charge to destabilise readily Gram-positive bacteria. The three graft-copolymers display
promising antibacterial properties which could extend the use of cellulose in industrial

applications.
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Figure 5-24: Determination of the MIC of HEC-g-P(IL)s 18 for (a) S. aureus and for

5.34.3.

(b) E. coli

Evaluation of cytotoxicity against an immortalized lung

alveolar cell line (A549)

To evaluate the possible uses of HEC-g-P(IL)s in medical applications, an estimation of

the cytotoxicity against A549, an immortalized lung alveolar cell line was essential and
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this study was carried by Dr. Paul Yeo at Durham University. The cytotoxicity is
measured using LDso, the lethal dose that kills 50% of cells. A 500 pg/mL concentration
solution was prepared of each graft-copolymer followed by eleven 2-fold serial dilutions.
Each solution was spotted into 96-well plate containing the cells. After incubating
overnight, Almar blue solution was added and the fluorescence of each well containing
both cells line and HEC-g-P(IL) was read using a fluorescence excitation and emission
wavelength of 540-570 nm (peak excitation is 570 nm) and 580—-610 nm (peak emission
is 585 nm) respectively. The evolution of its intensity as a function of the concentration

of each graft-copolymer is displayed in Figure 5-25.
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Figure 5-25: Determination of LDsg for HEC-g-P(IL)s 18

The fluorescence decreases with the death of cells and approaches zero when all cells
have died, however LDso corresponds to the concentration in HEC-g-P(IL) at which half
of the fluorescence was lost. For HEC-g-P(IL)10 and HEC-g-P(IL)so, LDso was ~20

pug/mL whereas ~40 pg/mL LDso was measured for HEC-g-P(IL)100. The increase of the
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length chain of P(IL) grafts reduced by a factor 2 the toxicity of the graft-copolymers
HEC-g-P(IL) against the lung cells. The cationic charge is responsible for the attachment
between the cell membrane and the graft-copolymers resulting in the necrosis of the cell,
i.e. their death™®” 138, One plausible reason of the difference of toxicity observed between
chain lengths is the accessibility of the cation on the outer surface of the graft-copolymers

which depends on the conformational flexibility.

5.3.4.4. Summary

HEC-g-P(IL) materials showed promising antibacterial properties against both E. coli and
S. aureus. For Gram-negative bacteria (E. coli), the chain length of the grafts did not
influence the MIC of the graft-copolymer (20 pg/mL). For Gram-positive (S. aureus), a
decrease in the chain length to 10 repeated IL units decreased the MIC by a factor of two
(20 pg/mL) probably due to the conformational flexibility of the cationic charge for a
shorter chain length of the grafts. The graft-copolymers of 50 repeated IL units and above
had lower MICs against E. coli (20 pg/mL) than against S. aureus (39 pg/mL) resulting
in the higher sensitivity of these graft-copolymers against E. coli because of the
differences in electrostatic properties of the two bacterial surfaces, whereas HEC-g-
P(IL)10 did not present a sensitivity criteria for bacteria of Gram-positive or negative with
a common 20 pug/mL MIC because the cationic charge has a limited conformational
flexibility compared to graft-copolymers containing longer grafts. Although possessing
antibacterial properties at a 20 pg/mL concentration, HEC-g-P(IL)s is also toxic against
an immortalized lung alveolar cell line, A549, at that concentration resulting in the

impossibility of its use as an antibiotic, however it could be of great interest as an
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antibacterial compounds which could be included, for instance, in the formulation of

paints and antiseptics.

5.4. CONCLUSION

Azide-functionalised HEC, N3-HEC 2, in which all the primary alcohols were placed with
azide groups, was prepared successfully. Alkyne-terminated RAFT agents for
polymerising NVP and NIPAAM were also prepared. A xanthate, O-ethyl S-prop-2-ynyl
carbonodithiolate 5, was used to polymerise NVP whereas a trithiocarbonate 8 was
chosen for NIPAAM, targeting degrees of polymerisation of 10 in each case. Both
polymers were synthesised successfully with monomer conversions up to 80-90% and
Dwm values of 1.2 (PNIPAAM) and 1.4 (PVP). Prior to the cycloaddition of N3-HEC with
alkyne-ended PVPio, the transfer agent was successful coupled to N3z-HEC. This
permitted the validation of the click chemistry between the alkyne and the azide via the
NMR chemical shifts (*3C and ®N) of the products of the click reaction. Furthermore,
HEC-g-PVP1o hybrid materials with different PVP graft-densities were made by varying
the ratio of PVP to Ns. A decrease in the ratio of PVP1 to N3 provided evidence of the
grafting between PVP1o and N3-HEC. The use of *N-labelled N3-HEC unequivocally
demonstrated the successful coupling of PVP1o and HEC. In order to demonstrate the
versatility of our method, PNIPAAM1o polymerised in the presence of a trithiocarbonate
transfer agent was also successfully coupled to N3s-HEC. Our strategy for preparing graft-
copolymers of cellulose is efficient and produces well-defined hybrid materials by
combining RAFT polymerisation and CUAAC. Subsequently, novel graft-copolymers of
HEC with promising antibacterial properties were prepared. The ionic liquid (IL)

monomer, 1-(11-acryloyloxyundecyl)-3-methylimidazolium bromide 13 was chosen
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because of the presence of the imidazolium ring, which probably damages the bacterial
membrane causing the death of the bacteria. IL was polymerised using the xanthate as
transfer agent 5 with monomer conversion up to 80% and Pwm of 1.5. DPs of 10, 50 and
100 were targeted in order to produce graft-copolymers of HEC containing different
lengths of chain grafts. The graft-copolymers HEC-g-P(IL)ns (n =10, 50 and 100) were
characterised using NMR and FT-IR spectroscopies and their biological effects were
study against bacteria (Gram-positive and -negative) and an immortalized lung alveolar
cell line (A549). The results showed antibacterial effects against both bacteria E. coli and
S. aureus and were comparable to those of ampicillin which is a powerful antibiotic,
however HEC-g-P(IL)ns were toxic against A549 at the same dose that was required to
inhibit the bacterial growth. These findings suggested the possible use of HEC-g-P(IL)s

as an antiseptic rather than an antibiotic, in industrial areas such as the paint industry.
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Chapter 6:  Conclusion

Three methods for modifying hydroxyethyl cellulose (HEC) have been described in this
thesis. The main focus was the introduction of lactam groups due to the desire of Ashland
(our sponsor) to combine the properties of poly(N-vinylpyrrolidone) (PVP), such as its
solubility in aqueous and organic solvents, with a cellulosic material. Additionally, an
interest regarding the introduction of ionic liquid polymers containing imidazolium
groups onto HEC was demonstrated in order to develop antibacterial HEC-based

materials.

The first method relied on the functionalization of the hydroxyl groups of HEC with 1-
(hydroxymethyl)-2-pyrrolidone (HMP) (Chapter 3) which was prepared readily and
reproducibly. The functionalization reaction was optimised in order to obtain the highest
degree of substitution (DS), which is defined by the number of hydroxyl groups of HEC
that have been modified. The first investigations of the reaction were carried in dimethyl
sulfoxide (DMSO) to determine an appropriate reaction temperature. A temperature of
155 °C was necessary for HEC to react with HMP and the coupling was confirmed using
a 2D NMR experiment. Furthermore, the DS was determined using *C NMR
spectroscopy and was found to be 0.1. The NMR analysis highlighted also the selectivity
of the reaction for towards the primary alcohols of HEC. In order to increase the degree
of functionalization, the solvent was changed to N-methyl-pyrrolidone (NMP) because of
its better thermal stability at 155 °C compared to that of DMSO. The change of solvent
did not result in increased DS, however, the decrease of the reaction time from 17 h to 2
h increased the degree of functionalization up to a value of 0.2. Furthermore, increased

the molar ratio of HMP to AGU did not influence the degree of functionalization and the
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remaining question about possible degradation of HEC under the reaction conditions was
supressed using size exclusion chromatography (SEC). Subsequently, a solvent free
reaction was suggested for promoting increased DS, and thus HMP was used as both the
functionalizing agent and the solvent. The resulting HEC-based material displayed near-
complete functionalization of the primary alcohol with HMP, with a DS of up to 0.9 after
1 h of reaction time. Furthermore, the functionalization was found to be reversible
because DS decreased after a 5 h reaction time. The unsuccessful reaction of 1-
(hydroxyethyl)-2-pyrrolidone (HEP) with HEC suggested a specific reaction mechanism
for the functionalization of HEC with HMP. The physical properties of HMP-
functionalized HEC such as solubility, viscosity, thermal stability, capacity of dye release
and anti-adhesion properties against bacteria were investigated and were altered
compared to those of the parent material. For instance, the thermal stability of HMP-
functionalised HEC increased whereas the viscosity decreased compared to that of HEC.
Such changes were also reported in the literature where PVP was grafted onto cellulose
or cellulose derivatives using conventional radical polymerisation, however the
production of graft-copolymers of HEC having a controlled length chain of PVP grafts

were reported here for the first time.

The second method to chemically modify hydroxyethyl cellulose with lactam groups used
the most popular approach for preparing well-defined graft-copolymers of cellulose and
cellulose derivatives which is the “grafting from” approach used in combination with
Atom Transfer Radical Polymerisation (ATRP) (Chapter 4). The macro-initiator Br-HEC
was successful prepared in an 80% vyield and the influence of the atmosphere, HEC
molecular weight and the choice of the base on the DS were discussed. DS values ranged
from 0.3t0 0.9 and a 0.7 DS for Br-HEC was chosen to avoid the formation of a gel due

to the high concentration of radical species on the backbone. To verify the activity of the
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macro-initiator, methyl methacrylate (MMA) was polymerised in a controlled manner,
with a 61% monomer conversion. The grafts of the graft-copolymers were hydrolysed
from the backbone and analysed using SEC to determine a Pm of 1.2, however the
molecular weight of the grafts indicated a lack of reactivity of the alkyl bromide which
can be caused by the steric hindrance and H-bonding networks of HEC. Subsequently,
the polymerisation of N-vinylpyrrolidone (NVP) was investigated, but it did not work
efficiently because the catalyst was rapidly deactivated due to the presence of the amide
group within the monomer species. 1-(11-acryloyloxyundecyl)-3-methylimidazolium
bromide (IL) was a good candidate for ATRP because it is an acrylate-based monomer.
The introduction of imidazolium groups onto HEC was promising for the development
of graft-copolymers with antibacterial activity. Unfortunately, the ATRP of IL from Br-
HEC showed a limited success with only 30% monomer conversion. Instead of evaluating
the physical properties of these graft-copolymers, which cannot be described as well-
defined, a more versatile method was developed based on the “grafting to” approach

(Chapter 5).

The “grafting to” approach permitted the preparation of a well-defined synthetic polymers
which were coupled to HEC backbone using a “click” reaction. Reversible Addition-
Fragmentation Chain-Transfer (RAFT) polymerisation was chosen for the synthesis of
polymers because of its versatility towards monomer structure compared to ATRP.
Alkyne-terminated RAFT agents were used in order to set up azide-alkyne Huisgen
cycloaddition (CuUAAC) with HEC that has been prior-functionalized with a partially
labelled *°N sodium azide. NVP and IL were successfully polymerised using an alkyne-
terminated xanthate whereas N-isopropylacrylamine (NIPAAM) was polymerised with
alkyne-ended trithiocarbonate. In each case, the monomer conversion was high (70-90%)

and acceptable molecular weight distributions were obtained for such RDRP process. For
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the polymerisation of NIPAAM and NVP, a low degree of polymerisation (DP) of 10 was
targeted whereas IL was polymerised with three different targeted DPs (10, 50 and 100).
PVP10and PNIPAAM1o were used to unequivocally establish the method because of the
use of different RAFT agent structure for the polymerisation of NVP and NIPAAM.
PVP1owas grafted to HEC to produce graft-copolymers with different graft-densities and
prove the attachment between PVPio and HEC using spectroscopic techniques.
Furthermore the use of partially labelled *®Ns-HEC proved the effectiveness of the “click”
chemistry using ®N NMR spectroscopy. The coupling between PNIPAAM;1o and HEC
demonstrated the versatility of the method by way of the change from a RAFT agent to
an alkyne-terminated trithiocarbonate for the polymerisation of NIPAAM. Once the
method was well-established, P(IL)» (n =10, 50 and 100) were successfully grafted to
HEC and the biological effects of the resulting graft-copolymers HEC-g-P(IL)s were
investigated. The introduction of P(IL) onto HEC allowed the development of
antibacterial properties with minimum inhibition concentrations (MICs) against bacteria
of Gram-positive (S. aureus) and Gram-negative (E. coli) similar to those of ampicillin
which is well-known as an antibiotic. The influence of graft length on these properties
was investigated. For Gram-negative bacteria (E. coli), no influence was observed
indicating a poor influence of the density of charge. However, for Gram-positive bacteria
(S. aureus), the graft-copolymers HEC-g-P(IL)10 with the shortest length chain had a
stronger antibacterial effect compared to those with longer chain length (n =50 and 100)
and this can be due to the conformational flexibility of the grafts containing the cationic
charge which is responsible for the disruption of the bacterial cell wall. Furthermore, a
stronger sensitivity of HEC-g-P(IL)s against E. coli was observed, with a lower MICs
against E. coli than that against S. aureus, potentially, due to the electrostatic effects

engendering by S. aureus bacteria on their outer surface. To evaluate the potential of the
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graft-copolymer in the medical field, the cytotoxicity was measured using LDso
corresponding to the lethal dose that kills 50% of cells. HEC-g-P(IL)s became toxic at
the same concentrations that inhibited bacterial growth and thus its applications as an
antibiotic is limited, however, its use as an antibacterial agent in the formulation of paint

and personal care products is promising.

To summarise, three methods have been used to introduce mainly lactam groups onto
HEC. The first method consisted of the functionalization of nearly all AGU units of HEC
with a single lactam group. The resulting bio-based material presented different properties
compared to those of the parent HEC and these differences, such as the change of
solubility, decrease of the viscosity, and improvement of the thermal stability could
extend the use of HEC in industry. The other two methods aimed to prepare well-defined
graft-copolymers of HEC using grafting approaches to produce materials such as HEC-
g-PVP. One variant is based on the “grafting from” approach using ATRP to control the
length of the grafts whereas the other, based on the “grafting to approach”, combines
RAFT polymerisation with the CUAAC reaction. The “grafting from” approach was not
as successful as the “grafting to” approach because of the poor polymerisation of NVP
and IL from the HEC backbone using ATRP. However, alkyne-terminated PVP and P(IL)
were obtained with high monomer conversions using RAFT polymerisation and,
subsequently were clicked to the partially N3-HEC forming well-defined graft-
copolymers. This method is promising for developing hybrid materials of HEC with well-
defined properties. The advantage of this method resides mainly in the use of RAFT
process which polymerises a wider number of monomers compared to ATRP and the
“click” process which takes place readily under mild-conditions. For instance, a

promising antibacterial HEC-based material was developed in this thesis.
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Chapter 7:  Future work

In the immediate future, work should be mainly based on the evaluation of the physical
properties of the graft-copolymers which have already been successful prepared in this
thesis. For HEC-g-PVP1o, the study of its viscosity, thermal stability, capacity to release
dye, solubility and anti-adhesion properties against bacteria should be prioritised in order
to compare to those of HMP-functionalized HEC. These findings will determine the
influence of the number of lactams on the physical properties of the hybrid material.
Regarding the graft-copolymer, HEC-g-PNIPAAMy1o, the thermo-responsiveness should
be studied, because, the introduction of PNIPAAM1o chains onto HEC should provide
thermo-responsiveness properties. This is because PNIPAAM has a lower critical
solution temperature (LCST) at 32 °C. First, solubility testing of the graft-copolymers
should be assessed, where, the LCST of HEC-g-PNIPAAM3, could be determined using
UV-Vis spectrophotometer coupled with a temperature controller. Second, the
morphology and size of HEC-g-PNIPAAM1o aggregates should be studied above and
below its LCST using scanning electron microscopy (SEM) and dynamic light scattering
(DLS). Based on these results, the use of HEC-g-PNIPAAM; as drug delivery vesicle
could be considered because of the biocompatibility and biodegradability of HEC,
however, further experiments concerning the loading capacity and the kinetics of the
release should be made. Regarding HEC-g-P(IL), the influence of the graft-density on the
antibacterial effect should be studied. Because of a minor influence of the length chain
(10, 50 and 100 of IL repeated units) of HEC-g-P(IL) on the inhibitory effects, the
preparation of hybrid materials, HEC-g-P(IL)s, containing different graft-densities of
P(IL)10, should be investigated. For instance, one P(IL)10 chain per three and per six

repeated units of HEC could be coupled, and these could be tested against bacteria and
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against immortalized lung alveolar cell line (A549) to determine their cytotoxicity.
Furthermore, the structure-activity relationship between HEC-g-P(IL) and bacteria
should be explored to determine the cause of the inhibitory effects which can be due to a
bactericidal and/or bacterio-statistical effect of HEC-g-P(IL). The work could be
extended with the preparation of more complex graft-copolymers of HEC. For instance,
HEC-g-P(IL) contains an imidazolium ring which could be readily functionalized with
silver acetate (AgOAc) forming a silver carbene (Figure 7-1). There could be two
strategies to introduce silver carbene on HEC. The first would be the formation of the
carbene by functionalizing the synthetic polymer P(IL) with the silver acetate, and thus,
silver-functionalized P(IL) will be coupled onto HEC. The second will be the
functionalization of the graft-copolymer HEC-g-P(IL) with the AgOAc. The former
method should be easier in terms of characterisation, however, CUAAC of silver-
functionalised P(IL) with N3-HEC may result in the loss of the silver complex under the

reaction conditions.
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Figure 7-1: Silver-functionalized HEC-g-P(IL)

The silver-functionalized graft-copolymer of HEC should present enhanced antibacterial
properties due to the presence of the silver which has been known as a disinfectant since
antiquity. In fact, the graft-copolymers should possess a dual antibacterial action. The
first antibacterial action consists of the detachment of silver and its drilling in to the
membrane of bacteria leading to their death. The second one is the re-formation of the
imidazolium ring which will cause also the inhibition of the bacterial growth due to the
presence of the cationic charge. For instance, this hybrid material could possibly be used

as an “auto-sterile” coating in some biomedical applications.

The straightforward strategy of combining RAFT polymerisation and CUAAC should be
extended to preparing combined graft-copolymer of HEC possessing dual-

responsiveness properties. PNIPAAM and P(IL) which are a thermoresponsive and
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antibacterial polymers respectively could be combined to form an innovative graft-
copolymer of HEC. The preparation of such a material would require two coupling steps
to ensure the grafting of the two synthetic polymers onto HEC. For instance, the first step
could consist of functionalizing one azide group with PNIPAAM per two AGU units of
HEC, and subsequently (2" step), the residual N3 could be cyclised with alkyne-
terminated P(IL) forming HEC-g-PNIPAAM-comb-P(IL) (Figure 7-2). The graft-density
of the each polymer could be easily modulated by varying the ratio of number of polymer

chains to the number of N3 in N3-HEC.
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Figure 7-2: HEC-g-PNIPAAM-comb-P(IL)

HEC-g-PNIPAAM-comb-P(IL) should possess both thermo-responsiveness and
antibacterial properties. In fact, PNIPAAM chains will collapse above 32 °C whereas
P(IL) chains would maintain antibacterial properties independently of the temperature.
This complex system may find potential applications as an antibacterial nanocontainer in

the biomedical field.
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Appendices

Appendix 1: Solid state 3C CP-MAS NMR spectrum of Bro 7-HEC (exp. FJ-237)
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Appendix 2: FT-IR spectrum of HECo.3-g-PMMAs (exp. FJ-130)
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Appendix 3: FT-IR spectrum of HECo.3-g-PMMAg30 (exp. FJ-297)
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Appendix 4: Solid state 3C CP-MAS NMR spectrum of HECo3-g-PMMA3o (exp. FI-

297)
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Appendix 5: Model of the evolution of DPnvp as a function of %N
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