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Abstract

Cellulose is the most abundant natural polymer on Earth. From cellulose, cellulose
nanocrystals (CNC) can be obtained through various hydrolysis processes. There is interest
in grafting different types of polymers onto CNC as their applications are limited due to
their poor dispersibility in low polarity and non-polar systems. The potential versatility and
value of modified CNC can be enhanced even further if the polymers used in the grafting
process are COq-responsive, including for example poly(dimethylaminoethyl
methacrylate) (PDMAEMA), poly(diethylaminoethyl methacrylate) (PDEAEMA) and
poly(diisopropylaminoethyl methacrylate) (PDPAEMA), since stimuli responsive
composites have shown promise in applications such as Pickering emulsifiers, water

treatment and as polymer reinforcing agents.

In this work, reaction conditions for the homopolymerization of dialkylaminoethyl
methacrlyates (DMAEMA, DEAEMA and DPAEMA) by Cu(0) and RAFT-mediated
polymerizations were determine. Cu(0)-ATRP polymerization showed a linear evolution
of Mn vs. conversion and first order kinetics; however, poor livingness of the macro-
initiators was observed. RAFT-mediated polymerization showed good livingness and the
Mhn of exclusively the living chains of the macro-RAFT agents was determined by GPC-

UV. These macro-RAFT agents were suitable to be used for the grafting-to approach.

The grafting of CNC surfaces via grafting-from and grafting-to using Cu(0)-mediated
atom transfer radical polymerization (ATRP) and reversible addition fragmentation chain
transfer (RAFT) radical polymerization is also reported. For the grafting-from approach,

the CNC surfaces were first chemically modified with an ATRP initiating group or a RAFT



agent molecule capable of mediating the polymerization of dialkylaminoethyl
methacrylates and their corresponding macro-RAFT agents. A grafting-from
polymerization was then performed using the CO: switchable monomers DEAEMA,
DMAEMA and DPAEMA via SI-Cu(0)-ATRP and SI-RAFT. For the grafting-to
approach, the CNC surfaces were modified with a double bond containing molecule which

was then reacted with fully characterized macro-RAFT agents.

All of the grafted products were found to be CO2-responsive. Products made via
grafting-from were colloidally stable under COz2; whereas the products made via grafting-
to were colloidally unstable under COz, but dispersible under mildly basic conditions. It
was determined that both the Mn of the polymer grafts and graft densities play an important

role on grafted CNC dispersibility.
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Chapter 1. Introduction

Cellulose is the most abundant natural and renewable biopolymer on earth having an
estimated annual production of 7.5 x 10° tons.! As a raw material, it has traditionally been
used extensively in the form of fibers or chemically modified derivatives for a wide
spectrum of products which have a critical role in modern applications. Recently, cellulose
has regained the interest of the scientific community mainly due to its highly crystalline
allomorph commonly known as cellulose nanocrystals (CNC). Published papers related to
CNC have grown at an exponential trend since 2000 (4 papers published) compared to
present times (almost 12,776 papers published in 2016) (Web of Science, 2017). While the
physical, chemical, and mechanical properties of CNC are comparable to other reinforcing
nanomaterials, the recent attention CNC have garnered may also be attributed to its natural
abundance, renewability, low toxicity, and relatively low cost. With future research, CNC
are poised to become a major reinforcing material in nanocomposites, amongst other

applications.?

Possible applications for CNC are currently being studied, covering a wide spectrum of
areas and focusing mainly on reinforcing materials. However, applications in the
biomedical, drug delivery, optical, coatings, water treatment and other areas are being
developed as well. Nevertheless, there is one main obstacle to the development of these
applications, which is the highly hydrophilic character of CNC, beneficial for biomedical
applications,®* but a limitation as a reinforcing material.> In consequence, the introduction
of unmodified CNC are therefore limited to highly polar systems (solvents or polymer
blends) unless surface modifications are made to the CNC surfaces. One approach to

address this limitation is to functionalize one or more of the free hydroxyl groups with



different types of chemical groups, which can range from small molecules to relatively
high molecular weight molecules or polymers, through different functionalization

strategies.

Stimuli-responsive polymers derived from vinyl pyridine or dialkylaminoethyl
methacrylates, for which COz2 could be used as a trigger are of particular interest for surface
modification of CNC, as the responsive polymer properties could be incorporated to
enhance the desirable CNC properties. Properties such as pH-responsive hydrophobicity
and electrostatic positive charges could result in a CNC-based material with fully reversible
switching hydrophobicity and the ability to produce redispersible colloidal systems, which
could contribute to the development of new applications such as pH-responsive

flocculants®, or Pickering pH-responsive emulsifiers.”®

Therefore, taking into account CNC’s limitations (strong hydrophilic character), along
with the switchable hydrophobicity of tertiary polyamines, and their capability of providing
positive surface charges, the primary objective of this research is to surface-modify CNC
with COz-responsive polymers using reversible deactivation radical polymerization
(RDRP) techniques, such as surface-initiated copper mediated atom transfer radical
polymerization (SI-Cu(0)-ATRP) and surface-initiated reversible addition-fragmentation
chain transfer radical polymerization (SI-RAFT), and analyze their CO2-responsiveness for

potential applications. The specific research objectives are summarized below:

1. Determine suitable homopolymerization conditions for DMAEMA, DEAEMA

via Cu(0)-ATRP.



2. Determine suitable homopolymerization conditions for DMAEMA, DEAEMA

and DPAEMA via RAFT-mediated polymerization.

3. Graft CNC with PDMAEMA, PDEAEMA and PDPAEMA via grafting-from
and grafting-to approach using Cu(0)-ATRP and RAFT polymerization

techniques.
4. Assess COz-responsiveness of the grafted materials.
5. Analyze the effect of different molecular weights of the polymer grafts in the

CO2-switching of grafted CNC.

1.1 Thesis outline

Chapter 2 provides background on CNC and the present techniques available on how to
surface-modify them. It also describes the fundamentals of Cu(0)-ATRP and RAFT-
mediated polymerization techniques that were employed in this research. Finally, it gives
an overview of the different kinds of stimuli-responsive polymers showing why they are
of great interest for producing composite materials and finishes with the description of the

principles of CO2-switching of pH-responsive polymers.

Chapter 3 discusses the homopolymerization kinetics and conditions for suitable
polymerization of dialkylaminoethyl methacrylates in solution via Cu(0)-ATRP. It
discusses monomer incompatibilities with the catalyst as well as side reactions with the
solvent which are not usually taken into account in existent reports. Livingness was also

assessed by chain-extension experiments.



Chapter 4 discusses the homopolymerization kinetics and conditions of
dialkylaminoethyl methacrylates via RAFT-mediated polymerization in bulk and in
solution. It shows the advantages of using RAFT to polymerize dialkylaminoethyl
methacrylates compared to Cu(0)-ATRP and NMP, where homopolymers can be easily
obtained with good control and livingness. Chain-end functionality and livingness were

drastically improved compared to Cu(0)-ATRP.

Chapter 5 summarizes the surface modification of CNC with ATRP-capable initiator
and poly(dialkylaminoethyl methacrylates) via a grafting-from approach using SI-Cu(0)-
ATRP. It also describes the COq-responsiveness of grafted CNC with two different
dialkylaminoethyl methacrylates as well as the advantages and disadvantages of CO2-

switching compared to conventional acid and bases.

Chapter 6 summarizes the surface modification of CNC with reactive double bonds and
with a RAFT agent capable of mediating RAFT polymerization. The grafting of
poly(dialkylaminoethyl methacrylates) via grafting-to and grafting-from approaches and
the effects of grafting density and molecular weight of the polymer grafts on CO2-switching

are also discussed. Potential applications as surfactants are briefly addressed.

Chapter 7 is a summary and highlights the contributions of this research, suggesting
further approaches to help further understanding the behaviour of these CO2-switchable

materials.
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Chapter 2. Background and Literature Review

2.1 Cellulose nanocrystals

Cellulose is Earth’s most abundant natural and renewable biopolymer. As a raw
material, it is widely used in the form of fibers or as chemically modified derivatives for a
wide spectrum of products. Lately, cellulose has become the subject of widespread interest
to the scientific community primarily due to its renewability and, more recently, due to its

highly crystalline allomorph known as cellulose nanocrystals (CNC).?

Cellulose nanocrystals are comprised of cellulose crystallites with at least one
dimension of 100 nm.2 CNC are produced via the acid hydrolysis of cellulose fibers.
Interestingly, CNC can be easily obtained from any cellulosic source including bacteria,
plants or marine species containing cellulose fibers.! These fibers are mainly composed of
a cellulosic amorphous outer layer which is hydrolyzed leaving the crystalline surface
intact and yielding crystals of 200 to 400 nm long and a width ranging from 10-20 nm,
depending on the acid hydrolysis process and the cellulose source.® Depending on the acid
selected for this process, the CNC surfaces could end up with different moieties, in addition

to the hydroxyl groups, at the end of the hydrolysis process.

The most common acid used for obtaining CNC is sulfuric acid which, during the
hydrolysis process, will functionalize a small fraction of the hydroxyl groups with half
sulfate ester groups which will in turn confer to the CNC surface a negative electrostatic
charge, making the CNC readily dispersible in high polarity solvents resulting from
electrostatic repulsion. If desired, these sulfate half-ester moieties could be also removed

with further mild alkaline treatments.* Other hydrolysis processes can be performed either



with hydrochloric acid, which yields 100% unmodified CNC, or phosphoric acid
hydrolysis, which yields slightly phosphorylated CNC, both of which are more thermally

stable than sulfated CNC.>

2.1.1 CNC properties

CNC have interesting mechanical, optical and chemical properties.® CNC mechanical
properties can be directly compared to single walled carbon nanotubes, which are much
more toxic and expensive to produce than CNC, which is nontoxic, biodegradable and
relatively easy to obtain.” In terms of Young’s modulus and tensile strength, CNC are
usually on the order of GPa (134 GPA and 7 GPa respectively),® which are slightly lower
than the values associated with single walled carbon nanotubes (320-1,470 GPa and 10-52
GPa respectively).® This similarity in mechanical properties, with respect to carbon

nanotubes, is mainly due the highly ordered crystalline structure.

The thermal stability of CNC will depend on the process employed in its synthesis. It is
well known that CNC produced by hydrolysis using sulfuric acid will be less thermally
stable as the half sulfate ester groups are thermally labile compared to the CNC obtained
with hydrochloric acid, where no functional groups are attached to the CNC surface.
However, CNC generally have a high thermal stability, decomposing above 250°C.° These
mechanical and thermal properties could enhance the performance of materials when using
CNC as a reinforcing material for several applications involving the design of new

materials.

In terms of optical properties, CNC obtained through the sulfuric acid hydrolysis

process exhibits self-assembly in aqueous media, similar to liquid crystalline arrangements



or chiral nematic ordering.! This means that in a dilute regime, CNC crystals are randomly
oriented (isotropic phase). However, when a critical CNC concentration is achieved,
unidirectional self-orientation of the CNC can be induced forming a chiral nematic phase.
This liquid crystalline behaviour could be advantageous as CNC could have potential

applications in the field of electronics.

2.1.2 CNC surface modification

As previously noted, the highly hydrophilic character of CNC restricts their
dispersibility in low polarity systems. In recent decades, several chemical surface
modification strategies for regular cellulose have been developed. These strategies have
included esterification, oxidation, silylation, polymer grafting or a combination of the
above, which could also be applied for the modification of the CNC surfaces (Figure 2.1).1%
11 The main objective of such strategies is to successfully attach functional groups or
polymer chains of interest to the CNC surfaces, while preserving the integrity of the

crystals and CNC morphology.
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Figure 2.1. Diagram illustrating different chemical surface modifications of CNC.
Reprinted with permission from Peng et al.'* Copyright 2011. Canadian Society for
Chemical Engineering.

Grafting polymers onto CNC surfaces represents a viable and advantageous approach
to increase the compatibility of CNC with low polarity systems, as well to enhance the
mechanical and responsive properties of CNC. In order to graft polymers onto the CNC
surfaces, several strategies have extensively studied. These strategies are based on two
main approaches: a grafting-from approach, which refers to starting a polymerization using
surface groups as initiation loci; and the grafting-to approach where previously

polymerized and fully characterized polymer chains are attached to the CNC surfaces



through the reaction of functional groups between the pre-formed polymer chain and the

CNC surface (Figure 2.2).

& & v""

initiator
»

Grafting-from
Figure 2.2. lllustration of the grafting-to and grafting-from approach for the

immobilization of polymer chains on a solid surface. Reprinted with permission from
Li et al.> Copyright 2013 Royal Society of Chemistry.

Both approaches offer distinct characteristics to the final grafted product. In the
grafting-from approach, a higher grafting density is usually obtained. However, knowledge
of the molecular weight of the grafted chains in commonly unknown if the polymer chains
cannot be cleaved from the substrate without degrading the polymer. This represents a
considerable disadvantage that can be easily overcome by using the grafting-to approach.
In this approach, preformed polymer chains can be fully characterized and then grafted
onto the substrate. However, due to the steric effects of longer chains, grafting densities

will generally be lower than that achieved with the grafting-from approach.
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During the last decade, the grafting of regular cellulose or CNC by free radical
polymerization (FRP)*'* along with reversible deactivation radical polymerization
(RDRP) techniques such as atom transfer radical polymerization (ATRP) in different
variants®™?°, nitroxide-mediated polymerization (NMP)?°22 and reversible addition-
fragmentation chain transfer (RAFT)?2° have been reported. These reports include the
incorporation of conventional polymers such as polystyrene (PS) and poly(methyl
methacrylate) (PMMA), plus one particular class of polymers denominated as stimuli-
responsive  polymers  such as  poly(N-isopropylacrylamide) (PNIPAM),
poly(dimethylaminoethyl methacrylate) (PDMAEMA) and poly(diethylaminoethyl
methacrylate) (PDEAEMA). RDRP techniques allow for the grafting of a variety of
polymers by either grafting approach with a good control of molecular weight and
molecular weight dispersities. This is important from a proof of concept point of view if
feature properties are to be analyzed as a function of molecular weight or degree of

polymerization or molecular architecture.

2.2 Reversible deactivation radical polymerization

Early in the 1990s, the radical polymerization field saw increased interest as new
polymerization chemistries were developed allowing high chain-end functionality along
with good control in molecular weight and molecular weight dispersity (D). A few years
ago, these different chemistries were still referred to as “living radical” or
“controlled/living radical” polymerization reactions. Recently, [UPAC discouraged the use
of those terms in favor of reversible deactivation radical polymerization (RDRP).% The

most important and common of these polymerization chemistries are NMP, ATRP and
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RAFT-mediated polymerization. Consistent with the scope of this project, only ATRP and

RAFT will be reviewed.

2.2.1 Atom transfer radical polymerization

One of the most common and well-studied RDRP is ATRP. This system consists of an
organic halide, catalyst or coordination complex and monomers. As with other types of
RDRP chemistries, ATRP is comprised of one main equilibrium step between “dormant”
and ““active” species (Scheme 2.1). The rate of polymerization (Rp) according to this
equilibrium is shown in equation (1), where Rp is proportional to the monomer
concentration [M], the organic halogen or initiator [RX] and to the ratio of the coordination

complexes Mt"L/Mt™1X 27

ky |
P,-X + M{™Y/Ligand _ —= P, + X-M/*'-Y / Ligand
RN

monomer termination
Scheme 2.1. ATRP general mechanism of propagation.

M n
alm] = k,[M][P*] = k,[M]K [RX] u 1
= Ky = Kp ATRP [Mt”1+X @

L

As with other RDRP chemistries, termination reactions in between active species and
side reactions, such as chain transfer reactions, cannot be completely suppressed.

Consequently, particularly in ATRP, the concentration of the Mt"™!X species increases
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leading to a decrease in the Rp, resulting in a shift to the dormant state in the ATRP system
equilibrium. This effect on the system is called the persistent radical effect (PRE).% To
alleviate this rate reduction in ATRP systems, variants have been developed, such as
activators regenerated by electron transfer (ARGET) and initiators for continuous activator
regeneration (ICAR), where reducing organic molecules or organometallic compounds (eg.
tin octanoate) have been used to regenerate the Mt" species.?® However, these techniques
usually require high concentration of the reducing agents, which could be both expensive
and difficult to remove from the final product. Another variant related to these techniques
involves the usage of Cu(0) (wire form) as the reducing agent. Currently, there is debate
in the literature regarding the nature of the mechanism of this ATRP variant more
commonly known as either SET or SARA ATRP*-34, Consequently, throughout this work,

this technique will be referred to solely as Cu(0)-ATRP.

Cu(0)-ATRP

Cu(0)-ATRP has several advantages including that it can be performed at room
temperature (25-30°C), yields uncolored solutions (low metal content), and allows for good
control of the molecular weight, low B and high chain-end functionality polymers.
Moreover, what makes this technique attractive for the purposes of this research, is that
this system requires minimal amounts of copper (ppm range) and the copper wire catalyst
can be easily removed from the reaction medium. This represents an important benefit as
CNC can physically adsorb different types of dissolved constituents in solution including

some metals in high concentrations.*
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SARA ATRP

Pn'x Pn-X
Activation Activation "
———— Cu''X,/L

Cuo —~ e CUIXIL

Deacltivation " Deactivation

Dispropaortionation
Comproportionation

SET-LRP
P,-X Pp-X
c 0 Activation o - Activation _ c "x L
u- = Deactivation cqujL " Deactivation u A2

+ P,

""""""""""" Disproportionation
Comproportionation

Scheme 2.2. SARA/SET ATRP mechanism. Reprinted with permission from
Konkolewicz et al.>® Copyright 2014 Royal Society of Chemistry

Cu(0)-ATRP involves the basic ATRP mechanism for propagation and deactivation of
active species as shown in Scheme 2.1. The difference between Cu(0)-ATRP with other
ATRP techniques like ARGET or ICAR ATRP, is the mechanism by which Cu®* is
regenerated. In the literature, there are currently two models describing how Cu(0)
mediates an ATRP reaction. These two models are commonly known as supplemental
activator and reducing agent (SARA-ATRP)***¢ and single electron transfer (SET-
ATRP).%237 The main difference between these mechanisms is the role and the extent to
which the reactions involved in the disproportionation and comproportionation of copper
species contribute to the activation/deactivation of the alkyl halides.®® These mechanisms
are illustrated in Scheme 2.2. Both theories demonstrate evidence supporting the origin of

their respective mechanism; however, because the nature of the Cu(0) mechanism is not
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within the scope of this project, this particular system will be referred to simply as Cu(0)-

ATRP.

As already mentioned, the primary advantage of Cu(0)-ATRP is the very low copper
content required to achieve good molecular weight control and high chain-end
functionality. The Cu(0) catalyst in the form of a wire is much easier to remove from the
reaction mixture than Cu* and Cu?* salts, negating the need for post-reaction treatment to
reduce the copper level in the polymer product. In conventional ATRP, Cu'*and Cu?* are
typically added at much higher concentrations than when Cu(0) is employed. In principle,
Cu* and Cu?* can be removed from solution, however the methods used for copper

removal (e.g. silica columns) are often not readily scalable or suitable for CNC grafting.

2.2.2 Reversible addition-fragmentation chain transfer-mediated
polymerization

RAFT-mediated polymerization is commonly documented as the most effective and
versatile method for attributing living characteristics to radical polymerizations. This
effectiveness is mainly attributed to the ability of this technique to polymerize under mild
conditions with high tolerance to monomers with functional groups, giving living character

to the final product (low B, good control in molecular weight).3

RAFT polymerization relies on the RAFT mechanism proposed by Rizzardo’s group as
shown in Scheme 2.3.%° In addition to initiation and radical-radical termination, in a RAFT
system at the early stages of reaction, the addition of a propagating radical to the
thiocarbonylthio compound (a.k.a. RAFT agent or as chain transfer agent [CTA]), followed

by fragmentation of the intermediate radical provides a polymeric “dormant” chain with a

15



dithiocarbonyl moiety and a new radical R* capable of generating a new propagating
radical. A rapid equilibrium between the active propagating radicals (Pn" and Pm’) and the
dormant dithiocarbonyl chains provides equal probability for all chains to grow and allows
for the synthesis of polymers with narrow molecular weight distributions.*® At the end of
the reaction, most of the chains retain the dithiocarbonyl end group which can be either
used for further chain-end modifications with different types of chemistries, or for
performing chain-extension reactions in block copolymer synthesis.*! The inclusion of the
RAFT agent will ideally not have a direct influence on the reaction kinetics (initiation,
propagation and termination), and the narrowing of the molecular weight distributions will

be only due to chain transfer reactions as with any other CTA in an FRP.

Initiation

Initiator I* P3

Reversible chain transfer/propagation

. k.
P, +S S-R add  P,—S.. S-R P,—S S+R*
Y o T Y
z z p z
Q‘)
Ko
Reinitiation
M M M

R* — _pge ——— ——= .
K R P

Chain equilibration/propagation

. k k
Pm+SYS—Pn addP Pm—S\i/S—P,, —addP Pm—S\fS+P;

7 k_addp 7 Kagap 7
M M
k, K,

P
kt

Termination

Pa+ P

Dead polymer

Scheme 2.3. General RAFT polymerization mechanism showing initiation,
propagation, reversible chain transfer, reinitiation, chain equilibration and
termination steps.*
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There are different types of RAFT agents (Scheme 2.4) such as dithioesters,
trithiocarbonates, xanthates and dithiocarbamates. An important consideration regarding
the different classes of RAFT agents, is that not all of them will show the same performance
when used in the polymerization of different types of monomers. Hence, good control and
living character in RAFT reactions require the selection of the appropriate RAFT agent for
specific monomers. The efficiency of the RAFT agent will be determined by the Z and R
groups, which play different roles in the addition-transfer steps during the polymerization,

and the reactivity of the monomer propagating radicals.*?

g S
E:‘CAS#R R'HS,JJ\_E_,R
"
R
a b
i X
R’ R R R
XD’J\S "“pl.] g
R"
¢ d

Scheme 2.4. RAFT agent structures. Dithioesters (a), trithiocarbonates (b), xanthates
(c) and dithiocarbamates (d). Reprinted with permission from Keddie, D.*
Copyright 2013 Royal Society of Chemistry.

Monomers in general are catalogued in two different groups. The “more activated
monomers” (MAMs), where the double bond is conjugated with any other pi-system like
an aromatic ring (i.e. styrene), a carbonyl group (i.e. (meth)acrylates, (meth)acrylamides);
and the “less activated monomers” (LAMs), where the double bond is adjacent to an
electron rich system such as an oxygen or nitrogen lone pair (vinyl esters, vinylamides) or
an heteroaromatic ring (N-vinylcarbazole).*® These classifications refer to the manner in

which monomers will react in a free radical environment, where MAMSs are more promptly
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to react with a radical than LAMS. Nevertheless, the relative reactivity of the propagating
radicals does not agree with these classifications. Because of electronic group stabilization
(resonance or electron donating groups) along with additional steric factors, MAMSs
produce more stable radicals and therefore less reactive propagating species than LAMs.*>
4 A clear example of this case is depicted in Scheme 2.5, where the acrylate radical, is less
reactive than a vinyl acetate radical due to resonance stability of the radical with the
adjacent carbonyl group, but it is more reactive than a methyl methacrylate radical in which

the additional methyl group adds a steric factor, in addition to some inductive effects.

Rm RN RW
0.0
O\fo Y HiCO™ YO HyCO™ YO

H;CO™ “O H3CO™ ~O

Scheme 2.5. Radical propagating species in the form of methacrylate, vinyl acetate or
methyl methacrylate. Reprinted with permission from Keddie, D.*> Copyright 2012
American Chemical Society.

In other words, MAM s are less reactive in radical addition (lower Kkp, lower Kadd) and
therefore, they require the more active RAFT agents (dithioesters, trithiocarbonates and
aromatic dithiocarbamates as Z groups) to achieve good control. LAMs on the other hand,
are highly reactive in radical addition (higher kp higher kadd) so they require less active
transfer agents (Z groups) (dithiocarbamates and xanthates) as summarized in Scheme

2.6.%
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Scheme 2.6. Guideline for the selection of Z group for RAFT polymerization
according to monomer activity. Reprinted with permission from Keddie, D.*
Copyright 2012 American Chemical Society.

The role of the R group on the RAFT agent is important as it has the role of reinitiating
the propagation of species. If the R radical is not stable, the ability to reinitiate propagation
could be compromised and retardation is likely to occur. Therefore, the R group needs to
be a good homolytic leaving group with respect to Pn". In the case of methacrylates and
methacrylamides polymerization, the R groups on the RAFT agents need to comprise one
tertiary carbon to stabilize the new initiating radical, whereas LAMs (acrylates,
acrylamides, vinyl esters) require primary or secondary radicals as tertiary radicals are

inefficient in reinitiating monomer propagation (Scheme 2.7).44

CHy CHy H CHs CHy CHy  CHs H CHy  H H
R: |-CN ~ [-Ph> [-Ph > [-COOEt >> |-CH,{-CH; ~ [—CN ~ |-pn > |-cHy ~ |-cn ~ |-pn
CH; CH; GCN  CHs CHs CHs H CHy CHsy H H
< MMA, HPMAM —— - -==--====- -
St, MA, AM, AN
S B TR R R N TNV RN S N e 20

Scheme 2.7. Guideline for the selection of Z group for RAFT polymerization
according to monomer activity. Reprinted with permission from Keddie, D.*
Copyright 2012 American Chemical Society.

2.3 Stimuli-responsive polymers

Stimuli-responsive polymers are materials whose physical-chemical properties change
in the presence of an applied stimulus.*® Recently, these materials have become the subject

of intense study as they have several potential applications, including the biomedical field
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and drug delivery systems to more traditional areas such as coatings, colloids and
emulsions.*”**® Stimuli-responsive polymers are commonly classified in three categories:
physical, chemical or biological, although certain polymers can exhibit multiple

responsiveness such as pH and temperature (chemical and physical). (Figure 2.3)*
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Figure 2.3. Classification of stimuli-responsive polymers.*

Temperature-responsive polymers are characterized by a critical solution temperature
at which the polymer interactions can drastically change, either becoming hydrophobic or
hydrophilic with respect to the medium in which they are dissolved, within a small
temperature range.*® Usually, these type of polymers exhibit an upper critical solution
temperature (UCST), or a lower critical solution temperature (LCST) (Figure 2.4). The
UCST is the minimum temperature at which one polymer phase exists and below this
temperature, polymer phase separation will occur; whereas the LCST is the maximum

temperature at which the polymer will remain in solution and above this LCST, phase
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separation will occur as well. In general, these kinds of materials exist in the form of
copolymers such as (L-lactic acid)-poly(ethylene glycol)-poly(L-lactic acid) (PLLA-PEG-
PLLA) triblock copolymers, and poly (ethylene oxide)-b-poly(propylene oxide)-b-poly

(ethylene oxide) triblock copolymers (PEO-PPO-PEQ).*
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Figure 2.4. lllustration of the LCST and UCST of a polymer chain.*®

> >
0 1 0 1

Another type of responsive polymer within the chemically dependent stimuli category
involves pH-responsive polymers. These polymers are of great interest as pH is an
important parameter in biomedical applications for drug delivery, but they could also be
applied in a wide variety of applications such as industrial coatings, oil exploration,
colloidal suspension stabilization, and water treatment. The pH-responsiveness is usually
obtained by incorporating pH-responsive moieties to the polymeric backbone.®® These
moieties allow the polymer physical properties such as solubility, volume, configuration
and conformation to be reversibly adjusted by pH adjustments. This pH-triggered
responsiveness could result in the design of “smart” materials with potential applications
in drug delivery, viscosity modifiers, self-assembly products, which would be applied in

the coatings industry.
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The most common pH-responsive polymers are homopolymers of tertiary amine methyl
methacrylates such as PDMAEMA and PDEAEMA, some acrylates like PAA, PMA, poly
(maleic anhydride) and some block copolymers, where usually one block is hydrophobic
and the other block is pH-responsive.> The main characteristic of these polymers is that
they have ionizable groups which are usually carboxylic acids or amines. These ionizable
polymers, which can be catalogued as weak Bronsted acids or bases, can be identified or
catalogued based in their pKa values. In general, pH-responsive polymers with pKan values
(the pKa of the protonated form, Scheme 2.8) between 3 and 10 are good candidates for

pH-responsiveness.®2

p KaH

B™  NH? N
~ R
7 R e
Scheme 2.8. Schematics representing the deprotonation of a protonated polyamine

(PKaH).

2.4 CO,-responsiveness

Recently, CO2 has attracted considerable attention as a trigger for pH-responsive
polymers.>® In using CO: as a trigger, rather than common liquid acid/base triggers, the
need for further purification or removal of neutralization by-products can be eliminated, as

COz2 can be easily removed by using a constant flow of any non-acidic gas (e.g. air,
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nitrogen, argon) and/or by gently heating the solution. Furthermore, CO: is an attractive

trigger due to its benign nature, low cost and availability.>*

The concept of CO2-switching is based on the chemistry of carbonic acid in water and
the reaction with neutral amines, amidines or guanidines resulting in the protonated species
and a bicarbonate anion (Scheme 2.9). This reaction converts the hydrophobic amines,
amidines or guanidines into their bicarbonate salt, which is hydrophilic, and it could be

reversibly regenerated by removing the CO2 out of solution through sparging a non-acidic

C02 /Hzo
-«
N

HCO3 NH

R

gas into the solution.

N
/R
R

Scheme 2.9. Reversible protonation of a polyamine with CO..

Experimental data on COz solubility shows that at standard temperature and pressure
(275 K and 1 atm), the molar fraction of CO2 in water equals to 0.62x103> which
represents 1.52 g CO2 / L H20, resulting in @ minimum theoretical pH of 3.9 with CO..
However, not all amines, amidines or guanidienes are good candidates for CO2-switching.
Alshamrani et al. determined the required pKan for a base to have a specific degree of

protonation, when mixed with neutral and carbonated water as a function of the base
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concentration when both, the protonated and not protonated form of the base are water
soluble at 25°C and 0.1 MPa of C0O..% In Figure 2.5, the dashed lines represent the of
protonation of any base in just neutral water and the solid lines represent the degree of
protonation of any base in carbonated water. In order to maximize the switchability and
the change in properties of the CO2-responsive molecule at a concentration of 1 mM (going
from low % protonation to high % protonation), the pKan value of the base of interest
should be between the red dashed line and the solid blue line. This will ensure that without
COgo, the degree of protonation of the molecule of interest will be ca. 5% and, under CO,

the degree of protonation will be ca. 95%.
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Figure 2.5. Degree of protonation as a function of pKax and concentration at 0.1 Mbar
of CO; and 25°C. Reprinted with permission from Alshamrani et al. 5 Copyright 2016
Royal Society of Chemistry

It is worth noting that the former model only applies to small molecules with single
protonable sites and if both the ionized and non-ionized version of the molecule are water

soluble. For most polyamines, this is not the case as most of them will become water
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insoluble in their neutral form. However, as polyamines do follow the general trends shown
in this model, it can still be a used as a guide for choosing determined switchable groups
to be incorporated in CO2-swtitchable polymeric materials (Figure 2.5). For example,
stronger bases (higher pKan values, Figure 2.5) are required if high concentrations of the
polymer will be used, or mildly basic (medium pKax values Figure 2.5) if low

concentrations of the polymers will be used.

Table 2.1 shows the pKan values of few polyamines and their monomers, mainly methyl
methacrylates. Figure 2.6 shows their corresponding structure. From Table 2.1, it can be
observed that the range of pKan goes from slightly basic (P2VP) up to mildly basic
(PDMAPMAmM). One thing to note is that the pKan values of the polymers are lower than
their corresponding monomers. This means that polymers are more difficult to protonate
mainly due to charge density accumulation. In this research, three polymers were chosen:
PDMAEMA, PDEAEMA and PDPAEMA. For the first two, the reported pKax values
(Table 2.1), are almost identical, while for PDPAEMA, the pKax is 1.3 units lower
(PDMAEMA =7.0, PDEAEMA = 6.9, PDPAEMA =5.7). The reason these polymers were
selected, was that their pKan values make them suitable for CO2-switching in the range 0.1
and 1 mM of polyamine, as well as the commercial availability of their corresponding

monomers.
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Figure 2.6. Chemical structures of diverse pH-responsive polyamines. Reprinted with
permission from Cunningham and Jessop.®’ Copyright 2016 Elsevier Ltd.

Table 2.1. pKan of pH-responsive polymers and monomers. Adapted with permission
from Cunningham and Jessop.%” Copyright 2016 Elsevier Ltd.

Polymer pPKan pKan of monomer
PDMAPMAmM 8.6 %8 9.2 %8
PDMAPMA 8.4 %8 9.1°%8
PDMAEMA 7.0%8 8.3%8
PDEAEMA 7.558 8.8 %8
PPDEMA 6.9 %° 8.9%°
PDPAEMA 6.3 %° 8.5°%°
PDBAEMA 5.1 60 6.9 5°
PMEMA 4.9 ---
PACNPP 4.6 ---
P2VP 4.2 ¢ 4,962
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Chapter 3. Homopolymerization of Dialkylaminoethyl Methacrylates via
Cu(0)-ATRP

Some of the work presented in this chapter was published in Green Chem. 2017, 19,
4141. For the purpose of this thesis, its content was modified and combined with some
unpublished work. All the materials along with the characterization methods and

specifications can be found in the Appendices A.l and B. respectively.

3.1 Introduction

In order to perform grafting reactions of DMAEMA and DEAEMA, suitable conditions
for the polymerization of these monomers needed to be first determined. Previous reports
on classic ATRP have been published regarding the polymerization of DEAEMA!* and
DMAEMA®>®, where ratios of [CuX]:[L]:[1] employed were 1:1:1 or higher, providing
relatively good control of the Mn (number averaged molecular weight) and molar mass
dispersities (D). However, these ratios employed high concentrations of metal which
should be avoided in CNC grafting procedures, since CNC could physically adsorb excess
metal giving colour to the final material and could limit its application in other fields (e.g.

biomedical) due to high metal concentration.%-1!

Homopolymerization of DMAEMA and DEAEMA by ATRP has been reported using
different types of solvents such as THF,? anisole and dichlorobenzene!?*® and methanol-
water mixtures®® where classic ATRP procedures or ARGET ATRP were employed.
However, non-polar solvents like THF, anisole or dichlorobenzene are not good solvents
to disperse CNC. Furthermore, solvent system mixtures containing water can lead to the

hydrolysis of DEAEMA (as a function of pH) as previously reported by our group.'*
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Because CNC needs to be well dispersed to achieve homogenous grafting over the CNC
surface, a sufficiently polar solvent is needed to adequately disperse the CNC; therefore
methanol was selected, although it should be noted that the transesterification of some
dialkylaminoethyl methacrylates can occur in methanol.™ To the best of our knowledge,
the kinetic behaviour of these monomers via Cu(0)-ATRP had not been previously
reported. As such, we first studied the polymerization kinetics of the monomers in
methanol (Scheme 3.1) to establish appropriate conditions for the grafting procedure, and
the amount of PMMA incorporated in the final polymers due to the in-situ formation of
MMA as a consequence of the transesterification of the dialkylaminoethyl methacrylates

with methanol.
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R
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Scheme 3.1. Cu(0)-ATRP of DMAEMA and DEAEMA. DMAEMA [CuBr;]:
[L]:[1]o:[M]o = 1:100:91:5782. DEAEMA:[CuBr2]:[L]:[1]0o:[M]0=1:100:107:5782.

3.2 Experimental

3.2.1 General procedure for homopolymerization of DMAEMA and
DEAEMA

To a 10 mL Schlenk tube, 3 mL of methanol were added along with DMAEMA or

DEAEMA (12.7 mmol), 38 or 45 mg (0.20 or 0.23 mmol) of ethyl 2-bromo isobutyrate
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(BIBA), 51.5 mg (0.22 mmol) of HMTETA, 0.5 mg (0.002 mmol) of CuBrz, three copper
wires (50 mm, gauge 14) pre-treated with HCI rinsed with methanol, and 300 uL of DMF
as internal standard for *H NMR conversion analysis. The tube was degassed by three
freeze-pump-thaw cycles and sealed with a rubber septum under argon atmosphere.
Subsequently, it was submerged in an oil bath at 25°C or 60°C. Samples were taken every
10 minutes and quenched by exposure to oxygen. Samples were analyzed by *H NMR for
conversion; afterwards, samples were diluted with THF, passed through a basic alumina

column and analyzed by GPC.

3.2.2 General procedure for chain-extension of PDMAEMA and PDEAMA
macro-initiators

Ina 10 mL Schlenk tube, 50 mg of PDMAEMA/PDEAEMA based macro-initiator were
solubilized in 6 mL of methanol. Then, DMAEMA (0.37 mmol) or DEAEMA (0.32
mmol), 1.47 mg (6.4E-3 mmol) of HMTETA, 0.14 mg (6.46E-5 mmol) of CuBr2, one
copper wires (50 mm, gauge 14) pre-treated with HCI rinsed with methanol. The tube was
degassed by three freeze-pump-thaw cycles and sealed with a rubber septum under argon
atmosphere. Subsequently, it was submerged in an oil bath 60°C. The reactions were
quenched by exposing them to air. CuBr2 was removed and samples were analyzed by

GPC.
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3.3 Results and discussion

3.3.1 Homopolymerization of DMAEMA and DEAEMA

Several trials using DEAEMA were performed at both 25°C and 60°C using MesTREN
as the ligand. However, monomer conversions after 3 hours were below 25% and 39%
respectively (Figure C.1). These low conversions suggested that the monomer may be
competing with the ligand for complexation with the copper, thereby destabilizing the
ligand/monomer complex and resulting in low conversions as has been reported

elsewhere.1®

HMTETA was then assessed as an alternative ligand, as there are a few reports of
polymerizing DEAEMA by ATRP using HMTETA in solvents other than methanol.>-3417
Figure 3.1 depicts the kinetic plots for the Cu(0)-ATRP of DMAEMA and DEAEMA at
60°C. It can be seen from the Ln([M]o/[M]) vs. time plot that for both monomers,
conversion follows pseudo-first order kinetics indicating a near constant concentration of
growing radicals during polymerization with no apparent induction time. It can also be
observed that the DMAEMA polymerization rate (Kpapp = 0.020 mint) was almost twice
as fast as the DEAEMA polymerization rate (Kp app = 0.011 min). This is likely because
DEAEMA is more basic than DMAEMA, which suggests that DEAEMA has a stronger
affinity for the copper ions than the ligand, resulting in a decrease in available catalyst,
which directly impacts the polymerization rate. Additionally, Figure 3.2 shows the initial
appearance of the reaction mixture, which has a light blue due to the 100 ppm of added
Cu?*; whereas after 60 min, the final reaction product is colorless showing the advantages

of this particular technique.
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Figure 3.1. Ln([M]o/[M]) vs. time plot of DMAEMA and DEAEMA
homopolymerization by Cu(0)-ATRP using HMTETA as ligand at 60°C in MeOH.
DMAEMA:[CuBr]:[L]:[1]o:[M]o= 1:100:91:5782. DEAEMA: [CuBr2]:[L]:[1]o:[M]o=
1:100:107:5782.

Cu(0) ATRP, 60°C

'
MeOH, 60 min.

Figure 3.2. . Reaction mixture in a sealed Schlenk tube at t=0 and after 60 min at 60°C
in MeOH. DMAEMA: [CuBrz]:[L]:[1]o:[M]o= 1:100:91:5782.

Figure 3.3 illustrates the M, and B evolution as a function of monomer conversion
during the polymerization of DMAEMA and DEAEMA. For each monomer, a rapid
increase in M, in the early stages of the polymerizations was observed, reflecting a lower
than the theoretically expected number of chains being initiated early in the polymerization.

This may be due to the interaction of the monomers with the copper catalyst affecting the
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activation/deactivation equilibrium of propagating and dormant species. A near-linear
trend in the evolution of M, was observed for PDMAEMA and PDEAEMA. Bs were
maintained below 1.6 throughout the course of each monomer polymerization, yielding a

reasonable level of control over B for both monomers.
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Figure 3.3. M and D evolution vs. conversion of both PDMAEMA and PDEAEMA.
DMAEMA:[CuBrz]:[L]:[1]o:[M]o= 1:100:91:5782. DEAEMA: [CuBr2]:[L]:[1]o:[M]o=
1:100:107:5782.

Figure 3.4 shows the GPC traces for PDMAEMA and PDEAEMA as a function of
conversion. The GPC traces for each polymer show livingness during the polymerization,
as noted by the evident shift to higher molecular weights with increasing monomer
conversion. Nevertheless, both traces show a shoulder at conversions of ~50 % for
PDMAEMA and ~31% for PDEAEMA, which would suggest the presence of dead chains.
For PDEAEMA, the shoulder was more pronounced, which would support the hypothesis
that DEAEMA competes more strongly for the copper catalyst than DMAEMA due to their

difference in basicity.

37



— 29%

1.6 1 e 50%

1 — 56%

1.4+ e 72%

1.2_' e 81%
S 1.0
go i
= 0.8
2
2 0.6
-c <4
0.4
0.2
0.0 1

3.0 3.5 4.0 4.5 5.0

Log(M,)
. 7%
1.6 — 15%

dwt/d(logM)

3.0 4.5 5.0

3.5 4.0
Log(M,)

Figure 3.4. GPC traces of PDMAEMA and PDEAEMA as a function of conversion.
DMAEMA:[CuBr]:[L]:[1]o:[M]o= 1:100:91:5782. DEAEMA: [CuBr2]:[L]:[1]o:[M]o=
1:100:107:5782.

Chain-extensions were performed for both systems and the GPC traces are presented in
Figure 3.5. It can be noted that in the PDEAEMA chain-extension, the fraction of dead

chains was higher than the fraction of dead PDMAEMA chains. As already mentioned in
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the homopolymerization discussion, it would support the hypothesis that DEAEMA
competes more strongly than DMAEMA for the copper catalyst, resulting in a more
deficient deactivation of propagating chains. In consequence, PDEAEMA chain-end
functionality appeared to be lower than PDMAEMA. Having a fraction of irreversibly
terminated polymer chains does not represent a concern in terms of the grafting-from
approach as a high-chain end functionality of the polymers grafted from the CNC is not
required for the purposes of this work. Nevertheless, polymerization of these monomers
using this technique may not be ideal to produce macroinitiators for the purpose of CNC

grafting via grafting-to approach.
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Figure 3.5. GPC trace of the chain-extension of PDMAEMA and PDEAEMA based
macro-initiators via Cu(0)-ATRP.

3.3.2 DMAEMA and DEAEMA Transesterification Analysis

Both DMEAEMA and DEAEMA can self-catalyze their transesterification with
methanol at room temperature resulting in the formation of MMA during the
polymerization. Boriez-Azeau and Armes'® reported the transesterification of DMAEMA

in methanol; after 18 h at room temperature, the final PMMA content on the final
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copolymer was approximately 2 mol% using conventional ATRP. We determined the
degree of transesterification of each monomer as a function of time in methanol at 60°C
(Figure 3.6). It was determined that after 60 min, DMAEMA and DEAEMA conversions
to MMA were less than 7.4% and 20% respectively, and after 250 minutes the
transesterification conversions were 22% and 50%, respectively. As DEAEMA is more
basic than DMAEMA, it can self-catalyze its transesterification faster than DMAEMA

resulting in a higher degree of transesterification.
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Figure 3.6. Degree of transesterification MMA vs. time of DMAEMA and DEAEMA.
Dialkylaminoethyl methacrylate:MeOH = 1:1 v/v at 60 C.

'H NMR analyses of PDEAEMA and PDMAEMA synthesized by Cu(0)-ATRP after
60 minutes (Figure 3.6) show that the final PDMAEMA and PDEAEMA products
contained 8 mol% and 0.6 mol% MMA, respectively, which was consistent with the
observations reported by Boriez-Azeau and Armes.® Previous reports on the

polymerization of DMAEMA and DEAEMA via any variation of ATRP in methanol/water
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mixtures have generally not considered the in situ formation of MMA, although it seems
likely that some transesterification would take place. Although the homopolymerization
kinetics in methanol showed that the MMA content could be as high as ~8 mol% in methyl
esters on the final grafts, we considered this as an acceptable trade-off that allowed the use

of methanol as a solvent capable of effectively dispersing CNC during the grafting process.
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Figure 3.7. *H NMR spectra of DEAEMA (a) and DMAEMA (b) after 250 min of
transesterification in methanol.

3.3.3 Conclusions

In this work we reported, for the first time, a homopolymerization kinetic analysis of
the two dialkylaminoethyl methacrylates, DMAEMA and DEAEMA, via Cu(0)-ATRP in
methanol, to determine favorable conditions to perform a grafting-from approach on CNC

with these COz-responsive monomers in a polar solvent. Fair control of the molecular
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weight and molar mass distributions were obtained. Although chain-extension experiments
showed that a high fraction of chain-end functionality was lost due to strong interactions
of the amino groups with the copper catalyst. Kinetics analysis showed a near constant
concentration of growing radicals during the polymerization and an almost linear trend in
Mn evolution. Polymers made by Cu(0)-ATRP in methanol showed a PMMA content of 8
mol% for PDMAEMA and 0.6 mol% for PDEAEMA resulting from transesterification of
the monomer, which was deemed a reasonable amount of PMMA content as it permitted

the use of methanol as a solvent when polar solvents are needed.

As the grafting-to approach is also considered in this work due to the advantage of being
capable to graft well-characterized the polymers, Cu(0)-ATRP is not the best option for
this purpose, as the macroinitiators contain a significant fraction of dead chains. Due to the
presence of these dead chains, the real molecular weight of the macroinitiators to be grafted
will be considerably overestimated, as only a fraction of the polymer chains has the
potential to chain-extend. For the case of NMP, the polymers made with this technique are
mostly statistical copolymers containing ca. 10 mol% styrene which could affect the
hydrophobicity of the final products. Therefore, to be able to obtain and graft 100%
poly(dialkylaminoethyl methacrylates) onto CNC surfaces, homopolymerization of these

monomers was also studied by the RAFT polymerization technique.
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Chapter 4. Homopolymerization of Dialkylaminoethyl Methacrylates via
RAFT-mediated Polymerization

All the materials along with the characterization methods and specifications can be
found in the Appendices A.Il and B. respectively.

4.1 Introduction

As mentioned in Chapter 2, RAFT polymerization is one of the most versatile RDRP
techniques as it is suitable for polymerizing monomers containing functional groups in
different types of solvents and it does not require extreme reaction conditions (e.g. extreme
monomer and solvent purity or air-free conditions). In Chapter 3, it was shown that Cu(0)-
ATRP is not ideal for polymerizing dialkylaminoethyl methacrylates due to interaction of
these monomers with the copper catalyst resulting in low chain-end functionality polymers.
High chain-end functionality is of great importance for the scope of this project as one of
the objectives is to assess whether there is an effect of molecular weight on the final CO2-
switching properties of grafted-CNC via the grafting-to approach. To accomplish this
assessment, fully characterized polymers with the ability to be chain-extended are needed.
Therefore, an alternative to Cu(0)-ATRP was required and the RAFT approach is a
convenient alternative as it is compatible with monomers containing different functional

groups and requires only mild reaction conditions.

There are only a few reports on the homopolymerization of DMAEMA, DEAEMA and
DPAEMA by RAFT-mediated polymerization where kinetics, molecular weight control
and livingness are reported. These reports describe the homopolymerization and
copolymerization of these monomers in non-polar solvents (e.g. 1,4 dioxane, toluene)!®

which are not good solvents for CNC surface modification. In other reports on the
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polymerization of DMAEMA, methanol was used as a solvent having reaction times up to
24 h at 70°C.57 In Chapter 3, it was demonstrated that 22% of DMAEMA is converted to
MMA in methanol at 60°C after 4 h which immediately discards the usage of short-chain
primary alcohols as a suitable solvents. Secondary alcohols like isopropanol can undergo
chain transfer when used as a solvent in free radical polymerization.2® Xiong et al.l?
reported the RAFT-mediated polymerization of DMAEMA in water at 70°C using 4-
cyanopantanoic acid dithiobenzoate (CTP) as CTA. Pseudo-first-order kinetic plots and a
linear increase of M were observed. However, as CTP degrades in water at 70°C,** chain-
end functionality of the final product could have been significantly compromised as neither
chain-extensions experiments nor GPC-UV analyses were performed to demonstrate

livingness.

Other non-acidic polar organic solvents like DMF or DMSO are not good options for
various reasons; in the case of DMF, it is a difficult solvent to remove following
polymerization because of its high boiling point (153°C). In the case of DMSO, our
experiments showed that PDEAEMA is hydrophobic enough to phase separate during its
polymerization in DMSO (Figure C.2). Consequently, viable options to polymerize these
monomers are in bulk or in solution with a tertiary alcohol as a solvent. Tert-butanol is not
subjected to side reactions like the ones previously mentioned and it is polar enough to
sufficiently disperse CNC. In addition, poly(dialkylaminoethyl methacrylates) proved to

be fully soluble in tert-butanol.

The work reported by Sahnoun et al.® (RAFT-mediated polymerization of DMAEMA)
presents one GPC-UV trace analyzing the fraction of polymer chains retaining the

dithiobenzoate moiety in the chain-ends after chain-extension (Figure 4.1). They report a
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significant shoulder of the macro-RAFT agent in the GPC-UV trace that did not shift
towards higher molecular weights, showing a low reinitiation efficiency. Even though the
authors analyzed the macro-RAFT agent with MALDI-TOF mass spectrometry,
conclusions on the nature of that shoulder could not be formulated due to possible

fragmentation or degradation of the dithiobenzoate group under analytical conditions.
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Figure 4.1. GPC-UV trace of a PDMAEMA-based macro-RAFT agent. Reprinted
with permission from Sahnoun et al.® Copyright 2005 Wiley Periodicals, Inc.

Due to the limited information regarding the synthesis and livingness of PDMAEMA,
PDEAEMA and PDPAEMA-based macro-RAFT agents in polar solvents, where CNC can
be dispersed in the absence of side reactions (transesterification of monomers), Kinetic
studies via RAFT-mediated polymerization of DMAEMA, DEAMA and DPAEMA using
CTP as CTA were performed in bulk and tert-butanol (Scheme 4.1). Once the
polymerization conditions were determined, a set of three different molecular weights were
synthesized for each polymer and their livingness were assessed by chain-extension

experiments via GPC-UV-RI detection.

47



Bulk or solution, [CTA]:]ACVA] =10:1, 5:1

Scheme 4.1. RAFT-mediated polymerization of dialkylaminoethyl methacrylates in
bulk or solution at 70°C using 4-cyanopantanoic acid dithiobenzoate as RAFT agent
and 4,4 -azobis(4-cyanopentanoic acid) as initiator.

4.2 Experimental

4.2.1 General procedure for the homopolymerization of alkylaminoethyl
methacrylates

Stocks solutions of each monomer were prepared by adding 3.5 g of DMAEMA (22.25
mmol), DEAEMA (18.88 mmol) or DPAEMA (16.40 mmol), to 97.78 mg (0.35 mmol) of
CTP. The stock solution was then divided into six vials containing 250 mg of the mixture
for the polymerization in bulk. To each vial, 1.4 mg (0.005 mmol) of 4,4 -Azobis(4-
cyanopentanoic acid) (ACVA) were added along with a magnetic stir bar. For the
experiments performed in solution, 250 mg of tert-butanol was added as the solvent. Next,
the vials were degassed by bubbling nitrogen for 3 minutes and sealed. The vials were then
immersed in an oil bath at 70°C and were sequentially quenched by cooling them down to
-10°C and exposing them to air. The vials were taken out of the oil bath at a predetermined
reaction time. In the case of the vials run in bulk, they were taken out of the oil bath right
after the stir bar started to skip rotations due to high viscosity. Samples were collected for
'H NMR and GPC analysis. Larger batches were made under the same conditions to be

used as macro-RAFT agents for the chain-extension experiments (Table 4.1). All three
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polymers were precipitated three times. PDMAEMA was precipitated in cold hexanes,
while PDEAEMA and PDPAEMA were precipitated in ice water. Finally, the three

polymers were dried in a vacuum oven at 50°C.

Table 4.1. Polymerization recipe for the synthesis of macro-RAFT agents.

Monomer Macro-RAFT ACVA tBuOH Target Mp?2

(@) (mmol) (mmol) (@) (Da)
PDMAEMA

4 1.00 0.20 4 2,280

4 0.50 0.10 4 4,280

4 0.33 0.07 4 6,280
PDEAEMA

4 1.00 0.20 4 2,280

4 0.50 0.10 4 4,280

4 0.33 0.07 4 6,280
PDPAEMA 4

4 1.00 0.20 4 2,280

4 0.50 0.10 4 4,280

4 0.33 0.07 4 6,280

aTarget M, at 50% monomer conversion. Target M, = conversion x ([mon]/[CTA]) X Mw montMw cta- Mw mon
is the molecular weight of the monomer and My, c7a is the molecular weight of the CTA.
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4.2.2 Chain-extension experiments

Table 4.2 shows the recipes for different chain-extension experiments where three
different molecular weights for each polymer (PDMAEMA, PDEAEMA, PDPAEMA)
were used. First, the macro-RAFT agent was put in a 5 mL vial. Then, tert-butanol was
added, adjusting the solution to a final solids content of 50%. Then, the monomer was
added and the vials were stirred until complete dissolution of the polymer and monomer
was observed. Finally, initiator was added from a prepared stock solution via syringe
([macro-RAFT]/[1] =5) and the vial was degassed by bubbling nitrogen gas for 5 minutes.

The vial was sealed and then put into an oil bath at 70°C for 16 h.

Table 4.2. Characteristics of macro-RAFT agents and recipe for chain-extension
experiments.

M2 B Macro-RAFT ACVA Monomer tBuOH Target My

(Da) (mmol) (mmol) (mg) (mg) (Da)
PDMAEMA

2,500 1.20 2.50E-02 4.1E-03 246 297 12,000

6,800 1.19 7.99E-03 1.6E-03 136 189 17,000

7,800 1.20 6.59E-03 1.32E-03 119 170 18,000
PDEAEMA

3,700 1.22 1.39E-02 2.78E-03 194 244 14,000

5,800 1.22 1.03E-02 2.06E-03 165 225 16,000

8,600 1.21 5.95E-03 1.19E-03 113 165 19,000
PDPAEMA

3,600 1.16 1.56E-02 3.12E-03 219 277 14,000

5900 1.11 9.92E-03 1.98E-03 159 218 16,000

7,100 1.11 7.18E-03 1.44E-03 122 173 17,000

aM, was determined by GPC-UV-RI. For PDMAEMA and PDEAEMA, absolute molecular weights were
obtained by universal calibration using Mark-Houwnik parameters published elsewhere.'? M, of PDPAEMA
was determined using PMMA equivalents.
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4.3 Results and discussion

4.3.1 Homopolymerization of dialkylaminoethyl methacrylates

Kinetics analyses were required for each monomer to determine the conditions and
conversions under which the homopolymerization of DMAEMA, DEAEMA and
DPAEMA could be performed to obtain good control and livingness. Figure 4.2 shows the
Ln([M]o/[M]) and conversion vs. time plots of the polymerization of DMAEMA,
DEAEMA and DPAEMA. In all three plots, an induction period of ca. 60 min can be
observed. This is to be expected for systems where dithiobenzoates are used as CTA in

RAFT polymerization. 314

For the case of the polymerizations performed in solution, pseudo-first order kinetics
were observed for all three monomers indicating a nearly constant radical concentration
during the polymerization until approximately 8 h of reaction time. After 8 hours, a
curvature or second stage in the semi-logarithmic plots can be observed. This behavior is
mainly due to a decrease in the concentration of reactive radicals as the initiator half-life
at 70°C is ca. 10 h. Therefore, after 8 h, the initiator concentration was almost at 50% of
its initial value (in RAFT polymerization, Rp is still dependent on the initiator

concentration).
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Figure 4.2. Ln([M]o/[M]) and conversion vs. time plots of DMAEMA (DM), DEAMA
(DE), DPAEMA (DP) in bulk and in tert-butanol via RAFT polymerization at 70°C.
DMAEMA: [M]o : [CTP]o: [I]o = 318:5:1. DEAEMA: [M]o : [CTP]o: [I]o = 270:5:1.
DPAEMA: [M]o : [CTP]o: [1]o = 234:5:1.

For the polymerization of the monomers in bulk, a linear trend observed at the early
stages of the reactions, indicated pseudo-first order kinetics (Figure 4.2). In the case of
DMAEMA, a sudden increase in conversion (and therefore in the concentration of radicals)
was observed at 55% conversion. A reasonable explanation could be that at ~55%
monomer conversion in bulk, the system was too viscous for the magnetic stir bar to

efficiently stir the reaction mixture. Still, Mn increased linearly with conversion and narrow
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molecular weight distributions are obtained throughout the reaction (b < 1.2) suggesting

livingness and good control for all the systems (Figure 4.3).

The linear trend in the evolution of Mn vs. conversion suggests a living process during
the polymerization of all three monomers. However, this trend does not guarantee that most
of the chains have a dithiobenzoate moiety at the chain-end (Scheme 4.1). To confirm the
presence of the RAFT moieties at the polymer chain-ends and therefore their potential to
be chain-extended, samples from the kinetic study were analyzed by GPC with both UV
and RI detectors (GPC-UV-RI). The population of polymer chains containing a RAFT
moiety at their chain-end are UV-active. In an ideal RAFT polymerization, every chain
should contain one dithiobenzoate moiety which is UV active at a A = 310 nm.2 The GPC-
UV traces represent the living chains (as number based distributions) that have a
dithiobenzoate moiety at their chain-end. If (nearly) all of the polymer chains contain a
dithiobenzoate group, the UV and RI traces will be almost identical. An increasing fraction
of dead chains (i.e. those not containing a dithiobenzoate moiety at their end) will result in
greater deviation between the UV and RI traces. To allow for direct comparison in between

traces (UV and RI), all of the RI traces were transformed to number based distributions.
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Figure 4.3. Evolution of My vs. conversion of DMAEMA (DM), DEAMA (DE),
DPAEMA (DP) in bulk and in tert-butanol via RAFT polymerization at 70°C.
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From the GPC traces shown in Figures 4.4-4.6, it can be seen that for all three monomers
in bulk and solution, the UV and RI traces are almost identical at conversions lower than
50%. This would imply that most of the polymer chains are functionalized with a
dithiobenzoate group making them suitable to be chain-extended. For all of the
polymerizations in both systems (bulk and solution), high conversions were also achieved.
However, at higher monomer conversions, higher fractions of dead chains were noted to
appear as a low- molecular weight tails on the RI traces. These fractions of polymer chains
did not contain a dithiobenzoate group and therefore did not appear in the UV trace. From
these kinetic analyses, it could be concluded that good control and possibly good
livingness, can be achieved either in bulk or solution polymerization. However, in order to
obtain polymers with a desired molecular weight and to maximize the chain-end

functionality, the targeted monomer conversions should be less than ~50%.
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Figure 4.4. GPC UV-RI traces of the polymerization of DMAEMA in bulk and in tert-
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Figure 4.5. GPC UV-RI traces of the polymerization of DEAEMA in bulk and in tert-
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4.3.2 Effect of the [CTA]/[I] Ratio

For any RDRP technique (ATRP, NMP, RAFT), it is well known that to minimize the
number of dead chains formed by irreversible radical termination, the concentration of
active species during the polymerization should be as low as possible while maintaining an
acceptable overall polymerization rate.™ In the case of RAFT polymerization, the active
species concentration can be adjusted by modifying the initiator concentration, which also
directly affects Rp. The number of living polymer chains is determined by the amount of
CTA, but the Ry is influenced by the initiator concentration.® Molecular weight, dispersity
and Rp are determined by the [CTA]/[1] ratio in addition to the initiator half-life. Depending
on the type of monomer, a [CTA]/[I] of ~5-10 is commonly employed for RAFT-mediated
polymerization. Having higher [CTA]/[1] ratios results in very good control and high chain-
end functionality, but at the expense of much lower polymerization rates. Conversely,
having lower [CTA]/[1] ratios could significantly increase the polymerization rates, but a
higher dead polymer fraction (lower chain-end functionality) and poor control could also
occur. These aspects are much dependent on the type of monomer. So, to verify that the
[CTA]/[I] ratio of 5 used for the kinetic experiments of DMAEMA and DEAEMA in this
study did not lead to high fractions of dead polymers chains at conversions higher than
50%, polymerization experiments were also conducted applying a [CTA]/[1] ratio of 10 at

similar conversion.

Figure 4.7 and Figure 4.8 show the GPC traces of the polymerization in bulk and
solution (tert-butanol) of DMAEMA and DEAEMA, respectively, using a [CTA]/[I] ratio
of 10. In the case of PDMAEMA, tailing can be noticed on the RI trace for the

polymerizations in both bulk and in solution, despite having less initiator compared to the
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experiment with a [CTA]/[I] ratio of 5 (Figure 4.4). Moreover, the monomer conversions
were 44% and 48% respectively after 10.5 h, whereas, with a [CTA]/[I] ratio of 5, monomer
conversions were >80% after the same reaction time. These experiments confirmed that
the [CTA]/[1] ratio of 5 was not a significant causal factor in the formation of dead polymer
chains at the low-end of the molecular weight distributions and it can be used to have faster

polymerization rates.

GPC-UV traces of PDMAEMA made in bulk and solution are also shown in Figure 4.7.
It can be noted that the PDMAEMA macro-RAFT agent made in bulk, had a higher
molecular weight (ca. 3,000 Da, Table 4.3) than the one made in tert-butanol, even though
the monomer conversion was lower in bulk (44%) than in solution (48%). For the case of
the PDEAEMA-based macro-RAFT agent, the monomer conversion and the UV traces
(bulk and solution, Figure 4.8) were almost identical. With respect to the RI traces, it can
be noted that for the case of PDEAMA-based macro-RAFT agents, RI traces exhibited a
good agreement with the UV traces indicating that most of the polymer chains contained a
dithiobenzoate groups. However, for the case of PDMAEMA in bulk analyzed by RI, a
pronounced low molecular weight shoulder could be observed. This shoulder would

indicate the presence of low molecular weight dead chains.

In the kinetic analysis of the DMAEMA polymerization (Figure 4.2), an increase in the
radical population in the bulk system at ca. 55% conversion was observed; as well as in the
polymerization rate, which was also consistent with the sudden increase in monomer
conversion in bulk. These kinetics results, along with the difference in molecular weight
(ca. 3 kDa) observed in the GPC-UV traces, suggest a lower rate of deactivation of the

propagating chains during the polymerization of DMAEMA in bulk; and would hence
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suggest, an auto-accelerating effect, producing chains with higher molecular weights when
compared to the polymerization in solution. The low molecular tail was likely formed due
to new propagating radicals that continued to be generated by the initiator (tu2 = 10 h),

which irreversibly terminated as they were not found to be UV-active.
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Figure 4.7. GPC UV-RI traces of the polymerization of DMAEMA in bulk and in tert-
butanol via RAFT polymerization at 70°C. [M]o:[CTPJo:[1]o = 318:10:1.

With respect to PDEAEMA, tailing at the low end of the molecular weight distribution
was barely noticeable in both bulk and in solution (Figure 4.8). Monomer conversions were
56% and 58%, respectively, after 10.5 h, whereas when using a [CTA]/[I] ratio of 5, >80%
conversions were obtained after 11 h. Similarly, as for PDMAEMA, these experiments
confirmed that a [CTA]/[I] ratio of 5 could be used without affecting chain-end
functionality and Bs, or lowering the Rp. Table 4.3 summarizes the molecular weight and

b values of PDMAEMA and PDEAEMA synthesized using both [CTA]/[1] ratios.
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Figure 4.8. GPC UV-RI traces of the polymerization of DEAEMA in bulk and in tert-
butanol via RAFT polymerization at 70°C. DEAEMA: [M]o : [CTP]o: [1]Jo =270:10:1.

Table 4.3. Comparison of Mn and D values of macro-RAFT agents synthesized in bulk
and in solution.

Reaction Monomer Theoretical M.b
Time Conversion  [CTA]/[I] Mpd (D;) D)
(h) (%) (Da)
PDMAEMA
Bulk 8 81 5 10,280 8,300 1.15
Bulk 19 44 10 10,280 11,900 1.35
Solution 8 78 5 10,280 8,100 1.22
Solution 19 48 10 10, 280 8,800 1.26
PDEAEMA
Bulk 8 80 5 10,280 11,600 1.22
Bulk 19 56 10 10,280 8,900 1.21
Solution 8 83 5 10,280 10,800 1.23
Solution 19 58 10 10,280 8,500 1.26

 Theoretical M, at 100% conversion. ® M, was determined by GPC-UV-RI. For PDMAEMA and
PDEAEMA, absolute molecular weights were obtained by universal calibration using Mark-Houwnik
parameters published elsewhere.®
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4.3.3 Chain-extension of RAFT-mediated poly(dialkylaminoethyl
methacrylates)

The main purpose of analyzing the macro-RAFT agents by GPC-UV-RI was to
determine the molecular weights of the polymer chains that would be grafted on the CNC
surface (i.e. the living chains). To assess the livingness of the macro-RAFT agents, chain-
extension experiments were performed for each of the polymers presented in Table 4.2.

Table 4.4 shows the Mn values and Ds after the chain-extension experiments.

Table 4.4. GPC UV-RI data of macro-RAFT agents and after chain-extension.

Macro-RAFT Agents M2 b M theo® Chain-extension M2 b
(Da) (Da) (Da)

PDMAEMA
DM1 2,500 1.20 12,000 10,200 1.39
DM2 6,800 1.19 17,000 14,400 1.74
DM3 7,800 1.20 18,000 14,700 1.55

PDEAEMA
DE1 3,700 122 14,000 13,600 1.47
DE2 5800 122 16,000 12,500 1.40
DE3 8,600 1.21 19,000 12,400 1.33

PDPAEMA
DP1 3,600 1.16 14,000 8,600 1.22
DP2 5900 1.11 16,000 8,000 1.10
DP3 7,100 1.11 19,000 11,700 1.10

aM,, were determined by GPC-UV-RI. For PDMAEMA and PDEAEMA, absolute molecular weights were
obtained by universal calibration using Mark-Houwnik parameters published elsewhere.® ® Theoretical M, at
100% conversion.

Figure 4.9 shows the GPC-UV traces of the chain-extensions of all three PDMAEMA-
based macro-RAFT agents. Tailing at the low-end of the molecular weight distributions
was noted and consequently, higher B values were observed. For the case of DM2 and
DM3, it would appear that a fraction of polymer chains did not undergo chain-extension.

This was likely because the re-initiation efficiency was not 100%. It could not be attributed
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to dead polymer chains as these chains did contain dithiobenzoate groups (UV active). The
PDEAEMA and PDPAEMA series exhibited a similar behaviour and their GPC-UV traces

are shown in Figure D.1and Figure D.2 in Appendix D.I.
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Figure 4.9. GPC-UV traces of PDMAEMA macro-RAFT agents before and after
chain-extension. [macro-RAFT]:[ACVA] =5, in tert-butanol at 70°C.

Figures 4.9-4.11 show the overlapped UV-RI traces of DM1, DM2 and DM3 macro-
RAFT agents and their corresponding chain-extensions. All of the number-based RI chain-
extension traces showed a considerable fraction of chains that were not UV active and
therefore did not contain the dithiobenzoate group. These dead chains were likely a product
of FRP polymerization of the monomer without being deactivated by the macro-RAFT
agent as suggested by its lack of UV absorbance. The formation of these dead polymer
chains could have been caused by a low reinitiation efficiency of the macro-RAFT agents,
suggesting that the accessibility of the dithioester group was limited to the shorter

propagating radicals that were formed due to the continuous formation of primary radicals

64



from the ACVA. Additionally, it could be noted that reinitiation efficiency decreased as a
function of the Mn of the macro-RAFT agent. The causes for this observed behaviour are
still unclear. However, a similar trend was also observed and reported elsewhere suggesting

steric effects due to the longer chains containing the dithiobenzoate groups.*’

In Figure 4.10, it can be noted that in the number-based RI trace, most of the DM1
shifted to higher molecular weights after chain-extension when compared to DM2 and
DM3 chain-extensions. For the case of DM2 and DMS3, it was observed in their
corresponding UV traces that most of polymer chains containing the dithiobenzoate group
(UV active), did shift towards higher molecular weights and would indicated livingness
and good control during the synthesis of the macro-RAFT agents. However, their
corresponding RI traces show a considerable fraction of dead chains. A rough estimation
of the fraction of dead chains on the RI traces was performed by multi-peak fitting and the
areas of the resultant distributions were compared (curve fitting plots are shown in
Appendix D.II). For DM2 and DM3, it was estimated that ca. 70% of the RI signal
corresponded to dead chains. These dead chains did not shift towards higher molecular
weights and they were not visible by the UV detector. As previously suggested, the
formation of these dead chains was primarily due FRP of the monomer. Additionally,
incomplete reinitiation efficiency was observed as there were small fractions in the UV
traces that did not shift towards higher molecular weights. However, because these
fractions were still UV-active, it indicates that they did not reinitiate during the chain-
extension experiments. The same behaviour was observed for the PDEAEMA and
PDPAEMA macro-RAFT agents and their GPC-UV-RI traces are shown in the Appendix

D.I1.
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Figure 4.10. GPC-UV-RI traces of DM1 macro-RAFT agent before and after chain-
extension. [macro-RAFT]:[ACVA] =5, in tert-butanol at 70°C after 16h.

0.009 1 —— DM2 UV
0.008 . —— DM2 RI
] - = DM2 C.Ext UV
g 0.007 — — DM2 C.ExtRI
S ]
2 0.006 -
g |
s 0.005 -
+ ]
2 0.004 -
[ |
©
< 0.003
N 1
= 0.002 -
g ]
o 0.001 4
z ]
0.000 - - — - -
_0001 T T T T T T T T T 1
3.0 3.5 4.0 4.5 5.0 5.5 6.0
Log(Mn)

Figure 4.11. GPC-UV-RI traces of DM2 macro-RAFT agent before and after chain-
extension. [macro-RAFT]:.[ACVA] =5, in tert-butanol at 70°C after 16h.
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Figure 4.12. GPC-UV-RI traces of DM3 macro-RAFT agent before and after chain-
extension. [macro-RAFT]:[ACVA] =5, in tert-butanol at 70°C after 16h.

4.4 Conclusions

In this work, we report the kinetic analysis in bulk, and for the first time in a relative
polar solvent (tert-butanol), of the polymerization of three different dialkylaminoethyl
methacrylates via RAFT-mediated polymerization. Tert-butanol minimizes the occurrence
of side reactions during polymerization. Good control and high chain-end functionality
were obtained for all three monomers in bulk and in solution. GPC analyses showed good
agreement in between UV and RI traces confirming a high chain-end functionality for all
three monomers. A higher degree of chain-end functionality was obtained at conversions
below ~50% with minimum tailing towards low molecular weights. Conversely, at higher
monomer conversion, tailing due to the formation of dead polymer chains was more
evident. Macro-RAFT agents proved to be living and successfully chain-extended

confirming their ability to produce block copolymers, to be further reacted with macromers
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or to be grafted onto a substrate surface. However, reinitiation efficiency was not 100%.
Additionally, GP-UV-RI traces suggested that the higher the molecular weight of the
macro-RAFT agents, the higher the fraction of dead chains formed mainly by a FRP
mechanism due to a lower reinitiation efficiency. Finally, GPC-RI-UV was used to
determine the molecular weight of the living chain fraction of a macro-RAFT agent, which
would be useful as macro-RAFT agents used for post-reactions, grafting reactions or block

copolymers synthesis.
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Chapter 5. Surface Modification of Cellulose Nanocrystals via SI-Cu(0)-
ATRP and CO»-Responsiveness. Grafting-from approach

The work presented in this chapter was published in Green Chem. 2017, 19, 4141.

5.1 Introduction

In the last decade, there has been increasing interest in modifying or functionalizing
CNC using polymer-grafting approaches, in particular via reversible deactivation radical
polymerization (RDRP). Conventional atom transfer radical polymerization (ATRP)! is
the most commonly used RDRP technique, with only a few reports on CNC graft-
modification using nitroxide mediated polymerization (NMP)8° or reversible addition
fragmentation chain transfer (RAFT) polymerization.’®'! The main disadvantage with
conventional ATRP is the large amount of copper catalyst required (>1000 ppm) to achieve
good control, fast polymerization rates and high chain-end functionality.*? Variants of the
ATRP approach such as activators regenerated by electron transfer (ARGET)
and initiators for continuous activator regeneration (ICAR) ATRP have been extensively
studied, allowing the polymerization of a variety of monomers using less than 100 ppm
Cu(Il) by employing reducing agents.** However, most commercial products require
much lower residual copper levels (<~10 ppm) for health and safety reasons. Therefore,
post-polymerization removal of the copper is usually required, an undesirable and
expensive step that reduces the potential economic viability of using ATRP on a
commercial scale. There is another ATRP variant which uses zero valent metals such as
Cu(0) as a reducing agent,> commonly known as either Supplemental Activator and

Reducing Agent ATRP (SARA-ATRP)!*?! or Single Electron Transfer ATRP (SET-
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ATRP).?226 This variant also requires very low amounts of metal catalyst during the
polymerization, for example a small piece of copper wire that can be easily removed from
the reaction media. A typical polymer made using Cu(0) may have less than 10 ppm
residual copper. Furthermore, polar protic and aprotic solvents can be used, achieving good
molecular weight control and high chain-end functionality.'®-2%23-25 While there have been
a limited number of reports related to the grafting of common polymers such as
polystyrene,>?” N-isopropylacrylamide®2® and some natural biopolymers’?® on CNC using
ATRP, the potential versatility and value of modified CNC could be further enhanced if

the polymers used for the grafting step were CO:2 stimuli-responsive.

Our group has previously reported the use of CO2-switchable systems such as CO2-
responsive solvents®®3 for chemical manufacturing and separation processes, COa-
switchable surfactants,®3" and CO2-switchable polymer nanoparticle latexes.®®4? In
addition to these applications, CO2-switchable polymers have demonstrated potential for a
broad range of applications such as forward osmosis for water desalination, the fabrication
of hydrogels for potential enhanced oil recovery purposes, or the generation of CO2-
responsive vesicles that could be used for controlled drug delivery among others.*?
Monomers with tertiary amine groups such as dimethylaminoethyl methacrylate
(DMAEMA, pKan: 8.3; PDMAEMA, pKan:7.4)* and diethylaminoethyl methacrylate
(DEAEMA pKah: 8.8; PDEAEMA pKan: 7.5)* are CO2-responsive and can be employed
to prepare CO2-responsive polymers that can then be used to produce redispersible
colloidal systems (Scheme 5.1).384548 These two monomers may appear to be similar but,
in fact, the polymers behave quite differently. PDEAEMA is significantly more

hydrophobic than PDMAEMA and has a T of -20°C,*® whereas PDMAEMA has a Ty of
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26°C.* In addition to the CO2-responsiveness, it has also been reported that PDEAEMA
and PDMAEMA have different pH-dependent lower critical solution temperatures
(LCST)* (80°C and 40°C, respectively at pH=7) making these polymers multi-responsive

materials, which may enhance their potential applications as dual-responsive materials.

o CO,, H,O o o
Ny/heat
! HCO;5
N R R

Scheme 5.1 CO»-responsive poly(dialkylaminoethyl methacrylate).

Our objectives in undertaking this study were to develop a greener approach in making
high performance, stimuli-responsive nanomaterials for composite applications via
polymer grafting-modification using a form of RDRP that requires very low metal catalyst
loadings and does not require post-reaction treatment for catalyst recovery. In addition, the
stimulus required to trigger property changes is a benign alternative to liquid acids and
bases. CNC was selected as the solid substrate due to its renewability and promise as a new
nanomaterial with unique properties, specifically addressing the inherent challenges with
respect to the poor compatibility of CNC with most polymers. Therefore, a different
approach for grafting CO2-responsive polymers onto CNC was explored with the intent of

enhancing CNC compatibility with a broader range of solvents and polymer matrices.

In this chapter, the surface modification of CNC with PDMAEMA and PDEAEMA
applying a grafting-from approach via surface-initiated copper(0)-mediated

polymerization (SI-Cu(0)-ATRP) is reported (Scheme 5.2). First, the CNC surfaces were
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modified with a-bromo isobutyric acid (BIBA) to yield a bromine-functionalized CNC
(CNC-Br) as macroinitiator. Subsequently, a grafting-from approach was employed to
graft DMAEMA and DEAEMA from the CNC surface using the experimental conditions
that were outlined in Chapter 3. The grafting of the CNC was confirmed by CP-MAS 3C
NMR, FT-IR, TGA and elemental analysis, while the CO2-responsiveness of the materials
was demonstrated via {-potential measurements. The grafted CNC COz-responsiveness

was also assessed over multiple cycles.

SI-Cu(0)-ATRP

o
Br
m
Cu(0)-ATRP
CuBr, HMTETA, CH30H, 60°C & [
—_
R: CHj, CH3-CH, rR
(o]
Br
m
()

Scheme 5.2 Grafting-from approach for modifying CNC with CO2-switchable
polymers.
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5.2 Experimental

5.2.1 CNC surface functionalization with a-bromo isobutyric acid

CNC functionalization was performed following a similar procedure previously
reported by our group.®! Briefly, 18 g (111 mmol) of carbonyl diimidazole (CDI) was
added to a 250 mL three-necked round-bottomed flask with an addition funnel attached.
Next, 15 mL of freshly distilled anhydrous dichloromethane (DCM) was added via
cannula. BIBA (111 mmol) was dissolved in freshly distilled anhydrous DCM in a septum-
sealed vial and the solution was transferred to the addition funnel via cannula. The solution
was added dropwise with constant stirring under nitrogen atmosphere at room temperature.
The reaction was maintained under inert atmosphere and was stopped after 4 h when CO-
was no longer released as a by-product (pot 1). Following the initial reaction between the
CDl and BIBA, 2.2 g (37 mmol OHs) of CNC were dispersed in 20 mL of freshly distilled
anhydrous dimethyl sulfoxide (DMSO) and vortexed in a 50 mL centrifuge tube until the
CNC were completely dispersed. Freshly distilled anhydrous DCM (30 mL) was added to
the CNC dispersion, then vortexed, centrifuged (6,000g force) and decanted. The CNC
cake was redispersed in 30 mL of DCM and then transferred with a cannula to a three-
necked round-bottom flask equipped with an addition funnel and a condenser (pot 2). Next,
the reaction solution from the first step (pot 1) was transferred via cannula to the addition
funnel coupled to the three-necked round bottom flask containing the dispersed CNC in
DCM (pot 2) and added dropwise under constant stirring and nitrogen atmosphere at room
temperature. Then, the reaction was stirred for three days followed by a solvent exchange
with acetone. The final CNC cake was placed into a frit glass thimble inside a Soxhlet

apparatus and left under constant acetone reflux for five days to remove any excess
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reactants and side products. After completion of the Soxhlet extraction, the product was

stored in ethanol at 4°C and a portion of the sample was freeze-dried for characterization.

5.2.2 Grafting-from approach by SI-Cu(0)-ATRP

Approximately 0.4 g CNC-Br (0.3 mmol Br, determined by XPS) was added into a 100
mL round-bottom flask with 25 mL of MeOH and sonicated until CNC aggregates were no
longer visible in the suspension. Afterwards, the suspension was transferred into a 250 mL
round-bottom Schlenk flask equipped with a stir bar and an additional 25 mL of MeOH
was added. Then, under argon atmosphere, 0.5 mg (2.0x10 mmol) of CuBr2, 0.5 mg (0.22
mmol) HMTETA and 12.72 mmol of monomer (DMAEMA, DEAEMA), 300 pL of DMF
and three 1 cm length copper wires (14 gauge) were added. Copper wires were pre-treated
with 35% HCI and rinsed with methanol. Finally, the Schlenk flask was degassed by three
freeze-pump-thaw cycles, sealed under vacuum and put in an oil bath at 60°C for 24 h.
After a specified reaction time, the methanolic solution was removed via cannula under
argon atmosphere to prevent Cu® from oxidizing and staining the final product. More
degassed methanol was added to wash the product, and subsequently removed via cannula.
Next, the product was exhaustively washed with THF to remove any free
monomer/polymer and then centrifuged. Finally, the product was stored in ethanol and a

small portion was freeze-dried for further analyses.
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5.2.3 Procedure to test pH-responsiveness of CNC-grafted materials using
HCI/NaOH as triggers

A dispersion of ca. 0.4 wt.% of polymer-grafted CNC was prepared in 10 mL of
deionized water in a 25 mL sample tube. Using a Malvern multipurpose auto-titrator (MPT-
2), the dispersion was titrated starting from a pH of 4+0.3 to a final pH of 10+£0.3. A
disposable folded capillary cell was connected to the auto-titrator, and the (-potential and

conductivity were measured automatically at each data point.

5.2.4 Procedure to test the CO2-responsiveness of the grafted CNC

Polymer-grafted CNC dispersions (ca. 0.4 wt.%) were prepared in 25 mL of deionized
water containing ca. 0.13 mmol and 0.10 mmol of amine groups of DMAEMA (sample
CNC-g-DMAEMA B2) and DEAEMA (sample CNC-g-DEAEMA B2), respectively. A
three-necked round-bottom flask was adapted with a pH meter, a gas dispersion tube with
a porous fritted glass tip, and a stir bar. Each gas was sparged through the mixture until pH
readings were stable for more than 10 minutes (~20 min for CO2; ~1 h for N2). The round-

bottom flask was submerged in an oil bath at 25°C to maintain constant temperature.
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5.3 Results and discussion

5.3.1 CNC bromine functionalization

CNC were treated with BIBA and CDI to convert the CNC into cellulose-based
macroinitatiors (Scheme 5.3). In Figure 5.1, the FT-IR spectrum of CNC-Br is shown
where the appearance of the carbonyl stretching signal can be clearly observed at 1,700
cm®. CP-MAS 3C NMR spectroscopy (Figure 5.2) also shows the carbonyl signal at 180
ppm corroborating the successful surface functionalization of CNC. CP-MAS 3C NMR
was employed to determine whether the crystallinity of CNC had been affected by the
modification process by monitoring the crystalline and amorphous peaks (labelled as C4
and C4”). As reported elsewhere by our group, this particular surface modification has been

noted not to affect CNC crystallinity.>*

HO
o OH o]
OH
0 BIBA,CDI
o OH > oH OH
© CH,CI
o OH HO 2%12

Scheme 5.3. CNC functionalization reaction with BIBA and CDI at room
temperature. BIBA= 111 mmol, CDI= 111.5 mmol, OH= 37 mmol.
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To further confirm the formation of bromine surface-modified CNC and that no traces
of the bromine precursor remained, TGA analyses were performed. Figure 5.3 shows that
no residual BIBA was left in any of the modified CNC samples, as BIBA starts
decomposing at 45°C, CNC-Br decomposes at 200°C, while native CNC decompose at
300°C. The decrease in the thermal sample stability of CNC-Br compared to the native
CNC was expected as the tertiary bromine of the BIBA is a thermally labile group. In
addition, it can be noted that grafted CNC products exhibited a different thermal profile

compared to both the native and functionalized CNC.

= Native CNC
- e CNC-Br
= CNC-g-DMAEMA
= CNC-g-PDEAEMA
3SIOO | 3OIOO | ZSIOO | ZOIOO | 15IOO | 10100
Wavenumber (cm)
Figure 5.1. FT-IR of native CNC, CNC-Br and polymer-grafted CNC.
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Figure 5.2. Solid-state CP-MAS *C NMR spectra of native CNC and surface-
modified CNC with BIBA, PDMAEMA and PDEAEMA.
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Figure 5.3. Thermogravimetric analysis of native CNC, CNC-Br and polymer-grafted

CNC.

Table 5.1. Atomic and mass composition of bromine-functionalized CNC by XPS

analysis.

CNC-Br C O Br

Batch 1

Atomic 55.85+0.34 43.15+0.27 1.10+0.07
Mass 46.27+0.28 47.66+0.22 6.07+0.06

Batch 2

Atomic 55.55+0.77 42.90+0.57 1.54+0.21
Mass 45.16+0.63 46.50+0.46 8.34+0.17

Batch 3

Atomic 53.21+0.09 45.71+0.90 1.09+0.19
Mass 43.80+0.75 50.20+0.74 6.00+0.15

Error represents the standard deviation of measurements ran in triplicate at different locations on the sample
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Figure 5.4. High-resolution XPS spectra. a) carbon. b) bromine.

XPS analysis was performed to confirm the presence of bromine atoms on the CNC
surfaces. The high-resolution spectrum of carbon Cls (Figure 5.4) shows the different
types of carbon bonds. At 298 eV, the C=0 signal can be readily identified suggesting a

successful esterification of BIBA on the CNC surfaces. Additionally, in the high-resolution

81



spectrum of Br3d (Figure 5.4), the typical signal for covalent bromine C-Br can be
observed at 73 eV. Different batches of CNC-Br were synthesized with good bromine
content reproducibility, as determined by XPS. Table 5.1 summarizes the atomic and

elemental mass composition of three different batches of bromine-functionalized CNC.

5.3.2 Grafting-from via SI-Cu(0)-ATRP

The CNC-Br was used as a macroinitiator to polymerize DMAEMA and DEAEMA
from the CNC surface using the conditions previously determined for the
homopolymerization of the monomers via SI-Cu(0)-ATRP (Scheme 5.4). The resulting
dispersions were colorless (Figure 5.5) suggesting a low concentration of copper (1) in
solution. After the purification of the grafted CNC by vortexing and centrifugation to
remove unreacted monomer and dissolved copper, samples were further analyzed by FT-

IR, solid-state CP-MAS *C NMR, TGA, elemental analysis and AFM.

HO HO OH
o 0 OH
OH _ 4 0 OH
1 OH Cu”, CuBro/HMTETA 7 OH o
" MeOH, 60°C L, J
R= CHg, CH;-CH, o
(0]
R m
R/N\/\O
Br

Scheme 54. Grafting-from approach via SI-Cu(0)-ATRP.

DMAEMA:[CuBr]:[L]:[1]0:[M]0=1:100:91:5782. DEAEMA:[CuBrz]:[L]:[1]o:[M]o=
1:100:107:5782.

The grafting of PDMAEMA and PDEAEMA was confirmed spectroscopically as

shown in Figure 5.1 where an intense carbonyl signal of the polymer backbone at 1,700
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cmt by FT-IR spectroscopy and the peak at 178 ppm in the 3C NMR spectrum (Figure
5.2) can be identified, along with the complementary polymer backbone signals. After an
exhaustive washing procedure to ensure that the final products were not a physical mixture
of CNC, CNC-Br and grafted CNC, TGA analysis was performed of the three different
materials as shown in Figure 5.3. The weight loss traces of the grafted CNC with both
polymers show that CNC-Br and free BIBA were not detectable, which confirms that the

new product was successfully grafted.

DEAEMA

cu’ . CuBr>
MeOH, 60°C

Figure 5.5. Grafting-from of PDEAEMA onto CNC-Br via SI-Cu(0)-ATRP

All CNC products were analyzed by elemental analysis for CHN content. The results
are summarized in Table 5.2. The nitrogen results confirm the presence of PDMAEMA
and PDEAEMA-grafted on the CNC. The weight percent of grafted polymer relative to the
total mass of modified CNC was calculated from the nitrogen content as reported
elsewhere®? and the amount of PMMA was calculated from the excess of carbon content
compared to the expected amount of carbon for a 100% polyamine graft. From Table 5.2,
it can be seen that CNC-g-DEAEMA contained more PMMA as DEAEMA transesterifies
faster than DMAEMA. It can also be noted that PDMAEMA- and PDEAEMA-grafted

CNC showed similar contents of polyamine obtained for a particular CNC-Br batch
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suggesting good reproducibility. AFM microscopy (Figure 5.6) revealed that the CNC rod
-like shape and the crystallinity of the final material was preserved as was also
demonstrated by the solid-state 3C NMR spectrum. Differences in size of the crystals
shown in the AFM images could be due to aggregation either during the grafting procedure

or during sample preparation for analysis.

Table 5.2. Elemental Analysis of CNC-grafted products.

N mmol/ wt.% of wt.% of
C% %H %N %0? of CNC polyamine/ PMMA/
g gof CNC* g of CNC®
CNC-g-
DEAEMA B1 54.1+0.1 7.9+0.04 1.7#0.1 36.2 1.6+0.1 20.2 13.8
CNC-g-
DEAEMA B2 52.9+0.1 7.5+0.03 1.2+0.01 38.3 1.1+0.1 14.3 14.1
CNC-g-
DMAEMABL 93701  7.7#0.1 244002 36.1 2.3£0.02 26.8 12.2
CNC-g-
DMAEMA B2  46.7#02  7.7#0.1  1.6%0.03 44 1.5+0.03 18.6 3.3

Native CNC 40.8¢0.1 6.2+0.02 0.0+0.1  53.1
2 The remaining wt.% was assumed to be oxygen
b Calculated based on nitrogen content as reported by Hemraz et al.®
¢ Calculated from the excess of carbon wt.% as compared to the expected mass of carbon obtained from the
amount of 100% polyamine graft. (See Appendix E.)

J I —
0.0 500 nm 0.0

Figure 5.6. AFM micrographs of (a) native CNC, (b) CNC-Br, (c) CNC-g-PDEAEMA,
(e) CNC-g-PDMAEMA.
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5.3.3 CO2-responsiveness

PDMAEMA and PDEAEMA are high interest polymers for switching systems as they
have pKan of 7.4 and 7.5, respectively,®® making them good candidates for CO:-
switching.*® Switchability of the grafted CNC was analyzed via {-potential measurements.
The {-potential values reported in this paper are not intended to represent an actual potential
on the CNC surface as this analysis assumes spherical particles. However, trends in (-
potential measurements do provide valuable information regarding the effect of varying
solution conditions on the CNC surface charge. As mentioned before, the advantage of
CO2-switchable over conventional acids and bases is the low salt accumulation. To
illustrate this feature, CNC-g-PDMAEMA was subjected to conventional acid-base
switching cycles. Figure 5.7 shows several switching cycles of CNC-g-PDMAEMA
triggered by HCI and NaOH 1.0 M. A pH range of 4-10 was chosen to simulate a CO2/N2
system at ambient pressure. By using a strong acid and base, it is possible to obtain good
control on the pH values within cycles, while interference due to mass transfer or CO2/N2
diffusion effects would be negligible. Figure 5.7 illustrates how (-potential responded to
changes in pH where the maximum positive value decreased as the grafted CNC was
subjected to an increasing number of switching cycles. This decrease in the maximum (-
potential throughout the switching cycles was likely due to salt accumulation, as also
evidenced by the conductivity values, which exhibited a positive trend increasing

approximately 3 mS/cm per cycle.
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Figure 5.7. HCI/NaOH cycles of CNC-g-PDMAEMA B1 ranging from pH 4-10.

Colloidal destabilization is known to occur with increasing salt concentration as evident
in Figure 5.7, in which after four switching cycles, the maximum {-potential had decreased
by almost 10 units. This decrease in the maximum {-potential value can be avoided if CO2
and N2 are used instead of acid and base for the switching of the surface properties. Figure
5.8 shows a preliminary experiment where two cycles of CO2/N2 were performed using
sample CNC-g-PDMAEMA B1. After dispersing the grafted CNC in water, it was
observed that the pH became slightly basic and {-potential was +15 mV. This positive -
potential was attributed to the protonation of the amine groups after dispersing the material
in water as the polymer is slightly basic (pKan: 7.5*) giving an initial pH value of 8.4.
Figure 5.8 illustrates that even with N2 sparging for over 2 hours, little decrease in (-
potential was observed with a final pH value of 8.4. We then realized that CNC-g-

PDMAEMA and CNC-g-PDEAEMA could not be fully deprotonated solely by sparging
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N2 into a dispersion of CNC added to neutral water. Because the pKan values of both
polymers were similar to the maximum pH value that could be achieved by N2 sparging in
water (pH~8), the amine groups on the polymeric backbone would only be ~50%
protonated. Complete deprotonation requires the solution pH to be >~2 pH units above the
pKan. Therefore, negative or near zero {-potential values cannot be achieved with CO2/N2
cycles when grafted CNC are added to neutral water. In contrast, the HCI/NaOH system
(Figure 5.7) reached pH values of ~10 with the addition of NaOH, sufficiently higher than
the pKan allowing for a (near) complete deprotonation, which resulted in a significant

decrease in the {-potential.

- -®- -zeta potentigle 0

437 A ductvit 1
conductvity 1 .
- -¢- -pH ] 413
+ 404 45.0 |
Py las5 112
+351 S lao ]
| i Y . 1 4111
— . 435 1
> _ 4 . ] —
g % : ‘ 13.031'%
e ‘ ] I -
5 42.5 5-9
+ - A 4 ~
* . . » 120 g
+20- R S 1
] . 2 additional hours 1.0 ]
+15 4 ] -; o e 1 _,0'5 16
_ A ¥ Joo
| 15
+10 T T T T T 0.5
initial Cco N CcO N -

Figure 5.8. CO2/N2 sparging cycles of CNC-g-DMAEMA B1 with no added base at
initial conditions.

In order to overcome this issue, an adjustment to the initial pH to a higher value such
that the range of pH attained with alternating CO2/N2 cycling would yield effective

protonation and deprotonation of the polymer grafts was required. The initial pH was
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therefore adjusted to 12 through the addition of 100 pL 1M NaOH to the CNC-g-
PDMAEMA B2 and CNC-g-PDEAEMA B2 dispersions. Figure 5.9 and Figure 5.10
illustrate the variations in {-potential values of the CNC-g-PDMAEMA B2 and CNC-g-
PDEAEMA B2 dispersions as a function of pH triggered by CO2/N2 sparging cycles. In
both cases, the grafted CNC clearly exhibited reversible CO2-responsive behaviour
obtaining (-potential values around +30 mV. In the particular case of CNC-g-PDMAEMA
B2 (Figure 5.9), the {-potential values obtained under N2 were not lower than +10 mV,

suggesting that the PDMAEMA grafts are still slightly protonated.
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Figure 5.9. CO2/N2 sparging cycles of CNC-g-DMAEMA B2 with initial pH adjusted
to 12 with 100 pL of 1M NaOH.

For the case of CNC-g-PDEAEMA B2 in the presence of CO2 (Figure 5.10), {-potential
values were +27-31 mV, while sparging with N2 reduced the {-potential values to ~+5 mV

exhibiting reversible aggregation/dispersion capabilities (Figure 5.11). In the last N2
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sparging cycle, N2 gas was bubbled for three additional hours compared to previous cycles.
It is worth noting that after three hours of N2z sparging, the -potential value decreased to -
12 mV. This behaviour was likely due to the fact that protonation of the amine groups is
an exothermic reaction; hence, the system could require longer N2 sparging times or heat
to fully deprotonate the polymer grafts. If a high degree of deprotonation is desired,
dispersions could be heated in between 60-80°C to assist in the removal of remaining
dissolved COz2. Consequently, a high degree of deprotonation leads to a negative {-potential
due to the presence of half-ester sulfate groups on the CNC surface arising from the acid-
hydrolysis process used in the CNC manufacturing process. Because native CNC has a (-
potential of about -40 mV, fully deprotonating the polymer grafts on the CNC surface

would have resulted in a negative surface charge on the grafted CNC.
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Figure 5.10. CO2/N2sparging cycles of CNC-g-PDEAEMA B2 with initial pH adjusted
at 12 with 100 pL of NaOH 1M.
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The observed variation in the {-potential reflects a change in the surface properties that
could have important implications. The protonated CNC are highly hydrophilic, and will
disperse well in aqueous systems. However, when the polymer is deprotonated, the CNC
surface will become quite hydrophobic in the case of PDEAEMA, making it more
compatible with hydrophobic polymers. Varying the polymer type and/or the extent of
protonation would provide fully tunable CNC whose surface properties could be tailored

for specific applications.

Figure 5.11. CO.-switchability of CNC-g-PDEAEMA B2 at ca. 0.4 wt.% under a full
switching cycle. a) CNC-g-PDEAEMA dispersion in its original state. b) Dispersed
CNC-g-PDEAEMA after CO; sparging. ¢) CNC-g-PDEAEMA after N sparging.
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5.4 Conclusions

Renewably-sourced CO2-responsive cellulose nanocrystals were prepared using a
polymer graft-modification process that requires only low copper concentrations, and
benign triggers for the switching process. DMAEMA and DEAEMA were then grafted
from bromine-functionalized CNC via SI-Cu(0)-ATRP to yield COz-responsive CNC.
Solid-state CP-MAS 3C NMR spectroscopy and elemental analysis confirmed the
presence of amino groups grafted on the CNC surfaces. CNC-g-PDMAEMA and CNC-g-
PDEAEMA were subjected to CO2/N2 sparging cycles where both products showed near
fully reversible CO2-responsiveness over four switching cycles with no signs of
destabilization or the increase in conductivity resulting from salt accumulation associated
with the HCI/NaOH system. The ability to make the CNC surface tunable using benign
triggers, varying from hydrophilic when the grafted polymer is protonated to hydrophobic
when the polymer is deprotonated, addresses the critical challenge of effectively dispersing

CNC into a range of polymers with varying hydrophobicity.
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Chapter 6. Surface Modification of Cellulose Nanocrystals via SI-RAFT-
mediated Polymerization via Grafting-to and Grafting-from
Approach and CO2-Responsiveness

All the materials along with the characterization methods and specifications can be found
in the Appendices A.ll and B. respectively

6.1 Introduction

In Chapter 5, it was demonstrated that CNC could be grafted with PDMAEMA and
PDEAEMA via SI-Cu(0)-ATRP through a grafting-from approach, to obtain CO:2-
responsive CNC.! This approach was capable of producing CO2-responsive CNC that can
be reversibly stabilized by sparging CO: into the aqueous dispersion. However, the grafted
polymers were not strictly homopolymers but copolymers of PDMAEMA or PDEAEMA
with PMMA due to the transesterification of the monomers with the solvent (methanol)
during the grafting reaction. Furthermore, it was determined by chain-extension
experiments that ATRP is not the best approach to make ATRP macroinitiators of these
polymers to perform a grafting-to approach because of the low chain-end functionality.
These drawbacks represent a considerable limitation when an assessment of the effect on
COz-responsiveness and hydrophobicity as a function of different molecular weights of the

grafted polymer chains is required.

A similar approach was performed previously by our group using the NMP approach to
obtain CO2-responsive CNC. In these reports, CNC were grafted with PMMA,?
PDMAEMA, PDEAEMA and PDMAPMAmM via grafting-from® and grafting-to.*
However, using NMP for the grafting process of CNC has some disadvantages that can be

easily overcome by using a RAFT approach. One of these disadvantages is that the grafted
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polymers were not homopolymers, but copolymers including ~10 mol% styrene units.
Styrene is commonly used as a comonomer during the polymerization of methacrylates to
ensure good control and livingness of the final polymers. Experimentally, it has been
shown that the polymerization of MMA with styrene yields a copolymer that exhibits a
high degree of livingness, whereas the polymerization of methacrylates alone compromises
the chain-end functionality due to side reactions (irreversible terminations and chain
transfer to polymers).> However, the incorporation of styrene units in the polymer grafts
could alter the final hydrophobicity of the final materials, having a direct impact on the
final hydrophobicity of the polymer grafts. Consequently, pure homopolymers grafts are
required to assess the effect of the molecular weight of the polymer grafts. In Chapter 4, it
was demonstrated that RAFT-mediated polymerization is a good candidate to obtain pure
PDMAEMA, PDEAEMA and PDPAEMA-based macro-RAFT agents with high chain-end
functionalities. Moreover, compared to the ATRP and NMP approaches, the absolute
molecular weight of the exclusively the dormant/living chains of PDMAEMA and
PDEAEMA-based macro-RAFT agents, can be determined using GPC-UV, as the Mark-

Houwnik parameters for these two monomers have been recently reported.®

Reports on the surface modification of CNC via RAFT-mediated polymerization are
limited and all of these report on the grafting-from of CNC using what it is referred to as
an R-approach.”® As it was illustrated in Figure 2.2, there are two approaches for the
immobilization of polymer chains on a solid surface, the grafting-to and grafting-from
approaches. In principle, the grafting-from approach via RAFT-mediated polymerization
can be performed in two different ways; by the R-group approach or the Z-group approach.

The Z-group of the CTA (as explained in Chapter 2) mediates the propagation and
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deactivation of the active species; whereas the R-group fragments from the RAFT CTA
and reactivates monomer propagation. In order to perform a grafting-from approach by
RAFT-mediated polymerization, a RAFT CTA should be attached on the surface of the
substrate. This attachment of the RAFT CTA can be done from either the Z or R end of the
CTA molecule. Scheme 6.1 depicts both variants of the grafting-from approach by RAFT-
mediated polymerization, the Z-group and R-group approaches.® To date, there have only
been two reports on the grafting-from CNC via RAFT-mediated polymerization,”® and
there are two others in which the grafting was performed on cellulose substrates.'®1t All

of these report grafted polymers by the R-group approach, including PMMA, PNIPAM,

PAA and PS.
CTA Attached via R-Group: CTA Attached via Z-Group:
Grafting-from Transfer-to
= w*; w_T m_,,, m; m—i w—; ] w—N z “’_T i} ""T «nz

Scheme 6.1. Attachment of CTA to the substrate determines the mechanism of
polymerization. If the substrate is attached through the R-group, grafting-from
operates. Conversely, transfer-to is the mechanism if the CTA is attached through the
Z-group.*?

The difference between the R-group and the Z-group approaches is that when attaching
polymer grafts onto a surface via the R-group approach, a radical is formed during the

fragmentation step and it is attached to the substrate where monomer units can start to being
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added, following the grafting-from definition. When grafting via the Z-group approach,
propagating polymer chains will be formed in solution as the reinitiating radical (R-group)
will be released into solution and will follow a grafting mechanism more similar to the
grafting-to as depicted in Scheme 6.1. This last approach is considered as a hybrid of the
grafting-to and grafting-from approaches and is commonly known as the transfer-to

approach.?

Previous work reporting on the grafting of CNC with pH-responsive polymers was
based on the grafting-from approach taking advantage of the higher graft densities that can
be achieved by this route.'*1® However, this disadvantage is counteracted by not knowing
the final characteristics of the attached polymer grafts (molecular weight, dispersity, graft
density). Cleavage of grafted polymers from CNC is difficult to achieve and usually
requires strong acid/base conditions. In the case of poly(dialkylaminoethyl methacrylates),
degradation can occur under these conditions making further analysis not viable.
Consequently, there are no reports on pH-responsive CNC where the effect of the
molecular weight of the polymer grafts on their hydrophobicity or colloidal stability has

been assessed via a grafting-from approach.

The best strategy to analyze grafted materials based on fully characterized polymer
grafts relies on the grafting-to approach. Therefore, the main objective of this chapter was
to synthesize, characterize and evaluate the CO2-responsiveness as a function of the
molecular weight of the grafts via a grafting-to approach and to analyze any differences in
COz-responsiveness/hydrophobicity with polymer-grafted CNC via a grafting-from
approach (Scheme 6.2). First, the CNC surfaces were functionalized with GMA (grafting-

to) or CTP (grafting-from). Then, PDMAEMA, PDEAEMA and PDPAEMA grafts were
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attached to the CNC by RAFT-mediated polymerization following with thermal,
spectroscopical and elemental analysis characterization. Finally, CO2/pH-responsiveness

of all the materials were assessed in terms of redispersibility in water and switchable

hydrophobicity.
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Scheme 6.2. CNC surface modification via grafting-from and grafting-to approaches.

6.2 Experimental

6.2.1 General procedure for the homopolymerization of alkylaminoethyl
methacrylates

Table 6.1 shows the recipes to prepare homopolymers via the RAFT-mediated
polymerization of DMAEMA, DEAEMA and DPAEMA for three different molecular
weights for each of the monomers. The monomer was first added together with tert-butanol,
4-cyano-4-((phenylcarbonothioyl)thio)pentanoic acid (CTP) and a magnetic stir bar into a
20 mL glass vial. After the dissolution of CTP, pre-weighed ACVA was added into the
vial. Then, the vials were degassed by bubbling nitrogen for 10 minutes and sealed. Next,

the vials were immersed in an oil bath at 70°C for 4h. The reactions were quenched at -
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10°C and exposed to air. Samples were collected for *H NMR and GPC analyses. The three
polymers were precipitated three times. PDMAEMA was precipitated in cold hexanes and
PDEAEMA and PDPAEMA were precipitated in icy water. Finally, the three polymers

were dried in a vacuum oven at 50°C overnight.

Table 6.1. Recipes for synthesizing 4 g of different macro-RAFT agents of DMAEMA,
DEAMA and DPAEMA at 50% monomer conversion in solution 4mL of tert-butanol.

Target Mq? CTP CTP ACVA ACVA
(Da) (mg) (mmol) (mg) (mmol)
2,280 279 1.00 56 0.2
4,280 140 0.50 28 0.1
6,280 93 0.33 19 0.07

aTarget M, = conversion X ([mon]/[CTA]) X MWmon+Mwcrta. MWmon is the molecular weight of the monomer
and Mwcra is the molecular weight of the CTA.

6.2.2 General procedure for functionalizing of CNC with glycidyl
methacrylate

To a three-necked round-bottom flask, 2.2 g of CNC (36.54 mmol of hydroxyls) and
150 mL of deionized water were added. The pH was then adjusted to a value of 3 with
0.5M HCI and 200 mg of hydroquinone were added. Additionally, 5.25 g (74 mmol) of
glycidyl methacrylate (GMA) were added in an addition funnel coupled to the round-
bottom flask. a condenser was connected to the flask. The round-bottom flask was
submerged into an oil bath at 60°C and oxygen was removed from the dispersion by
bubbling nitrogen while stirring. After bubbling nitrogen, the glycidyl methacrylate was
added dropwise over 1 h and then left under stirring for two additional hours. After the
lapsed time, the dispersion was concentrated under reduced pressure until it formed a wet
gel and the final concentrate was equally divided into 6 -50 mL centrifuge tubes. Then, 40

mL of acetone were added to each tube, followed by vortexing and centrifuging at 6000
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rpm. The process was repeated several times and the final product was stored in acetone at

4°C until used.

6.2.3 General procedure for grafting CNC via grafting-to approach by
RAFT-mediated polymerization

Table 6.2 shows the recipes that were used to perform the grafting of the PDMAEMA,
PDEAMA and PDPAEMA -based macro-RAFT agents. First, the macro-RAFT agent was
dissolved in 15 mL of tert-butanol and degassed by bubbling nitrogen for 5 minutes. Then,
CNC-GMA (0.5 g) stored in acetone was centrifuged at 6000 rpm. The acetone was then
decanted and additional 35 mL of tert-butanol were added. The CNC-GMA in tert-butanol
was then vortexed and poured into a three-necked round-bottom flask with additional 35
mL of tert-butanol and a condenser and an addition funnel were coupled to the round-
bottom flask. Next, the initiator was added and then, under stirring, the flask was degassed
by bubbling nitrogen during 20 minutes. Then via cannula the macro-RAFT solution was
transferred to the addition funnel along with an additional 15 mL of degassed tert-butanol.
Next, the round-bottom flask was immersed in a pre-heated oil bath at 70°C and the macro-
RAFT initiator solution was added dropwise over a period of 4h and left under stirring for
an additional 20h. Then the reaction was cooled down to room temperature and the product
was centrifuged. The colored solvent was decanted and then the product was exhaustively
washed with THF. This process was repeated until the THF became colorless, plus
additional three washing cycles. Finally, the product was decanted and stored in acetone at

4°C.
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Table 6.2. Recipe for the grafting of CNC-GMA using pre-synthesized PDMAEMA,
PDEAMA and PDPAEMA based macro-RAFT agents. [macro-RAFT]:[ACVA] =5.

a - -
macro-RAFT agent Mhn macro-RAFT  macro-RAFT ACVA ACVA

(Da) (9) (mmol) (mmol) _ (mg)
DM1 2,500 0.4 0.16 003  8.96
DM?2 6,700 1.07 0.16 003  8.96
DM3 7,800 1.17 0.16 003  8.96
DE1 3,600 0.58 0.16 003  8.96
DE2 5,800 0.93 0.16 003 896
DE3 8,700 1.39 0.16 003  8.96
DP1 3,700 0.59 0.16 003 896
DP2 6,000 0.96 0.16 003 8.6
DP3 7,100 1.14 0.16 003 896

& M, determined by GPC. PDMAEMA and PDEAEMA were determine by universal calibration using Mark-
Houwnik parameters reported elsewhere.’ M, of PDPAEMA were obtained from relative calibration using
PMMA standards.

6.2.4 General procedure for functionalizing CNC with 4-cyanopentanoic
acid dithiobenzoate

The RAFT CTA, 4-cyano-4-((phenylcarbonothioyl)thio)pentanoic acid (CTP) was
synthesized according to the following procedure reported elsewhere.r”*8 Briefly,
Carbonyl diimidazole (CDI) (18 g, 111.5 mmol) was added to a 250 mL three-necked
round bottomed flask with an attached 60 mL addition funnel. Then, 15 mL of fresh
distilled anhydrous dichloromethane (DCM) was added via cannula. CTP (31 g, 111 mmol)
was dissolved in 30 mL of fresh distilled anhydrous DCM in a septum -sealed 250 mL
single necked round-bottom flask, and then the solution was transferred to the 60 mL
addition funnel via cannula using nitrogen gas flow. The solution was added dropwise with
constant magnetic stirring using under nitrogen atmosphere at room temperature. The
reaction was then stopped after 4h once CO2 bubbles were no longer formed as a by-

product, maintaining the solution under inert atmosphere (pot 1).
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Following the initial reaction between the CDI and CTP, 2.2 g (37 mmol of hydroxyl
groups) of CNC were dispersed in 20 mL of freshly distilled anhydrous DMSO and stirred
with a vortex agitator in a 50 mL centrifuge tube until the CNC was completely dispersed.
Then, freshly distilled anhydrous DCM (30 mL) was added to the CNC dispersion,
vortexed again, centrifuged (6,000 rpm) and finally decanted. The CNC cake was
redispersed in 30 ml of dry DCM and then transferred with a cannula to a three-necked
round -bottom flask equipped with a 60 mL addition funnel, a condenser and a stir bar (pot

2).

The Pot 1 solution was transferred via cannula to the addition funnel attached to the pot
2 mixture containing the dispersed CNC in DCM. The pot 1 solution was then added
dropwise under constant magnetic stirring under nitrogen atmosphere at room temperature.
Then the reaction was stirred for three days followed by a solvent exchange process with
acetone. The final CNC cake was put into a coarse frit glass thimble inside a Soxhlet
apparatus and left under constant acetone reflux for five days to remove any excess
reactants and side products. After the Soxhlet extraction, the product was stored in ethanol
at 4°C and a portion of the sample was freeze-dried for solid state NMR, FT-IR, elemental

and TGA analyses.
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6.2.5 General procedure for grafting CNC via grafting-from approach by
SI-RAFT-mediated polymerization

In a 250 mL three-necked round-bottom flask, CNC-CTP (0.25 g) was dispersed in 50
mL of tert-butanol. DMAEMA (2 g, 12.72 mmol), DEAEMA (2 g, 10.77 mmol) or
DPAEMA (2 g, 9.39 mmol) were dissolved in 15 mL of tert-butanol and then transferred
into an addition funnel. Then, ACVA (20 mg, 0.07 mmol) was added to the flask. The
round-bottom flask and the addition funnel were degassed with N2 for 30 minutes. Finally,
the round-bottom flask was submerged into a pre-heated oil bath at 70°C and then the
monomers were added dropwise. The grafting reaction was left to proceed at 70°C for 24
hours. After cooling, the product was exhaustively washed with THF to remove all free
polymer and then centrifuged at 6,000 rpm. These washing cycles were repeated several

times. A portion of the product was vacuum dried for material characterization.

6.2.6 General procedure for CO.-switching

Polymer-grafted CNC dispersions (ca. 0.4 wt.%) were prepared in 25 mL of deionized
water. A three-necked round-bottom flask was adapted with a pH meter, a gas dispersion
tube with a porous fritted glass tip, and a stir bar. CO2 and N2 was sparged through the
mixture between cycles until pH readings were stable for more than 10 minutes (~10 min
for CO2; ~1 h for N2). During the sparging of gases, the round-bottom flask was submerged

in an oil bath at 25°C to maintain constant temperature.
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6.3 Results and discussion

6.3.1 Homopolymerization of dialkylaminoethyl methacrylates

Macro-RAFT agents of PDMAEMA, PDEAEMA and PDPAEMA, which were
subsequently grafted onto CNC using a grafting-to approach, were synthesized with three
different molecular weights as described in Chapter 4. Characteristics of these macro-
RAFT agents are shown in Table 6.3. Additionally, chain-extension experiments were
performed to demonstrate the livingness of the macro-RAFT agents. The corresponding
GPC-UV traces are shown Appendix F.l. As explained in Chapter 4, during the synthesis
of the macro-RAFT agents, monomer conversion was not maximized to avoid the

formation of low molecular weight dead chains.

Table 6.3. Characteristics of macro-RAFT agents used for chain-extension
experiments and CNC grafting.

Monomer Mp2 b
Conversion (Da)
(%0)
PDMAEMA
DM1 51 2,500 1.20
DM2 87 6,800 1.19
DM3 76 7,800 1.20
PDEAEMA
DE1 80 3,700 1.22
DE2 71 5,800 1.22
DE3 68 8,600 1.21
PDPAEMA
DP1 62 3,600 1.16
DP2 67 5,900 1.11
DP3 56 7,100 1.11

& M, determined by GPC. PDMAEMA and PDEAEMA were determine by universal calibration using Mark-
Houwnik parameters reported elsewhere.® M, of PDPAEMA were obtained from relative calibration using
PMMA standards.
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6.3.2 Grafting-to approach by RAFT-mediated approach

Functionalization of CNC with glycidyl methacrylate

After preparing the RAFT-based macro-RAFT agents of each poly(dialkylaminoethyl
methacrylate) with three different Mn values, the next step was to functionalize the CNC
surfaces with GMA such that the macro-RAFT agent chains could be attached by reacting
with the GMA double bond. GMA was first reacted with CNC under acidic conditions
(Scheme 6.3), similar to a previous report by our group.* In acidic conditions, the epoxy
group of the GMA will undergo an acid-catalyzed ring-opening mechanism from a
nucleophilic attack mainly at the primary alcohols on the CNC surfaces. Due to the growing
stability of a carbocation with the number of substitutions, the epoxy ring will open from
the more substituted carbon on the epoxy ring, yielding as a product the structure shown in

Scheme 6.3.

(0}
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© OH GMA H on o
W oH d HCI (pH 3), 65 °C Oj/\OH
Scheme 6.3. CNC functionalization with GMA under acidic conditions (pH= 3). OH=
36.54 mmol, GMA= 74 mmol at 65°C.

Figure 6.1 shows the IR spectra of native CNC and GMA-functionalized CNC (CNC-

GMA). In both spectra, it is possible to identify all of the cellulose backbone signals, which
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can be divided in four main groupings: -OH stretching vibrations (3,600-3,000 cm™), -CH
and —CH2 symmetric and asymmetric vibrations (1,500-1,300 cm™), C-O stretching
vibrations (1,200-850 cm™) and —CH skeletal vibrations (750-500 cm™). In addition to the
cellulosic backbone, one signal at 1,700 cm™ is observed, corresponding to the C=0 bond
stretching of the methacrylate carbonyl. The signal at 1,600 cm™ on the native CNC
corresponds to the O-H deformation vibration of residual water within the CNC crystal

lattice.
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Figure 6.1 IR spectra of native CNC and CNC-GMA.. The boxed region encloses the
C=0 stretching band at 1,700 cm™ and the deformation vibration of residual water
at 1,600 cm.

TGA analysis provides additional evidence of the surface modification of CNC. In
Figure 6.2, the thermal decomposition profile of native CNC and CNC-GMA are shown.
It can be observed that native CNC is more thermally stable than CNC-GMA. CNC-GMA

has an onset temperature of 230°C, whereas native CNC onset temperature is at 260°C,
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meaning that the CNC-GMA thermal stability decreased compared to native CNC due to

the presence of labile GMA groups on the CNC surfaces.
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Figure 6.2. Thermogravimetric analysis of native CNC and CNC-GMA.

Grafting-to reaction of poly(dialkylaminoethyl methacrylate)s to CNC-
GMA

Scheme 6.4 depicts the grafting-to reaction of macro-RAFT agents with CNC-GMA
dispersed in tert-butanol in the presence of ACVA initiator. Primary radicals formed from
the decomposition of ACVA could either react with the double bond at the surface of the
CNC-GMA, or with the dithiobenzoate group of the macro-RAFT agents. In the case of
the primary radical reacting with the CNC-GMA, the radical formed at the methacrylate
group of the CNC-GMA will then add to the dithiobenzoate group which will in turn
fragment, liberating a living propagating chain of poly(dialkylaminoethyl methacrylate).

This propagating chain could react with another macro-RAFT agent, CNC-GMA or
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recombine with a primary radical from the ACVA (or another propagating chain). Because
the ACVA concentration was adjusted to be five times less than that of the macro-RAFT
agent ([macro-RAFT]:[I] = 5:1), the probability of recombination of a propagating chain
with a primary radical is reduced. In the case where the primary radical reacts first with the
macro-RAFT agent, the addition-fragmentation step will produce a macro-propagating
radical which can also react with the CNC-GMA, another macro-RAFT agent, or
recombine with a primary radical (or other propagating chain) as well. There are, thus,

multiple pathways that can lead to surface grafting.

©)‘\ W ACVA 70°C | ©
tert-Butanol o
[macro RAFT]:[V-501] = 5:1 OH
/N\ R: CH;, -CH,-CHj, CH(CH3)2 m’ CN

/\

Scheme 6.4. Grafting-to of CNC-GMA with poly(dialkylaminoethyl methacrylates)
based macro-RAFT agents in tert-butanol. [macro-RAFT]:JACVA] = 5:1 at 70°C.

Figures 6.3-6.5 show the FT-IR spectra of surface modified CNC grafted with three
different molecular weight macro-RAFT agents (Table 6.3) made of PDMAEMA (CNC-
DM#), PDEAEMA (CNC-DE#) and DPAEMA (CNC-DP#). For the CNC-DM# series,
the FT-IR spectra are shown in Figure 6.3. As the polymer being grafted is a tertiary
polyamine, the only additional signals to be expected on the grafted CNC spectra,
compared to the CNC-GMA spectrum, are the C=0 stretching band of the methacrylate
backbone which can be clearly observed at 1,730 cm™, and complementary C-H stretching

vibrations bands which are observed at 2,960 cm.
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Figure 6.3. FT-IR spectra of PDMAEMA-grafted CNC (CNC-DM#) series.
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Figure 6.4. FT-IR spectra of PDMAEMA-grafted CNC (CNC-DE#) series.
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Figure 6.5. FT-IR spectra of PDMAEMA-grafted CNC (CNC-DP#) series.

Similar spectra were obtained for the CNC-DE# series (Figure 6.4) and CNC-DP#
series(Figure 6.5) with the same characteristics as explained for the CNC-DM# series. For
the specific case of CNC-DP# series, the carbonyl signal intensity was very low (1,725 cm”
1), indicating the possibility of low grafting efficiency. This was supported by elemental

analysis which will be presented in a subsequent section.

TGA was performed on all of these products to confirm that the macro-RAFT agents
did graft onto the CNC, and that the polymer signals observed in the FT-IR and were not
the result of a physical mixture of unreacted CNC-GMA and macro-RAFT agent. Figure
6.6 shows the TGA analysis of the CNC-DM# series along with CNC-GMA and native
CNC. It can be noted that native CNC exhibited an onset decomposition temperature
between CNC-GMA and CNC-DM# products. Therefore, it could be concluded that the

thermal stability of the grafted CNC was higher as a consequence of attaching the
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PDMAEMA grafts onto the CNC. From the derivative of the wt.% trace, it can be observed

that the grafted CNC did not contain any residual CNC-GMA, confirming the formation

of a new different material and the absence of a physical mixture of CNC-GMA with

macro-RAFT agent. Similar TGA traces were obtained for the CNC-DE# and CNC-DP#

series; their thermograms can be consulted in Appendix F.II
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Figure 6.6. TGA analysis of native CNC, CNC-GMA and PDMAEMA-grafted CNC.
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Polymer loadings of grafted CNC using different molecular weights
macro-RAFT agents

The next step was to quantify how much polymer was attached to the CNC surfaces and
to determine graft densities. The grafted products were analyzed by elemental analysis, for
which the nitrogen mass composition was obtained. Using the amount of nitrogen per gram
of grafted material, the wt.% of polymer per gram of grafted CNC can be calculated.
Because the Mn of the grafted polymers is known, it is then possible to determine the graft
densities of each product with different molecular weight grafts. Table 6.4 shows the

elemental analysis results for all of the grafted materials.

Table 6.4. Elemental analysis, polymer content and graft densities of the CNC-DM#,
CNC-DE# and CNC-DP# series.

wt.% of b .
T o s NI pobamin W Che

g of CNC?
CNC-DM1  43.3+0.3 6.6+0.1 0.6£0.2 0.77 11 2,500 0.050
CNC-DM2  43.4+0.2 6.740.1 1.84+0.0 1.63 20 6,700 0.039
CNC-DM3 44.7£0.1 6.8£0.1 1.9+0.0 1.71 21 7,800 0.036
CNC-DE1 43.3+0.6 6.3x0.1 0.9+0.0 0.78 12 3,900 0.038
CNC-DE2 43.9+0.1 6.3+0.0 0.9+0.1 0.78 12 6,300 0.023
CNC-DE3 43.5+0.1 6.4+0.2 1.0+0.1 0.88 14 9,400 0.018
CNC-DP1 43.7£0.3 6.3x0.1 0.8+0.1 0.68 12 3.700° 0.040
CNC-DP2 43.9+0.1 6.3xt0.1 0.9+0.3 0.30 6 6,000°¢ 0.011
CNC-DP3 42.9+0.2 6.4+0.1 1.0+0.2 0.45 9 7,100°¢ 0.014

Native CNC  40.8+0.1 6.2+0.1 0.0+0.1 - - -

2 Calculated as reported by Majoinen et. al.»® ® M, determined by universal calibration using Mark-Houwnik
parameters reported elsewhere.’ ¢ M, reported in PMMA equivalents.
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During the grafting process of the three different series, it was attempted to obtain
similar graft densities for the different grafted products by adding the same number of
chains of macro-RAFT agents to react with the CNC-GMA. For the CNC-DM# series,
good consistency in the graft densities was achieved, obtaining 0.036-0.5 chains per nm?.
For the CNC-DE#, the graft density of the product with the lowest molecular weight grafts
was higher (DE1 =0.038 chains/nm?) than the products with higher molecular weight grafts
(DE2= 0.023 and DE3 =0.018 chains/nm?). For the CNC-DP# series, a similar trend in
graft densities to the CNC-DE# series was observed. For DP1, the grafting density was
0.040 chains/nm?, while 0.011 and 0.014 chains/nm? were observed for DP2 and DP3. For
all CNC grafted series, lower graft densities were obtained as the molecular weight of the
macro-RAFT agent increased. Reproducibility of the grafting process was verified with
the same macro-RAFT agent (DM2) and CNC-GMA. Table F.1 in Appendix F.111 shows
good reproducibility among three separate grafting processes using the same macro-RAFT

agent and CNC-GMA, obtaining similar values of graft densities.

It is worth noting that the graft densities presented in Table 6.4 are lower when
compared to other reports using grafting-to approach. This difference in graft density is
partially attributed to steric hindrance of the macro-RAFT agents. However, a certain
degree of aggregation of CNC during functionalization with GMA and/or during grafting
could occur resulting in much less exposed surface area resulting in lower graft densities.
Another possibility that needs to be considered is the possibility of having aggregation of
CNC by polymer bridging producing discrete agglomerates. This is consistent with the
AFM images presented in Chapter 5, although it cannot be assured that agglomeration did

not happen during sample preparation.
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6.3.3 CO2/pH-responsiveness of grafted CNC

In Chapter 5, it was demonstrated that CO2-responsive CNC obtained via SI-Cu(0)-
ATRP formed a stable dispersion under CO2 and it could be reversibly aggregated under
slightly basic conditions. Similar behaviour was observed by our group in previous reports
using NMP.34 As we were expecting the same behaviour for the products made by the
RAFT approach, COz-switching procedures were applied to all products following the

same procedures as reported in Chapter 5.

Table 6.5. CO2-N2 switching of an aqueous dispersion of CNC-DM1 (0.4 wt.%). Initial
pH was adjusted with 0.5 M NaOH.

Zeta Potential
pH (mV) Remarks
Initial 7.80 0
100 uL NaOH 12.05 -30 Translucent
CO, 562 0 e Aggregation
N, 9.38 -25 CNC was redispersed at pH 8.3
Co, 71 I — At pH 7.3 aggregation started
N, 9.44 -25 CNC was redispersed at pH 8.2

Table 6.5 shows how the pH and the {-potential behaved during the CO2-switching
process of the CNC-DM# series. The pH behaved as expected with a ApH of ca. £4 units.
Interestingly and unexpectedly, under CO2, CNC-DM1 became colloidally unstable and
aggregated. However, after removing the COy, it redispersed once again as the pH increased
by sparging N2. Figure 6.7 (a) shows the initial state of the dispersion after a slight initial
pH adjustment through the addition of NaOH. CNC-DM1 was fully dispersed with a (-
potential of -30 mV. After introducing CO:z2 into the headspace of the round-bottom flask,

and after a decrease in the pH to 5.62, CNC-DML1 fully aggregated (Figure 6.7 (b)). There
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is no {-potential data during the CO2 cycle because at the point which the grafted CNC
aggregated, the (-potential measurements become unreliable. The process was fully

reversible as the system redispersed once again after sparging N2 at 70°C.

Figure 6.7. CO,-switching of CNC-DM1 (0.4 wt.%) dispersed at neutral pH (a) and
aggregated under CO; (b).

Similar behaviour was observed with the CNC-DM2, CNC-DM3, CNC-DE# series and
CNC-DP# series. Although the CNC-DP# series did not fully aggregate, turbidity did
increase after the pH was lowered by filling the headspace with CO2 (Figure 6.8) This
could be explained by the considerably low graft densities obtained for the CNC-DP#

series, compared with the CNC-DM# and CNC-DE# (Table 6.4).

Figure 6.8. CO-switching of CNC-DP2 (0.4 wt.%) (a) under CO2, (b) under N 2.
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As previously mentioned, the CO2-responsive CNC obtained by the ATRP and NMP
approaches were colloidally stable under CO2 and destabilized after sparging N2 gas. This
difference in behaviour where the grafted products made by RAFT exhibited an opposite
colloidal stability could be related to the graft densities and the final molecular weight of
the polymer grafts. This hypothesis will be demonstrated later, but first an assessment of
the effect of the molecular weight of the polymer grafts on the dispersibility and

hydrophobicity will be discussed.

Experiments, where the {-potential was measured as a function of pH for the grafted
products, were performed by auto-titration experiments to analyze how these materials
behave as a function of pH. Figure 6.9 shows how the (-potential of the CNC-DM# series
varied as a function of pH in an aqueous dispersion. All three CNC-DM# products behave
similarly at slightly basic conditions. At pH around 9, the maximum pH that could be
achieved using the CO2-N2 switching system, all three products displayed similar (-
potential values (ca. -20 mV). This would explain why the products were redispersible and
became colloidally stable at slightly basic conditions under N2 (Figure 6.8 (b)). However,
while decreasing the pH, the (-potential traces showed that the products reached their
isoelectric point at a pH range of 7.3-8.2. Below a pH of ca. 7, all three products started to
or were already aggregated. The pH at which the isoelectric points are observed in Figure
6.9 were close to the pKax values of PDMAEMA (pKan = 7.4%, 7.2+0.06 (Appendix
F.IV)), suggesting that when the polymer grafts gets close to being 50% protonated, the
CNC-grafted products become colloidally unstable. The most plausible explanation for this
observation is that the positive charge density around the CNC surfaces from the protonated

amine groups is not enough to produce sufficient electrostatic repulsion while protonated
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under COz. This could be due to either low graft density, low molecular weight or a

combination of both.

As previously mentioned, the {-potential readings are no longer reliable after the CNC
have formed aggregates, as non-dispersed samples are not suitable for {-potential
measurements. Additionally, it is worth noting that conductivity remains almost constant
during the auto-titration in the pH range of interest (4-9) discarding the possibility of

interference of the added HCI resulting in ion accumulation in the system.
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Figure 6.9. {-potential and ionic conductivity vs. pH of the CNC-DM# series (ca. 0.4
wt.%0) going from pH 12 to 2 with 0.5 M HCI. The boxed region represents unreliable
C-potential values as PDMAEMA-grafted CNC are aggregated at these pHs.

One of the main goals of this project was to analyze whether the molecular weight of
the polymer grafts had an effect on either dispersibility or hydrophobicity, by
functionalizing the CNC surfaces with COgz-responsive polymers. As previously

demonstrated, all of the CNC-DM# products behaved similarly, becoming colloidally
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unstable under CO:2 regardless of the molecular weight of the polymer grafts. Phase
shuttling experiments were performed on each of the CNC-DM# products to determine
whether the molecular weight of the polymer grafts had an effect on the resultant
hydrophobicity of the material. This assessment highlights the importance of having only
pure homopolymers grafts of PDMAEMA on the CNC surfaces which was only possible
using the RAFT-mediated approach. When compared to the NMP approach, having
randomly distributed styrenic units along the polymer grafts could possibly have an impact
on the overall hydrophobicity masking the real hydrophobic character of the polymer grafts

with a determined molecular weight.

Figure 6.10 shows dispersions of the CNC-DM# series (0.2 wt.%) in 50% v/v
water:chloroform mixtures dyed with the hydrophobic Nile red dye. The dispersions were
adjusted to three different pH levels covering the pH range that can be achieved with the
CO2-Nz2 switching system (pH = 4-9). For the CNC-DML1 at low pH (4-5), it was observed
that the aqueous phase was completely transparent, suggesting that most of the grafted
CNC were within the organic phase. For the CNC-DML1 dispersions at a pH of 7-8 and at
a pH of 9-10, it appears that most of the CNC seemed to be in the aqueous phase as the
organic phase was completely translucent. The opacity observed in the organic phases of
the mentioned dispersions is due to small water droplets over the glass wall. Figure 6.11
shows CNC-DML1 dispersions showed in Figure 6.10, to which a commercial laser pointer
beam was passed through the aqueous (left) and organic (right) phases. For CNC-DM1 at
a mildly acidic pH, it can be noted that the intensity of the scattered light in the aqueous
(upper) phases is too dim, whereas the other vials at neutral and basic pH, the intensity of

the scattered light is considerably higher. For the organic (lower) phases, the laser beam is

121



almost unnoticeable. This partitioning behaviour appears to be counterintuitive as it was
expected that in the protonated state, the CNC should have become hydrophilic. This can
be explained from the fact that the polymer grafts (Mn = 2,500 Da) have a degree of
polymerization (DPn) of 16. In polyamines, 100% protonation is not easily achieved at
mildly acidic conditions do to an increase of the positive charges density. Moreover, the
basicity of polyamines is usually correlated to their Mn, for which the degree of protonation
of short polyamine chains will be lower than longer chains. Consequently, as some of the
amine groups of the polymer grafts of CNC-DM1 remained deprotonated, the grafted CNC
would maintain enough of its hydrophobic character to partition into the organic phase. On
the other hand, at a slightly basic pH, it would seem that most of the grafted CNC were in
the aqueous phase. At a pH of 9-10, the short PDMAEMA grafts would be deprotonated,
hence it would be expected that the grafted CNC would be in the organic phase. However,
Figure 6.10 shows that mildly basic pH, CNC-DM1 mostly partitioned to the aqueous
phase. The colloidal stability of these CNC at basic pH was most likely because the
polymer grafts were too short for their hydrophobic character to counteract the hydrophilic
character of the charged half-sulfate ester groups. Although the graft density could also be
playing a role on the overall hydrophobicity of the grafted CNC. This explanation
corresponds with the behaviour observed during the CO2-switching where the CNC-DM#

series products aggregated under CO2 and redispersed under Na.
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Figure 6.10. CNC-DM# dispersions (0.2 wt.%0) at different pH values (DM1: pH 4-5,
DM2: 7-8, DM3: 9-10) in a 50% v/v water chloroform mixture with Nile Red as
hydrophobic dye.

Figure 6.11. CNC-DM1 dispersion (0.2 wt.%0) at three different pHs (4-5, 7-8, 9-10) in
a 50% v/v water chloroform mixture with Nile Red as hydrophobic dye. A laser
pointer beam was passed through the aqueous (left) an organic (right) phase. For the
organic phase laser irradiation, of the dispersion in acidic pH was not shown due to a
very strong light scattering of the organic phase.
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With respect to CNC-DM2 dispersions (Mn 6,700 Da), where polymer grafts had a DPn
of 43, seems that most of the CNC are in the aqueous phase. For the CNC-DM2 dispersion
it can be noted that the CNC were fully dispersed in the aqueous phase only in mildly basic
conditions. Whereas at a pHs of 4-5 and 7-8, the CNC clearly aggregated and floated over
the organic phase, leaving a clear layer of water as supernatant. This observations matched
with the auto-titration curve (Figure 6.9) and the aggregation under CO2. However, these
observations suggested that CNC-DM2 is not hydrophobic enough to migrate to the
organic phase neither at neutral nor acidic pH. Compared with CNC-DM1, CNC-DM2
under acidic conditions did not partitioned into the organic phase as it has larger amounts
of protonable sites; which under acidic pH, the protonated amine groups might not be
enough to become colloidally stable, but it is still hydrophilic enough to not migrate into

the organic phase.

Figure 6.12. CNC-DM2 dispersion (0.2 wt.%0) at three different pHs (4-5, 7-8, 9-10) in
a 50% v/v water chloroform mixture with Nile Red as hydrophobic dye.

CNC-DM3 did not exhibit the same behaviour as CNC-DM1 and CNC-DM2. Under
acidic pH, most of the CNC were in the aqueous phase, whereas at a pH of 7-8 and 9-10

most of the CNC were in the organic phase as no turbidity could be observed in the aqueous
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phase. In Figure 6.10 it can be noted that CNC-DM3 at neutral pH, a small amount of CNC
were still in the aqueous phase. Figure 6.13 shows that the scattering of the laser beam,
when passed through the aqueous phase of the CNC-DM3 dispersion in acidic pH is more
intense than the dispersions with neutral and mildly basic pH. Hence, most of the CNC in
acidic pH are in the aqueous phase due to a higher degree of protonation of longer
PDMAEMA grafts. CNC-DM3 has polymer grafts with a DP» of 50 (Mn of 7,800), which
conferred a likely sufficiently hydrophobic character to counteract the hydrophilicity of the
half-ester sulfate groups, such that the CNC could partition into the organic phase. It is
worth noting that the CNC-DM# products have almost the same grafting densities (Table
6.4), hence, the change in hydrophobicity between CNC-DM1 and CNC-DM3; and
therefore in their partitioning, was most likely a consequence of the increase in the
molecular weight of the polymer grafts. The dimmed light scattering of the neutral and
basic dispersions could have been due to either unmodified CNC, tiny chloroform droplets
in the aqueous phase or dust particles. A control test with just water and chloroform can be
observed in Figure F.13 in Appendix F.VIII where light scattering can be noticed due to

either dust particles or small chloroform droplets.

Figure 6.13. CNC-DM3 dispersion (0.2 wt.%0) at three different pHs (4-5, 7-8, 9-10) in
a 50% v/v water chloroform mixture with Nile Red as hydrophobic dye.
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Similar trends were observed for the CNC-DE# series. Figure 6.14 shows the auto-
titration curves where the {-potential varies as a function of pH. All of the CNC-DE#
products had {-potential values ca. -25 mV in the pH range of 8-9. Similar to CNC-DM1
(Table 6.5), the ApH in between cycles was ca. 4 units. The lowest pH of 4.48 was obtained
with COz, while a pH of 8.58 was obtained under N2. The {-potential values achieved at
these pH values were -14 mV and -4 mV, respectively. These values match the auto-
titration curve presented in Figure 6.14. For the CNC-DE# series, the pH at which CNC
aggregated was between 6-7. Therefore, similarly to the CNC-DM#, the (-potential
measurements at pH values below 6 in the auto-titration curve were not considered to be
reliable as the three products aggregate below pH 6. The conductivity behaved similarly as
with the CNC-DM# series, remaining almost constant during the titration at the pH interval
of interest (4-9); as the addition of HCI did not have a significant effect on the overall ionic

strength of the aqueous dispersion.
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Figure 6.14. {-potential and ionic conductivity vs. pH of the CNC-DE# series (0.4
wt.%) going from pH 12 to pH 2 with HCI 0.5M. The boxed region represents
unreliable {-potential values as PDMAEMA-grafted CNC aggregate in this pH region
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Figure 6.15 shows the auto-titration curves of CNC-DP# series. For these products, only
a change in turbidity was observed during the CO2-switching cycles as illustrated in Figure
6.8. This behaviour corresponded to the auto-titration curves depicted in Figure 6.15 as
CNC-DP2 and CNC-DP3 never reached an isoelectric point. CNC-DP1 did show an
isoelectric point at a pH of 3, likely as a result of having four times more chains/nm? (and
more total amine groups) than CNC-DP2 and CNC-DP3 (Table 6.4). In addition to the low
grafting density, the basicity of the PDPAEMA grafts was also lower than PDMAEMA
and PDEAEMA. PDPAEMA has a pKa+ of 5.72! (6.05, Appendix F.IV), which is almost
one pH unit lower than PDMAEMA and PDEAEMA.. Having a polymer graft with a lower
pKar could provide the advantage of not having the need to adjust the initial pH with NaOH
as was required for the grafted CNC made by SI-Cu(0)-ATRP (Chapter 5). Having a pKan
of 6.05 should also ensure that at a pH of ca. 7.5-8 (maximum pH achieved during CO2-N2
switching system), the degree of protonation of the grafted polymers would not be as high
as in the case of the grafted products made using the ATRP approach. Nevertheless, upon
examination of Figure 6.15, with the graft densities obtained for the CNC-DP# series, it
can be concluded that these PDPAEMA-grafted CNC are not good candidates for CO2
switching. Figure 6.16 shows CNC-DP3 at different pHs covering the CO2-Nz2 pH
switching range in which it can be noted that in any of the different pHs, the CNC did not
migrate to the organic phase, as the scattering of light in the agueous phase confirms that
most of the CNC were in the aqueous phase. No light scattering was observed in the organic

phase.
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Figure 6.15. -potential and ionic conductivity vs. pH of the CNC-DP# series (0.4
wt.%0) going from pH 12 to pH 2 with HCI 0.5M.

CNC-DP1 CNC-DP2 CNC-DP3

Figure 6.16. CNC-DP3 dispersion at different pHs covering the CO2-N2 pH range. A
commercial laser pointer beam was directed through the aqueous phase in series
showing the laser beam path due to light scattering generated by the CNC. The
intensity of the scattered light in third vial is lower due to an attenuating effect caused
by the first two vials.
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From the phase shuttling experiments, it can be concluded that there is a real effect of
the molecular weight of the polymer grafts on the hydrophobicity/hydrophilicity of the
CNC-grafted products. However, despite having polymer grafts with a Mn close to 10,000
Da (CNC-DM3 and CNC-DE3) which can be highly protonated under COz, it seems that
there is a combined threshold in terms of graft densities and molecular weight of the
polymer grafts (i.e. total polymer content) for the CO2-responsive CNC to be colloidally

stable under COo..

In our published work via grafting-from by Cu(0)-ATRP, the highest wt.% of
polyamine grafted onto CNC was 26.8% and the lowest was 14.3%,* whereas by the NMP
approach polymer loadings varied from 36.1 wt.% up to 65.2 wt.%.® Unfortunately, graft
densities could not be determined for the grafting-from results as cleavage of the polymer
grafts was not possible. For the case of PDEAEMA-grafted CNC via grafting-to approach,
Table 6.6 shows the characteristics of the products made by RAFT and NMP.* Graft
densities varied from 0.01 to 0.06 chains/nm? with molecular weights ranging from 3,900
Da up to 19,700 Da respectively. These grafted CNC exhibited {-potential values up to +33
mV under CO2 whereas only slightly negative {-potential (-13 mV) were observed under

N2, except for CNC-DE1 which was slightly more negative (-17 mV).
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Table 6.6. Graft characteristics of PDEADMA-grafted CNC via RAFT and NMP.

Grafting Polymer  Amine : : pH  Average pH  Average

CNC-polymer (’I\DA;) Density loading  Groups %r:tfrt]:)rljg l?r:élzﬁréeod under {(mV) under {(mV)

(Chainsmm)*  (wt.%)  (mmol/g) > COo. CO» N2 N2

CNC-DE1 3,900° 0.038 13 0.8 RAFT No 4.5 85 -17.0%2.2

CNC-DE2 6,300° 0.023 13 0.8 RAFT No 4.8 8.6 5.3+0.5

CNC-DE3 9,400 0.018 14 0.9 RAFT No 48 8.8 -1.342.2
CNC-g-

P(DEAEMA-  4,200° 0.062 20 112 NMP Yes 4.6 20.5+1.8 8.2 -6.7£1.9
co-S)1
CNC-g-

P(DEAEMA- 7,800° 0.022 14 0.7 NMP Yes 5.1 27.6+2.6 9.0 -13.7#13
co-S)2
CNC-g-

P(DEAEMA- 19,700° 0.008 13 0.7 NMP Yes 5.2 33.6+0.5 9.0 12.3+2.4
co-S)3

aM,, determined by universal calibration. "M, reported in PMMA equivalents.*

From Table 6.6, it can be observed that no logical trends are evident to determine when

a PDEAEMA-grafted CNC could be colloidally stable under COs2. It is possible and

perhaps likely, that this behaviour follows a similar trend as described by a common LCST

phase diagram curve (Figure 2.4) in which a minimum graft density combined with a

minimum Mn might be required for the grafted CNC to be CO2-dispersible as proposed in

Figure 6.17. From Table 6.6, it can be observed that CNC-DE1 polymer grafts have lower

Mn but double the graft density of CNC-DE2 and CNC-DE3. Although having more

chains/nm?, CNC-DE1 is still colloidally unstable under CO2. CNC-DE2 and CNC-DE3

have the same graft densities and both are still colloidally unstable under CO2 despite the

fact that CNC-DE3 polymer grafts have higher Mn. PDEAEMA-grafted CNC by NMP
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(CNC-g-P(DEAEMA-c0-S)2) and grafted via RAFT (CNC-DE2) have similar graft
densities, but different Mn, where P(DEAEMA-c0-S)2 exceeds the polymer grafts of CNC-
DE2 by ca. 1,500 Da making the NMP modified CNC stable under CO2. Another example
is CNC-g-P(DEAEMA-c0-S)3, whose polymer grafts have a Mn of 19,700 Da, although

its grafting density is barely 0.01 chains/nm?. However, it was colloidally stable under COx.

Colloidally stable under CO»

(protonated)

polymer grafts

n

M of

Colloidally unstable under CO; (protonated)

oraft density

Figure 6.17. Proposed phase diagram where CO; stability in aqueous dispersions
depends on the graft density and the M, of the polymer grafts.

Another example that supports this hypothesis is presented in Table 6.7, which shows
the elemental analysis results of two different PDMAEMA-grafted CNC. One product
corresponds to CNC-DM1 of the CNC-DM# series. The other product corresponds to a

different batch of PDMAEMA-grafted CNC made using the same method as the other
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series and will be referred as CNC-DM1S2 (characterization and elemental analysis of this
particular batch can be found in Appendix F.V). Table 6.7 shows that CNC-DM1 and CNC-
DM1S2 have similar graft densities, but a considerably different molecular weight on the
polymer grafts. CNC-DM1, as previously described, aggregated and sedimented under
COg2, but CNC-DM1S2 was colloidally stable under CO2 and sedimented under N2 (Figure
6.18). The auto-titration curves of both PDMAEMA-grafted CNC are shown in Figure
6.19. It is evident that at a pH of 4-5 (pH achieved under CO3), the {-potential of CNC-
DM1S2 had a value of +26 mV, while the {-potential of CNC-DM1 was -0.9 mV (CO2-
switching cycles of CNC-DM1S2 can be found in the Appendix F.VVI). However, more
experimental data is needed to know the real shape of this “phase diagram” like trace with
high degree of accuracy and certainty. This is because in Table 6.4, CNC-DM1 and CNC-
DM2 have similar numbers than the products presented in Table 6.7 but both products
aggregate under CO2. However, the results presented in this work and the ones presented

in Table 6.6 does follow the general trend of the proposed diagram.

Table 6.7. Elemental analysis and graft densities of CNC-DM1 and CNC-DM1S2.

N ) )
. mmol/ WL.% .Of Mn  Chains/ #amine
Elemental Analysis C% %H %N polyamine/ , groups/
g of g of CNC (Ba) ~ nm particle?
CNC
CNC-DMIS2 456402 70401 14401 1.2 16 4900 0039 2,600
CNC-DM1 444401 67001 06402 08 11 2500 0050 1,600

2@Number of amine groups per particles was estimated assuming a crystal length of 150 nm. The radius (2.2
nm) was obtained via AFM measurements of native CNC as reported by our group elsewhere.*
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These last experiments along with the data extracted from the NMP work published by
our group,* and the RAFT results presented in this Chapter, support the hypothesis that
there is a threshold that needs to be achieved in terms of chains/nm? and molecular weight
of the grafts to obtain grafted CNC that could be colloidally stable under CO2 or in mildly
acidic aqueous dispersions (Figure 6.13). Additionally, grafted CNC with
poly(dialkylaminoethyl methacrylates) were synthesized via grafting-from to analyze the
CO2-responsiveness of the grafted CNC generated from a grafting technique that allows

much higher grafting densities. These results will now be discussed.

Figure 6.18. CO2-switching of CNC-DM1S2 (0.4 wt.%0). Under CO; it forms a stable
dispersion and it sediments under No.
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Figure 6.19. Auto-titration curves of CNC-DM1 and CNC-DM1S2 (ca. 0.4 wt.%0).
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6.3.4 Grafting-from approach by SI-RAFT-mediated polymerization

The grafting-from approach has been reported to be a good choice when high grafting
densities are required.'® Similarly, RAFT-mediated polymerization is also very convenient
to perform the grafting-from approach as many RAFT CTAs contain carboxylic acids as
part of the R-group which can react readily with the hydroxyl functionalities of many

substrates.!?

HO OH
o)
OH
HO OH
o OH
O, H OH
OH CTP,CDI o
o D —————
OH H
. - CHCI, © Q
H o o]
OH HO NC.
s
Sb

Scheme 6.5. CNC functionalization reaction with CTP and CDI at room temperature.
CTP=111 mmol, CDI= 111.5 mmol, OH= 37 mmol.

Initially, CNC surfaces were modified with CTP as the CTA to obtain a cellulose-based
macro-RAFT agent (CNC-CTP) (

Scheme 6.5). Figure 6.20 shows the FT-IR spectra of both native CNC and CNC-CTP
where, similar to the CNC-GMA, the only visible change in the spectra is related to the
C=0 stretching vibration at 1,717 cm™ corresponding to the carbonyl group of the CTP
structure. The aromatic skeletal vibrations are barely noticeable at 1,590 cm, which
overlaps the O-H signal of the CNC residual water at 1,640 cm™. An additional signal
appeared at 1,268 cm, which was presumed to be an aromatic deformation vibration that

was not present in the native CNC.
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Figure 6.20. FT-IR of native CNC and CNC-CTP. The red box highlights

corresponding to the carbonyl group of the CTP at 1,717 cm™ structure and the

aromatic skeletal vibrations at 1,590 cm™ which overlaps the O-H signal at

1,640 cm™. The blue box highlights a signal at 1,268 cm which is presumed to be an
aromatic deformation vibration.

TGA analysis was also performed. Figure 6.21 shows the TGA of neat CTP, native CNC
and CNC-CTP. It can be observed that CNC-CTP began to decompose at around 244°C
whereas, for native CNC, the onset temperature was 267°C. The CTP onset temperature
was 170°C. From the TGA trace of CTP, it was possible to confirm that there was no
significant residual CTP within the CNC-CTP product, supporting the FT-IR results that

the CNC surfaces have been modified with CTP.
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Figure 6.21. TGA analysis of CTP, native CNC, CNC-CTP and grafted CNC products
via SI-RAFT polymerization.

Scheme 6.6 illustrates the grafting-from reaction of CNC-CTP with dialkylaminoethyl
methacrylate monomers in tert-butanol in the presence of the ACVA initiator. In this case,
the primary radicals coming from the ACV A will react with the dithiobenzoate at the CNC-
CTP surface. After the addition-fragmentation step, the CNC-CTP will play the role of the
R-group, and become a primary radical where monomeric units will start adding onto the
CNC surfaces. Due to the growing polymeric chains on the CNC surfaces, steric hindrance
may play an important role such that, deactivation of the growing grafts by the
dithiobenzoate groups may be hindered. However, this does not represent a problem as

livingness of the polymer-grafted chains is not required. Successful grafting of
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PDMAEMA, PDEAEMA and PDPAEMA did occur and was confirmed by FT-IR and

TGA. Solid-state CP-MAS 3C NMR spectra are shown in Appendix F.VII.

- HO OH
OH o] oH
[~oH o OH
ACVA, tert-BuOH, 70°C
o H OH J
)1\"/0\/\N/R OH o]
o ,'; o

R= CH;, CH,-CH,

R\NI m g s
g
Scheme 6.6. Grafting-from via SI-RAFT polymerization. CNC-CTP (0.25 g),

DMAEMA (12.72 mmol), DEAMA (10.77 mmol), DPAEMA (9.39 mmol), ACVA
(0.07 mmol) in tert-butanol at 70°C.

Figure 6.22 shows the FT-IT spectra of all three grafted products. The cellulose
backbone still has the most prominent signals in the spectra. Nevertheless, the C=0
stretching of the poly(methacrylate) backbone is evident at 1,727 cm™* along with the C-H
stretching vibrations of the polymer backbone and the alkyl groups of the amines in the
range of 2,950-2850 cm™. In Figure 6.21, the TGA traces also confirmed a successful
grafting of the CNC-CTP as the thermal stability of the final products was higher than the

native CNC and CTP.

Table 6.8 shows the results of the elemental analysis of the CNC-grafted products. As
with the grafting-from products via SI-Cu(0)-ATRP, it was not possible to determine the
graft densities of the products. Nevertheless, the wt.% percent of polymer per gram of CNC

was higher than that of the grafting-to products (Table 6.4), going from 20 wt.% to 26
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wt.%, while the maximum obtained via grafting-to was 21 wt.%, but most of those products

were in the range of 10-12 wt.%.

Relative Intensity

Native CNC

4000 3500 3000 2500 2000 115'00 1000 500
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Figure 6.22. FT-IR of native CNC, CNC-CTP and polymer-grafted CNC via SI-
RAFT polymerization.

Table 6.8. Elemental analysis results of CNC-grafted products via SI-RAFT
polymerization.

5 .
Elemental Analysis %C %H %N N mmol/ - wt.% of polyamine/

g of CNC g of CNC®
CNC-DM 445+0.1 6.9+0.1 2.3+0.1 2.21 26
CNC-DE 443105 6.6+0.1 1.6+0.1 1.41 18
CNC-DP 45.0£0.1 6.7+0.1 1.3+0.2 1.18 28

Native CNC 40.8#0.1 6.2+0.1 0.0+0.1 — i

3 Determined as reported by Hemraz et al.??

In the previous section, it was demonstrated that CNC could be grafted with CO2-
responsive polymers via grafting-to RAFT-mediated polymerization. Depending on the
graft densities and the molecular weight of the polymer grafts, the grafted materials could
form colloidally stable dispersions either under CO:2 (protonated) or under N:

(deprotonated).
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Figure 6.23 shows the auto-titration curves of CNC-DM, CNC-DE and CNC-DP where
the (-potential varies as a function of pH. In this case, where the polymer content was
considerably higher compared to the products made via grafting-to, it can be observed that
CNC-DM and CNC-DE had an isoelectric point close to a pH of 9. This represents almost
one more pH unit when compared to the grafting-to series. Hence, the grafting-from
products exhibited a more basic character. As seen previously, the pH at which these CO2-
N2 switching systems varied was in the range of 4-9. It can be noted from the auto-titration
curves a pH between 8 and 9 that the {-potential of CNC-DM and CNC-DE were very close
to zero. This is an almost identical trend with the grafted products obtained by SI-Cu(0)
ATRP and presented in Chapter 5. The CO2-switching plots for CNC-DM and CNC-DE
are shown in Figure 6.24 and Figure 6.25, respectively. The minimum (-potential that was
achieved under N2 for CNC-DM was -2.0 mV at a pH of 8.6, whereas for CNC-DE, the (-

potential was 18 mV at a pH of 7.12, which agrees well with the auto-titration curves shown

in Figure 6.23.
15
o), e
+30{® A Ve, A CNC-DP 13
AM ® 12
* 201 A e 1
+ 10 ¢ 10
A e
= .. 9
2’ A 8~
=101 3
* 7@
w ‘¢ ® 6 =)
-20 1 AL a9 0 3
:.. als
301 ALl
40 3
/- 2
-50 Ao
60 |C=r—so—cduiR P02 RR=0"0 1]

3

4 5 6 7
pH

8

9 10

11

Figure 6.23. Auto-titration curves of CNC-grafted products made by SI-RAFT
polymerization (0.4 wt.%0).
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For the particular case of CNC-DP, it can be observed that, this time, the {-potential
increased to +35 mV (Figure 6.23). These results were considerably different than those
obtained for the CNC-DP# series (grafting-to approach) and was likely due to the polymer
content on the CNC surfaces, which was more than double that of the grafting-to products.
Moreover, it is worth noting that the isoelectric point for CNC-DP occurred at a pH
between 6.5 and 7. In contrast, for CNC-DM and CNC-DE the isoelectric points were

almost two pH units higher (PDPAEMA is less basic, as reflected by its lower pKan).

6.3.5 CO2-responsive CNC as potential Pickering emulsifier agents

In Pickering emulsions, nanoparticles are used as stabilizing agents capable to
stabilizing oil in water (o/w) or water in oil (w/o) emulsions.?® Certain types of
nanoparticles can be employed as surfactants and represent a viable alternative to
conventional small molecule ionic or non-ionic surfactants which are often harmful to the
environment.?* Pickering emulsifying agents have even been used to perform emulsion
polymerizations as alternatives for commonly used ionic surfactants.?>2° Recently, CNC
have been used as Pickering emulsifying agents mainly due to their green characteristics
(low toxicity and bio-renewability).3%-23 Tang et al. previously reported the formation of
Pickering emulsions using PDMAEMA-grafted CNC. However, they encountered salt
accumulation during repeated cycles of pH variation, typical when using strong acids/bases
as pH triggers.}*® To the best of our knowledge, there are no reports on the use of pH-

responsive CNC as Pickering emulsifying agents using CO2 as a trigger.

While performing the phase shuttling experiments, it was observed that the

PDMAEMA, PDEAMA and PDPAEMA-grafted CNC were capable of stabilizing macro-
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oil droplets in the aqueous phase, preventing them from coalescing and reforming organic
and aqueous layers. An example is presented in Figure 6.26 where a dispersion of ca. 0.2
wt.% of CNC-DM1 of the CNC-DM# series was mixed in a 1:1 vol/vol ratio with toluene
dyed with Nile Red at three different pH levels in the CO2-N2 pH switching range. After
shaking by hand for a few seconds, it can be observed that CNC-DM1 favoured the
formation of toluene macro-droplets at mildly acidic and neutral pH. Recalling Figure 6.10,
it was concluded that CNC-DML1 in the mildly acidic and neutral pH range had a
hydrophobic character, while at mildly basic pH, the hydrophilic character was dominant.
Despite the fact that at acidic and neutral pH, the droplets were not dispersed throughout
the entire aqueous phase, the droplets were stable and did not coalesce for more than one

month.

Figure 6.26. Toluene macro-droplets stabilized with CNC-DM1 (0.2 wt.%) using Nile
red as dye. pH was adjusted with 0.5 M HCI and NaOH in the CO,-N2 pH switching
range. (a) 5-6, (b) 7-8, (c) 9-10.
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Figure 6.27 shows the same system as previously described, but with CNC-DM3. CNC-
DM3 was grafted with higher molecular weight polymer chains and had almost the same
grafting density as CNC-DM1. The mixture of CNC-DM3 in acidic media did not form
stable macro-droplets of the organic phase, while in a neutral or mildly basic dispersion,
smaller macro-droplets were formed in the organic phase. It is worth remembering that
CNC-DM3 did not behave in the same manner as CNC-DML in aqueous dispersion at the
same pH values, where CNC-DML1 exhibited a hydrophobic character under acidic pH and
a hydrophilic character at a basic pH. These experiments confirm that the molecular weight
has a notable effect on the hydrophobicity of the grafted CNC and that these materials have

the potential to form COz-responsive Pickering emulsions.
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Figure 6.27. Toluene macro-droplets stabilized with CNC-DM3 (0.2 wt.%) using Nile
red as dye. The pH was adjusted with 0.5 M HCI and NaOH in the CO2-N, pH
switching range. (a) 5-6, (b) 7-8, (c) 9-10.
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The majority of polymer-grafted CNC products behaved similarly. Additional pictures
of stable macro-droplets in organic solvents can be found in Appendix F.VIII. If these
stabilized macro-droplets are subjected to sonication, a high viscosity emulsion results,
which resembles a high-internal phase emulsion (Figure 6.28). Although no further
specialized characterization methods were employed to analyze these macro-droplets and
emulsions, it illustrates that these CO2-responsive CNC offer promising potential in their
use as Pickering emulsifying agents to stabilize o/w systems or to produce CO2-responsive

polymer latexes.

Figure 6.28. High viscosity emulsions of different organic solvents (chloroform,
hexanes and toluene) after sonication of CNC-DM1 and CNC-DM3 aqueous
dispersions (ca. 0.2 wt.%) at a pH between 7-8. The pH was not adjusted.
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6.4 Conclusions

CO2-responsive CNC were obtained via RAFT-mediated polymerization using both the
grafting-to and grafting-from approaches. Different grafting densities and different
molecular weight grafts were attached onto CNC surfaces via grafting-to. It was
demonstrated that depending on the graft densities, as well as the molecular weight of the
polymer grafts, polymer-grafted CNC could display either a hydrophobic or hydrophilic
character. Hence, poly(dialkylaminoethyl methacrylates) grafted CNC can be used in
systems with different polarities as the extremely hydrophilic nature of CNC could be
modified, capable of becoming either hydrophobic or hydrophilic with the particular
feature to be fully reversible in aqueous dispersions. CO2/pH-responsive CNC were
capable of forming stable aqueous dispersions either under CO2 (mildly acidic) or N2
(mildly basic) conditions. Grafting-from via SI-RAFT-mediated polymerization is an
efficient technique to incorporate more polymer content onto the CNC surfaces, although
the grafting densities cannot be measured. Additionally, it was demonstrated that CO2-
responsive CNC have the potential to function as Pickering emulsifiers and stabilize

oil/water macro-droplets and emulsions.
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Chapter 7. Conclusions and Recommendations

7.1 Conclusions and contributions

Conducting the grafting of CO2-responsive polymers onto CNC can be performed using
different approaches. However, reliable information of the homopolymerization of the
monomers of interest is required beforehand so better control of the grafting process can
be obtained. In Chapter 3, the homopolymerization of DMAEMA and DEAEMA by Cu(0)-
ATRP was reported for the first time. A few drawbacks were observed using this system
to polymerize these monomers. Transesterification of the monomers did occur with the
solvent (primary alcohols) producing copolymers of the dialkylaminoethyl methacrylates
and MMA. Additionally, due to a strong interactions of the monomers with the copper
catalyst, chain-end functionality and livingness of the final macro-initiators were affected.
Still, from the results obtained from this study, suitable conditions were determined to

perform the grafting-from of CNC via SI-Cu(0)-ATRP.

Looking for an alternative to polymerize dialkylaminoethyl methacrylates to obtain
homopolymer chains capable to efficiently chain extend, the polymerization via RAFT-
mediated polymerization of DMAMEA, DEAEMA and DPAMEA was studied. Because
of the need to perform the polymerization of the mentioned monomers in a polar solvent
capable of dispersing CNC, kinetics analysis as well as livingness were reported for the
first time in tert-butanol and compared with the bulk system. Good livingness and control
were obtained in both systems, demonstrating that the synthesized macro-RAFT agents
were capable of efficiently chain extending. The main contribution of this work is a method

that can provide fully characterized homopolymers based macro-RAFT agents with known
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molecular weight of exclusively the living chains for the purpose of grafting them onto a

substrate or for block copolymer synthesis.

Chapter 5 details the surface of modification of CNC via SI-Cu(0)-ATRP with COz-
responsive polymers. Most of the published work on CNC grafting use conventional ATRP
techniques where high concentrations of copper are usually employed. In this work, it was
demonstrated that CNC can be efficiently grafted with CO2-responsive polymers using a
greener approach that requires lower amounts of copper. Moreover, by using this method,
CO2-responsive CNC capable of forming reversibly dispersible colloidal systems using a

CO2-Nz2 switching system were obtained via grafting-from of DMAEMA and DEAMA.

In Chapter 6, using fully characterized PDMAEMA, PDEAMA and PDPAEMA macro-
RAFT agents, the effect of the molecular weight of the polymer grafts on the dispersibility
of the pH/COz-responsive CNC via grafting-to was reported for the first time, and then
compared to the pH/CO2-responsive behaviour of grafted CNC via grafting-from. It was
determined that depending on either the graft density, the molecular weight of the polymer
grafts or a combination of both, the grafted CNC could be colloidally stable either in acidic
or basic aqueous dispersions. Moreover, when having similar graft densities of polymer
grafts with different molecular weights, it was determined that the molecular weight of the
polymer grafts have a real impact in the overall hydrophobic/hydrophilic character of the
grafted CNC. Therefore, the hydrophobic/hydrophilic character can be accordingly tuned
depending on the required pH conditions of the final dispersion. Finally, it was
demonstrated that these pH/CO2-responsive CNC have the potential to be used as Pickering

emulsifying agents.
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7.2 Recommendations for future work

Grafted CNC with PDMAEMA, PDEAEMA and PDEAEMA proved to be CO2-
responsive and depending on the molecular weight of the grafts and/or graft densities, their
hydrophobic/hydrophilic character could be easily adjusted. In Chapter 6, it was proposed
that the stability of grafted CNC could have a colloidal stability profile under CO2/N2
similar to an LCST phase diagram. However, not enough data could be collected to fully
demonstrate this hypothesis. Therefore, it would be of significant value to produce more
grafted CNC batches with many more different graft densities and molecular weight to
determine the limits and the graft characteristics that will confer the surface-modified CNC

a colloidal stability under CO2 in aqueous dispersions.

In this work, the surface modification of CNC was carried out using RDRP techniques
such as ATRP and RAFT. A few experiments were done to graft CNC using FRP instead
of RDRP techniques (See Appendix G.l1). The FRP approach has the advantage that no
specialty chemical reagents or catalysts are required making the process much cheaper and
feasible in an industrial scale making it a valuable approach for surface modifying CNC
with any type of polymers via a grafting-from approach. Figure G.1 shows the TGA
analysis of the grafting-from of the monomers used in this work from CNC-GMA via FRP.
The TGA traces confirms the surface modification. However, the pH/CO2-responsive
properties of these materials were not studied. Therefore, it is recommended to carry on
with this approach to further analyze how to control polymer loading and pH/CO2-
responsiveness as well. The costs of the current processes to produce CNC at large scale

are expensive preventing their utilization in any commercial applications. Using the surface
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modification via the FRP approach does represent an important alternative to make a

composite material at reasonable costs.

In Chapter 6, the potential capabilities of pH/COz-responsive CNC to be used as
Pickering emulsifying agents were demonstrated, representing a viable alternative as
emulsifying agents in the cosmetic industries due to their low toxicity and bio renewability.
However, there are many factors that need to be further analyzed and properly
characterized to fully understand the limitations and mechanism of action of these modified
CNC to form and stabilize emulsions. Factors worthy of study include as polymer loadings,
polymer hydrophobicity, phase composition, shelf time, surface coverage, and how these
complex colloidal systems would behave under a CO2-N2z switching system. Grafted CNC
could represent a possible alternative for the production of polymer latexes. Although
emulsion polymerization using nanoparticles as emulsifying agents is not an unexplored
field, so far there are no reports of attempting an emulsion polymerization using pH/CO-
responsive CNC. Once it is possible to stabilize and characterize o/w emulsions using
pH/CO2-responsive CNC as Pickering emulsifying agent, the next step worth to explore is
the production of CO2-responsive polymer latexes using surface modified CNC as a

stabilizing agent.
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Appendix

A. Materials

Al . ATRP

(Diethylamino)ethyl methacrylate (99%), 2-(dimethylamino)ethyl methacrylate (99%),
copper (I1) bromide (99%), 40 gauge copper wire, a-bromo isobutyric acid (98%), ethyl 2-
bromoisobutyrate (98%), and carbonyldiimidazole (reagent grade) were purchased from
Sigma-Aldrich. Monomers were dried over calcium hydride and distilled under vacuum to
remove the inhibitor. Methanol (99.8%) and dimethyl formamide (99%) were purchased
from ACP chemicals and used as received. Anhydrous ethanol was purchased from
GreenField Specialty Alcohols and used as received. Dichloromethane and dimethyl
sulfoxide were purchased from ACP Chemicals and were dried over calcium hydride and
distilled under nitrogen and vacuum, respectively. Water used in this work was deionized
using a Millipore Synergy water purification system equipped with SynergyPak
purification cartridges (18.2 MQ-cm). Cellulose nanocrystals (generated by sulphuric acid

hydrolysis) were provided by FP Innovations Inc.

A.ll. RAFT

2-(Diethylamino)ethyl  methacrylate  (Aldrich, 99%), 2-(Dimethylamino)ethyl
methacrylate (Aldrich, 99%) and 2-(Diisopropylamino)ethyl methacrylate (Aldrich, 99%)
were dried in calcium hydride (Aldrich, 95%), and distilled under vacuum to remove
inhibitor. 1,1°-carbonyldiimidazole (Aldrich, reagent grade), phenyl magnesium bromide

(Aldrich, 1M in THF), carbon disulfide anhydrous (Aldrich, 99.9%), potassium
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ferricyanide (IIT) (Aldrich, 99%), 4,4'-Azobis(4-cyano pentanoic acid) (ACVA) (Aldrich,
98%), sodium hydroxide (Aldrich, 97%), silica gel (Aldrich, 60 A 70-230 mesh),
chloroform-D (Aldrich, 99.8 atom % D, contains 0.03 % (v/v) TMS), methanol (APC,
99.8%), ethanol (CA, absolute), tert-butanol (Aldrich, 97%), acetone (APC, 99%),
dimethyl formamide (APC, 99%), ethyl acetate (ACP, 99%), n-hexanes (ACP 98.5%),
tetrahydrofuran (ACP, 99%) were used as received. Dichloromethane (APC, 99%)
dimethyl sulfoxide (APC, 99%) were dried under calcium hydride (Aldrich, 95%) and
distilled under nitrogen and vacuum respectively. Nitrogen and Argon gas (UHP 5.0) were
acquired from Praxair Inc. Cellulose nanocrystals were provided by FP Innovations. Water
used in this project was in-house water (18.2 MQ-cm) passed through a Millipore Synergy

water purification system equipped with SynergyPak purification cartridges.

A.111.Synthesis of 4-cyanopantanoic Acid Dithiobenzoate

100 ml of phenyl magnesium bromide in THF (0.1 mol) was transferred via cannula to
a three-necked round bottom flask previously torched under vacuum and it was submerged
on an ice bath. Then 6.6 ml (0.11 mol) of carbon disulfide was added dropwise with a gas-
tight syringe and it was left under stirring for two hours. Then 5 ml of deionized water were
added to quench the reaction. The solution was concentrated on a rotary evaporator and
then washed and extracted with 600 ml of NaOH 1M and the final solution was divided
into two 500ml round bottom flasks. To each round bottom flask, potassium ferricyanide
(1) (32.93 g, (0.1 mol) aqueous solution was added dropwise via an addition funnel under
vigorous stirring for 2h. The red precipitate was filtered and washed with deionized water

until the washing liquors became colorless. The product was dried under vacuum at room
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temperature and recrystallized from ethanol. Once recrystallized and dried, 14.3 g (47
mmol) was added to a 500 ml round bottom flask along with 14.5 g (51.7 mmol) of ACVA
dissolved in 350 ml of ethyl acetate. A condenser was equipped to the round bottom flask
and the reaction was heated at reflux for 18h. The ethyl acetate was removed under vacuum.
The crude product was purified through column chromatography (silica gel 60 A 70-230
mesh) using ethyl acetate: hexane 1:1 as eluent. Red purple fractions were collected and
concentrated under vacuum. The red oil product was placed in a freezer (-4°C) upon which

it crystallized. Yield: 82%.
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Figure A.1. *H NMR of synthesized CTP.
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Figure A.2. 3C NMR of synthesized CTP.

B. Instrumentation

B.l. Gel Permeation Chromatography

Gel Permeation Chromatography (GPC) analysis was performed in a Waters 2690
Separation Module with Waters Styragel 4.6 mm 3 300 mm columns (HR 0.5, HR 1, HR
3, and HR 4) coupled with a Waters UV detector at a wavelength of 310 nm and a Waters
410 differential refractive index detector (930 nm) operating at 35°C THF was used as the
eluent with a flow rate 0.3 mL/min. All GPC data for the ATRP work are reported as
PMMA equivalents. For the RAFT work, all GPC data is reported as absolute molecular
weights for PDMAEMA and PDEAEMA using reported Mark-Houwnik parameters and
for PDPAEMA, molecular weights are reported as PMMA equivalents, based on a
calibration curve of narrow molecular weight distribution PMMA standards purchased

from Polymer Standards Service-USA.
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B.11.'H and *C Nuclear Magnetic Resonance Spectroscopy

Conversion measurements were made by *H NMR spectroscopy using a Bruker Avance
500 MHz spectrometer with a total of 32 scans, D1: 2 sec at room temperature in CDCls
or D20 and DMF as internal standard. Conversion was determined by direct comparison
of the internal standard and the vinyl protons of the monomers. Solid state CP-MAS 3C
NMR spectroscopy was performed on a Bruker Avance 600 MHz spectrometer with a spin

rotation of 12 MHz, D1=2 and CT= 3 ms.

B.111. FT-Infrared Spectroscopy
Fourier Transform Infrared Spectroscopy (FT-IR): measurements were run on a Bruker

ALPHA FT-IR with an ATR accessory with a total of 64 scans and a resolution of 4 cm™.

B.IV. X-ray Photo Electron Spectroscopy

The XPS spectra were measured on a Microlab 310-F spectrometer equipped with an
XR-4 twin anode (Al/Mg). The manufacturer of this system is VG Scientific. The samples
were mounted on a stub-type stainless steel holder using double-sided adhesive Cu tape
and kept under high vacuum (10 mbar) overnight inside the preparation chamber before
they were transferred into the analysis chamber (10-° mbar) of the spectrometer. The XPS
data were collected using MgKa radiation at 1253.6 eV (280 W, 14 kV) and a spherical
sector analyzer (SSA) operating in CAE (constant analyzer energy) mode. Binding
energies are referred to the C1s peak at 284 eV. The survey spectra were recorded from -5

to 1000 eV at a pass energy of 40 eV. High resolution spectra were measured for C1s, O1s,
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and Br3d in the appropriate region at a pass energy of 20 eV. Samples were analyzed in

triplicate at different locations.

B.V. Elemental Analysis
Elemental analysis was performed on a Perkin Elmer 2400 Series Il CHNS/O System
in CHN and CHNS mode using helium as carrier gas. Acetanilide or cysteine was used as

a calibration standard. All the samples were freeze-dried before running the analysis.

B.VI. Thermogravimetric Analysis

Thermogravimetric analysis was performed using a TA Instruments Q500 TGA
analyser setting up an isotherm at 75°C for 15 min where the sample was maintained to
remove any traces of moisture, followed by a temperature ramp at 10°C/min up to 600°C.

All the samples were vacuum dried before running analysis.

B.VII. Atomic Force Microscopy

Microscopy (AFM) images were taken using a Bruker Nanoscope IV multimode
scanning probe microscope with an E scanner in tapping mode using silicon nitride
cantilevers with a typical resonance frequency of 315 kHz, spring constants of 13-77 N/m,
and a tip radius <10 nm using a scanning rate of 1 Hz. All samples were dispersed in ethanol
(c.a 0.1 wt.%) and briefly sonicated. Afterwards, the dispersions were sprayed over freshly

cleaved mica using a spray brush.
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B.VIII. Zeta Potential and Auto-titrations

The C-potential measurements were measured at 25°C on a Malvern Nano ZS instrument
with a 633 nm laser diode and a backscattering detection angle of 173 using DTS1070
disposable folded capillary cells. All measurements were performed in triplicate with the
data presented (C-potential) representing the average value. For in-line measurements, a

Malvern Multipurpose Titrator (MPT-2) was coupled to the ZetasizerNano.

C. ATRP homopolymerization

45
40 u [ | A Me6TREN MeOH 25°C
B Me6TREN MeOH 60°C

A

Conversion (%)

PP DNDNDDNWW
O 01O U1 O 01 O o1

u A
0 50 100 150 200

Time (min)
Figure C.1. Conversion vs. time profiles of DEAEMA polymerization using

MesTREN as ligand. [CuBr;]:[MesTREN] = 1:100, BIBA=0.2 mmol, DEAEMA=10.8
mmol. MesTREN= 0.37 mmol.

159



Figure C.2. DEAEMA polymerization using MesTREN as ligand in DMSO.
[CuBr:]:[MesTREN] = 1:100, BIBA=0.2 mmol, DEAEMA= 10.8 mmol. MesTREN=

0.37 mmol.

D. RAFT homopolymerization

D.l. GPC-UV traces of macro-RAFT agents and chain-extensions

1 = = DE2 UV. C. Ext
| ——DE3
1 — — DE3UV.C. Ext.

1 —— DE1
1 - - DE1.C.Ext

——DE2

3.5
Log(M,)

Figure D.1. GPC-UV traces of PDEAEMA macro-RAFT agent series and their chain-

extension.
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Figure D.3. Multi-peak fitting of the RI chain-extension trace of DM1.
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Figure D.4. Multi-peak fitting of the RI chain-extension trace of DM2.
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Figure D.5. Multi-peak fitting of the RI chain-extension trace of DM3.
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D.l11l. GPC-UV-RI of PDEAEMAS series
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Figure D.6. GPC-UV-RI of DE1 macro-RAFT agent and its chain-extension.
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Figure D.7. GPC-UV-RI of DE2 macro-RAFT agent and its chain-extension.
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Normalized detector response

Figure D.8. GPC-UV-RI of DE3 macro-RAFT agent and its chain-extension.
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Figure D.9. GPC-UV-RI of DP1 macro-RAFT agent and its chain-extension.
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Figure D.10. GPC-UV-RI of DP2 macro-RAFT agent and its chain-extension.
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E. Grafting by SI-Cu(0)-ATRP

Using the elemental analysis data of CNC-g-PDEAEMA B1 (where a 20 wt.% of
polyamine was determined base on nitrogen content), the theoretical amount of carbon that
should be expected if all of the grafted polymer is exclusively polyamine can be calculated.

The calculation is as follows using a basis of 1 g of grafted CNC (CNC-g).

0.2 g PDEAEMA  64.77 %C 0.13 g Cppragma
* =
gCNC —g 1 g PDEAMA gCNC —g

08gCNC 41%C 033 g Cene

_ s Total Coppy = 45.89
gCNC—g 1gCNC gCNC—g = 0t btheo &

Elemental analysis shows 54.13 %C per gram of CNC-g, indicating an excess of 8.3

%C which comes from the PMMA.. Therefore,

1gPMMA 0.083gC _ 0.139 gPMMA

- ;13.9% PMMA
0599gC gCNC—g  gCNC—g o
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F. Grafting by RAFT

F.I. GPC-UV of DP# series macro-RAFT agents and their chain-

extension
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Figure F.1. GPC-UV of DP# series macro-RAFT agents and their chain-extension.
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F.I1.TGA plots of DE and

DP grafting-to
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Figure F.2. TGA analysis of CNC-DE# series.
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Figure F.3. TGA analysis of CNC-DP# series.
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F.111.Grafting Reproducibility

Table F.1 Elemental analysis of grafting-to replicates of DM2 macro-RAFT agent

0 -
%C %H %N N mmol /g wt.% polymer/ Chains/

CNC g CNC nm?

CNC-DM2 135401  68:01 20:01 186 23 0.045
Run1

CNC-DM2 4314001 672001 22:01 2,09 25 0.051
Run 2

CNC-DM2 114502 6.7:00 1.8:00 163 20 0.039
Run 3

& $054 2004  $016 0.2 +2.05 £0.005

3 represents the standard deviation of the three independent replicates of the grafting-to reaction of DM2
macro-RAFT agent with the same batch of CNC-GMA

F.IV. pKan of Polymers
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Figure F.4. Titration of PDMAEMA for pKan determination. Mn mus: 14,900 Da.
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F.V. Grafting of CNC-DM# S2

Table F.2. Elemental Analysis of CNC-DM#S2 series.

wt.% .
N mmol/ Density Mn?
0 ) 0,
pC - %H %N ene pg'grl\rl‘ec” (chain/im?  (Da)
PDM1 466 70 14 1.2 15.8 0.039 4,900
PDM2 455 6.9 14 1.2 15.9 0.026 7,500
PDM3 449 6.6 1.2 1.0 14.0 0.014 11,800
aM, determined by GPC using universal calibration
F.V1.CO; switching of CNC-DM# S2
@ - Zeta -14.0 1.5
é N,* bubbled at 70 °C for 10 min. 4 - Conductivity J135 3
°07 -4 pH Juzo 1+
- Ji2s 4 13
. § ' J12.0
407 H Jus 3+
: : ® Juo 411
. Jos §
307 : L] Jawo {7
< L ' Jos 0.9
S ] —
£ 190 =] 05
® z S . $ 8.0 0.7=
: S : . & J75
10 4 ‘ ‘ Jr0 1%
’ ' B : g J65 0.5
6.0 04
°7 & o 'S T2 10
,,,,,,,,,,,,,,,,, A 1 '
A A A A A A A-A A {45 02
-10 T T T T T T 4.0

T T T T
CO2 N2 N2* CO2 N2 N2* CO2 N2 N2*

Figure F.7. CO.-N; switching of CNC-DM1S2.
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F.VII. 3C NMR of grafting-from products
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Figure F.9. CP-MAS 3C NMR of native CNC (black) and CNC-CTP (red).
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Figure F.10. CP-MAS *C NMR of CNC-DM.
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Figure F.12. CP-MAS 3C NMR of CNC-DP.
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F.VIII. CNC stabilized macro-droplets of organic solvents

iy =

Figure F.13. Mixture of chloroform and water with Nile Red as a hydrophobic dye.
Both phases show a certain level of light scattering (left).
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Figure F.14. CNC-DM2 dispersions (0.2 wt.%) in dyed toluene (left) and chloroform
(center) and hexanes (right) with unmodified pH. The vial on the left with each solvent
was not stirred. The vial on the right was hand-shaken. No sonication.

Figure F.15. CNC-DE3 dispersion (0.2 wt.%0) in dyed toluene. The pH was adjusted
with 0.5 M NaOH to a value of 9-10 (left). No sonication.
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Figure F.16. CNC-DE1 dispersion (0.2 wt.%0) in dyed toluene. The pH was adjusted
with 0.5 M HCI to a value of 2-3 (left). No sonication.

Figure F.17. Sonicated CNC-DM1, CNC-DM2, CNC-DM3 and CNC-DE2 dispersion
(0.2 wt.%) in dyed toluene. The pH was adjusted with 0.5 M HCI to a value of 4-5
only for CNC-DE2 (right). The rest dispersions are at neutral pH.
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G. Grafting by FRP

G.l. Procedure to perform grafting-from approach via FRP

To a three-necked round-bottomed flask, 0.5 g of CNC-GMA (see page 102) were
redispersed in 100 mL of tert-butanol and 100 mg of ACV A were also added. Then, 2 g of
dialkylaminoethyl methacrylate (DMAEMA, DEADMA or DPAEMA) were dissolved in
20 mL of tert-butanol and the solution mixture was added into an addition funnel. The CNC
dispersion was degassed by bubbling nitrogen for 30 minutes and then sealed. Afterwards,
the round-bottomed flask was immersed in an oil-bath at 70°C and left under stirring for
24 h. Then, the dispersion was centrifuged at 6000 rpm and solvent exchanged with THF
to remove any residual free polymer in solution. This process was repeated six times. The
grafted CNC was stored in acetone at 4°C.
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Figure G.1. TGA analysis of CNC-GMA, FRP grafted CNC and physical mixtures of
CNC-GMA with homopolymers of DMAEMA, DEAEMA and DPAEMA.
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