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Résumé

La cellulose, polysaccharide naturel le plus abondant, a connu un regain d'intérét au cours du 2 1éme
siecle grace a larecherche d'alternatives aux matériaux issus de l'industrie pétroliere. En particulier,
les nanoparticules de cellulose ont fait 1'objet de beaucoup de travaux grace a leurs propriétés
prometteuses en tant que renfort pour les composites. Cependant, des étapes de modification sont
souvent nécessaires afin de pouvoir utiliser la nanocellulose avec les matrices polymeres les plus
courantes a cause de problemes d'incompatibilité et de dispersion du renfort nanocellulosique. Dans
ce contexte, l'objectif des travaux présentés porte sur la modification de la nanocellulose par
greffage de polymeres d'intérét tel que des polyesters et polycarbonates.

Le greffage de poly(lactide) sur des nanofibrilles de cellulose (NFC) a d’abord été étudié. Le
« grafting from» par polymérisation par ouverture de cycle a été choisi et réalis¢ par
organocatalyse, principalement avec la 4-diméthylaminopyridine (DMAP), une base organique. En
effectuant la polymérisation du lactide initiée par les groupements hydroxyles en surface des NFC,
lI'influence des conditions de la réaction sur le taux de greffage de poly(lactide) sur la cellulose a
pu étre étudiée de facon quantitative, avec un maximum a 24% en masse, et une méthodologie a
pu étre établie. L’utilisation d’un catalyzeur organique a permis une élimination facile de ce

dernier, contrairement aux catalyzeurs métalliques.

La deuxiéme partie des travaux effectués a porté sur le greffage de poly(triméthyléne carbonate)
sur des nanocristaux de cellulose (NCC), toujours par « grafting from » par polymérisation par
ouverture de cycle organocatalysée. Dans un premier temps, une étude sur I’efficacité de différent
catalyseurs organiques connus pour leur capacité a polymériser le triméthyléne carbonate (TMC)
a été conduite afin de déterminer le meilleur choix pour le greffage sur la cellulose. Suite a cette
¢tude, la 1,5,7-triazabicyclo[4.4.0]dec-5-¢ne (TBD), une base organique, a été utilisée pour le reste
de I’étude, et a permis I’obtention de matériaux composés jusqu’a 74% en masse de greffons dans
des conditions douces. En plus d’étre une valeur élevée pour ce type de greffage si I’on s’en réfere
a la littérature, c’est aussi a notre connaissance le premier exemple de NCC possédant des greffons

polycarbonate.

En parall¢le, une étude théorique DFT a été menée en collaboration avec le professeur Jodao P.
Prates Ramalho (U. Evora, Portugal) pour €lucider le mécanisme de polymérisation du TMC par

différents catalyzeurs. Cette étude a permis de montrer que le mécanisme par liaisons H avec
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activation de 1’alcool a une barriere d’activation bien plus basse qu’un mécanisme d’attaque

nucléophile du catalyzeur, confirmant les résultats expérimentaux obtenus.

Une autre collaboration a été réalisée avec un doctorant du laboratoire, Nouaamane EI Idrissi, qui
a pu produire des NCC possédant des groupements TBD greffés. Ceux-ci ont pu étre utilisés en
tant que catalyzeurs supportés de polymérisation du TMC. Bien que la catalyse avec la TBD non-
supportée semble plus rapide, la polymérisation du TMC par catalyse supportée sur NCC a

fonctionné, avec toutefois un taux de greffage beaucoup plus faible.

Enfin, la derniére partie des travaux concerne le greffage de copolymeres sur les NCC en utilisant
la méthodologie développée auparavant avec la TBD comme organocatalyseur. En utilisant des
NCC greftés poly(TMC) comme substrat de départ, une polymérisation par ouverture de cycle de
différents esters cycliques a permis le greffage de blocs de différentes natures sur les NCC, ce qui
est une premiere a notre connaissance. Des copolymeres statistiques ont €¢galement pu étre greffés
en réalisant une copolymérisation de deux monomeres initiée par les groupements hydroxy des

NCC natifs. Certains matériaux ont été obtenus avec plus de 80% de greffons en masse.

La méthodologie établie avec la TBD est un outil trés polyvalent car elle permet 1’obtention de

matériaux avec des compositions et des propriétés différentes, en utilisant des conditions similaires.



Abstract

Cellulose, the most abundant natural polysaccharide on the planet, has known a surge in interest at
the turn of the 21st century due to the increasing demand in alternative to petroleum based
chemistry. In particular, cellulose nanoparticles have been the topic of a great amount of work due
to their valuable properties as reinforcing filler in composite material. However, additional steps
are often necessary in order to use nanocellulose with typical polymer matrixes due to compatibility
issues and dispersibility of the nanofiller. In this context, the objective of the work presented is the
modification of nanocellulose by grafting different polymers of interest such as polyesters and

polycarbonates on it.

The grafting of poly(lactide) on cellulose nanofibrils (CNF) was first studied. A “Grafting from”
approach by ring-opening polymerization was selected for our work and catalyzed by an organic
base catalyst, mainly 4-dimethylaminopyridine (DMAP). By polymerizing lactide initiated by CNF
surface hydroxy as initiator, the importance of the reaction parameters on the grafting of
poly(lactide) (PLA) on cellulose could be studied quantitatively, with a maximum of 24 wt%, and
a methodology could be developed. The use of an organic catalyst also allowed for an easy removal
during purification, unlike metal catalyst which are known to be very difficult to remove from the

finished material.

The second part of the study was devoted to the grafting of poly(trimethylene carbonate) moieties
on cellulose nanocrystals (CNC), once again by grafting from organocatalyzed ring-opening
polymerization. First, a study on the efficiency of different organic catalysts reported to polymerize
trimethylene carbonate (TMC) was conducted in order to select the best one for the rest of the
work. Following this study, 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD), an organic base, was our
choice to conduct the rest of the experiments as it worked best for grafting of poly(trimethylene
carbonate) (PTMC), and materials made of up to 74% grafts by weight could be obtained in mild
conditions. Not only was this result particularly impressive when compared to similar work
reported in the literature, it is also to our knowledge the first case of CNC grafted with

polycarbonate.

In parallel to this, a density-functional theory (DFT) study was conducted in collaboration with
professor Jodao P. Prates Ramalho (U. Evora, Portugal) to understand the mechanism behind the

polymerization of TMC with different catalyst. This study showed that the H-bond mechanism
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with alcohol activation had a much lower activation barrier than the nucleophilic attack mechanism,

confirming the experimental results obtained.

Another collaborative work was done with another PhD in our laboratory, Nouaamane El Idrissi,
who produced CNC grafted with TBD moieties. These CNCs were used as catalyst for the
polymerization of TMC. While the polymerization with unsupported TBD seemed faster,
polymerization of TMC by supported catalysis on CNC occurred, albeit with a much lower amount

of grafting.

Lastly, the methodology developed with TBD as an organocatalyst during the previous experiments
was used in order to graft copolymers on CNC. By first using PTMC-grafted CNCs as the starting
substrate, ring-opening polymerization with different cyclic esters resulted in CNCs grafted with
block copolymers of different nature, for the first time by ROP to the best of our knowledge.
Statistical copolymeric grafts could also be obtained by copolymerizing two monomers on the
hydroxy group of native CNCs. Some of the material obtained contained more than 80% graft

content by weight.

The methodology established throughout this with TBD proved to be quite interesting due to its

versatility, as material of different nature and properties could be obtained with similar conditions.
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Introduction

All across the globe, the shortcomings of our current means of production and our economy are
subject to a lot of debate, and it is clear that viable alternatives need to be found in many areas
touching our daily lives. While renewable energy is on a lot of people’s mind, many other fields of
study are looking closely for means to become more sustainable. Among these, polymers cover a
large portion of the global production for material, and can be used in a wide array of applications,
from low-cost plastic bags to high end specialized materials such as sensors for biomedical
applications'. However, most of the current production of polymers is still derived from non-
renewable, petroleum based chemistry. This production has been optimized over the years, and
competing with it for new technologies can be hard without a lot of added values other than being
“greener”. This means transitioning towards renewable material requires overcoming a few
challenges, such as cost efficiency, which is particularly important for low-end applications, and

high degree of tunability/modifications, which matters for a lot of high-end applications.

As such, polysaccharides have received a tremendous amount of attention as they can be obtained
through various ways using biomass, and lead to very different materials depending on their
structures®. Cellulose, the most abundant of them all, is quickly becoming a major research topic,
as this naturally occurring polymer can be found in large quantities anywhere on the planet from
various sources such as plants, animals, or even bacteria®. In its native form, cellulose is a
glucopyranose chain with a very high degree of polymerization (>10,000), high average molecular
weight (Mw > 1,800,000 g.mol™!), and is a promising material with remarkable properties. To push
its possible applications even further, natural fibers can be refined into two types of nanoparticles:
nanocrystals (CNC), crystalline and shorter rod like particles, and nanofibers (CNF), long semi-
crystalline fibers with a very high aspect ratio. The very high potential for such material has led to
a large amount of research on it, with a large portion dedicated to their use as reinforcing nanofillers
in polymers*. This approach to composite as the advantage of requiring a smaller amount of filler
to affect the polymer’s property greatly due to the high surface area of the nanofillers.
Nanocellulose also offers other benefits when used in composites such as biodegradability, low
cost and energy of production, low density, and reactive surface area (due to high OH density). The
promising characteristics of such a combination has been demonstrated two decades ago by Favier

et al. who reported the successful preparation of nanocellulose composite material with great



mechanical properties’. These benefits however come with several challenges, as the use of
nanocellulose for composites requires a good dispersion of the filler in the polymer, which is often
difficult to achieve. Indeed, cellulose is a highly hydrophilic material with great moisture
absorption, which makes it difficult to disperse into hydrophobic polymer matrices. Therefore,
using nanocellulose as a reinforcement for composites without additional steps is rather limiting,

with mostly aqueous or polar environments being suitable®.

Among the different methods developed for the modification of nanocellulose, polymer grafting is
a promising approach as it improves the interfacial compatibility between the polymer matrix used
and the reinforcing fibers, as well as the dispersibility of the latter. By grafting chains of the same
nature as the matrix, a perfect compatibility at the interface can be obtained. In addition, if the graft
has a sufficient molecular weight, entanglement between the modified filler and the matrix could
be obtained, which should potentially improve the mechanical properties’. This modification
method for cellulose has already been reported successfully, with examples such as the work of
Morandi et al. which used atom transfer radical polymerization from the surface of cellulose
nanocrystals to obtain polystyrene grafted cellulose®. In another example, Habibi et al. produced
poly(e-caprolactone) grafts on cellulose nanofibrils. The resulting modified cellulose was then used
to make a nanocomposite which showed improved properties when compared to a similar one using
unmodified CNF’. As can be seen in the literature, ring-opening polymerization is a popular way
to obtain polymer-grafted nanocellulose as it can be used with various lactones, some of which can
be biosourced, and results in biocompatible and biodegradable polymers similarly to cellulose. This
approach could therefore lead to fully biocompatible and biodegradable composites. However, one
major drawback to using this type of modifications is that they are often making use of metal
catalysts such as stannous ones. These metal catalyst, while efficient, can be a detriment to the use
of the material obtained in some applications such as electronic or biomedical, and completely
removing them from the polymer after reaction can be difficult. Therefore, the use of small organic
molecules as catalysts for these reactions can be a good alternative, as they can be removed more
easily, and can present other advantages such as reacting at lower temperatures'®. Thankfully, the
organocatalyzed ring-opening polymerization (ROP) of heterocycles, particularly containing
oxygens, has been studied to a great extent in the last few decades!!!2. In particular, N-heterocyclic

bases have showed great catalytic activity and control when used for ROP, and most often require



the use of an alcohol co-initiator'2. Despite the countless reports of their use for polymerization,

such catalytic systems are still underused for the purpose of functionalizing polysaccharides.

Given this context, we have chosen to conducted this research on the surface modification of
nanocellulose by polymer grafting, using a “grafting from” approach employing organic catalysts.
This research is based on a project funded by the Initiatives for Science, Innovation, Territories
and Economy (I-SITE) Lille Nord — Europe, from Research Foundation Flanders (grant
GOC6013N), KU Leuven (grant C14/18/061) and from the European Union’s European Fund for
Regional Development, Flanders Innovation & Entrepreneurship, and the Province of West-

Flanders for financial support in the Accelerate project (Interreg Vlaanderen-Nederland program).

This work will be presented as a collection of publications, due to a large portion of the work
produced being published, or in the process of being published. Some modifications may have been
done on the original paper to fit the format of the manuscript better. Due to this format, some

redundancy may occur, for which the author apologizes.

In Chapter 1, the state of the art of the relevant fields of study for this work will be presented in the

form of a review to contextualize the rest of the work presented.

In Chapter 2, all the material and methods from different part of the work will be presented and

compiled for clarity and to avoid unnecessary repetitions.

Chapter 3 will present the surface modification of cellulose nanofibrils by grafting lactide using
organocatalyzed ROP, mainly using 4-dimethylaminopyridine (DMAP) with two different
methods of CNF preparation. This work is issued from a publication in Carbohydrate Polymer with

some additions and modifications.

Lalanne-Tisné, M.; Mees, M. A.; Eyley, S.; Zinck, P.; Thielemans, W. Organocatalyzed Ring-
opening Polymerization of Lactide from the Surface of Cellulose Nanofibrils. Carbohydrate
Polymers 2020, 250, 116974.

https://doi.org/10.1016/j.carbpol.2020.116974

Chapter 4 will be introducing the ROP of trimethylene carbonate (TMC) by computational study
of the reaction with some organic catalyst in order to elucidate the mechanism of such reactions.

This work is issued from a publication in Catalysts.



Lalanne-Tisné, M.; Favrelle-Huret, A.; Thielemans, W.; Prates Ramalho, J. P.; Zinck, P. DFT
Investigations on the Ring-Opening Polymerization of Trimethylene Carbonate Catalyzed by
Heterocyclic Nitrogen Bases. Catalysts 2022, 12 (10), 1280.
https://doi.org/10.3390/catal12101280.

Chapter 5 will be developing on the polymerization of trimethylene carbonate by producing
PTMC-grafted CNCs using organocatalyzed ROP, with 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD)
as the main catalyst in the first part. A second part will present some trials using CNC-supported
TBD produced by another PhD student, Nouaamane El Idrissi, for the polymerization of TMC .
The first part of this work is issued from a publication in Carbohydrate Polymer with some

additions and modifications.

Lalanne-Tisné, M., Eyley, S., De Winter, J., Favrelle-Huret, A., Thielemans, W., & Zinck, P.
(2022). Cellulose nanocrystals modification by grafting from ring-opening polymerization of a
cyclic carbonate. Carbohydrate Polymers, 295, 119840.
https://doi.org/10.1016/j.carbpol.2022.119840

Chapter 6 has been written in a similar format as a journal article in order to fit the format on this
dissertation better and will explore the grafting of multiple polymers on CNC making use of the

method developed in chapter 5 in order to produce copolymer grafts.

Lastly, a conclusion of the work that has been produced throughout this thesis will be given, and

perspectives on how to develop the work further and its future uses will be given.



I.

Bibliography

Due to the ever-growing need to find alternatives to fossil fuel-based materials, a lot of research
has been done to find viable renewable resources for the production of polymers, either by making
use of biomass derived polymers, or by obtaining biosourced monomers. For the latter, this also
requires the development of efficient catalytic systems to have a good control over the properties
of the resulting polymer and to be appealing economically. The following chapter will therefore
serve as an introduction to polysaccharides, an abundant source of biobased polymers, and
particularly on cellulose and its potential use as a nanofiller for composite materials. Different
polymeric material of interest will then be described, as well as some of the organic catalytic system
that have been developed over the years to obtain them. Lastly, the combination of polysaccharides
with different polymers reported in the literature will be explored to showcase the benefits of it,

what has been done in the past, and what could be explored further.

1.1. Cellulose

I.1.1.Generalities

OH A

Non-reducing end Reducing end

Figure 1: Cellulose chemical structure.

Cellulose is one of the most abundant polymers on the planet, with an annual production estimated
at 10'2 metric tons. It is considered a practically inexhaustible source for the increasing demand of
environmentally friendly products. Cellulose has been used for many purposes over the ages, such
as for ropes and sails in the past, and much more advanced applications in the present. The word
cellulose was first used in 1839 in a report of the French Academy of Sciences to describe the work
of Anselm Payen who discovered a fibrous material left behind after multiple chemical treatments

1'*. For the most part, its main used source has been wood, but cellulose can also

of plant materia
be obtained from many other plants in large quantities such as flax and cotton. Plants however are

not the only organisms producing cellulose, as tunicates, small marine invertebrates, are able to
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produce cellulose, as are some bacteria, i.e. Acetobacter xylinum. These different sources of
cellulose each produce a different unique structure, where bacteria produce a fine fibrous network
under the right conditions'®, whereas tunicate produce rod like cellulose materials®. Natural fibers
coming from plants are more complicated, as cellulose is randomly mixed with lignin and pectin
in the primary cell wall, while the secondary cell wall contains crystalline cellulose microfibrils
with pectin and hemicellulose!*. As a chemical raw material, cellulose has been used since the end
of the 19" century to produce synthetic fibers'>. The structure of cellulose is constituted of
repeating B-D-glucopyranose units covalently linked together by B1-4 glycosidic linkages through
acetal functions to form a semi-crystalline polymer (Figure 1). This results in a long, linear chain
bearing three hydroxy group per repeating unit. Each unit is rotated at a 180° angle compared to
adjacent units to accommodate for the preferred bond angle of the acetal oxygen 1-4 bridge. The
length of cellulose chains varies greatly with the source, wood pulp having a degree of
polymerization ranging from 300 to 1,700, while cotton ranges from 800 to 10,000. The
characteristic properties of cellulose such as hydrophilicity, chirality, and degradability are highly
dependent on its structure, and so is the reactivity of its multitude of OH groups. These hydroxy
groups are also responsible for the extensive intra- and intermolecular hydrogen bonding, resulting
in different structures and crystallinities. All of this means it can be complicated to give general
statements on the properties of cellulose, as they can vary extensively from one type of cellulose
to another!'®. One aspect that all types of cellulose have in common is their insolubility in water and
most solvents. This means that some of the industrial production of cellulose is done in its swollen
state under heterogeneous reactions. The reactivity of the hydroxy groups is in those cases
determined by the hydrogen bond-breaking capability of the reaction media, and by the swelling

of the cellulose due to the solvent!®.

This means transferring usual organic chemistry reactions done on hydroxy groups to cellulose is
not an easy task, and to this day a large amount of work is still to be done to fully understand the
different aspects affecting modification reactions on cellulose. A great body of research exists on
modification of cellulose through hydroxy group chemistry developed over the years, spanning a
large range of target applications. The most industrially relevant cellulose ester produced, cellulose
acetate, is produced using an excess of anhydride acetic in acetic acid, with sulphuric acid as the

t17

catalyst'’. Cellulose functionalized with aliphatic, aromatic, and bulky esters are also available

using acyl chlorides, or by activating carboxylic acids in-situ with carbonyldiimidazole or tosyl-
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chloride under homogeneous acylation conditions. This leads to a wide range of degree of
substitution on the cellulose, with different possible substituent and different properties available
(Figure 2)'8. Another possible route to produce cellulose is to dissolve cellulose in
dimethylacetamide/LiCl and to add solid NaOH particles to the mixture. This leads to the formation
of a gel at the interface between the solution and the solid particles, a process called induced phase

separation. Sodium monochloroacetate is then added, which produces carboxymethyl cellulose'®.
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Figure 2: Examples of modification of cellulose to introduce different functional group by hydroxy chemistry.



Silyl cellulose has also been investigated because silylation of typical polar protic groups leads to
materials with an important increase in thermal stability and also suppress hydrogen bonds, making
it soluble in various organic solvents. Furthermore, silyl ethers are easy to cleave under acidic
conditions, making these groups useful as a protective group'®. Silylation can for example be done
using hexamethyldisilazane in ammonia which results in the complete conversion of all hydroxy

groups into O-trimethylsilyl (OTMS) groups®.

Another useful modification is sulfonation of cellulose as it is an interesting way to unlock other
chemical pathways to modify of cellulose than reactions involving alcohol moieties, e.g. the use of
sulfonic acid chlorides to attach a nucleofuge to cellulose. Sulfonated cellulose also has some
interesting properties that differ from pure cellulose and is useful for other applications®!. Lastly,
another modification that has been studied is the synthesis of aminocellulose, which can be
obtained through different pathways. One is to react cellulose tosylate with 1,4-phenylenediamine
(PDA) under specific conditions to obtain PDA-cellulose. This specific modification can be used
as a polymer carrier capable of immobilizing enzymes, an interesting prospect for fiber-optical
biosensors??. Aliphatic diamino groups can also be introduced instead with diaminoalkanes, using
a nucleophilic substitution (Sx2) of cellulose tosylate derivatives?>. Overall, cellulose can be
modified in many different ways through its hydroxy groups, but the reactions are not always
straightforward because of the lack of good non-modifying solvents for cellulose and its strong

hydrogen bonding network.

As mentioned previously, a wide variety of sources exists for cellulose such as plants, tunicates,
fungi, and bacteria. However, due to the high amount of biomass waste from plants produced by
different industries, most of the commercially used cellulose comes from wood or agricultural
waste. This raw product contains more than just cellulose, and materials such as lignin and
hemicellulose are also present. In plant material, cellulose is one of the main constituents of the
cell walls, being responsible for mechanical strength due to its organized architecture. These walls
are composed of several layers, each only a couple microns thick®*. Each layer has a different
chemical composition and structure and plays different roles. In the primary cell wall, cellulose is
in the form of microfibrils that are oriented in a crossed pattern, whereas microfibrils of the
secondary wall are aligned and densely packed. The secondary cell wall contains a large amount

of cellulose fibers and has a varying degree of thickness mostly dependent on the source material®.



The microfibrils themselves are composed of smaller elementary fibrils, which are key to the

production of nanocellulose.

[.1.2.Cellulose nanomaterials
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Figure 3: Number of research documents published since 2006 by year according to Scopus database using
"Nanocellulose" as a keyword.

As mentioned previously, cellulose has been used for ages in many different ways. However, in
recent years, a revolution was the discovery of cellulose nanofibers, and reliable ways to obtain it
in a controlled fashion. Nanocellulose research started in earnest more than 20 years ago with the
work of Favier et al. using cellulose whiskers as reinforcing fiber’. Since this article was published,
an enormous amount of research has focused on using nanocellulose as reinforcement in
composites, with entire research groups dedicated to it, yearly conferences being held, and
thousands of papers published covering different aspects (Figure 3 and Figure 4). One of the
reason is that while cellulose harvested directly from plant matter has its uses, it does not possess
the properties, functionality, durability, malleability, and uniformity required for a higher degree
of engineering. Therefore being able to extract and control cellulose morphology and use it in

materials design at the nanoscale presents a significant advantage?S.
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Figure 4: Number of research documents published since 2006 by subject area according to Scopus database using
"Nanocellulose" as a keyword.

Nanocellulose can be found in the literature under different names, especially at the advent of the
research effort. Generally speaking, nanocellulose refer to either two kinds of cellulose:
“nanofibrils” or “nanocrystals”. Cellulose nanofibrils are long semi-crystalline nanoparticles with
dislocated domains separating crystalline phases. On the other hand, nanocrystals refers to shorter,
rod like crystalline nanoparticles obtained by removing the connecting non-crystalline regions from
the nanofibrils, and are sometimes referred to as nanowhiskers. The cellulose crystals are also
found under the name “microcrystals” despite their dimensions in the nanoscale*. For the rest of
this document, cellulose nanofibrils (CNF) and cellulose nanocrystals (CNC) will be used
exclusively to talk about those entities to avoid any possible confusion, and the term nanocellulose

(NC) will be used as a general term to describe both of them.
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[.L1.2.1. Cellulose nanofibrils

Cellulose nanofibrils (CNF), sometimes referred to as micro fibrillated cellulose (MFC), but not to
be mistaken with cellulose microfibrils which have larger cross-sectional dimensions, were first
described in 1983 by Turbak et al.?’, and by Herrick et al.?>. By using soft wood pulp and passing
it through a homogenizer, they obtained fibers with a cross-section in the nanometer range. These
nanofibrils are semi-crystalline and form a highly entangled network. Due to their very narrow
nature, they possess a high aspect ratio, and can have a thickness between 5 and 50 nm, the wider
ones representing aggregates of multiple fibers?®. In order to produce CNF, multiple steps are
required, and the process has been studied extensively over the year. However, common to every
method, cellulose is first turned into a purified pulp by cooking and bleaching in order to separate
it from hemicellulose and lignin. While wood is the go-to material for extraction of CNF, it has

30,31

also been prepared out of cellulose from wheat or soy?’, beet pulp®®*!, potato pulp*?, stems of

cacti*®, and many other sources.

One of the most important steps, i.e. separating the fibers through mechanical disintegration, can
be done with dried material as well as in water. However, dry disintegration is usually avoided as
it can be quite destructive and shreds fibers rather than separate them. This in turn produces shorter

CNF, lowers crystallinity and aspect ratio, leading to reduced mechanical properties.

A widely used technique for the production of CNF is homogenization, a high-pressure process
that disintegrates the larger fibrils into their smaller individual component. This process has been
developed using mostly two different apparatus: homogenizers and microfluidizers. As described
earlier, the first production of CNF by Turbak et al.?” was carried out with a Manton-Gaulin
homogenizer. This mechanical method used impact and shear forces to separate the individual
nanofibrils, and the fibrillation of cellulose was carried out without any preliminary chemical
treatment such as hydrolysis®*, carboxylation®® or quaternization®®. A common alternative method
developed later for disintegration was the use of a microfluidizer, a process first reported by
Zimmermann ef al.*’ in which a pulp suspension was first mixed at very high speed (24,000 rpm)
and then passed through a microfluidizer at very high pressure (1000 bar). This resulted in fibers
with a short width of 20-100 nm and a length of several microns. Similarly to homogenization, this
method was also used to yield CNF without any pre-treatment. However, the lack of pre-treatment

for both methods remained the main barrier for commercial process as homogenization alone
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required a large amount of energy (over 70 MW/h for a ton of material)’®. Thanks to the
development of different pre-treatment methods, the high power consumption has been reduced
down to 2 MW h/t, leaving clogging issues when using long fibers as the main hurdle for up-scaling

homogenization in industry*°.

Other than homogenization, grinding is also commonly used in the production of cellulose
nanofibrils, usually starting from a fiber suspension passed through a grinder multiple times*. This
method also makes use of shear force by using multiple disks between which the cellulose layers
are separated. A major benefit of this method compared to homogenization is that the distance
between the stones can be adjusted to avoid clogging. Some improvements to this method have
been investigated such as adding a filler like calcium carbonate that can act as an additional source
of grinding*!. The CNF and mineral composite created this way is usually used in the paper

industry, and its successful industrialization is a proofs of its efficiency*.

While the techniques described previously cover a large portion of the production of CNFs, “non-
conventional” methods exist as well, and are quite numerous. Refining is a method mostly used in
the paper industry and can be used as a single means of producing CNF, or as a pre-treatment as
well. In this method, cellulose fibers are swollen and peeled off of the cell wall in an aqueous
solution, which makes the fibrils easier to access for further modifications*’. Extrusion, while
common for the production of various synthetic polymers, is also used to make CNFs as it produces
shear force and high pressure as well. One of the main benefit of extrusion is that a much higher
concentration of CNF can be used at once (up to 40% vs. 10% using most traditional methods).
Moreover, it can be used at the same time as melting polymers, producing in-situ composites.
However, this method is not without difficulties, and tuning the conditions to generate enough

force to separate the fibrils without reaching cellulose degradation can be quite difficult**

. Blending
has also been used successfully by Uetani and Yano to produce homogeneous CNF in size with a
width of 20 nm in just 30 minutes. However, the concentration used was very low, with optimal
results obtained for 0.7 wt% of cellulose pulp®. Sonication is also a viable technique to produce
CNFs at very high frequency (>20 kHz) producing differences in pressure and vacuum bubbles.
This technique works by producing shear hydrodynamically to delaminate the fibers, which as

described before is a key factor in the production of nanofibrils*. Lastly, some other methods for
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mechanical separation of the fibers exist such as cryocrushing’, steam explosion*, ball milling*’,

and aqueous counter collision®,

As mentioned before pure mechanical disintegration is not cost effective and is a major drawback
for the mass production of CNF, and most of the methods described before are used only after a
pre-treatment. Pretreatment methods are designed to facilitate the separation of the cellulose layer,
typically by swelling the layers in the cell wall, or by surface modification of the fibers to reduce
their interaction, or to create repulsive forces between them. Such methods include hydrolysis®*,

49,50

carboxylation**°, and sulfonation®®, among others.

Figure 5: TEM image of CNF. Scale bar corresponding to 0.5um. Reprinted
(adapted) with permission from: Wang, W.; Sabo, R. C.; Mozuch, M. D.; Kersten, J.
Y.; Zhu, J. Y.; Jin, Y. Physical and Mechanical Properties of Cellulose Nanofibril
Films from Bleached Eucalyptus Pulp by Endoglucanase Treatment and
Microfluidization. Journal of Polymers and the Environment 2015, 23 (4), 551-558.
Copyright (2022) Springer Science Business Media New York.

As there are many different sources and methods to produce them, the morphology of CNFs can
vary greatly. Typically, CNFs prepared purely by mechanical treatment have a larger diameter to
those of CNFs obtained with a pre-treatment, as shown by Atomic Force Microscopy (AFM) by

151

Aulin et al’'. For CNFs produced after an optimal pre-treatment, a diameter in the 2-5nm range can

be obtained, likely the width of an elementary fibril, obtainable in a variety of way such as a
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combination of TEMPO-oxidation followed by blending>?. The length of the fibrils is usually
difficult to measure, due to their very high aspect ratio, as too high a magnification does not show
the fibrils in their entirety, and too low a magnification makes them not visible anymore due to
their very small diameter. However, it is usually agreed that they can be up to several microns in

length (Figure 5), but comparison of their length for each method used is difficult.

[.1.2.2. Cellulose nanocrystals

Cellulose fiber Cellulose nanocrystals

Acid hydrolysis

»
»

Crystalline region

ﬁb Dislocated region

Figure 6: Schematic representation of acid hydrolysis of cellulose fiber into cellulose nanocrystals

Cellulose nanocrystals, unlike cellulose nanofibrils, are obtained by removing the non-crystalline
portion of natural cellulose fibers (Figure 6). This is typically done using strong acids and is a very
destructive process resulting in the cleavage of bonds in the glycosidic chains that cellulose is made
of. The first report of nanocrystalline cellulose was made 70 years ago by Rénby who degraded
cellulose fiber with sulphuric acid®>. While this acid has been studied and used the most,

2634 "and uses of phosphoric and hydrobromic acid

hydrochloric acid has also seen substantial usage
have also been reported®>¢. The hydrolysis reaction produces CNCs due to an important difference
in free volume between non-crystalline regions. In this region, the degree of polymerization (DP)
decreases very quickly, as opposed to crystalline regions, where even prolonged exposure to acid
shows only a minor reduction of DP. Due to this difference, the acid can penetrate the dislocated
regions more easily, while the crystalline regions take much longer to go through hydrolysis®’.
Selecting the right acid for this step is important as each of them affect the properties of the final
CNCs. Sulfuric acid introduces a negatively charged surface on the CNCs due to the grafting of
sulfate moieties during the hydrolysis, stabilizing the suspension of CNCs in water by electrostatic

repulsions. The same effect is observed for nanocrystals produced with phosphoric acid, as a result

of phosphate group grafting. Sulfate groups however can be detrimental for high end-applications
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as a high amount of surface sulfate groups can lead to a loss of thermostability for the nanocrystals,
lowering the degradation temperature of the material significantly>®. If the nanocrystals are instead
prepared by hydrochloric acid hydrolysis, they retain their thermal stability, however they will lack

stabilizing groups on the surface leading to unstable suspensions and eventually flocculation™.

Figure 7: Positively stained electron micrograph of cotton cellulose crystallites taken from
the anisotropic phase. Scale bar corresponding to 400 nm. Reprinted (adapted) with
permission from: Fleming, K.; Gray, D.; Prasannan, S.; Matthews, S. Cellulose Crystallites:
A New and Robust Liquid Crystalline Medium for the Measurement of Residual Dipolar
Couplings. J. Am. Chem. Soc. 2000, 122 (21), 5224-5225. Copyright (2022) American
Chemical Society.

While all CNCs have a characteristic rod-like shape (Figure 7), their dimensions can vary greatly
depending on the source of the cellulose and the hydrolysis conditions. Some studies have
investigated the effect of time and temperature for a given hydrolysis reaction, and it was found
that a higher crystallinity was obtained for hydrolysis conducted at higher temperature for a shorter
amount of time®. The dimensional heterogeneity due to the diffusion-controlled nature of the
hydrolysis can be reduced for a given reaction by filtration or centrifugation®®®!. AFM is one of
the main techniques used to study the dimensions of nanocrystals, as it can give information about
the size of the particles down to a tenth of a nanometer rather quickly. Moreover, it has been shown

to give good measurements on their mechanical properties such as stiffness or adhesion®’. Average
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dimensions obtained from different sources has been studied to a great length by different research
groups, but the typical width for CNCs is a couple of nanometers. The length of these needle-like
CNCs varies to a much greater degree, from tens of nanometers to a few microns. A summary of
those results can be found in several review articles, such as the work of Habibi et al.>* which
groups the characteristics of many different kinds of CNCs sources. In the case of cotton, which is
one of the most commonly used starting material used for the production of CNCs due to its high
cellulose content and purity, the typical width measured is 5-10 nm while the length spans from
100 to 300 nm. Another aspects that can vary with regards to the morphology of CNC:s is the shape
of the cross section of the crystals. As an example, CNCs obtained from bacteria or tunicate are
reported to be ribbon-like in shape, whereas those obtained from plant have never shown such

shapes and are thought to display a flat uniplanar axial orientation®%%3,

The mechanical properties of cellulose nanocrystals have also been studied extensively due to the
high interest of using them as reinforcing fillers in polymer matrixes. While many measurements
have been done to determine the modulus of CNCs, the obtained values do not always concur. It is
generally agreed however that the axial Young’s modulus of cellulose nanocrystals is in theory
similar to that of Kevlar, and at least higher than that of steel. In the case of a perfect crystal, the
value for the Young modulus is 167.5 GPa®. The best results for reinforcement with cellulose
nanocrystals are obtained when cellulose can be mixed with other materials and processed by
solvent casting after they were well dispersed, which is quite limiting as unmodified cellulose is
well dispersed in a limited list of solvents (usually protic solvents such as water and alcohols).
Dispersion of CNCs into individual particles is particularly important for their use as reinforcement
in composite, as this is key to maximizing mechanical performances, hence the use of surface

modification of CNCs to achieve a better dispersion into organic solvents.

[.1.3.0ther polysaccharides

Starch is a natural polysaccharide, insoluble in water at lower temperatures, that stores energy in
the form of easily hydrolysable glucose chains. It is present in various parts of plants, mainly in the
stem, roots, seeds and leaves, and exists in the form of granules measuring 2 to 100 um with various
possible shapes? (Figure 8). Starch is composed of amylose, a linear chain of o-1,4-glucose, and
amylopectin, chains of a-1,4-glucose heavily branched with 1,6 linking happening every 20-30

anhydroglucose units®®. Amylose is the smaller of the two polymers with a molecular weight
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between 10* and 10°, and a DP of 250-1,000%. Amylopectin is one of the largest naturally occurring
molecules with molecular weight far superior to amylose at 10% to 10® corresponding to a DP of

5,000-50,000.
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Figure 8: Chemical structure of amylopectin.

Typical starch contains 20-30% amylose and 70-80% amylopectin®’. Commercial starch is usually
made from corn or wheat, but potato, tapioca, rice, or manioc can be used as well. The fact that
starch is cheap, relatively easy to modify physically and chemically, and possesses all the typical
polysaccharide benefits (renewable, biodegradable) make it a very good candidate for food
packaging applications®®. Another interesting property of starch is its ability to turn into a
thermoplastic when shear is applied in the presence of a plasticizer such as water, oil, or glycerol.
This thermoplastic starch is already available commercially®®, and can be processed by moulding,
extrusion and blow moulding into more refined material’’. However, while starch has been widely
studied, it still has two disadvantages to using it for packaging: moisture absorption and poor

mechanical properties. Starch also does not have any antimicrobial or antioxidant properties.
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Figure 9: Chemical structure of chitin.

Chitin is a structural material present in many living organisms, mainly crustaceans, but also insects
and fungi (Figure 9). Depending on the ratio of monomers, it is named chitin or chitosan, with
chitin being a ratio acetamidation/acetylation superior to 50%. Just like starch, chitin is insoluble
in water, but also in most common solvents which is still a major limitation". It is however possible
to turns chitin into chitosan under high alkaline conditions and a high temperature, with the
resulting chitosan soluble in acidic media such as aqueous HCI and acetic acid. Chitin can be
obtained as a waste of the food industry in the range of 10'! tons per year, but only 150,000 tons
of chitin is made available for commercial use’?. Like starch, one of the most promising
applications for chitosan resides in food packaging due to its incredible properties:
biocompatibility, non-toxicity, edibility, antibacterial properties, and biodegradability. Chitosan
film also possess good mechanical properties, and selective permeability to carbon dioxide and
dioxygen. Their main drawback resides in their high water affinity, which reduce significantly their
barrier properties. To counteract this, many strategies have been studied such as blending it with
other polysaccharides or cross-linking the chitosan chains to decrease its water affinity. Chitosan
has therefore been investigated by many research groups as an active, anti-microbial packaging
coupled with more typical polymers used in packaging such as poly(ethylene terephthalate)
(PET)”3. So far, neat chitosan has been extensively researched as packaging for fruit, as it prevents
the decay of fruit when applied as a thin coating from solution’*. However food packaging is far
from being the only application for chitosan, as its interesting properties have found uses in other
fields, some of which are highly specialized. For example, chitosan fibers have been used to
reinforce chitosan-based nerve conduits, an artificial means of helping nerve regeneration. /n vitro
test were performed, and chitosan proved to be non-toxic to neuro-2a cells, and reinforced conduits

showed significantly improved mechanical properties, and preliminary in vivo testing seemed to
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show compatibility of those conduits with the surrounding tissues’®. Overall, chitosan is a very
promising material for biomedical applications, and it has also been studied for use in cartilage

engineering’®, intervertebral disc tissue engineering’’, and substrate for cell growth’s.

1.2. Synthetic polymers considered in this work
[.2.1.Polyesters

Synthetic polyesters were first developed in the 20" century as coatings by combining acids and
alcohols. A large amount of work was carried out by Carothers who reported different polyesters
of various sizes from dicarboxylic acids and diols. Some of this work was the precursor for many
commercial polyesters produced today by starting to optimize polycondensation, one of the
common polymerization methods for the production of polyesters”. In this work, we limited
ourselves to the ring-opening polymerization of cyclic lactones and carbonates from cellulose
nanocrystals. The subsequent sections will therefore be limited to the polymers and polymerization
techniques used in this work as reviewing all other polymers and techniques would be a substantial

task, with much of it outside of the scope of this thesis.

L.2.1.1. Poly(lactic acid)
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Figure 10: Conversion of carbon dioxide and water into lactic
acid through multiple natural steps.
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Poly(lactic acid), or polylactide (PLA), is currently one of the most widely researched polyester on
the planet due to its biodegradability, biocompatibility, and the potential renewability of its
monomer, which is commercially produced from natural sources. Indeed, conventional synthetic
polymers are often petroleum based, lactic acid however, can be obtained from crops through
fermentation. Starch, readily produced by plants in the cell wall for energy storage, can be extracted

and converted to sugar which turns into lactic acid under bacterial fermentation (Figure 10)°.

Not only does this make lactic acid a renewable resource, the process is also economically viable
as sugar is a cheap and abundant resource. Corn, currently the cheapest sugar source, is produced
in enormous quantities in the United States, and the production of half a million ton of PLA requires
less than 1% of the annual US corn production®!. Therefore, unlike some other renewable
resources, lactic acid has a good economic potential already, and optimization of the fermentation
processes is still pursued. Lastly, lactic acid production can be carried out all over the world as it

not limited to corn but rather relies on starch-containing crops, which are numerous and spread

throughout the world.
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H,0O
HO)S/,, L‘ {Jk/
CH, —~ “CH,
Lactic acid Poly( Iact|c acid)
Dimerization 5\\ Ring-opening
'”CH polymerization
H Ci‘”
H
0
Lactide

Figure 11: Most common route for the production of PLA.

From lactic acid, PLA can be obtained by two different routes: either the polymerization of lactic
acid by condensation, making poly(lactic acid), or by ring-opening polymerization after forming

the cyclic intermediate lactide, producing poly(lactide) (Figure 11). Polycondensation under high
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vacuum and temperature to remove the water formed and to move the equilibrium of the reaction
was first developed by Carothers”. However this method did not yield very high molecular weight
polymers, and it had other drawbacks such as the need for large reactors and unwanted racemization
of the product. This method however proved useful to make oligomers for the preparation of
adhesives, as cross linking was made possible with the proper choice of additives®?. As an
alternative way of producing higher molecular weight PLA by condensation, azeotropic solution
polymerization was studied under different conditions. By using an azeotrope, the pressure required
for the synthesis could be lowered significantly, and the separation of PLA with the solvent was
also made easier. After careful optimization of the process, PLA with a molecular weight above
50,000 g.mol! could be achieved®*. Another method of condensation that has been reported to
obtain high molecular PLA consists of a melt/solid condensation, as described by Moon et al.®*.
This two-step process consists of a first melt-polycondensation to obtain a PLA of 20,000 g.mol™.
After cooling down and recovery of the PLA, the polymer is submitted to a heat treatment above
the glass transition temperature (Tg) of the polymer but below its melting temperature (Tr) to obtain
a higher crystallinity. The reaction is then continued at higher temperature but still in solid state,

to yield a very high molecular weight PLA (up to 500,000 g.mol ™).

The most common way to obtain high molecular weight poly(lactide) in a controlled manner is to
turn first lactic acid into lactide (Figure 11), which can be accomplished under mild condition and
solvent free by water removal. The product is then purified by distillation at high temperatures, and
can be readily polymerized by ring-opening polymerization (ROP), which can be done in bulk or
solution, and by cationic, anionic and coordination mechanism. A specific look at the ring-opening

polymerization reaction will be given later for additional details.

Due to PLA’s popularity, there has been a many studies on the properties of PLA. PLA is a
biodegradable material, which is one of the primary reasons for its popularity. It is however not
biodegradable under ambient temperature and conditions, and requires other factors for its
degradation to occur. /n vivo, PLA is readily hydrolyzed, both with and without the help of
enzymes. It is therefore biodegradable under physiological conditions, which contributed to its
biocompatibility®’. In addition, the degradation of PLA under composting conditions also leads to
its hydrolysis, but this requires elevated temperatures (60 °C) to occur, and is helped by

microorganisms®®.
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While some of PLA’s properties are often compared to other common thermoplastic, PLA fibers
are one of the only fibers that are able to be processed by melting that can be made from renewable
sources. With regards to its thermal properties, PLA is rigid at room temperature due to its Tg being
in the 55-65 °C range, and in this state it can either be amorphous or semi-crystalline depending on
its thermal history and stereochemistry. For semi-crystalline PLA, the melting point can vary
between 130 °C to 180 °C depending on the ratio of D and L isomers in the polymer (Figure 12).
Overall, PLA thermal properties can vary greatly depending on the structure of the polymer and
the molecular weight. When compared to other thermoplastics, PLA is considered fairly easy to
use for thermal processing due its average T and T, but these are also a limiting factor compared

to poly(ethylene terephthalate) (PET) for some applications®’.
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Figure 12: chemical structure of the different stereoisomers of lactide and their resulting polymers.

PLA mechanical properties can also vary greatly, from a softer material to a very stiff one. To
achieve the later one, semi-crystalline PLA is preferred as the crystalline part gives the polymer a
much higher tensile strength and modulus, at respectively 50 MPa and 3 GPa. However, stiff PLA
is brittle with a fairly low elongation at break, typically under 5%%. While the thermal properties
of PLA are dependent on a multitude of factors, its mechanical properties depend almost

exclusively on the stereochemistry of the chain and its length. Poly(L-Lactide) for example has
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been reported to have double its modulus when its molecular weight increases from 50.000 to
100.000 g.mol!, and a tensile strength multiplied more than tenfold going from 50.000 to 200.000
g.mol! ¥ This means that by having a good control over the microstructure of PLA by using the
different lactide isomers and/or stereoselective catalysts, as well as the degree of polymerization,

specific mechanical properties can be achieved which is critical for some applications.

Due to the possibility to tune PLA’s mechanical and thermal properties over a wide range, and its
ease of processing, it is not surprising that PLA has found uses in many applications. Among these,
packaging has seen the largest share of the market for several years, but the medical field and use

in textiles field have been steadily increasing over the years as well®3.

For packaging, PLA has seen success due to its barrier properties which have been reported to be
very good for most gases’!. This gives PLA the properties that are needed for packing fresh
products as it acts as a barrier to the outside, preserving the product, while also retaining flavor and
aroma inside. As an added advantage, it is also easily heat-sealable. More recently, more advanced
applications in packaging have been studied such as active packaging, a concept in which the
material used as packaging can have interactions with the product inside and help with, for
example, preserving the product inside from degradation®’. This novel approach makes use of
similar concepts that can be found in medicine, using the slow release of active species that can be
“stored” inside the polymer. These species can help in various aspects such as O» capture,
regulating moisture, act as antioxidants to slow down degradation, or even help with antimicrobial

properties®>.

In the biomedical field, it is PLA’s biocompatibility and biodegradability that are its most
interesting attributes. It has a very wide range of uses, and wound management is a very common
one. In fact, PLA makes for great bioresorbable suture and temporary implant material, as it can
be employed to mend a certain area until it heals and then degrades over time®*. Due to the breakage
of the ester bonds by hydrolysis, PLA-based devices can erode in the body, slowly releasing
entrapped compounds such as hormones and proteins, while the products of degradation are
naturally turned into non-toxic species eliminated by the body. One last example of a very
promising application in this field is tissue engineering. Because PLA degrades over time, they
have attracted a lot of interest as a growing support for transplants. Different cell types have been

investigated, and muscle tissue, and bone have successfully been grown”.
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The production of PLA fibers has also found many uses in industry. Nowadays fiber production is
a very large market where more than 50% of the total fiber production is synthetic, largely
dominated by PET. One of the benefits of PLA is that is can be made as both a yarn, similar to
wool, or produced as a filament, which can be used to produce clothing with different feel,
sometimes close to natural fibers such as cotton. Due to its interactions with water, PLA fiber-
made clothing exhibit fast moisture spreading and drying, making them ideal for sportswear, and
tests vs. PET fabric have shown improved comfort for people wearing them. The main drawbacks
from such fabric is its degradation by hydrolysis, which can be problematic under dyeing
conditions, and the melting point of typical PLA yarn at 170 °C which can be a problem with
unaware consumers ironing their clothing. Other than clothing PLA fibers can be used to make a

variety of homeware such as pillows, carpets, mattresses and other similar fabric items®!.

Overall, PLA is a very promising material with a wide range of applications, and its
biodegradability, biocompatibility, and availability of its monomer from renewable source can
easily explain the great interest it has generated. However, some of its mechanical and thermal
properties, while sometime advantageous, can also be detrimental to some applications, hence the

vast number of works conducted to improve it.

[.2.1.2. Poly(e-caprolactone) and Poly(d-valerolactone)
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Figure 13: chemical structure of e-caprolactone, d-valerolactone, and their corresponding
polymers.

Poly(e-caprolactone), or PCL (Figure 13), is a biodegradable aliphatic polymer which has found
significant uses in the biomedical field. It is usually obtained by ring-opening polymerization of ¢-

caprolactone in the presence of a catalyst, stannous compound being quite common for this
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reaction. Once the polymer is obtained, it is a semi-crystalline material with a very low glass
transition temperature at around -60 °C, and a melting point around 60 °C. It is degraded by
hydrolysis in much the same way as poly(lactide) does, but this process is even slower which makes
it a material of choice for long term in vivo devices. Perhaps one of the main uses for PCL, as it
has relatively poor mechanical properties on its own, resides in its compatibility with other
polymers. A lot of work has been done on blending it with other common polymers to tune their
properties, or copolymerizing it, both giving very different results®®. Such copolymers have seen a
lot of use for biomedical applications, where they can be employed to make amphiphilic

copolymers for drug delivery, or scaffolds for tissue engineering®”-%%,

Valerolactone, more specifically d-valerolactone (Figure 13), is a lactone that has also gathered a
lot of attention as it can be derived from biomass and can be turned into poly(d-valerolactone)
(PVL), a polymer with many potential applications. While this monomer can be prepared by a
Baeyer-Villiger oxidation of cyclopentanone, it is an expensive and hazardous reaction. Therefore
dehydrogenation of pentane-1,5-diol has been developed, which can start from furfuryl alcohol, a
biomass derived product®. §-Valerolactone can be polymerized by ring-opening polymerization,
which will be described in more details further in 1.3. Due to its close resemblance to poly(e-
caprolactone), PVL is used in similar applications and is also often used along with other polymers

to tune their properties. It is particularly interesting as a biomedical material'®.

1.2.2.Polycarbonates

1.2.2.1. Generalities
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Figure 14: Chemical structure of Bisphenol A
polycarbonate (BPA-PC)

Polycarbonates is an important group of polymers which possess a O-CO-O group in the main
chain and are generally divided into two groups with vastly different properties: aromatic and
aliphatic polycarbonates. The most economically important one was discovered in the year 1953

at Bayer by Schnell, Bottenbruch and Krimm and is now known as Bisphenol A Polycarbonate
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(BPA-PC) (Figure 14). Interestingly, it was also synthesized later the same year independently by

101 A few years after, the product was commercialized and had a great

Fox at General Electric
success due its impressive toughness, glass-like transparency and high heat resistance, which made
BPA-PC a great alternative to PET. While other bisphenol polycarbonates have been produced,
none of them have had the same success BPA-PC had, which is still widely used and occupies the

largest portion of the polycarbonate market!?.

Aliphatic polycarbonates are quite different and were already explored by Carothers years prior
along with his work on polyesters, who produced low molecular weight low melting point
polycarbonate. However, due to high demand for stronger material at the time, they did not know
the success that their aromatic homologues had. But due to their other very interesting properties,

they would eventually see a lot of interest for different uses as detailed below.
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Figure 15: Different pathways to obtain polycarbonates. a: reaction of diol with phosgene. b: transcarbonatation
reaction, step 1 and 2 repeated with the product multiple times to lead to a polymer. c: ring-opening polymerization of
cyclic carbonate. d: copolymerization of epoxy and CO2.
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Aliphatic polycarbonates can typically be obtained in four different ways (Figure 15): first the
polymerization of diols in the presence of phosgene, a similar reaction that can be used to obtain
BPA-PC. A second method is to react diols with dialkyl carbonates in the presence of a
transcarbonatation catalyst, as was done by Carothers. Ring-opening polymerization of cyclic
carbonate can also be performed, a method that has seen a lot of interest in recent years thanks to
the many ways to produce cyclic carbonate that have been developped'®!. Lastly, the
copolymerization of epoxides along with CO» has also been developed as an efficient and greener

way to obtain aliphatic polycarbonates'®.

Multiple methods exist in order to obtain cyclic carbonate, with five and six-membered cycles
being the most commonly produced. As mentioned before, phosgene can be used to produce
polycarbonates in the presence of diol, and it can also be used to make cyclic carbonates. However,
due to phosgene high toxicity, other methods are preferred. One of the most promising method is
to use CO; insertion into a cyclic ether, which is most commonly catalyzed by a Lewis acid or a
base. However, these reactions require high temperature and pressure which can limit their

commercial applications!®

. Due the potential to reduce CO: during their synthesis, a lot effort has
been put towards developing different catalytic systems that reduce the high temperature and

pressure requirements of the current CO; insertion method.

For five-membered cyclic carbonates, organometallic compounds such as methyltin tribromide and
butanestannoic acids were reported to be good at turning CO; and oxirane into their cyclic
counterpart under mild conditions. Organoantimonies have also been reported to produce cyclic
carbonates, with the added benefit of not being able to initiate the polymerization of the oxirane,

unlike organotins!®

. Ammonium salts have also been used successfully at the industrial scale to
prepare five-membered cyclic carbonates!®®. Lastly electrochemical procedures have also been
studied to obtain cyclic carbonates at room temperature and atmospheric pressure in an electrolysis
cell with dimethylformamide (DMF) and potassium bromide!'?’. In addition to the few examples
given, many other systems have been developed showing the great interest that using CO; to

produce monomer has!®,
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Figure 16: Reaction of oxetane and CO; to obtain TMC, as described in the work of Baba, Kashiwagi, and Matsuda'%.

Six-membered cyclic carbonates, much like their five-membered cyclic cousin, can also be
produced from a cyclic ether (this time oxetane) and CO>. However, this tends to be much less
efficient and has led to fewer studies. This problem can be attributed to the instability of the six-
membered cyclic carbonate, for which polymerization is heavily favored'?’. Nevertheless, due to
the importance of these monomers, and in particular 1,3-dioxan-2-one, or trimethylene carbonate
(TMC), some work has been done to try to produce these valuable monomers using COa.
Pioneering this reaction, Baba, Kashiwagi and Matsuda reported the reaction of oxetane with CO>
at 4.9 MPa catalyzed by PhsSbl with a 96% yield!® (Figure 16). This group would later improve
the reaction efficiency further to the point of a quantitative yield by using BusSnl and

hexamethylphosphoramide (HMPA) as the catalytic system'!°

. Lastly, their methodology was used
to produce substituted six-membered cyclic carbonates, with mono-substituted species giving a
much better yield than di-substituted cyclic carbonates. This work opened the door to a lot research
and several catalytic system have been developed since to try to improve the synthesis of di-

substituted TMC species'!!.
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Figure 17: Polymerization of five-membered cyclic carbonate resulting in a poly(ether-co-carbonate).

With regard to the polymerization of cyclic carbonate, five-membered ring are much harder to

polymerize, but some success has been reported with metal alkoxides and metal alkyls. However,

28



this reaction often occurs at high temperature (170 °C) and under those conditions, the
polymerization involves a partial decarboxylation thus giving a poly(ether-co-carbonate), with up
to 50% carbonate units under the best conditions (Figure 17)!'2. More recently however, reports of
the polymerization of cyclohexene carbonate (CHC) has been done by coordination-insertion ROP
with a wide variety of catalysts, and pure isotactic PCHC was obtained from enantiopure (R,R)-
CHC with no decarboxylation. For six-membered cyclic carbonates, polymerization is much easier
and usually done via a ring-opening mechanism. A lot of work has been carried out using metal
catalysts based on aluminum and zinc!'*!!'%, but increasing interest in organocatalysis has made
cyclic esters and carbonates prime candidates to find new catalytic system, which will be described

in section 1.3.

For applications, aliphatic polycarbonates present much of the same benefits as PLA does when it
comes to biodegradability and biocompatibility!!>!'®. However, mechanical properties can vary
greatly depending on the structure of the main chain, therefore different polycarbonates have
different expected applications such as textiles, microelectronics, packaging and biomedical
applications!!’. They are also particularly interesting material to use with other polymers in
copolymers!!'® which can help with their weak mechanical strength. It is interesting to note that for
medical applications they offer a very good alternative to PLA which is sometime too hard and
brittle to be used. For in vivo applications in particular, PLA degradation also generates acid species
which can affect pH locally and is thought to be a potential source of inflammation. Aliphatic
polycarbonates such as poly(trimethylene carbonate) on the other hand are very flexible and do not

generate acidic species by decomposition, giving it the edge on PLA!",

Due to the increasing number of potential applications for polyesters and aliphatic polycarbonates,
a high control over the structure of the polymer is important to target specific properties and tailor
each material to each application. Therefore, the need for efficient and well controlled catalytic

systems to develop such material is needed.
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[.3. Organocatalyzed ring-opening polymerization

1.3.1.Ring-opening polymerization general concepts

catalyst
.
L J Xﬂl_l
X

Figure 18: General mechanism of ring-opening polymerization

n

According to IUPAC, a ring-opening polymerization is defined as “a polymerization in which a
cyclic monomer yields a monomeric unit which is acyclic or contains fewer cycles than the
monomer”!?° (Figure 18). The first example of ring-opening polymerization (ROP) reported dates
back the early 20™ century, with the work of Leuch on polypeptides'?!. However, ROP was studied
properly to get a better understanding of its mechanism and thermodynamics only around 1950!%2,
Quickly this gained a lot of attraction to manufacture polyesters, and some early work aimed at
developing medical materials such as surgical implants and tissues repair'?*. Polyesters synthetized
via ROP have since then been considered for a very wide range of applications as mentioned

earlier'?*.

In most cases, the driving force behind ROP reactions is the strain created by the ring configuration,
and the steric considerations associated with it. Along with this comes the chain-ring equilibrium,
making initial monomer concentration an important factor, as well as temperature'?. It is also
worth noting that with very few exceptions, this type of polymerization does not generate any small
molecules as a secondary product. As stated by the [UPAC definition, all ROPs have in common
a cyclic monomer, but the exact reason why the polymerization occurs can vary depending on ring
size, type of bonds, and heteroatoms present. For example, three atoms rings such as oxirane have
an important ring strain which leads to an enthalpy-driven polymerization. On the contrary, some
rings with carbonate moieties polymerize via an entropy-driven mechanism because of the

increased rotational freedom of these groups in a linear chain'%S,

Catalysis for ring-opening polymerization is dominated for the most part by metal catalysts. For
reactions which have been very well optimized, the catalyst is commonly used at a low ratio of
catalyst to monomer of 1 to 10° or higher, in which case removal of the catalyst is rarely needed.

However, the production of specialty polymers has not been optimized to such an extent and may
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require higher concentrations of catalyst, which can require an intense purification process to avoid
hazards if toxic metals or ligands are used. This also limits the applications for polymers obtained
in such a way as some sensitive fields such as microelectronic which prohibit the use of some
metallic species, while only a few metals are considered safe for medical applications. This in turn
has paved the way for the development of organocatalyzed polymerization, which also presents
other benefits such as a different reactivity, less sensibility to impurities in some cases, and the

possibility to work under milder conditions for some reactions, as will be showcased further.

To understand the mechanism of ring-opening polymerization performed by organic catalyst, three
general mechanisms have been described in the literature under which most reactions fit. The
“Activated monomer mechanism” (AMM) is a mechanism in which the active specie (the catalyst)
first activates the monomer in order to proceed to the opening of the ring. In the case of a
nucleophilic attack on an ether or other similar monomer (ester, carbonate), the nucleophile
operates through a direct attack on the electronegative carbon neighboring the oxygen atom,

resulting in the formation of a zwitterionic intermediate (Figure 19).
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Figure 19: Nucleophilic activated monomer mechanism (AMM) of organocatalyzed ROP.

An alcohol initiator is then used to protonate this intermediate and the alkoxide takes the place of
the catalyst, which is regenerated. Propagation procced through a similar mechanism, with the now

127 Electrophilic AMM is the polymerization mechanism

opened ring acting as the alcohol initiator
that occurs with Lewis or Brensted acids. In this latter case, the catalyst activation of the monomer
proceeds through protonation of the heteroatom. The activated monomer is then attacked by the

alcohol initiator acting as a nucleophile and the acid is regenerated'?®.
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A second type of mechanism is the “Activated chain end mechanism” (ACEM). In this case, the
alcohol initiator (which ends up being the chain end) is activated by a base, often by hydrogen
bonding, which favors the attack on the monomer (Figure 20). The propagation can then be done
by the hydroxy-terminated product obtained and subsequent reactions of ring-opening of the
monomer'?’. The last mechanism found for organocatalyzed ROP is a “Dual activation of the
monomer and initiator”. This particular mechanism has been reported for specific catalysts such as

guanidines and 4-(dialkylamino)pyridines which will be explored in section 1.3.2.
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Figure 20: Activated chain-end mechanism (ACEM) of organocatalyzed ROP.
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Figure 21: Example of some organic catalysts reported for the ROP of cyclic esters. MSA: methane sulfonic acid,
TfOH: trifluoromethanesulfonic acid, Tf2NH: bis(trifluoromethane)sulfonimide, t-BuPs: N,N,N' N’ N",N'-
hexamethyl-N""-[N-(2-methyl-2-propanyl)-P,P

bis {[tris(dimethylamino)phosphoranylidene]amino } phosphorimidoyl]phosphorimidic triamide, BEMP: 2-(tert-
butylimino)-2-(diethylamino)-1,3-dimethylperhydro-1,3,2-diazaphosphorinane.
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Table 1: Non-exhaustive table of example of ROP reaction found in the literature performed with the organic catalyst described in Figure 21 with their associated
protic initiators and solvents

Lactide

g-caprolactone

o-valerolactone

Trimethylene carbonate

Pentanol (DCM, toluene)'*°

MSA E{OH (toluene) ™ H>O/pentanol (toluene)'*?
Pentanol (DCM)!*? Pentanol (DCM, toluene)'*°

THoH Water (DCM)'* E{OH (toluene)"”! H:O/pentanol (toluene)™

THNH EtOH (toluene)'?! Ph(CH,);OH (DCM)"**

Tartaric acid

BnOH (bulk)'3s

BnOH (bulk)'s

Citric acid

BnOH (bulk)'>
CNC (bulk)'3$

BnOH (bulk)!*

Proline BnOH (bulk)'®* BnOH (bulk)!*®
t-BuP, PBuOH (toluene)!7-138 MeOH (toluene)'® PBuOH (bulk)"’
PBuOH (toluene)'?’ 137 BnOH (bulk)'¥’ -
BEMP BnOH (toluene)"™” PBuOH (bulk) PBUOH (bulk)"” BnOH (bulk)
. BnOH (DCM)™
140,141 141 141
Thiourea PBuOH (DCM) PBuOH (benzene) PBuOH (benzene) PBUOH (DCM)'2
Imidazole BnOH (THF!'*:!% DCM!¥, toluene!'#®) BnOH (THF)!43-144 144 14
carbene PBuOH (THF'*>'#, DCM'¥7) PBuOH (THF)' BnOH (THF) BnOH (THF)
BnOH (Bulk'™®, DCM'™)
DMAP EtOH (DCM) 1%° Chitosan (water)'! BnOH (bulk)!"’
Cyclodextrin (DCM)'*°
TBD PBuOH (DCM)*! PBuOH (DCM)'! PBuOH (DCM)*! BnOH (bulk''”7, DCM'*)
mTBD PBuOH (DCM)*! PBuOH (DCM)'! PBuOH (DCM)*! BnOH (DCM)'#
DBU PBuOH (DCM)*! PBuOH (DCM)'! PBuOH (DCM)*! BnOH (DCM)'#
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For the polymerization of ester and carbonates, a multitude of organic catalysts (Figure 21, Table
1) have been explored since the resurgence of interest in the domain after Hendrick et al. reported
the ring-opening polymerization of lactide catalyzed by 4-dimethylaminopyridine!. Acids were
first reported for the polymerization of cyclic ethers, however this reaction is often subject to chain
transfer, both by intramolecular or intermolecular reactions when progressing through an ACEM
mechanism. This is due to the fact that the nucleophilic heteroatoms along the growing chain
compete with the monomer. To avoid this problem the AMM mechanism can be prioritized over
ACEM, which was made possible using acids such as BF3, a protic co-initiator and a low
concentration of monomer. This method however was not able to generate polymers with a high
molecular weight, and even under optimal condition the total suppression of ACEM was difficult

to achieve.

This type of reaction was nevertheless carried out for the polymerization of cyclic esters'>2.
Sulfonic acids in particular has seen a lot of usage and polymerization carried out with methyl
sulfonic acid (MSA) and trifluoromethanesulfonic acid (TfOH) have been reported to give
polymers with a narrow distribution and a molecular weight of 10,000 g.mol™! 1*°. Sulfonimides, at
first used for the polymerization of acrylic monomers, have also been used successfully for the
ring-opening of cyclic esters using bis(perfluoroalkanesulfonyl)imides catalysts, as demonstrated
by Oshimura, Tang and Takatsu in 2011!%!. The last group of acids that has seen some use as
organic catalyst of ROP reactions are carboxylic acids, both synthetic and natural ones, which are
of particular interest due to their potential for solvent-free reactions. Due to their overall lower
reactivity, these acids can also be used in the presence of various functional groups without the risk
of side reactions. Among such catalysts, a wide range has been studied and examples include

tartaric acid, maleic acid, citric acid, and proline to name but a few'>?

. Acids overall show a great
potential for organocatalyzed ROP as there is a wide variety of them, and many can be used to
prepare common cyclic esters such as lactones, lactide, and cyclic carbonates. However, many of
these reactions require a great control over many parameters to avoid back-biting, and the
molecular weight obtained for most reactions is relatively low, with very few exceeding 20,000

g.mol .12

Another family of organic catalysts that has seen some use for the ROP of heterocycles are

phosphazenes (Figure 21), which mostly act as a strong deprotonating agent. The first ROP done

35



with such catalyst was performed by Molenberg and Méller who made poly(ethylene glycol) from
ethylene oxide using t-BuP4!>*. Similar catalysts were later used for ROP of esters, with BEMP
showing the best efficiency, however at the cost of control, which was observed due to
transesterification at high conversion of lactide. BEMP was also used with great success for the
polymerization of cyclic carbonates in the group of Carpentier and Guillaume, showing high
catalytic activity in bulk and producing poly(trimethylene carbonate) (PTMC) with an average
molecular weight as high as 48,500 g.mol!. Branched polycarbonates using different protic

initiators were also reported using the same catalytic system!!”.

N-heterocyclic carbenes (NHC) used for ring-opening polymerization is a relatively recent
discovery, first reported in 2002. Multiple lactones and lactide were successfully polymerized in a
controlled manner under mild conditions with the help of a protic source!*’. This work was then
followed by several reports with different NHCs, and polycarbonates such as PTMC were also
obtained successfully with good control and short reaction times. The mechanism of
polymerization by carbenes is a topic that has been heavily debated, and both computational and
experimental data point towards a combination AMM and ACEM in the presence of a protic

initiator'>.

A functional group well known for activating carbonyl groups is thiourea thanks to its excellent
hydrogen bonding capabilities. This has naturally led to the use of thiourea derivatives for the
catalysis of the ROP of cyclic esters. Some work done on lactide showed that monocomponent
thiourea yielded a very good conversion and had a high selectivity with very few side reactions,
but the reaction was overall slow. The high selectivity and low amount of transesterification of the
thiourea-based system is due to its mechanism: a dual activation of the monomer and the initiator
by hydrogen bonding. For the best result, this typically requires the presence of an amine group on

the thiourea (or addition of an amine for a dual-catalytic system)!'*°.

The last groups of catalysts, which will be grouped for the purpose of this dissertation, will be
described in more details as they are of particular interest for the work that has been done

throughout this thesis.
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1.3.2. Aminopyridines, amidines and guanidine
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Figure 22: Chemical structure of pyridine and guanidine organic ROP catalysts and their
associated pKaH".'#

Aminopyridines, amidines and guanidines are three groups of nitrogen bases used for organic
catalysis of polymerization. While these families of catalysts are different, they have in common
to act either as a base or as a nucleophile, usually through similar mechanisms. As one of the first
reported organocatalyst for polymerization reactions, 4-dimethylaminopyridine (DMAP) (Figure
22) has seen many different uses since the first report of Nederbeg et al. in 2001'%. In their work,
they used DMAP to polymerize lactide in the presence of various protic sources to act as co-
initiator, leading to PLA with a controlled molecular weight and a low dispersity, either in solvent
or in bulk at higher temperature. During this work, one of the main drawbacks of DMAP was
identified: a relatively high catalyst loading was required for optimal conversion, with ratios from
0.1 to 4 equivalents of the alcohol initiator being used. The reaction was also relatively slow, often
requiring more than 24 hours, especially given the concentration of catalyst used. Despite this,
DMAP proved to be a very good catalyst leading to a controlled polymerization, as shown by the
overall close values obtained for the experimental and theoretical degree of polymerization (DP)
in different conditions, in addition to a low dispersity (<1.2)'*°. The mechanism for this reaction
was discussed, and an activated monomer mechanism was first proposed where DMAP would act
as a nucleophile and attack the carbonyl of the monomer. However, density functional theory
(DFT) studies conducted by Bonduelle et al. indicated that the hydrogen bonding capacity of
DMAP leads to a lower energy requirement for ACEM where the catalyst would first activate the
alcohol'. Interestingly, despite the low amount of transesterification observed for the work

described previously, purposeful chain scission of PLA using DMAP was performed in 2001 by
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Nederberg ef al. in the presence of an alcohol with a great control over the end result. Using size
exclusion chromatography (SEC) and NMR, they showed that both high (M, = 100,000 g.mol™!)
and low molecular weight PLA (M, = 12,000 g.mol") would undergo transesterification in the
presence of DMAP and an excess of alcohol. The molecular weight obtained after the reaction was
shown to be consistent with alcohol to polymer ratio used to the reaction, showing the great control
over the transesterification. Using this procedure, star and block copolymers were obtained by
using polyols such as pentaerythritol and end capped poly(ethylene oxide), again with good control

157 A couple years

and dispersity in the 1.1 to 1.7 range, showing the potential for such reactions
later, the use of DM AP for the polymerization of cyclic carbonates was reported as well by Brignou
et al. who first created seven-membered cyclic carbonates from renewable diols. Multiple catalysts
were used for the polymerization of - and a-substituted monomers and DMAP was reported to
work for B-methyl-tetramethylene carbonate but only at high temperature (110 °C), in which case
a polymer with narrow dispersity (1.2) was readily obtained after 60 minutes of reaction in bulk.
Interestingly, 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD) was used for the same reactions and the
same observation could be made with regards to the high temperatures required for the reaction to
occur, even when tested in solvent. Similar results were obtained but with a superior conversion
for TBD over DMAP!3. The ROP of multiple six-membered cyclic carbonates was also reported
in a different work by Helou ef al. using DMAP. Conversion at 60 °C was again lower at 50%, but
almost quantitative conversion could be obtained in under 15 minutes at temperatures of 110 °C
and above. In addition, only a small amount of transcarbonatation was observed despite the high
temperatures used, which was indicated by the only slightly broader molecular weight distribution
and correlation between experimental and theoretical number average molecular weight. In
comparison to the ROP of lactide described earlier, it is interesting to note that this reaction required
only short reaction times (15 minutes) and with a sub-stochiometric ratio of DMAP/OH (1/5)!!7.
The capacity of DMAP to polymerize both TMC and lactide has led to the copolymerization of
these monomers. In 2013, the work of Guerin et al. compared many different catalytic systems,
both metal and organic-based, including DMAP with interesting results. The authors reported the
sequential synthesis of block copolymers by using alcohol terminated PTMC and using it as the
co-initiator in the presence of lactide and DMAP. Reactions starting from both a low average

molecular weight PTMC (2,300 g.mol™") and a higher one (15,300 g.mol™') were performed with

different amounts of lactide as well. The first reaction showed a much higher conversion (70%)
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and led to an almost 50/50 ratio of PTMC/PLA by weight. The second reaction showed a much
lower conversion (30%) despite the increased reaction time (4h vs. 24h), and led to a polymer with
excess of PTMC (79/21 vs. lactide ratio). A one-pot/two-step approach was also investigated and
a very high conversion (100% for TMC, 90% for L-LA) at 130 °C was obtained after 10h, giving

a copolymer with a narrow dispersity (1.3)!%.

Amidine and guanidine-based catalysts make use of the excellent catalytic properties demonstrated
by many naturally occurring nitrogen-containing compounds. When compared to DMAP, they are
overall stronger bases (pKaH" given in Figure 22'°°) due to the delocalization of charge of their
corresponding acid over multiple nitrogen atoms. 1,8-Diazabicyclo[5.4.0Jundec-7-ene (DBU) is an
amidine that has been documented as a good catalysts for the polymerization of lactide. In 2006,
Lohmeijer et al. compared the results obtained for various amidines and guanidines and obtained
very satisfactory results for the ROP of lactide with DBU in the presence of an alcohol initiator.
Total conversion could be obtained in one to two hours, and polymers with average molecular
weight over 80,000 g.mol! were described with narrow molecular weight distribution (<1.1)"!,
DBU has since then been used in other studies to polymerize lactide, with a variety of conditions
explored. For example, Brown et al. reported the polymerization of lactide without the use of a
protic source and using DBU as a nucleophile. Their results showed that in a solvent reaction, DBU
was able to polymerize lactide at room temperature in dichloromethane, and up to 85% conversion
was obtained after 60 minutes. Compared to reactions performed with a protic initiator, the average
molecular weight was increased significantly (56,000 vs. 17,000 g.mol!), but an increase in
dispersity was also observed (1.63 vs. 1.13). Despite the lower conversion, this work showed that
DBU could in fact polymerize lactide through a nucleophilic mechanism without the need for a

protic initiator'¢!.

Coulembier et al. attempted to use previous reported results for the
polymerization of lactide to produce copolymers of lactide and TMC using a eutectic melting
process in the presence of benzyl alcohol (BnOH). However, the result of a 50/50 mixture
polymerization led to pure PLLA, which was attributed to the very fast polymerization of lactide.
This would lead to the growing PLLA chain nucleating and crystalizing outside of the melt,
preventing the inclusion of TMC units. To solve this problem, the mixture was solubilized once
PLLA formed, and then a gradient copolymer with PTMC could be obtained with 63% conversion
of TMC, and an overall dispersity of 1.6'®2. As with DMAP, the use of DBU in combination with

other catalysts was also explored. For example, Miao et al. investigated the polymerization of rac-
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lactide with and without a salt, and noticed a reduced dispersity when using (R)-(+)-binaphathyl-
diyl hydrogen phosphate (BNPH)/salt, and the authors were able to use only 0.1 equivalents of

catalyst to induce polymerization'63.

The mechanism of ROP catalyzed by DBU has been debated for a while, in particular for lactide.
With the vast number of studies conducted using this combination of catalyst and monomer, finding
a “unified” mechanism was difficult. However, in 2016 Sherck, Kim and Won reviewed the state
of the art and proposed a mechanism. Mechanistic studies led to the conclusion that nucleophilic
activation of the monomer was unlikely, and a ketene aminal was hypothesized to be the active
chain end in this polymerization. They concluded that proper control over the molar ratio was the

key to obtain a living polymerization!®*,

Table 2: Non-exhaustive list of cyclic esters and carbonate polymerized by TBD in different conditions found in the
literature. All reaction performed at RT except for the polymerization of TMC in bulk (110 °C).

Monomer | M / Catalyst / I Initiator Solvent Time Conversion (%) Bwm
L-LAl 100/0.1/1 Pyrenebutanol CH:Cl;  20s 99 1.2
L-LAL 500/0.5/1 Pyrenebutanol CH>Cl, 1 min 95 1.1
5-vLEl 100/0.5/1 Pyrenebutanol CéDs 30 min 91 1.1
g-CLE 50/0.25/1 Pyrenebutanol CeDs 5h 76 1.1
g-CLI 100/0.5/1 Pyrenebutanol CsDs Sh 72 1.2
§-DLI! 60/0.3/1 1,4-benzenedimethanol ~ Bulk ~ 10h 80 1.2
T™CH! 50/1/1 BnOH CH2Cl;  15min 99 1.3
T™C 100/1/1 BnOH CHCL,  1h 99 1.3
T™CL 250/1/1 BnOH CHCl,  6h 99 1.3
T™Cl 500/1/5 BnOH Bulk Smin 99 1.5

[a] From Lohmeijer et al., 2006'*!. [b] From Martello et al., 2012'%, [c] From Nederberg et al., 2007. [d] From Helou
etal.,2010.

When it comes to guanidines, 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD) is certainly the most
referenced one and has been used extensively for the polymerization of cyclic esters and
carbonates. In their 2006 work mentioned previously, Lohmeijer et al. also studied the ROP of
lactide using TBD'*!. With a low catalyst loading (0.1%), L-lactide was fully converted in one
minute with the help of a protic initiator in solvent at room temperature. Two reactions were
reported, one with a 100 monomer/initiator ratio and another with a 500 monomer/initiator ratio,
and both reactions reached near full conversion in a minute or less, with a dispersity under 1.2.

Interestingly, not quenching the reaction for several minutes after full conversion increased the
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dispersity, but only from 1.06 to 1.23, showing that the rate of transesterification for such a very
active system was much lower than similarly active catalyst like carbenes. Unlike many other
organic catalysts however, TBD was also reported to be able to readily convert lactones such as 6-
VL and &-CL. At room temperature and in deuterated benzene, PVL was obtained in 30 minutes
with conversions up to 91% and a narrow dispersity (<1.1). Similar reactions were also performed
on &-CL but with longer reaction time, as is common for this monomer. After 5 to 8 hours, PCL
was obtained, once again with narrow dispersity, but with lower conversion at a maximum of 76%.
Still, these reactions obtained with low catalyst loading showed the potential of TBD as a ROP
catalyst as it was able to readily polymerize various cyclic esters that other similar catalyst such as
7-methyl-1,5,7-triazabicyclo[4.4.0]dec-5-ene (mTBD) and DBU could not!'*!. TBD has been
investigated with other lactones such as d-decalactone (6-DL), a monomer that can be obtained
from renewable sources. Using a diol as initiator, an equilibrium for the conversion around 80%
was reached in bulk at RT, giving a polymer with a low dispersity (<1.25). Using the same method,
ABA triblock could be obtained by adding a solution of D,L-Lactide after the polymerization of 6-
DL reached equilibrium, leading to a well-defined triblock (PLA-block-PDL-block-PLA) with two
different glass transition temperatures (-51 and 54 °C), characteristic of immiscible polymer

phases'®

. Another use for TBD that was studied by Meimoun et al. is the epimerization and chain
scission of lactide. In toluene at 105 °C, a nucleophilic attack of the catalyst was suggested, leading
to oligolactide with a TBD end-chain that would undergo hydrolyzation during quenching. With
increasing concentration of catalyst, the average molecular weight of the starting polymer was

shown to decline, and the final polymer chain could be up to 20 times shorter (with 5 equivalents

of TBD) over 48h!6¢,

Naturally, TBD was also investigated for the ROP of cyclic carbonates, where it once again was
shown to be a very efficient catalyst. First, Nederberg ef al. conducted the polymerization of TMC
in dichloromethane at room temperature with BnOH as initiator, which led to full conversion in
15, 60 and 360 minutes for a targeted DPs of 50, 100 and 250, respectively. Despite the very high
activity of the catalysts, the experimental DP obtained were all under 5% of the theoretical DPs,
and a rather low dispersity was measured (1.31). In comparison to the other catalysts tested, only
1,3-diisopropyl-4,5-dimethyl-imidazol-2-ylidene (a carbene) showed higher activity, but the
resulting polymer had a high dispersity (>2)'*®. The polymerization of TMC was also reported by
Helou et al. in bulk, where TBD was again noted to have a very high activity, and PTMC could be
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obtained with total conversion within minutes at 110 °C in the presence of BnOH. Lower
temperatures (30 °C) were also used and required more time (30 minutes), but quantitative results
could still be obtained. In all the reactions reported, a great control over the targeted DP could be

obtained by using the proper monomer/initiator ratio, allowing for a low amount of catalyst!'!’.

The much higher catalytic activity of TBD for the ROP of cyclic ester when compared to catalysts
such as DBU was explained by a dual activation mechanism (Figure 23). This was supported by
DFT calculations, showing that the dual activation of the monomer and the alcohol via hydrogen
bonding was much more favorable energetically'®’. However, similar studies have not been

conducted for the polymerization of carbonates.
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OH

Figure 23: Dual activation mechanism by hydrogen bonding of TBD for the ROP of cyclic
ester in the presence of a protic co-initiator.

Nevertheless, organic catalysts are very powerful tools for the polymerization of cyclic monomers,

and the use of a protic source to control the polymerization not only allows for smaller catalyst

quantities, but also results in interesting chain ends for the resulting polymer.
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I.3.3.Immortal polymerization
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Figure 24: Illustration of the distinction between “classical living” and “immortal” ROP process.
Reprinted from Publication Dalton transactions : an international journal of inorganic chemistry,
39, Noureddine Ajellal, Jean-Frangois Carpentier, Clémence Guillaume, Sophie M. Guillaume,
Marion Helou, Valentin Poirier, Yann Sarazin and Alexander Trifonov., Metal-catalyzed immortal
ring-opening polymerization of lactones, lactides and cyclic carbonates., Pages No. 8363,
Copyright (2022), with permission from Royal Society of Chemistry.

The concept of immortal polymerization was first reported by Inoue in 1985 for the polymerization
of epoxides with aluminum porphyrins'®®. It is a polymerization that leads to a narrow molecular
weight distribution, a constant number of growing chains throughout the reaction, and a predictable
degree of polymerization defined by the ratio of monomer to initiator is reachable. These are also
attributes of living polymerization, however both types of reaction possess some key differences
(Figure 24). When first described, Inoue noticed that immortal polymerization could be performed
under various conditions, including the presence of protic or acidic species, without leading to the
termination of growing chains. This was different than what was observed at the time for the
polymerization of the same monomer (epoxide) in living condition with alkali metals. What would
once lead to the termination of a chain (acids) took on the role of a transfer agents in the
polymerization catalyzed by aluminum porphyrins. Inoue noted that in this reaction, the transfer
reaction was much faster than the propagation, which lead to a low dispersity but a higher amount
of chains formed than the number of porphyrins initiators. When tested with methanol, it was
observed that the number of polymer molecules formed during the reaction corresponded to the

number of methanol molecules, confirming the observations made so far'6%,

This reaction was further researched by Inoue and co-workers and led to the development of the
immortal ring-opening polymerization of various cyclic monomers of interest by Ajellal ef al. in

2010. Based on the work done on porphyrin, this research group developed multiple metal
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complexes showing the characteristics of immortal polymerization. By using different alcohol as
co-initiators, they were able to use catalytic quantities of the metal species and target desired DPs
by changing the ratio of monomer/OH. Yttrium-based catalysts were used for the polymerization
of rac-LA to great success, and ratios of up to 1,000/1/50 (for LA/Cat/OH) readily produced
polymers with low dispersity and high end-group fidelity. No presence of cyclic oligomers was
detected, confirming the immortal character of this reaction. Similar reactions were also conducted
on rac-fB-butyrolactone, which proved to be more difficult, in particular with more than 5
equivalents of alcohol. Zinc complexes however showed a much better potential for the
polymerization of the same monomer. Polymerization of TMC was also studied extensively, and
many different metals were shown to lead to the immortal polymerization of this cyclic carbonate
with great success. While some conditions such as bulk reaction revealed the presence of a small
amount of transcarbonatation, great control over the final polymer was still observed and no
decarboxylation was noticed!®®. The same concept would later be applied to the organocatalyzed
polymerization of TMC using previously described organocatalysts such as DMAP, TBD and
BEMP!'7. A clear benefit of these catalysts, other than the usual advantage of organic catalyst over
metallic ones mentioned earlier, is that they are all commercially available. Substituted six-
membered cyclic carbonates could also be polymerized, again with a great control over the polymer
obtained. The ability to control the polymerization with a protic initiator was also used to great
extent by creating different polymer architecture with diols and triols. Narrow dispersity (<1.6) and
predictable molecular weight could be obtained with both diols and triols using BEMP as the
catalyst, and no drop in reactivity was noticed when compared to reaction using BnOH. Overall,
this shows the great versatility of immortal polymerization, in particular for the ROP of cyclic

carbonates with tuneable chain ends.

[.4. Polysaccharide-based polymer material

Polysaccharides can make for a great addition to polymer matrices in order to obtain a biphasic
material with interesting mechanical properties. Therefore a large body of research exists on the
production of polymer materials containing a small amount of polysaccharide as filler, with or

without extra modification steps!’*172,
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1.4.1.Non-grafted material

The most straightforward method to obtaining polysaccharide-reinforced composites is to mix the
filler into the polymer matrix without any extra steps. A good example is the work of Alemdar and
Sain who used wheat straw nanofibers in combination with a starch-based thermoplastic in 2007%.
The CNF used were prepared with both a chemical and mechanical treatment and determined to
have dimension of 10-80 nm in width and a few microns in length. Due to the similar composition
of starch and cellulose, no compatibility problems were encountered, and scanning electron
microscopy (SEM) showed a good dispersion of the fibers in the thermoplastic matrix. Tensile tests
were used to demonstrate the improvements in mechanical properties and the tensile modulus was
increased by up to 145% using 10% of nanofibers, showing a good tress transfer from the matrix
to the reinforcement. The storage modulus also increased significantly, going from 112 MPa to 308
MPa, again with 10% nanofibers. Lastly, the glass transition temperature was also measured and
was seen to increase with the addition of the CNF, which could be attributed to the interfacial
interactions between the matrix and the filler. This work shows the potential for nanocellulose as
reinforcement when there is no compatibility issues with the polymer and the fibers are well

separated and dispersed?’.

Because of the limitation of using only polymers readily compatible with polysaccharides, some
work has been done on trying to circumvent that restriction. An idea that was explored was the use
of surfactant, which are used to reduce the interfacial energy at the interface between the polymer
matrix and the reinforcing fiber. In the work of Bondeson and Oksman, a PLA composite was
produced by extrusion in the presence of cellulose nanocrystals and acid phosphate esters referred
to as Beycostat A B209. This technique proved to have few challenges, as the surfactant used was
not completely miscible in the melted PLA and was also a source of PLA degradation at higher
concentrations. In spite of this, some interesting results were shown with this method, most notably
the increase of tensile modulus in the presence of CNCs was negligeable going from 2.65 GPa to
2.69 GPa, but adding 5% of surfactant increased it further to 3.10 GPa. When increasing the amount
of surfactant used, elongation at break decreased at first from 19.5 to 3.1%, but increased above
100% when using 20% of surfactant. Dynamic mechanical analysis (DMA) also showed a decrease

of the softening temperature under these conditions'”>.
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Figure 25: Extreme high resolution scanning electron microscopy (XHR-SEM) micrographs cryo-fractured cross
sections of (A) CAB matrix and its nanocomposites with (B) wt%, (C) 12wt% CNCs (D) a detailed view of the
nanocomposites with 12wt% CNCs. Reprinted from Publication Composites Science and Technology, 71, Gilberto
Siqueira,Aji P. Mathew, Kristiina Oksman, Processing of cellulose nanowhiskers/cellulose acetate butyrate
nanocomposites using sol—gel process to facilitate dispersion, Pages No. 7, Copyright (2022), with permission from
Elsevier.

Another great example of nanocellulose-based composite was presented by Siqueira et al. in
2011'7#, Cellulose acetate butyrate (CAB) was prepared by a sol-gel process which acted as a
solvent exchange method to eliminate water. With this method, a mixture in ethanol of CAB
(dissolved) and CNC gel could be obtained. After dispersing the nanocrystals, the suspension could

then be cast into a Petri dish to obtain films after evaporation in a vacuum oven. Three different
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films were made with 3, 6, 9 and 12% CNC content, and ultra-high resolution SEM was used to
show the dispersion of the nanofillers in the CAB films and differences in appearance to the neat
CAB film. Traces of the fillers could be seen in the form of small white dots which increased in
number with the concentration of the filler (Figure 25). This showed that the nanocrystals could
be dispersed successfully in the matrix without the need for surface modification or surfactant in a
non-hydrosoluble polymer. Stress-strain measurements were conducted and showed a significant
increase of the strength of the material with increasing cellulose content, with a maximum for 9
wt% filler content at 8.7% vs. 5.4% neat CAB. As for the Young’s modulus, an increase from 1.26
GPa to 2.30 Gpa was observed. It was noted that the transparency of the material was not affected,
making this method an interesting option to obtain clear high stiffness and strain at break

materials'’4.

1.4.2.Surface grafting

To increase the range of polymers that can be reinforced with polysaccharide nanofillers, a surface
grafting approach has also been explored by many research groups, with the potential to obtain
very high compatibility between the filler and the polymer matrix by grafting polymer chains of
similar nature on the filler. Different approaches can be used to obtain grafts, the most common
methods being the “grafting onto” and the “grafting from” for the modification of polysaccharides.
In the “grafting onto” method, an already synthesized polymer, usually end-capped with a reactive
group, is attached onto the polysaccharide backbone using the surface hydroxy group (Figure 26).
Prior modification of the surface hydroxy can also be done to give access to other types of
chemistry and potentially increase the reactivity. This method’s main advantage is the ability to
control the chain length of the polymer grafts onto the polysaccharide backbone. However, this is
not the preferred way of obtaining grafted polysaccharides as the steric hindrance created by the
grafted chain can limit the availability of other reactive groups on the surface, therefore yielding a

low grafting density!”>.

An example of such grafting reaction was reported by Thielemans et a/l. in 2006 in which starch
nanocrystals were grafted with either stearic acid chloride using triethylamine, or poly(ethylene
glycol) methylether (PEGME) chains using a tin catalyst. The modified starch showed interesting
results, in particular in contact angle measurements with water. An angle of 35° was measured for

the unmodified starch, whereas the contact angle for stearate grafted starch and PEGME grafted
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starch were 102° and 66° respectfully. Sufficient grafting was characterized by Xray photoelectron
spectroscopy (XPS) and Fourier-transform infrared spectroscopy, and the crystallinity of the starch
was not affected as determined by X-ray diffraction. Interestingly, stearate moieties were shown to
form a crystalline shell around the starch, resulting in a hydrophobic shell around the hydrophilic
starch core. The PEGME-starch structure was different, most likely due to the stronger interactions
between the graft and the starch as noted by the authors. Both modifications lead to a clear
modification of the surface properties of the starch nanoparticles due to the reduction in hydrogen
bonding between starch molecules!’s.

Grafting Onto vs Grafting From
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Figure 26: Schematic representation of the "grafting onto" and “grafting from” method of surface modification of
polysaccharides.

Another approach to grafting polymer chains onto polysaccharides is to use a “grafting from”
process. In this method, the polymer is formed in the presence of the polysaccharide which
commonly acts as the initiator for the polymerization (Figure 26). Similarly to the “grafting onto”
method, a modification of the polysaccharide surface OH can be done to allow for different
polymerization methods to be used. Due to the growth of the polymer chain on the surface, the
steric hindrance encountered in the “grafting onto” method is usually not as prominent as long as
the rate of initiation if much faster than the rate of propagation (i.e. all chains grow at the same

time). This can therefore yield a fairly high polymer graft density*!”’.
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Reagents and conditions :
(a) 2-bromoisobutyrylbromide, Et,N, DMF, 24h, 70C
(b) [styrene]:[EBIB).[CuBr]:[PMDETA] = 100:1:0.5:0.5, anisole (50% v/v), 100C

Figure 27: Synthesis of Polysaccharide Nanocrystals-g-polystyrene by ATRP. Reprinted (adapted)
with permission from: Morandi, G.; Heath, L.; Thielemans, W. Cellulose Nanocrystals Grafted with
Polystyrene Chains through Surface-Initiated Atom Transfer Radical Polymerization (SI-ATRP).
Langmuir 2009, 25 (14), 8280-8286. Copyright (2022) American Chemical Society.

In 2009, Morandi et al. employed a “grafting from” approach to functionalize cellulose
nanocrystals with polystyrene chains. Atom transfer radical polymerization (ATRP) was employed

for this grafting reaction, and allowed for a good control of the polymerization®. After an extra step
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of modification to introduce bromide moieties on the surface (about 35% of the surface hydroxy
were modified), copper bromide was used along with styrene, anisole, ethyl-2-bromoisobutyrate,
and N,N,N',N',N"-pentamethyldiethylenetriamine (PMDETA) to start the polymerization (Figure
27). By following the kinetics of the reaction and analyzing the non-grafted polymer produced in
SEC, the controlled character of the reaction was confirmed. FT-IR, XPS and elemental analysis
(EA) confirmed the presence of grafts after purification and showed a quantity of grafts on the
surface of the nanocrystals of up to 20 wt%. Water contact angle measurements showed a good
coverage of the PS layer with an angle of 94° vs. 43° for the unmodified cellulose nanocrystals.
Lastly, the modified cellulose showed great results for the absorption of 1,2,4-trichlorobenzene,

making it potentially interesting for some specific applications®.

Ring-opening polymerization is also commonly used for “grafting from” modification of
polysaccharides, in particular due to its use with bio-based and/or biodegradable monomers. It is
for this very reason that poly(e-caprolactone) in combination with cellulose has gained some
attention, with the potential to create an all biodegradable composite material. Lonnberg et al.
reported the grafting of PCL on cellulose nanofibrils, called microfibrillated cellulose (MFC) in
this case!’®. This nanocellulose was obtained from bleached sulfite softwood pulp and had a
carboxymethylation pretreatment leading to a degree of substitution of 0.089, and was then
suspended in acetone, then toluene by solvent exchange. This reaction was performed using tin
octoate Sn(Oct), at 2 wt%/monomer and in the presence of a small quantity of BnOH.
Bionanocomposites were produced with a PCL of 80,000 g.mol™! mixed with different quantities
of unmodified and modified CNF in THF, then dried and pressed in a hot plate to obtain different
films. Various grafting contents were reported (22, 30 and 78%), and improved dispersibility in
organic solvent (namely THF) was observed with increasing PCL content. Mechanical tests of the
composites were performed and at a low CNF content (3 wt%), PCL-grafted CNF showed a much
better retention of the ductility of PCL than their unmodified counterpart which showed very low
elongation before breaking (Table 3). The elastic modulus also increased for the composite
compared to neat PCL, regardless of the grafting of CNF. At higher CNF loading (10 wt%),
elongation at break dropped significantly for all cases, but composites with grafted CNF had a
slightly higher elongation at break. Interestingly, elastic modulus was this time affected by the
grafting of the filler, and the best result was achieved with the most grafted CNF (78%).
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Table 3: Mechanical data from tensile tests of PCL composite reinforced with unmodified and PCL-grafted CNF. Data
from the work of Lonnberg et al., 2011.

Composite CNF content Maximum stress Elongation at break Elastic modulus
(Wt%) omax (MPa) (%) (MPa)

PCL 22+43 880 + 200 190 + 18
unmodified CNF 3 17+0.1 16.1+2.5 256 £24
PCL-grafted CNF (28 wt%) 3 21+1.2 690 £ 71 229+ 16
PCL-grafted CNF (70 wt%) 3 20+2.5 435+ 270 257+ 14
PCL-grafted CNF (78 wt%) 3 22+23 495 £ 150 230+ 3.4
unmodified CNF 10 18+ 1.1 13.2+3.2 260 + 42
PCL-grafted CNF (28 wt%) 10 20+0.2 169+£23 287 £ 34
PCL-grafted CNF (70 wt%) 10 24+0.8 21.2+44 276 + 24
PCL-grafted CNF (78 wt%) 10 27+0.7 183+£1.2 326 +£29

Despite all of the examples described above as well as many more found in the literature!’> all
using metal-based catalyst, work has also focused on the use of organocatalysis to obtain similar
materials. As described previously metallic species can be difficult to remove from the final
material, and sometimes have to be used in rather high amount (2 wt%) for the grafting on
polysaccharide to be successful. In addition, many metallic catalyst are very sensitive to water,
which makes their use with polysaccharide difficult due to their hygroscopic nature. In comparison,
the use of a naturally occurring and benign acid has been reported for the ROP of caprolactone on
CNCs by Labet et al. in 2011'°. In this work, the effect of different parameters on the grafting
reaction was studied in order to optimize it, an aspect sometime neglected of the grafting of
polymers on cellulose in favor of studying the material obtained. With optimized parameters, a
grafting content of up to 58 wt% PCL could be obtained (determined by EA) using citric acid, and
the success of the reaction was also confirmed by FT-IR and XPS. Water contact angle
measurement were also performed and showed the increase in hydrophobicity of the modified
CNCs with increasing graft length, going from 40° for unmodified CNCs to more than 70° with
60% PCL. This work showed that with some optimization, a high amount of grafting could be
achieved with no solvent and a natural, benign acid, proving that organic catalysis can sometime

achieve similar results to that of metal catalysis, or even better ones'*®.

While cellulose is one of the most popular polysaccharide, chitosan has also been functionalized
by surface polymer grafting. One such example is the work of Feng and Dong in 2006 who used

ROP as a way of grafting poly(e-caprolactone) on chitosan'>!. For this reaction, water was used as
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a swelling agent and DMAP was selected as the catalyst of choice. High amounts of grafts were
obtained, with an increase of up to 400% by weight, and interestingly, FT-IR and 'H-NMR showed
a high selectivity for the amino groups as the hydroxy groups were reported not to participate in
the initiation of the reaction. Wide-angle X-ray diffraction was used to determine the crystallinity
of the modified chitosan and it was shown that in these conditions, the PCL grafts limited the ability

of the chitosan backbone to form crystalline structure, and that the grafts themselves were purely
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Figure 28: Chemical structure of B-cyclodextrin

Better described as an oligosaccharides rather than a polysaccharide, cyclodextrins (Figure 28)
have also been used for “grafting from” polymerization as was described in the work of Miao et
al. in 2011. In this study, DMAP was employed as the organic catalyst of lactide ROP. Due to the
particular structure of the cyclodextrins, star shaped polymers could be obtained with a controlled
degree of polymerization. The different hydroxy groups of the cyclodextrin could also be
selectively protected to control the number of growing chains on the surface of the carbohydrate.
Moreover, the reaction could be performed in bulk, with relatively short reaction time (30 minutes)
and a low dispersity (<1.1), and showed results superior to those of similar reactions performed

with Sn(Oct),. In addition, this work shows that due to their different reactivity, organic catalyst
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can open the door to never obtained before material, as this work was the first report of a -
cyclodextrin modified on all 21 positions, showing interesting perspective for the use of such

systems with polysaccharide such as cellulose!*,

While much less studied than polyester, polycarbonates have also been used to graft polymers on
the surface of polysaccharides. For example, starch granules were successfully grafted with
trimethylene carbonate moieties as reported by Samuel ez al. in 2013. In a one step process, PTMC
was synthesized in the presence of starch particles with the help of an organic catalyst such as TBD
or phosphazene bases. High conversion of the monomer could be obtained with the organic catalyst
within 20 minutes and with a very low catalyst concentration. In comparison, similar reactions
performed with Sn(Oct). did not lead to the conversion of TMC under the same conditions. A low
degree of substitution was calculated (0.9% for the highest), likely due to the reactivity of only
surface OH, and the DP calculated of the PTMC graft ranged from 2 to 12 which was attributed to
the presence of propane-1,3-diol (PPD) formed by TMC hydrolysis. Nonetheless, the modified
starch particles showed a good dispersion when used in a PTMC matrix as shown by SEM, and
retained their spherical shape showing the compatibility of the two phases. Due to the
biocompatibility of PTMC, such material produced in a simple one step process, using an organic

catalyst, have the potential to be suited for many applications'°.

PTMC grafts were also reported on the surface of cellulose by Pendergraph et al. who performed
the polymerization of TMC using TBD and DBU as catalysts. In this work the polysaccharide used
were cellulose fibers in the form of a filter paper. The polymerization occurred readily and high
conversion was obtained, very quickly with TBD which showed a much higher reactivity and
reached full conversation under 10 minutes. Water contact angle measurement were performed on
the modified filter paper, and an increased hydrophobicity after surface grafting was shown. SEM
images were used to observe the filter paper post reaction, and a smoother and less porous surface
was observed when compared to the unmodified filter paper. Due to the biocompatibility of TMC,
easy and quick grafting method on the surface of cellulose without any metal impurities could be

relevant for biomedical application.

As demonstrated by some of the work than has been reported in the literature, there is a clear
potential and demand for polymer-grafted polysaccharide surfaces and particles. Moreover, much

of the work done on the surface modification of polysaccharide by polymer grafting has been done
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using metallic species, and organic catalysis has showed to be a viable alternative for all the reasons
mentioned before such as ease of removal, mild operating conditions, and different reactivity.
However, some aspects of these reactions such as the influence of different parameters are still not
well understood and reported, and a thorough study of the chemistry and methodology for the
synthesis of such materials is often overlooked. In particular, while polyesters have been well
studied, polycarbonates have received much less attention despite their high potential for many
applications due to sharing a large number of advantages with polyesters of interest. Therefore,
producing nanofillers grafted with polycarbonate moieties would be interesting to obtain new
composites, as this has never been done before with aliphatic polycarbonates. Due to the multiple
advantages it presents, organocatalysis would be preferred for such reactions. Trimethylene
carbonate, the most simple of the six-membered cyclic carbonates, seems like a natural choice for
this type of work. The mechanism behind the polymerization of this monomer with organic bases
has also not been determined by quantitative study before, therefore DFT could provide useful
information. Lastly, very little work has been done on the grafting of copolymer on nanocellulose,

and surface initiated ROP copolymerization has yet to be studied.
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II.

Materials and Methods

In order to avoid redundancy between different chapters, all of the materials, methods,
characterization techniques and details regarding calculation have been put into this chapter
together. Some products may have been obtained from different suppliers and used differently in

some parts due to the collaborative nature of the work done between the two research teams.

I1.1. Materials
II.1.1. Cellulose

Cellulose nanofibrils were obtained from SAPPI and received as a 1% suspension in water and
were used as the initiator for the reaction. This product is available commercially under the brand
name Valida. CNFs were first frozen using liquid nitrogen, and then freeze-dried for four days at -
56 °C with a Thermo Heto PowerDry PL6000, under a vacuum of 2 mbar. After lyophilization, the
CNFs were Soxhlet-extracted with ethanol for 24 hours to remove any impurities adsorbed on the
surface of the cellulose fibers'””. The CNFs were subsequently dried at 40 °C for 24h, under

vacuum at around 3 mbar.

Cotton nanocrystals were prepared by acid hydrolysis of cotton wool for 35 min at 45 °C in a 64

181 Deionized water was used to wash the

wt% aqueous H2SOg4 solution while stirring constantly
resulting suspension by three successive centrifugations at 10,000 rpm and 10 °C for 40 min,
replacing the supernatant with deionized water each time. Dialysis under continuous tap water flow
was then used to remove residual free acids and neutralize the CNCs. After 48 h, the pH of the
eluent was checked to be neutral and a homogeneous dispersion of cotton nanocrystals in water
was obtained using a Branson sonicator at 10% amplitude for 2 minutes. The dispersion was
subsequently filtered over a fritted glass filter no. 2, and stirred overnight with Amberlite MB-6113
resin to remove non-H3O" cations. The dispersion was sonicated one last time, frozen in liquid
nitrogen, and freeze-dried using a Heto PowerDry PL6000 apparatus from Thermo Scientific under
a vacuum of 2 mbars. In addition to this procedure commonly followed in the literature to prepare
cellulose nanocrystals, a further purification was performed to remove surface adsorbed impurities
onto the nanocrystal surface!%®. After freeze-drying, the cotton nanocrystals were Soxhlet extracted

for 24h using ethanol as a solvent. The nanocrystals were subsequently dried in a vacuum oven

(0.5 bar) at 50 °C and then dried further under ultra-high vacuum (Pfeiffer DCU 100) at 10 bars
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for up to five days. The glassware used for the drying process was then tightly closed, filled with
argon, and stored in a glovebox.

II.1.2. Solvents

Chapter 3: Dichloromethane (analytical reagent grade) was obtained from Van Waters Rogers
(VWR) and used as both the reaction solvent and for purification, acetone and ethanol (technical

grade) were purchased from Acros Organics and were used for purification.

Chapters 4, 5, and 6: dichloromethane and ethanol (analytical reagent grade) used for purification
were obtained from Carlo Erba. Dichloromethane, toluene and tetrahydrofuran (THF) used in

reactions were obtained from Sigma Aldrich and purified through alumina column (Mbraun SPS).

I1.1.3. Catalysts

4-Dimethylaminopyridine (DMAP, 99%) was purchased from Sigma Aldrich and used as received
for the work presented in Chapter 3, and purified as described in paragraph I1.2 for the rest of the

work.

2-tert-Butylimino-2-diethylamino-1,3-dimethylperhydro-1,3,2-diazaphosphorine (BEMP, 98%)

was obtained from Acros Organics.

N,N,N',N',N",N"-hexamethyl-N""-[N-(2-methyl-2-propanyl)-P,P-
bis {[tris(dimethylamino)phosphoranylidene]amino } phosphorimidoyl|phosphorimidic  triamide
(tBuP4, 0.8M in hexane ) was provided by Sigma Aldrich.

1,8-Diazabicyclo[5.4.0]lundec-7-ene (DBU, 99%) was bought from Alpha Aesar and 1,5,7-
triazabicyclo[4.4.0]dec-5-ene (TBD, >98%) from TCI.

BEMP, tBuP4, DBU and TBD were introduced, opened, and stored in a glovebox and used as

received.

II.1.4. Reagents
Rac-Lactide (rac-LA) was obtained from Fisher Scientific (99%) and used as received.
Benzoic acid (99%) was obtained from Sigma Aldrich and used as received.

L-lactide (L-LA) monomer (assay > 99.5% and water content < 0.02%) was provided by Purac

Biochem (Netherlands) and stored into a glovebox to avoid moisture and used as received.
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Trimethylene carbonate (TMC, 99.5%) was purchased from Actuall Chemicals and purified by
recrystallisation as described in paragraph I1.2. Sulfuric acid (97%) was obtained from VWR and
calcium hydride was purchased from Acros Organics. Cotton wool was obtained from Fischer

Scientific.

e-Caprolactone (CL) (99%, Acros Organics), od-valerolactone (VL) (98%, TCI), methyl
methacrylate (MMA) (99%, Fisher scientific), and benzyl alcohol (99%, Sigma Aldrich) were all

distilled over calcium hydride and stored in a glovebox before use.

I1.2. Purification

Recrystallisation of TMC

In a double Schlenk tube with a central filter, trimethylene carbonate (99%) was added into one
side as well as calcium hydride and a stir bar. The system was then closed, placed under vacuum
and filled with argon. The vacuum/argon process was repeated three times to ensure an inert
atmosphere was achieved. THF was then added through a rubber septum, and the monomer,
calcium hydride and solvent mixture were stirred at 40 °C for 48 hours. The dissolved monomer
was then poured through the central filter into the second Schlenk tube to be recrystallized in an

ice bath. The solid obtained was dried under vacuum, and then placed in a glovebox for later use.
Purification of DMAP

DMAP was placed under an inert atmosphere in a Schlenk tube after which dry toluene was added.
The mixture was heated to 85 °C under vacuum to remove water by azeotropic distillation. Once
all the toluene was evaporated, the process was repeated twice, then DMAP was left under vacuum
to dry overnight. The dry DMAP was transferred into a sublimation apparatus inside the glovebox,
which was then taken out and placed into an oil bath at 85 °C. Liquid nitrogen was placed inside
the cold finger (glassware), and DMAP was put under vacuum. Once sublimation was over, all of
the glassware was put in the glovebox, and the catalyst was removed from the cold finger, collected,

and stored inside the glovebox.
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I1.3. Polymerization methods

Surface-initiated ring-opening polymerization (SI-ROP) from Ilyophilized cellulose

nanofibrils (Chapter III)

Surface modification of the freeze-dried CNFs was performed in a 100 mL three-necked round
bottom flask under an inert atmosphere (argon) while stirring continuously. First CNFs and rac-
lactide were introduced in the flask, placed under vacuum, and flushed with argon for 15 minutes.
Molar ratio of initiator were calculated considering one primary hydroxy group per glucopyranose
unit (162 g.mol™!)!”’. Then dichloromethane (DCM) was added and the mixture was left to stir for
another 15 minutes. Finally, DMAP was introduced and the mixture was heated to 35 °C. A
condenser was connected to the round bottom flask to avoid gas build-up and pressure increase in
the flask. For all those reactions, the temperature was set to 35 °C, and the monomer/OH ratio was
set at 30/1, considering one available OH per glucopyranose unit. The catalyst loading was

gradually increased from 0.5 eq to 5eq/OH.
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Figure 29: Surface-Initiated Ring-Opening Polymerization (SI-ROP) of rac-Lactide from the surface of cellulose
nanofibrils using 4-dimethylaminopyridine (DMAP) as catalyst and dichloromethane (DCM) as solvent.

After 48 hours, the reaction mixture was filtered over a cellulose Soxhlet extraction thimble and
purified by Soxhlet extraction with dichloromethane for 24 hours to remove non-grafted polymer.
An additional Soxhlet extraction with ethanol was performed for 24 hours to remove DMAP from
the surface of cellulose. The modified nanofibrils were subsequently dried under vacuum for 24
hours at 40 °C and a pressure of 3 mbar. The reaction scheme for SI-ROP is presented in Figure

29.
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SI-ROP from never-dried CNF dispersion (Chapter III)

A known amount of 1 wt% CNF/H,O dispersion was poured in a 1L round bottom flask and mixed
with an equal part of ethanol. The resulting suspension was filtered through a large cellulose
Soxhlet extraction thimble and purified by Soxhlet extraction with acetone (8h) to remove water
from the cellulose. The CNF were then further purified by Soxhlet extraction with ethanol (24h)
and then with DCM (6,5h). Care was taken to always keep the CNF in the extraction thimble in a
wet state to avoid drying-induced aggregation. The cellulose nanofibrils obtained were then mixed
with additional DCM to obtain a 1% suspension of CNFs in DCM. Surface modification of
cellulose was performed in a 100 mL three-necked round bottom flask under inert atmosphere
(argon) while stirring continuously. Catalyst (DMAP, DBU or TBD) was first introduced in the
flask connected to a condenser and flushed with argon for 15 minutes. Ten mL of the cellulose
dispersion in DCM was then added and stirred with the catalyst to allow it to adsorb to the surface
of cellulose. Molar ratio of initiator were calculated considering one primary hydroxy group per
glucopyranose unit (162 g.mol™)!”’. Five mL of pure dichloromethane was then added to the
mixture, followed by rac-lactide. During all these experiments, the temperature was tested between
25 °C and 39 °C, the monomer/cellulose ratio was in a range between 1/1 to 30/1. The catalyst
loading was in a range of 0.5 eq to 3 eq/OH. The reaction was subsequently heated to the desired

reaction temperature and stopped after 24 hours.

The mixture was first filtered through a cellulose Soxhlet extraction thimble and then purified by
DCM Soxhlet extraction for 24h to remove non-grafted polymer formed during the reaction.
Another 24 hours, an ethanol Soxhlet extraction was then carried out to clean cellulose of all the
impurities still on its surface, especially catalyst traces. Finally, the solid was dried under
vacuum at 40 °C and a pressure of 3 mbar for 24 hours. Non-grafted polymer was recovered from

the dichloromethane Soxhlet extraction and dried for SEC and NMR analysis.
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Ring-opening polymerization on CNC surface (Chapter V)
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Figure 30: General reaction scheme of the ring-opening polymerization of cyclic esters (or carbonates) co-initiated by
the hydroxy groups present on the surface of cellulose nanocrystals and catalyzed by an organic base.

All experiments were carried out under inert atmosphere and prepared in a glovebox unless stated

otherwise.

In a typical reaction, a stirring bar was placed in a small glass tube reactor, along with a specified
amount of CNCs. Molar ratio of initiator were calculated considering one primary hydroxy group
per glucopyranose unit (162 g.mol™)!””. THF (2 mL) was added as well as monomer(s) and the
mixture was stirred for 30 minutes to disperse the CNCs and solubilize the monomer(s). The
catalyst was then added while stirring and the reactor was taken out of the glovebox and placed in
an oil bath set at a given temperature. After the desired duration, the reaction was quenched using
benzoic acid and dichloromethane addition, and the mixture was filtered through a Soxhlet
extraction thimble. A sample of the filtered crude mixture was taken for 'H NMR analysis, and the
modified CNCs were purified by Soxhlet extraction twice, first with dichloromethane (24 hours),
and then with ethanol (24 hours). The modified nanocrystals were then dried under vacuum on a

Schlenk line (< 1 mbar) for 24 hours.

The non-grafted polymer produced as a side reaction was recovered from the first Soxhlet
extraction mixture after evaporation of the dichloromethane and precipitated in cold methanol. The
methanol was then filtered and the polymer obtained was dried under vacuum on a Schlenk line (<

1 mbar) for 24 hours.
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Ring-opening copolymerization on CNC surface (Chapter V & VI)

Copolymer-grafted CNCs were made using TMC and a variety of lactones. To obtain these
modified CNCs, three different methods were used.

Multistep block copolymer grafting

To obtain these modified CNCs, multiple polymerization reactions were done, with a complete

purification and characterization after each of them.

The first reaction was a grafting of PTMC on the surface of the CNCs carried out as described in
the previous section. The purified modified CNCs were analyzed, then dried under ultra-high

vacuum at 107 bars for up to five days. The dried modified cellulose was then stored in a glovebox.

The second reaction was carried out using the same general procedure described in the previous
section. For this reaction, molar ratio of initiator were still calculated based on one primary hydroxy
per glucopyranose unit (162 g.mol™!), however graft wt% of the modified cellulose used as the
substrate was taken into account. As an example, 100 mg of modified CNCs grafted with 60 wt%
polymer would therefore be considered only 40 mg of cellulose, corresponding to 0.24 mmol of
glucopyranose unit and primary hydroxy. Calculation aside, the reaction, purification and analyses

were carried out as described in the previous section.

Statistical copolymer grafting

These modified CNCs were obtained using the same polymerization method described in the
previous section, but multiple monomers were added at the same time during the initial
solubilization in THF step. The rest of the procedure was carried out as described in the previous

section.

Block copolymerization grafting

This third method to obtain block copolymer grafts on CNCs differs from the first one as this
procedure was done as a “one pot” reaction using a sequential addition of monomers. The first
polymerization was carried out using the same general procedure described previously. After the
desired amount of time was reached, the glass tube reactor was re-introduced into the glovebox

rather than quenching. More THF (2 mL) was added to help solubilize the mixture, which was left
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stirring for a minute. Then, an addition of the second monomer to the mixture was done. The rest

of the procedure was carried out as described in the previous section.
Ring-opening polymerization of trimethylene carbonate

TMC, the catalyst of choice, and 2 mL dichloromethane were added in a glass tube reactor and let
at room temperature for a desired duration. The reaction was then quenched with a solution of
benzoic acid in dichloromethane. The resulting product was precipitated in methanol, filtered and

dried for 24 hours under vacuum.
Depolymerization of polymers grafted on the surface of CNCs

In a Schlenk tube, 100 mg of polymer-grafted CNCs and 5.45 mg TBD were introduced and placed
under vacuum at 1 mbar for about 1 minute. The tube was then filled back with argon, and then put
under vacuum once more. The vacuum-argon cycle was repeated for a total of three times. Dried
toluene was then added to the tube and the mixture was heated and stirred at 110 °C. The reaction

was stopped after the desired duration by addition of an excess of benzoic acid.

I1.4. Characterization techniques

Elemental composition (C, H, N, and S) was measured with a Thermo Scientific FLASH 2000
elemental analyzer (EA), using about 1 mg of dry sample. The standard used for calibration was
2,5-bis(5-tert-butyl-2-benzo-oxazol-2-yl)thiophene (BBOT, FElemental Microanalysis, UK.
Vanadium pentoxide was used to aid sulphur determination. All values reported are the average of

three measurements (or two in case of an outlier).

Thermogravimetric analysis (TGA) was performed using a Netzsch TG 209 F3 Tarsus. Around 2
mg of sample were placed in an aluminum-(III)-oxide pan and heated from 30 to 600 °C at a ramp
rate of 10 °C/min under argon flow. Water content of the various samples was determined as the
difference between the initial mass and the stabilized mass around 100 °C. The determined water
content was taken into account in the determination of the level of surface modification to correct

H content based on elemental composition results in line with our earlier reported procedure'®?.

Infrared spectra were measured using a Bruker ALPHA Fourier-transform Infrared Spectroscopy

(FT-IR) spectrophotometer. Measurements were carried out in attenuated total reflection (ATR)
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mode with a diamond-ATR. Spectra were acquired as the sum of 16 scans over a frequency ranging

from 4,000 to 400 cm™.

X-ray photoelectron spectroscopy (XPS) was carried out by Samuel Eyley from KU Leuven
(Belgium). Surface-sensitive analysis of modified nanocellulose was carried out by XPS on a
Kratos Axis Supra photoelectron spectrometer using a monochromated Al Ka (hv = 1486.7 eV, 5
mA) X-ray source, hybrid (magnetic/electrostatic) optics, and a hemispherical analyzer with a pass
energy of 160 eV for survey spectra and 20 eV for high resolution spectra. Analyses were
performed on cellulose disk obtained by pressing the samples under six bars. Spectra were acquired
under charge neutralization conditions using an electron flood gun within the field of the magnetic
lens, and were charge corrected to aliphatic carbon at 285.0 eV. Spectra were processed in
CasaXPS with Tougaard 2-parameter backgrounds used for integration and LA(a, m) lineshapes
corresponding with a Voigtian function with Lorentzian exponent o and Gaussian width m used
for fitting high resolution spectra. Empirical relative sensitivity factors supplied by Kratos

Analytical (Manchester, UK) were used for quantification.

Size Exclusion Chromatography (SEC) was carried out by Aurélie Malfait from the University of
Lille (France). The number-average molecular weight (M,) and the dispersity (Pwm) of the crude
product were determined by SEC in tetrahydrofuran (THF) at 40 °C at a flow rate of 1 mL.min™".
Sample concentration was of 2g/l, M, and Pm were determined from the Refractive Index (RI)
signal using a calibration curve based on polystyrene (PS) standards from Polymer Standards

Service on a Waters apparatus equipped with Waters Styragel columns HR2, HR3, HR5 and HRSE.

NMR was used on some crude product after reaction to characterize the non-grafted polymer
formed and evaluate the presence or not of unreacted monomer. 'H NMR spectra were recorded
on AVANCE III HD 300 Bruker spectrometer (7.1 Tesla) at room temperature in deuterated
dimethyl sulfoxide or deuterated chloroform (0.6 mL). The main signals used for the determination

of conversion for PTMC characterization are the following:

PTMC ('H, CDCl3): 4.45 (t, 4H, CH,OCOOCH,CH> - monomer), 4.23 (t, 4H, -OCH,CH>CH>OCO
- polymer), 2.14 (qi, 2H, CH,OCOOCH2CH; - monomer), 2.04 (qi, CH,OCOOCH>CH2 - polymer)

Additional NMR spectra to be used as reference are provided in annex VIIL.2.
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Contact angle measurements were performed with water on a DSA 100 apparatus (KrEuss GmbH),
placed on top of an antivibration table (Micro 60, Halcyonics). An ultrapure water droplet with a
volume of 100pL was dispensed by a piezo dozer. During the experiment, images of the droplet
profile were recorded and the resulting image was analyzed using a Young—Laplace profile. The
samples were prepared as follows: the CNCs were placed in a die between two optically polished
pellets. The die was pressed at 10 bars using a KBr press, resulting in a smooth sample surface. No
liquid penetration into the sample was noticed during experimental determination of the contact
angle for the first 10 seconds after deposition, except for pure cellulose nanocrystals, for which the

contact angle was determined immediately after drop deposition.

Wide angle X-ray scattering (WAXS) was carried out by Samuel Eyley from KU Leuven
(Belgium). WAXS was performed on a Xenocs Xeuss 2.0 C laboratory beamline with a
monochromated copper Ka source, collimated with ultra-low dispersion optics to give a beam
diameter of 1 mm at the sample. The samples were mounted between two Kapton windows.

Scattering images were collected on a DECTRIS Eiger 1M detector.

Positive-ion Matrix assisted LASER Desorption/Ionization-Mass Spectrometry (MALDI-MS)
experiments were carried out by Julien De Winter from the University of Mons (Belgium). The
measurements were performed using a Waters QToF Premier mass spectrometer equipped with a
Nd:YAG laser operating at 355 nm (third harmonic) with a maximum output of 65 uJ delivered to
the sample in 2.2 ns pulses at 50 Hz repeating rate. Time-of-flight mass analysis was performed in
the reflectron mode at a resolution of about 10 k (m/z 569). All samples were analyzed using trans-
2-[3-(4-tert-butylphenyl)-2-methylprop-2-enylidene|malononitrile (DCTB) as a matrix. Polymer
samples were dissolved in THF to obtain 1 mg.mL"! solution. Additionally, 40 uL of 2 mg.mL"!

Nal solution in acetonitrile was added to the polymer solution.
I1.5. Grafting and conversion calculation
% Grafting content

Grafting percentage was evaluated using the mass fraction of carbon, hydrogen, and oxygen, and
comparing the elemental composition of unmodified and grafted nanocellulose. Water content,
determined by TGA, was taken into account for the mass fraction of O and H for every

measurement. Nitrogen content was measured, but only traces were detected, with values similar
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to the detection limit for the device. Moreover, modified NCs had a similar amount of nitrogen as
unmodified NCs, therefore it was considered negligeable for the purpose of calculating graft
content, and indicates the organocatalyst was removed from the modified samples by the

purification procedure.

Unmodified NC composition used for this calculation was provided by elemental analysis of the

starting product, while the following graft composition was used for each species:
PLLA composition: C¢HsO4 (50.0% carbon, 5.6% H, 44.4% O)

PTMC composition: C4HsO3 (47.1% carbon, 5.9% H, 47.0% O)

PVL composition: CsHgO2 (60.0% carbon, 8.0% H, 32.0% O)

PCL composition: C¢H1002 (63.2% carbon, 8.8% H, 28.0% O)

PMMA composition: CsHgO» (60.0% carbon, 8.0% H, 32.0% O)

The calculation used was similar to solving the following system of equation:

%Csample = X%Cpolym + Y% Cnc

%Hsample = X%Hpolym + Y%Hnc

Where %Csample, %0Cne, Y%Hsample, %0Hne were obtained by elemental analysis, and %Cpolym,

%Hpolym were known from their chemical composition.

This was done using a python script taking into account the measured elemental composition of
unmodified and modified NCs, as well as their water content as determined by TGA. The method
also took into account standard deviation of detected elements, and used a minimization matrix as

well.

Both EA and TGA were done at the same time to obtain an accurate value of the quantity of water
present in the sample that were analyzed at the time of the elemental analysis. The starting
nanocellulose was run through EA and TGA again for every series of measurement to obtain more

accurate results when comparing with the modified cellulose samples.
Conversion calculation

Conversion was calculated based on 'H NMR data and polycarbonate grafting described

previously.
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C = Myeacted / Myotal
C was the conversion, and mta the mass of monomer introduced at the beginning of the reaction
Mreacted Was the mass of reacted monomer and calculated using the following formula:

Myreacted = Mgrafied T Mnon-grafted polymer

Mgrafted Was the mass of monomer turned into grafts, and was calculated from the wt% grafts using

the following formula:
mgraﬁed = (mCNC X Wt%graft) / (100 - Wt%graft)

Using the crude sample after quenching, a “visible conversion” was calculated based on integration
of 'TH NMR spectra signals for TMC and PTMC. Using this, Muon-grafted polymer could be calculated

using the following formula:
Mnon-grafted polymer = (mtotal - mgrafted) X visible conversion
Grafting yield was calculated as the ratio of monomer grafted / monomer total.

I1.6. DFT methodological details

The DFT calculation work was done by Pr. Jodo P. Prates Ramalho from the University of Evora

(Portugal).

We adopt a simple model with methanol as initiator, trimethylene carbonate (TMC) as a cyclic
carbonate and TBD and DMAP as organocatalysts. All calculations in this study were conducted

with the Gaussian 16 program package'®’.

Geometries of the chemical relevant species were obtained by density functional theory (DFT)
from optimizations using the hybrid meta-GGA exchange—correlation functional M06-2X!84
together with the 6-31+G(d,p) basis set. In all calculations solvent effects were taken into account

1185

by using the SMD continuum solvation model > with the parameters of dichloromethane.

Frequency analysis confirmed optimized geometries as energy minimum by the non-existence of
imaginary frequencies or as transition states by the existence of a sole imaginary frequency that

links reactants and products along the reaction coordinate.
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The stability of the different species was established by calculating their Gibbs energy in solution
which were used to describe the reaction profiles. Due to the well-known limitations of the
harmonic oscillator model for low-frequency vibrational modes the thermal corrections were
calculated by means of the quasiharmonic oscillator approximation, with the vibrational
frequencies smaller than 100 cm™! being raised to 100 cm ™! 3¢, Atomic charges were calculate by

fitting the molecular electrostatic potential with the Breneman and Wiberg!®” CHELPG scheme.
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III. Organocatalyzed ring-opening polymerization of lactide from the surface of

cellulose nanofibrils

III.1. Introduction

After playing an important role in the advent of the chemical industry and being replaced by
petroleum-based alternatives, carbohydrate polymers have again regained an increasing amount of
attention. Polysaccharides have been the focus of a large amount of work as the biggest fraction of
renewable biomass, with cellulose being the most common biopolymer on the planet with an
estimated annual production of well over 10'° tons>*. Cellulose has many potential uses, and can

be made into nanomaterials such as cellulose nanofibrils (CNF)!88:18

and cellulose nanocrystals
(CNC)**!8%_ CNF are micron-length fibers that possess remarkable properties such as a high aspect
ratio (width of 4 to 20 nm, length of up to several microns), a high stiffness with a Young’s modulus
superior to 110 GPa, and a low density of 1.6 g/cm?,!"! capable of forming a network structure.
Unlike CNFs, cellulose nanocrystals do not contain dislocated non-crystalline sections as the
dislocated regions are removed during an acid hydrolysis, making their length smaller and
crystallinity higher'”!. Their high abundance, stiffness, and high aspect ratio make CNFs and
cellulose nanocrystals good candidates for use in composite materials as reinforcements®.
Moreover, nanocellulose can be produced at an industrial scale!®>!%*, Because of the lower aspect
ratio of CNCs when compared to CNFs, CNFs have a greater potential as reinforcing fiber and
impact modifier in composites'*, yet they have not received the same amount of attention as CNCs

when it comes to surface modification'®®

. Using CNFs and CNCs in polymer matrices comes with
a few challenges; the compatibility between hydrophobic polymer matrices and hydrophilic
cellulose is limited, and the dispersion of nanomaterials in polymer can be quite poor. This in turn
diminishes the achievable mechanical strength improvements of the composite material as these
depend on individualization of the reinforcing fibers. Hence, some research has been carried out
on the surface modification of nanocellulose to enhance their dispersibility and to improve the
compatibility of cellulose nanomaterials with hydrophobic polymer matrices. Their surface
hydroxy groups allow for a wide array of chemical modifications and these could thus be used to
change the nanocellulose surface energy to increase compatibility with polymer matrices'*®!’.

Examples of modifications reported in the literature include non-covalent modification such as

69



173,198

surfactant adsorption , but also covalent surface reactions such as sulfonation’®!"’,

200,201 202,203

oxidation , acetylation , etherification®*, silylation®®, and amidation®®.

The combination of a biodegradable, biocompatible, and bio-based polymer with CNFs could lead
to an all-biodegradable and biocompatible composite material made completely from renewable
materials. Polylactide (PLA), a polyester that can be obtained from 100% renewable sources, is
therefore an interesting candidate?”’. In addition, PLA is non-toxic and biocompatible, allowing it
to be used in many fields such as food-contact and biomedical applications®®®. Combining cellulose
fibers with PLA could thus lead to materials with a larger range of mechanical properties opening
up a wider range of possible applications than those now achievable 2?°. Using the same monomer
to graft on the cellulose as the polymer matrix should provide the best possible compatibility

between matrix and reinforcing fiber’.

Cellulose and other polysaccharides with PLA grafts have mostly been reported using a “grafting

fromaa approach 150,21&212, but 13

grafting onto” methods have also been used successfully to produce
similar materials®'. In the case of lactide and other similar cyclic monomers, the “grafting from”
approach makes use of ring-opening polymerization (ROP), using the polysaccharide hydroxy

)10 or 4-

groups as initiating sites along with a catalyst, often tin(II) octoate (SnOct,
dimethylaminopyridine (DMAP)'3%213, ROP reactions initiated from the surface of nanocellulose
have been performed in solution and in bulk under a wide variety of conditions'**?!3. A previous
report of PLA-grafted cellulose nanofibrils using the ‘“grafting from” approach and SnOct,

achieved a grafting of around 20w% of PLA?!!.

Metal-based catalysts, and in particular tin-based catalysts, have been used for a long time to
perform ring-opening polymerization of lactides, both for homogeneous PLA synthesis and for the
grafting from carbohydrates as described previously. However, some metal catalysts can be toxic,
requiring additional steps for removal implying an increased cost for sensitive applications such as
biomedical applications. Even these steps in general do not fully remove the metal catalysts in the

presence of cellulose, making trace pollution a potential problem?!*,

Organic catalysis is an interesting alternative to metal-based catalysis, as the use of small, easily
removed, organic molecules with different reactivities can be very beneficial to some applications.
In particular, this has been heavily investigated in the last few decades for the ROP of

lactide!"153215 A wide range of organocatalysts can be used including N-heterocylic carbenes®'S,
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150,213 141,167

pyridine-based compounds , guanidine , and nucleobases such as adenine?!’. Most of
these have received thorough studies for the ROP of lactide and were proven to be competitive

with metal-based catalysts.

While ROP of lactide initiated from polysaccharide hydroxy groups is well documented, and
organocatalyzed ROP has been studied in great details, the SI-ROP of lactide from nanocelluloses
catalyzed by an organic compound has not received as much attention. In addition, the surface
modification of cellulose nanocrystals has been reported more often than surface modification on
nanofibrils, with little work done on studying the influence of different parameters on the reaction
of polymerization initiated from nanocellulose surfaces. Where such studies have been carried out,
they proved to be quite valuable in bringing insights in the SI-ROP reaction of and enabled
optimization of the modification reaction'*°. Furthermore, while formation of non-grafted polymer
is also expected as trace water cannot be fully excluded from the reaction mixture, little is known
about the competition between water-initiated polymerization and polymerization from the
nanocellulose surface. We report herein an investigation of the influence of experimental
parameters on the grafting efficiency of lactides in the DMAP catalyzed CNF hydroxy groups

initiated ROP reaction to start developing the insights needed to optimize these reactions.

II1.2. Results and discussion

II1.2.1. SI-ROP modification of lyophilized CNF

Table 4: Ring-opening polymerization of rac-lactide initiated from the surface of freeze-dried CNF in the presence of
DBU/TBD in DCM for 48 hours at 35 °C.

Entry | Catalyst rac-Lactide / Catalyst/ OH[®l  Poly(lactide) grafting!™
(Wt%)
1 DBU 30/0.5/1 0
2 DBU 30/2.5/1 0
3 DBU 30/5/1 0
4 TBD 50/1/1 0
5 TBD 50/3/1 0
6 TBD 50/6/1 0
7 TBD 50/10/1 7
8 DMAP 30/0.5/1 6
9 DMAP 30/5/1 17

[a] Ratio calculated based on primary hydroxy group of CNF (1/glucose unit) [b] Determined by elemental analysis
(calculation based on hydrogen content (%H) and carbon content (%C)) and corrected for adsorbed water using TGA.
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The effect of reaction temperature, catalyst loading, and monomer-to-cellulose ratio on the SI-ROP
of lactide from the surface of freeze-dried CNF was investigated in order to optimize and control
CNF functionalization. The reactions were carried out in DCM for 48h at 35 °C. Some preliminary
work was done to test 1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU) and 1,5,7-
triazabicyclo[4.4.0]dec-5-ene (TBD) as catalyst for this reaction (Figure 31).

N N ~
N N
X
NT N/ N |
G
H N
DBU TBD DMAP
Figure 31: Chemical structure of DMAP, DBU and TBD.

As can be seen from Table 4, DBU did not provide grafted CNF, whereas TBD did, but only
reaching 7% with a large amount of catalyst. This could be attributed to the generally higher activity
of these catalyst, making the initiation and polymerization on residual water occur much faster,
therefore limiting the grafting. As opposed to DBU and TBD, DMAP leads to superior grafting
above 10% when using higher amount of it (5eq), but also led to grafted CNFs when using a small
catalyst loading (0.5eq). Therefore, DMAP was selected and further explored for the rest of the

experiments.

Table 5: Ring-opening polymerization of rac-lactide initiated from the surface of freeze-dried CNF in the presence of
DMAP in DCM for 48 hours at 35 °C.

Entry rac-Lactide / Grafted PLA
DMAP / OH 12! (Wt%)!
8 30/0.5/1 6
10 30/1/1 6
11 30/1.5/1 8
12 30/2/1 8
13 30/2.5/1 11
14 30/3/1 19
15 30/4/1 12
9 30/5/1 17

[a] Ratio calculated based on primary hydroxy group of CNF (1/glucose unit) [b] Determined by elemental analysis
(calculation based on hydrogen content (%H) and carbon content (%C)) and corrected for adsorbed water using TGA.
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At a fixed temperature and reaction time (35 °C and 48 hours), the PLA content of grafted cellulose
nanofibrils increased with the amount of catalyst, and reached a maximum for 3 equivalents of
catalyst per surface hydroxy group (Table 5). Water present during the reaction competes with
cellulose nanofibrils surface hydroxy groups to initiate the polymerization reaction, thus resulting
in non-grafted polymer formation. This side reaction is important due to the hydrophilic nature of
cellulose. It is further exemplified at DMAP amounts above 3 equivalents of the surface hydroxy
groups, where the grafted PLA content on the CNF dropped, indicating that a higher catalyst
amount leads to a faster initiation by water. In addition, DMAP has been reported to go through
both a nucleophile and a H-bond mechanism for the polymerization of lactide, and the nucleophile
mechanism occurs at higher loading of catalyst (>2 eq)'¢2. Therefore a ratio [CNF]/[DMAP] of 3
appears to be optimal for CNF surface modification. This catalytic ratio is in the range of values
reported in the literature for DMAP-catalyzed non-grafted polymerization of lactide and for the
ROP of lactide from polysaccharides!4%1>0:188,

-1

1754 cm

%A

\ 11 §

/ \
—— N \ i W
e = i e o o S

3200 2800 2400 2000 160
B
cm

0 1200 800 500

360

Figure 32: FT-IR spectra of cellulose nanofibrils (CNF) and modified CNF with different amount of grafting after purification
by Soxhlet extraction corresponding to entries in Table S.
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In addition to elemental analysis, successful modification was confirmed by FT-IR (Figure 32).
The spectra of the product closely resembled that of cellulose as expected. The appearance of a
band at 1754 cm™ is characteristic of polylactide stretching frequencies for v(C=0) and confirms
successful esterification on the CNF surface, as well as a signal at 1451 cm™ and 1090 cm™!, which
are typical for PLA'%?!'7. As shown in the magnification in Figure 32, the relative intensity of the
carbonyl signal in modified CNF increased with increasing amount of catalyst, reaching a
maximum for 3 equivalent of catalyst/surface hydroxy, in line with the trend observed for the
calculated amount of PLA obtained from elemental analysis (EA). This confirms the trend in
surface modification and the maximum amount of PLA grafted on the surface of cellulose for 3

equivalents of catalyst.
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Figure 33: Carbon 1s X-ray Photoelectron Spectroscopy (XPS) scan of modified cellulose
nanofibrils using different amounts of 4-dimethylaminopyridine.

X-ray Photoelectron Spectroscopy (XPS) gives even more information on the surface composition
and the chemical environment of the CNFs. In Figure 33, C1 is the aliphatic carbon contribution
at 285eV, which initially increases with the amount of catalyst used. C2 and C3 correspond to C-

O (at 286.41eV) and O-C-O (287.45eV) contribution respectively and both decreased with an
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increasing amount of PLA grafted on the surface of cellulose. C4 is the O-C=0 contribution visible
at 289.16eV, which increased with the amount of modification on the fiber in agreement with C1.
Both C4 and C1 are not present for unmodified cellulose, confirming modification after purification
of the CNF. All the positions reported for the different contributions are in agreement with earlier
reported results for poly(e-caprolactone) grafted on nanocellulose!””. XPS data thus confirmed the
results obtained by elemental analysis and FT-IR, with the most amount of modification detected

for 3 equivalents of catalyst.

II1.2.2. SI-ROP modification of never dried CNF

Using the results obtained from the previous experiments, a different protocol was tested using
never-dried CNF. Indeed, working with lyophilized CNF requires freeze-drying, giving CNF that
are more difficult to redisperse and that require the use of more solvent than never-dried CNF
suspensions to obtain a homogeneous reaction mixture. Therefore, different methods for preparing
CNF dispersions in DCM, from a 1% water dispersion, were tested. The results of the DMAP-
catalyzed ROP grafting reactions are reported in Table 6. This method gave a product that was
easier to characterize after drying (powder-like) and showed in general a superior quantity of PLA
grafting on CNF, particularly at lower amounts of catalyst (e.g. comparing entries 10 and 11 in

Table 5 to entry 10 in Table 6).

Using a ratio of lactide/CNF/catalyst of 30/1/3, two similar reactions were performed at 39 °C over
24h, one using freeze-dried CNF and the other never-dried CNF. After using elemental analysis
and thermogravimetric analysis (TGA), the grafting obtained from freeze-dried cellulose was 13%
(entry 16, Table 6), while never dried cellulose grafting reached 24% (entry 15, Table 6). As the
result found for never-dried cellulose was comparable to better grafting obtained using freeze-dried
cellulose over 48h, experiments using never-dried cellulose were performed over 24h. Using never-
dried CNF suspensions in DCM, we also investigated the effect of temperature, monomer amount,

and monomer/initiator ratio.
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Table 6: Ring-opening polymerization of rac-lactide initiated from the surface of never-dried CNF in the presence of
DMAP in DCM.

Entry T(°C) rac-Lactide/CNF Eq Grafted PLA
DMAP/CNF (Wt%)!
1 25 1 0.5 7
2 25 1 3 13
3 25 15 1.75 7
4 25 30 0.5 16
5 25 30 3 18
6 32 1 1.75 5
7 32 15 0.5 9
8 32 15 1.75 11
9 32 15 3 9
10 32 30 1.75 12
11 39 1 0.5 6
12 39 1 3 17
13 39 15 1.75 12
14 39 30 0.5 18
15 39 30 3 24
16/ 39 30 3 13

[a] Determined by elemental analysis (calculation based on hydrogen content (%H) and carbon content (%C)) and
corrected for adsorbed water using TGA.[b] reaction with freeze-dried CNFs

Grafting onto CNF ranged from 5% to 24%: Overall an increase in catalyst ratio from 0.5 eq to 3
eq led to an increase in the amount of PLA grafted onto CNF, irrespective of the temperature
(comparing entry 1 to 2 and 12 to 11) or the quantity of lactide (comparing entry 1 to 2 and 5 to 4).
As described previously, the polymerization reaction initiated from the surface of CNF takes place
in competition with the non-grafted polymerization initiated by residual water. While DMAP is
known to work better at higher quantities for ROP initiated by hydroxy groups'#!, the presence of
a small amount of water means more catalyst is needed to ensure a proper initiation from the
nanofibril surface. At higher temperatures but low monomer amount (entry 11 and 12, Table 6),
the increase in DMAP content has more of an impact on the amount of PLA grafted which increased
by 11%, compared to a 5% increase at lower temperature. This is likely due to a faster
polymerization of lactide at higher temperatures, but initiation being preferred for water as it is
more mobile and available than cellulose OH groups, resulting in non-grafted polymerization being
heavily favored. An opposite effect is observed at lower temperatures and a high lactide amount

(entry 5 and 4, Table 6): an increase in the quantity of DMAP did not make a noticeable difference
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in the surface-grafted quantity of PLA (2%). If polymerization on cellulose “starts late” due to
initiation on water being faster, but there is a lot more monomer available and propagation is
slower, then grafting on cellulose still has time to occur. In that regard, adding more DMAP to
ensure initiation on cellulose can happen quickly does increase the amount of grafting found, but

only by a small margin.
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Figure 34: Graphical representation of the grafting percent of PLA on cellulose with different sets of
parameters. Numbers correspond to entries in Table 6.

An increase in temperature (entry 1 to 11,2 to 12, 5 to 14 and 4 to 15, Table 6) in general led to a
greater amount of grafted PLA on the CNF, similarly to an increase in catalyst amount. However
this effect was more pronounced for higher catalyst amounts (6% increase), as increasing the
temperature from 25 to 39 °C when only 0.5 eq of DMAP was used (entry 1 vs. 11,2 vs. 12, 5 vs.
14 and 4 vs. 15) did not make a significant difference (2% increase) in the amount of PLA grafted
on the CNFs, irrespective of amount of monomer. While increasing the temperature was beneficial
to the amount of PLA grafting, it may also lead to faster polymerization, while the lower amount
of catalyst may lead to a slower initiation on CNF surface hydroxy, both of which favor water-

initiated non-grafted polymerization.
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Finally, the effect of the monomer quantity was studied. When comparing the results of entry 1 vs.
5,2vs. 4,11 vs. 14, 12 vs. 15 and 6 vs. 10, the PLA weight content on modified CNF increased
significantly with increasing amounts of lactide in the reactive medium. This particular effect was
more pronounced for a smaller quantity of catalyst, leading to an increase of 9% (entries 1 to 5)
and 12% (entries 11 to 14) in PLA grafting. Comparatively, increasing the monomer amount at
higher DMAP loading increased the PLA amount on CNF by 5% (entries 2 to 4) and 7% (entries
12 tol5) respectively. This result agrees with the previous observations, showing that a small
amount of catalyst favors initiation by residual water, which then will quickly turn the monomer
into non-grafted polymer. When more lactide is added to the reaction medium, this effect is
mitigated as more monomer takes longer to react away allowing for surface-grafting on the
nanocellulose. Comparing all reactions, the monomer amount comes out as the most influential
parameter, as an increase in rac-lactide always led to the most significant increase in grafting
amount on CNF. However, increasing the amount of catalysts can achieve comparable results,
especially at higher temperatures. This can be more advantageous as the amount of catalyst needed
to yield such result is significantly less than the amount of monomer required, as an increase by a
factor 6 for the quantity of catalysts can yield similar amount of grafting as an increase by a factor

30 for the quantity of monomer.

Reactions with intermediate values for all parameters were also performed to verify the trends.
While those observations stayed true for most experiments, some specific combinations gave low
PLA grafting onto cellulose, meaning some parameter combinations do not favor grafting, but
rather water-initiated non-grafted polymerization. In particular, increasing the temperature was
detrimental to PLA grafting on CNF for low DMAP and lactide quantities, explained by the

temperature increasing the speed of non-grafted polymerization.

Compared to the results for freeze-dried CNF, solvent-exchanging CNF allows for a higher
maximum grafting efficiency, and significantly better results are obtained for reactions performed
with less than 3 eq of catalysts, all the while requiring shorter reaction times. In addition, elemental
analysis showed no significant retention of DMAP in the grafted CNF, indicating a near complete

removal of the catalyst from the product.
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Figure 35: FT-IR spectra of unmodified cellulose nanofibrils (a) and PLA-grafted CNF (entry 15 in Table 6) using the “never-
dried” method (b).

FT-IR (Figure 35) analysis showed a band around 1750 cm’!, characteristic of a stretching

frequency for v(C=0). A characteristic ester band is seen at 1454 cm™ and is more important for
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the cellulose with a higher PLA content. As shown in the magnification the carbonyl signal
increase, following the same trend as the amount of grafting calculated using EA. Comparing the
spectra obtained using the freeze-dried CNF, the overall signal is similar, and the relative intensity

of the ester band is similar for samples with equal PLA content calculated with EA.

—— CNF
25000 - entry 4
C2 ——entry 12
entry 15
20000

15000

CPS

10000 ~

5000

' I ' I ! I ! I ' 1
292 290 288 286 284 282
Binding energy (eV)

Figure 36: Carbon 1s XPS scan of modified cellulose nanofibrils (CNF) obtained from never
dried CNFs, with different entries corresponding to the samples in Table 6.

X-ray photoelectron spectroscopy (Figure 36), shows the aliphatic carbon contribution C1
increasing for modified CNF compared to non-modified ones due to the methyl-bearing lactide
units grafted on the cellulose. The same conclusion can be made for the C4 contribution, related to
O-C=0 visible at 289.54 eV present only on the grafts. When comparing the XPS results for the
never dried CNF to the one in Figure 33, the same peaks can be seen. However, increases are more
pronounced for samples prepared with freeze-dried cellulose, despite EA showing higher grafting
for never-dried CNF. A plausible explanation could be that XPS is a surface analysis, only
revealing the composition of the top 10 nm of the material. Freeze-dried CNF is more aggregated
in the reaction mixture and in the final product. The majority of grafting will thus occur on the
surface of aggregated CNF particles, leading to a stronger signal in XPS, yet a lower EA amount.
The well-dispersed CNF form a powdery product however, and it is likely that the better dispersion
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leads to a better separation of the fibrils, giving more surface area for the graft to occur and better

overall spread of the grafts over the CNF.

To confirm that lactide polymerization did occur during the reaction and determine the potential
length of the PLA chains obtained, sizeexclusion chromatography (SEC) was used to determine
the length of the non-grafted polymer separated from the CNF during the Soxhlet extraction.
Overall, the results showed that short oligomeric chains were obtained, with a number average
molecular weight between 600 and 1,400 g/mol, confirming the successful polymerization reaction
and the presence of chains initiated by water. As a complementary approach to determine
polymerization of lactide, NMR was used on some crudes samples separated from CNF, similar to
the one used for SEC analysis. Samples separated from CNF with different % of grafting (according
to EA) were analyzed and compared to the spectra of DMAP and rac-lactide (Figure 80 and Figure
81)

Characteristic doublet are observed at 8.16 and 6.72 ppm, corresponding to protons on the pyridine
ring of DMAP. Additionally, a singlet corresponding to CH3 moieties of DMAP is also observed
at 3.01 ppm. As the analysis was performed on crude product separated from cellulose, the presence

of catalyst was expected.

Complex signals can be observed between in the region 4.86-5.21 ppm and 4.10-4.24 ppm. This
corresponds to the proton in the polymerized lactide chain. Protons closer to chain ends have a
different chemical shift, which leads to two complex multiplets. Due to the short length of the
oligomer produced, protons next to chain ends have a strong signal in NMR. A similar phenomenon

can be observed between 1.16 and 1.49 ppm, which corresponds to methyl protons.

Interestingly, the signal for lactide in DMSO, particularly for the proton in the six-membered ring,
is not observed around 5.43 ppm where a quartet should be in the presence of rac-lactide (Figure
81). This shows that while the grafting measured on CNF is low, and only short oligomers are

produced, the full conversion of monomer does occur.
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Figure 37: '"H NMR spectra of crude mixture after reaction in DMSO-d6. Crude product separated from modified
CNF corresponding to entry 15 in Table 6 (300 MHz).

'H NMR (DMSO-ds, 300 MHz) & (ppm) 5.43 (q, 2H), 1.44 (d, 6H)

Overall using never-dried CNF with DMAP and rac-lactide has been the more promising grafting
method. While both method used for freeze-dried and never-dried CNF are different, and a
quantitative comparison cannot be done, the second method used shows more promising results, in
particular when trying to use lower quantities of catalyst. It also does not require freeze-drying, a
method than can at times take several days, and leads to a better dispersed state of cellulose which

is overall easier to analyze.

I11.3. Conclusion

We performed SI-ROP of rac-lactide using an organocatalyst, 4-dimethylaminopyridine (DMAP),
and CNFs as the initiator. The effect of different parameters on the reaction were investigated as
well as the interaction between these parameters on the modification of cellulose. The highest
modification amount was achieved for never-dried CNF suspensions transferred into DCM by

solvent exchange, as opposed to the more common lyophilization procedure. The highest grafting

82



was obtained for a DMAP/CNF of 3/1, 3 g of rac-lactide, a reaction time of 24 h at 39 °C under
inert atmosphere. The amount of modification was similar to earlier reports using tin(Il) octoate as
the catalyst in solution at 90 °C or in bulk at 120 °C?!!, while we used a simple one-step reaction
and an organic catalyst under mild conditions. In addition, most of the catalyst could be removed
from the final product, showcasing one of the main benefit of using an organic catalyst. We were
also able to elucidate the effect of changing parameters on the effect of residual water interference

of the grafting reaction.
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IV. DFT investigations on the ring-opening polymerization of trimethylene

carbonate catalyzed by N-heterocyclic bases

IV.1. Introduction

Aliphatic polycarbonates are biodegradable and biocompatible polymers that are used in the
biomedical field and as long chain diols for the synthesis of polyurethanes?'®2!22°, They can be
synthetized by transcarbonatation between a diol and a dialkyl- / diphenyl- carbonate precursor, by
epoxide CO; alternating copolymerization or by the ring-opening polymerization of a cyclic
carbonate. Both metal-based and organic molecules have been reported as catalysts for these
reactions. Among organocatalysts, heterocyclic nitrogen bases have been successfully used for the
ring-opening polymerization of cyclic carbonates such as trimethylene carbonate (TMC)!!7-148.221
TMC is commercially available, and can be readily polymerized in comparison to e.g. 5S-membered
cycles. The reaction can be conducted in solvent as well as in bulk. Using 1,5,7-
triazabicyclo[4.4.0]dec-5-ene (TBD, Figure 38) as catalyst in combination with a protic co-
initiator, the polymerization is well controlled and occurs without side reaction!*. Catalyst
economy can also be reached via the so called immortal polymerization, where several equivalent
of the protic co-initiator vs. catalyst can be used to efficiently initiate the growth of a
macromolecular chain. Both TBD and 4-dimethylaminopyridine (DMAP) were reported in this

117

frame''’. TBD can also initiate the ring-opening polymerization of TMC without protic co-initiator,

leading to a faster polymerization rate than that observed in the presence of an alcohol, but yielding

221

a mixture of linear and cyclic poly(trimethylene carbonate) macromolecules™'. The surface

functionalization of cellulose nanocrystals by ring-opening polymerization of TMC catalyzed by

TBD is also possible, highlighting the robustness of this catalyst*?2,

N\ /TN T
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Figure 38: N-heterocyclic bases catalysts considered in
this study. From left to right, 4-dimethylaminopyridine
(DMAP), 1,5,7-Triazabicyclo[4.4.0]dec-5-ene (TBD).
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The mechanisms involved in the ring-opening polymerization of cyclic esters catalyzed by N-

heterocyclic bases have been widely studied in the literature!0%:156:164.167.217.223-226

and nicely
reviewed recently??’. Two main mechanisms have been shown to occur: a nucleophilic attack of
the catalyst on the carbonyl moieties of the monomer, and a basic activation of a protic co-initiator
followed by a nucleophilic attack. The latter mechanism is generally preferred to the monomer
nucleophilic activation by the catalyst, as soon as a protic co-initiator is present in the reactive
medium. In the case of bases such as TBD, an additional H-bond activation of the carbonyl moieties

of the cyclic ester has been advanced to occur.
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Figure 39: Schematic representation of the nucleophilic (upper part) and the alcohol activation / H-bond
mechanism (bottom part) for the ring-opening polymerization of TMC catalyzed by an N-heterocyclic base and co-
initiated by an alcohol.

Regarding the ring-opening polymerization of cyclic carbonates, coordination insertion
mechanisms have been well discussed on the basis of DFT studies for various metal based

catalystsl 14,2287232.

Theoretical mechanistic insights of organocatalyzed ring-opening
polymerizations were in turn devoted to rationalize the polymerization of a N-substituted eight-
membered carbonate ring®®, to support regioselectivity results of the polymerization of

carbohydrate based carbonates 23423

or to explain the absence of reactivity observed using a
Bronsted pair as catalyst 2. As far as we know, the discrimination between the alcohol activation
pathway and the direct nucleophilic mechanism of the organocatalyzed ring-opening

polymerization of cyclic carbonates catalyzed by performant heterocyclic nitrogen bases, as
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represented in Figure 39, has never been discussed in the literature. We report in this contribution
a DFT investigation of those two mechanisms for the ring-opening polymerization of TMC

catalyzed by TBD and DMAP as case studies, and corroborate the findings by experimental results.

IvV.2. Results and discussion
IV.2.1. TBD catalyzed ring-opening polymerization of TMC

We started our investigation with the H-bond / alcohol activation pathway for the TBD catalyzed
ring-opening polymerization of TMC co-initiated by methanol. The reaction progresses with two
transition states (Figure 40 and Figure 41). It is initiated with the formation of a complex with two
hydrogen bonds, one between the tertiary amine catalyst nitrogen and the alcohol hydroxy and the
second between the TMC carbonyl oxygen and the catalyst protonated nitrogen. That activates the
alcohol and the carbonate, leading to the addition to the carbonyl carbon and hydrogen transfer

from the alcohol to the TBD catalyst. The structure is presented in Figure 40.

p Y m

2137 A— — 1659 A

INT2 : ;2 j g
Figure 40: Optimized geometry structures of the species involved in the TBD catalzsed ring-
opening polymerization for the TMC — H-bond / alcohol activation mechanism.
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This bifunctional activation mechanism leads to an intermediate with a tetrahedral carbon due to
the formation of a new oxygen-carbon bond. Remarkably, the INT1 intermediate consists of two
charged moieties (-0.52¢ the carbonate moiety and +0.52e the protonated TBD moiety) stabilized
both by hydrogen bonding and Coulombic interaction. In the second step a new intermediate adduct
INT?2 is formed were a hydrogen bond now activates one of the TMC endocyclic oxygen, giving
rise to a slightly elongated bond (1.463 A, compared with 1.421 A of the other endocyclic C-O
bond) that, through TS2 and concomitant transferring the TBD hydrogen to the endocyclic oxygen,

opens the TCM ring and regenerates the TBD catalyst.
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Figure 41: Free energy profile for the TBD catalyzed ring-opening polymerization of TMC — H-bond / alcohol
activation mechanism.
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Considering the free energy profile depicted in Figure 41, a barrier height of 11.3 kcal.mol™! for
the ring-opening of the TMC molecule is the rate-limiting step of this mechanism, slightly higher
than initial activated nucleophilic attack, the with a barrier height of 11.1 kcal.mol’!, suggesting

high plausibility for this mechanism.
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Figure 42: Free energy profile for the nucleophilic mechanism of the TBD catalyzed ring-opening polymerization of
TMC.

The free energy profile for the nucleophilic mechanism is presented in Figure 42. A nucleophilic
attack of the N-heterocyclic TBD catalyst to the carbonyl group of TMC occurs on the first reaction
step. It involves activation of one of the TMC endocyclic oxygen through hydrogen bonding to the
TBD leading to the zwitterionic tetrahedral intermediate INT1 (Figure 43). The formed nitrogen-
carbon bond (1.604 A) is elongated as well as the endocyclic C-O bond (1.449 A) corresponding
to the oxygen that shares a hydrogen bond with the TBD catalyst. This intermediate presents a
partial charge of -0.81e on the carbonyl oxygen, -0.66e on endocyclic oxygen ester involved in the

hydrogen bond and -0.55¢ on the other endocyclic oxygen ester. The ring-opening step proceeds
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through TS2, with a hydrogen transfer from the TBD to the hydrogen-bonded oxygen resulting the

formation of an end-capped carbonate.

The reaction follows with a catalyzed attack of the alcohol on the carbonyl group (TS3) and
hydrogen transfer of the alcohol hydrogen to the TBD catalyst, which is the rate-limiting step in
this mechanism. The associated barrier height of 25.7 kcal.mol™! for this mechanism is significantly
higher than the 11.3 kcal.mol™! obtained for the H-bond / alcohol activation pathway, suggesting
that the latter preferentially occurs in the presence of TBD. At this point the elongated nitrogen-
carbon bond (1.587 A) that connects the TBD catalyst with the carbonate moiety promptly
dissociates with a small energy barrier corresponding to TS4, leading to the separated product and

release of the catalyst.

89



151

Figure 43: Optimized geometry structures of the species involved in the nucleophilic mechanism for the TBD
catalyzed ring-opening polymerization of TMC.
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IV.2.2. DMAP catalyzed ring-opening polymerization of TMC
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Figure 44: Optimized geometry structures of the species involved in the first step of the H-bond mechanism for the
DMAP catalyzed ring-opening polymerization of TMC.

The first step of the H-bond / alcohol activation mechanism in the presence of DMAP is shown in
Figure 44. The reaction starts with an intermediate INT1 with a weak nonclassical hydrogen bond
of the TMC carbonyl oxygen and one hydrogen atom of the DMAP pyridinium ring (O...H 2.367
A) and a hydrogen bond of the alcohol with the basic nitrogen of DMAP (N-H 1.747 A), which
activates the alcohol oxygen leading to the addition to carbonyl carbon and the hydrogen transfer

to DMAP. The free energy profile of this reaction is given in Figure 45.
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Figure 45: Free energy profile for the H-bond / alcohol activation pathway of the DMAP catalyzed ring-opening
polymerization of TMC.

With the hydrogen transferred to the DM AP nitrogen and the methoxy oxygen bonded to the TMC
carbonyl carbon, an ion-pair character intermediate (INT2 see Figure 46) with the negative charge
mainly located in the TCM oxygens (-0.88e for the carbonyl oxygen, -0.57¢ and -0.61e for the ester
endocyclic oxygens and -0.48e for the methoxy exocyclic oxygen) and a positively (0.74¢) charged
DMAP ring, is formed. In addition, the DMAP hydrogenated nitrogen interacts with one of the
endocyclic TMC oxygens (O...H 1.724 A) and the TMC carbonyl oxygen with a close ortho-
hydrogen atom of the DMAP pyridinium ring, forming a weak nonstandard hydrogen bond (O...H
2.213 A), resulting in a slight elongation of the oxygen bond with the carbonyl carbon (1.470 A,
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compared with 1.432 A for the other carbonyl carbon endocyclic oxygen bond) that leads to TS2.
The barrier of 23.7 kcal.mol™ for this step, makes this the rate-determining step for this mechanism.

Finally, a subsequent transfer of the DMAP hydrogen back to TMC conducts to the TMC ring

opening.
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Figure 46: Optimized geometry structures of the species involved in the second step of the H-bond / alcohol
activation mechanism of the DMAP catalyzed ring-opening polymerization of TMC.

The free energy profile for the nucleophilic mechanism is presented in Figure 47. The reaction
starts with an initial formation of a zwitterionic nature tetrahedral intermediate (INT1, see Figure
48), only slightly more stable than that of the previous transition state TS1. This intermediate
possesses an elongated N-C bond (1.659 A) linking the DMAP pyridinium ring and the carbonyl
carbon, and presents a partial charge of 0.48e on the DMAP ring, -0.61e on the endocyclic oxygen
ester closest to the hydrogen ring, -0.58e on the other endocyclic oxygen ester, and -0.79¢ on the
carbonyl oxygen. The ring-opening follows through TS2 to the linear zwitterionic intermediate
INT?2. In the open ring intermediate the charges modify to 0.61e on the DMAP pyridinium ring, -
1.17e on the endocyclic oxygen, -0.56¢ on the carbonyl oxygen, and -0.43e on the terminal oxygen.
It is interesting to note that the zwitterionic tetrahedral intermediate INT1 is more stable than the
ring-opened zwitterion INT2, as tetrahedral zwitterionic intermediates are not usually considered

225

as stable species in zwitterionic polymerization reactions”*”. Actually a similar situation has been

reported by Waymouth’s calculations on the zwitterionic ring-opening polymerization of o-

valerolactone'%,
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Figure 47: Free energy profile for the nucleophilic path of the DMAP catalyzed ring-opening polymerization of TMC.
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INT1

Figure 48: Optimized geometry structures of the species involved in the first and second steps for the nucleophilic
mechanism of the DMAP catalyzed ring-opening polymerization of TMC. The structure of a possible bicyclo
intermediate species (BICY1) is also displayed (bottom).
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This ring-opened zwitterionic intermediate is a highly reactive species and one can speculate that
it might react with other TMC molecules leading to the formation of polymers of ring open TMC
molecules as was suggested by Waymouth for polymerization of §-valerolactone!%. Other possible
intermediates are neutral bicyclo species like BICY1. Actually, this bicyclo species is 10.8
kcal.mol! more stable, when compared with the open zwitterion (INT2) and 16.1 kcal.mol! less
stable than the INT1 intermediate. The reaction then proceeds with methanol addition to the carbon
carbonyl with the oxygen bonding to the carbon and concomitant hydrogen transfer to the carbonyl
oxygen. This transition state (TS3) has a high barrier becoming the rate-limiting step of this
mechanism, with a value of 90.3 kcal.mol™'. The H-bond / alcohol activation mechanism, with an

energy barrier of 23.7 kcal.mol™, is thus more prone to occur in the presence of DMAP.

The ring opened zwitterion is finally stabilized by a hydrogen transfer through a small energy
barrier (Scheme 2), with the formation of INT3 intermediate (see Figure 49) where the negative
charge is mainly located on the carbonyl oxygens (-0.75¢e for the carbonyl oxygen and -0.55¢ and
-0.52e for the ester oxygens) closer to the positively (0.48¢e) charged DMAP ring. Finally, the INT3
complex, that possesses an extended N-C bond of 1.594 A promptly dissociates into products
through the transition state TSS with a tiny barrier of 0.50 kcal.mol™! relative to INT3, leading to
the reaction products. The calculated free energy profiles indicate that the H-bonding mechanism
possesses a lower barrier when compared with the nucleophilic mechanism, and hence is more

favorable.
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Figure 49: Optimized geometry structures of the species involved in the final steps step of the nucleophilic mechanism
of the DMAP catalyzed ring-opening polymerization of TMC.
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Experimental confrontation

Regarding the more favorable H-bond / alcohol activation mechanism, the highest energy barrier
for TBD is 9.3 kcal.mol'!, which is lower than the one for DMAP, found at 16.3 kcal.mol™'. This
corroborates well with the activity of the polymerizations of TMC mediated with these catalysts
reported Table 7. In 1h at room temperature in dichloromethane, the reaction is quantitative using

TBD, while only 19% conversion is reached using DMAP.

Table 7: Experimental results. Reactions conducted for 1h at room temperature in 2 mL CH>Cl,. TMC / Catalyst /
Initiator = 100/1/1.

Catalyst | Convl® Az, but
(%) (g/mol)

DMAP 19 5500 1.7

TBDUI >99 9900 1.3

[a] determined by 1H NMR. [b] Number average molecular weight determined by size exclusion chromatography.[c]
Dispersity of the non-grafted polymer determined by size exclusion chromatography. [d] after reference!*.

IV.3. Conclusion

We have investigated in this study using computational methods the mechanisms of the ring-
opening polymerization of TMC catalyzed by DMAP and TBD and co-initiated by methanol. For
both catalysts, a mechanism based on the activation of the alcohol co-initiator by the C=N moieties
together with a H-bond between a proton of the catalyst and the carbonyl moieties of the monomer
was found to lead to significantly lower energy barriers than the direct nucleophilic attack of the
heterocyclic nitrogen molecule on the carbonate monomer, 11.3 and 25.7 vs. 23.7 and 90.3
kcal.mol™! for TBD and DMAP, respectively. For both catalysts, we found the ring-opening of the
TMC molecule as the rate-limiting step, slightly higher than initial activated nucleophilic attack.
The calculations also indicate TBD as a more efficient catalyst than DMAP, probably due to its
polyfunctionality that allows a simultaneous alcohol and carbonyl activation via conventional H-
bonding on two different sites. The lower energy barriers found for TBD vs. DMAP were

corroborated by ring-opening polymerization experiments conducted in dichloromethane at 25 °C.
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V. Cellulose nanocrystals modification by grafting from ring-opening

polymerization of a cyclic carbonate

V.1.Introduction

Polysaccharides, and in particular cellulose, have experienced a rejuvenation of interest in recent
years after being slowly replaced by petroleum alternatives during the 20" century in many
applications. With the increasing concern over sustainability of many aspects of chemistry and
materials science, the surge of interest in these materials is unsurprising as they constitute the
bigger fraction of biomass>*. Cellulose nanoparticles in particular have received a lot of attention
due to native cellulose availability and their interesting properties such as a high aspect ratio, high

Young modulus, and low density'®°

. Both cellulose nanofibrils (CNF) and cellulose nanocrystals
(CNC) have been widely studied as fillers for composite materials since the work of Favier et al.
in 1995 who reported on the first composites reinforced with cellulose nanocrystals®. Incorporation
of nanocellulose into a polymer matrix has since been studied extensively and has the potential,
especially when combined with biodegradable polymers, to produce strong yet fully biodegradable
materials. To this end, carbonates are of particular interest, as aliphatic polycarbonates are highly
valuable polymers with a very large scope of applications, most notably in textiles, biomedical,
and packaging®*®?*. As an additional benefit to being biodegradable®'®, aliphatic polycarbonates
have also been obtained from renewable sources making them valuable as a potential alternative to

petroleum-based polymers'!’.

To produce high performance composite materials, using
nanocellulose directly as an additive to polymers has proven to give less than ideal results due to
the highly hydrophilic nature of cellulose and its tendency to aggregate. These issues typically lead
to a lower than expected mechanical strength and ductility as these are highly dependent on the

dispersion of the reinforcing fiber in the polymer matrix and on the strength of the interface'’.

To find solutions, a large body of work has been carried out on the surface modification of cellulose

nanocrystals, typically using the hydroxy groups'®® via acetylation®®, carbamation®*!,

4, amidation®®, and polymer grafting by different

esterification?*?, etherification?®, silanization**
methods. While “grafting onto” polymerization, i.e. the process of grafting a pre-synthesized
polymer chain to the surface of cellulose can be successful**®, the “grafting from” method is usually
the preferred pathway to cellulose modification with polymers as it is better controlled and avoids

175

problems such as steric hindrance' '°. The “grafting from” approach has been used to combine many
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9136 and polylactide>*S. In the case of polymer

type of polymers with cellulose such as polylactones
grafting, the main goal is usually to increase the compatibility between the cellulose fibers and a
polymer matrix'’®. Polylactones and polylactide have received a lot of attention due to their

potential in biomedical application as they can undergo hydrolysis in vivo'**

. However, polyester
hydrolysis generates carboxylic acids, which can be a significant drawback?*’. Polycarbonates
demonstrate much of the same advantages as polyesters when it comes to their degradation in
vivo**® but they do not generate acidic products during hydrolysis?*®. Despite their potential use,
however, polycarbonate grafting has not seen much attention, with only some work on grafting on
cellulose filter paper®’, synthesis of isosorbide-based polycarbonates (PC) in the presence of

21 and grafting of poly(trimethylene carbonate) on starch!'®’. To our

cellulose nanocrystals
knowledge, the grafting of aliphatic polycarbonates from the surface of cellulose nanocrystals has

never been reported before.

To exert control over final properties, it is important to have a well-controlled polymerization
reaction. Therefore, the choice of a catalytic system with a high activity and a high level of control
is a primary concern. In the case of aliphatic polycarbonates, ring-opening polymerization (ROP)
is currently the main approach as it leads to a living polymerization, therefore satisfying the criteria
listed before, i.e. high level of control!®*?2, State of the art ROP allows for the use of many
catalysts, including non-toxic metal centers like zinc. However the presence of catalyst traces in
the material produced is unwanted for many applications, and metal catalysts are known for being
hard to remove completely from polymeric materials'’. “Immortal” ring-opening polymerization
is an approach that has been used for carbonate polymerization and which allows for the use of a
small amount of catalyst along with a co-initiator in the form of a protic source. This co-initiator
determines the number of chains growing, which gives control over the chain length no matter the
quantity of catalyst used while keeping a high catalytic activity!!>. This approach can also be
carried out metal free, as many advances in organocatalysis have led to the emergence of a wide
variety of ROP catalysts'"!"7. While not all these systems are as efficient as metallic catalysts,
some are very promising and have shown a high degree of control. In the case of aliphatic
carbonates, and in particular trimethylene carbonate (TMC), base catalysts have been reported to
produce polycarbonates with low dispersity?®®. Catalysts of interest include amines
(dimethylethanolamine, 4-dimethylaminopyridine-DMAP), guanidines (1,5,7-
triazabicyclo[4.4.0]dec-5-ene-TBD), amidines (1,8-diazabicyclo[5.4.0]undec-7-ene-DBU), and

100



phosphazenes (2-fert-butylimino-2-diethylamino-1,3-dimethylperhydro-1,3,2-diazaphosphorine-
BEMP) among others!!”!*!, While ring-opening polymerization of trimethylene carbonate with
organic catalysts has been studied extensively in the last decade, small protic molecules such as
benzyl alcohol were mostly used as the co-initiator!!”. Therefore, using cellulose nanocrystals as
the protic source to graft polycarbonate is an interesting perspective. Understanding of the reaction
and the influence of different parameters would be valuable to increase the general efficiency of

polymer grafting on cellulose, a process with a generally low yield**°.

Supported catalysis, similarly to organocatalysis, has seen a lot of development in recent years to
try to obtain more sustainable catalytic systems, which could also been of interest for the
polymerization of TMC?**. Nano-catalysis is a new approach to catalysis that has seen a lot of
development in the last few decades and that tries to combine the advantages of both heterogenous
and homogenous catalysis. Homogeneous catalysis presents the advantage of a very high activity
due to the high coverage and mobility of the catalyst, whereas heterogeneous catalysts can more
easily be recovered®>. In essence, this method corresponds to a particular case of heterogeneous
catalysis in which the catalyst has an extremely high surface area due the nano-sized particles used,
and has been shown to have homogeneous catalyst like surface area®*°. The catalytic activity of
these type of supported catalysis depends on a lot of parameters such as the particle size and its
distribution, the support-metal interaction and the properties of the substrate?>’. Supported organic
catalyst have been explored, with inspiration coming from enzymatic catalysis: a highly selective
catalytic group on a substrate with a specific structure. To this day, silica is a common substrate
used for supported catalysis, in no small part due to the existence of mesoporous silica, a very high
surface area nanomaterial. Moreover, silica’s high density of surface hydroxy groups facilitates its
functionalisation which is an important factor for supported catalysis®*®. Cellulose nanocrystals
share these characteristics with mesoporous silica, but are also made from native cellulose which
has the benefit of being renewable. They have been reported to undergo surface modification in

many different ways, which makes them ideal candidates as a substrate for supported catalysis*>*-
261

To our knowledge, trimethylene carbonate has never been grafted on the surface of cellulose
nanocrystals before, hence this chapter will first focus on the synthesis of poly(trimethylene

carbonate) grafted cellulose nanocrystals via ring-opening polymerization and investigate the
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influence of experimental parameters in an effort to increase the grafting efficiency. In a second
part, a small series of experiments made in collaboration with another thesis project will be done
to polymerize TMC using TBD supported on CNC.

V.1.Results and discussion

V.1.1. PTMC grafting on the surface of CNCs

V.1.1.1. Catalyst screening
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Figure 50: Structure of the organocatalysts used in this study. pKaH" values in acetonitrile!*,

The performances of the different organic catalysts, namely, BEMP, TBD, DBU, and DMAP
(shown in Figure 50 with their pKaH'%%) to polymerize TMC from the surface of cellulose
nanocrystals were evaluated in THF at room temperature (25 °C). The different catalysts were
selected for their reported ability to catalyze ROP of TMC in the presence of an excess alcohol!!”.
The TMC/catalyst/OH ratio was kept at 500/1/50 for most reactions.

In the absence of catalyst, significant conversion of the monomer into either grafts or non-grafted

polymer was not achieved (Table 8, entry 1), showing the clear need to use a catalyst.

At a typical ratio of 500/1/50 (TMC/catalyst/OH), TBD was shown to reach full conversion of the
monomer within 5 hours, and resulted in modified CNCs containing of 51% grafted polymer
(Table 8, entry 2), a fairly high value for typical “grafting from” of polymer through ring-opening
polymerization from the surface of nanocellulose. Similarly, a significant amount of monomer was
converted to non-grafted polymer (yield of 16% for grafting), which shows an important
competition between grafting of the monomer and side initiation reactions polymerization.

However, it is common for grafting on cellulose to use a large excess of monomer to increase the

102



Table 8: Ring-opening polymerization of TMC initiated from the surface of CNC in the presence of various organocatalysts at 25 °C in THF.

Entry |Catalyst TMC / Catalyst/ OH?!  Time Grafting!® Conversion'® Grafting Yield? M. non-grafted DM[ﬂ
polymer[e]
(h) (Wi%) (%) (%) (emol’)
1. | Blank 500/0/50 5 2 4 0.3 NA NA
2. | TBD 500/1/50 5 51 99 16.5 19,700 1.8
3. | BEMP 500/1/50 3 24 45 5.0 35,400 1.9
4. | BEMP 500/1/50 5 35 52 8.6 33,500 1.8
5. | BEMP 500/1/50 16 37 52 9.3 33,500 1.8
6. |DMAP 500/0.5/50 5 13 6 24 n.d. n.d.
7. |DMAP 500/2/50 5 3 7 0.5 n.d. n.d.
8. |DMAP 500/5/50 5 12 6 22 2,100 1.2
9. | DBU 500/1/50 3 18 9 35 n.d. n.d.
10. | DBU 500/1/50 5 12 8 22 n.d. n.d.

[a] Primary hydroxy group of CNC (1 /glucose unit) [b] Determined by elemental analysis (calculation based on hydrogen content (%H) and carbon content (%C))
and corrected for adsorbed water using TGA. [c] Calculated via 'H NMR to determine monomer/polymer ratio and corrected to include monomer grafied [d] Ratio
of initial monomer to monomer grafted. [e] Number-average molecular weight of the non-grafted polymer determined by SEC vs. polystyrene standards and
corrected with a correction factor of 0.57, 0.73 or 0.88 based on size measured®®. [f] Dispersity of the non-grafted polymer determined by SEC.
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amount of grafting at the cost of efficiency®*%?%3, Dispersity of the non-grafted polymer was found
at an acceptable value of 1.8 that is significantly higher than usual values obtained for typical
polymerizations with an alcohol'*3. The broader distribution can be explained because it is a side
reaction involving water and ethanol as co-initiators that are still entrapped in the CNCs after
purification. In addition, water and ethanol can also be involved in hydrolysis and

transcarbonatation reactions respectively.

Using similar reaction conditions, BEMP (entries 3-5), a phosphazene catalyst, showed quite
different results. Full conversion was not reached, and after increasing the reaction time from 3 to
5 hours, the conversion only reached 52%. Further increasing the reaction time to 16 hours did not
increase monomer conversion. Despite the lower conversion values, grafting on cellulose was
achieved with this catalyst, and up to 37% grafts were achieved in the modified CNCs, showing
that this catalyst, while less efficient than TBD using similar parameters, leads to substantial

grafting.

The reactions catalyzed with DMAP (entries 6-8) and DBU (entries 9-10) did not perform as well
as the one with the other catalysts under the same reaction conditions (room temperature, Sh), with
NMR analysis showing very low conversion (<10%). The resulting grafting was rather low for
both catalyst (18% maximum) under these conditions, and no oligomers could be recovered by
precipitation to allow for SEC analysis. This is believed to be due to their likely very low molecular

weight.

The superior results and increased reactivity obtained with TBD can potentially be explain by the
presence of the secondary amine group. Unlike DBU, which can operate by a basic and a
nucleophilic mechanism, TBD can catalyze transesterification reactions by dual activation via H-
bonding'¢72%®, Having a catalyst that can use both mechanisms may result in a better reaction due
to the ability of the catalyst to go in between intermolecular bonding (similarly to how a protic
solvent gives a better dispersion of CNCs). In addition, DBU and DMAP may favor side initiation
reaction due to their ability to perform a nucleophilic attack on the monomer, which is not the case

for the BEMP phosphazene, that leads to an intermediary grafting ratio around 50%.

17"it is worth

When looking at results for polymerization of trimethylene carbonate with alcohols
noting that TBD is also the most active catalyst in bulk, and full conversion is achieved much faster

at lower temperatures when compared to DMAP and DBU. As the work presented here is carried
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out in solvent but at room temperature, it is possible that the activity of some of the catalysts (except
for TBD) is reduced as the activation requires more energy. However, further testing at higher
temperature with all the catalyst was not explored as we observed browning of the CNC at

temperatures as low as 40 °C in the presence of THF and TBD.

Comparing the pKaH" of all four bases, TBD in acetonitrile does not come up as the strongest base
(25.96), with BEMP having a higher pKaH" (27.5), despite its superiority when it comes to grafting
TMC on cellulose. TBD is however a stronger base than DMAP and DBU, which could explain
partially the better results obtained when comparing these three bases. As for BEMP, it is a much
bulkier catalyst, therefore steric hindrance may be the cause for the lower activity when compared
to TMC, in particular for the grafting onto CNC. Despite the subpar grafting efficiency on CNCs
with BEMP, the extracted non-grafted polymer showed a higher M, that the non-grafted polymer
recovered after full conversion with TBD. As the screening of catalysts showed a more efficient
grafting with TBD, this reaction was studied further, in order to assess the influence of the reaction

conditions.

V.1.1.2. Influence of experimental parameters for the TBD catalyzed grafting

THF was used as the main solvent as it had shown to dissolve well TBD, TMC, poly(trimethylene
carbonate) (PTMC), and to be a good solvent for CNC dispersion?**. Some other common solvents

were assessed, but a lower amount of PTMC grafting was obtained as can be seen in Table 9.

Table 9: Ring-opening polymerization of TMC initiated in different solvents on the surface of CNC in the presence of
TBD over 5 hours, 25 °C, at a ratio of TMC/Catalyst/OH of 500/1/50. Solvent added outside the glovebox under inert
atmosphere.

Entry Solvent Graftingl® Conversion™  Grafting Yield® M, non-grafted B!
polymer!¥
(Wt%o) (%) (%) (g.mol )
1. THF 1.5 mL 52 99 17.3 13,200 1.8
2. CH:Cl: 1.5 mL 30 99 6.8 21,300 1.9
3 Toluene 1.5 mL 00 99 0 62,300 2.1

[a] Determined by elemental analysis (calculation based on hydrogen content (%H) and carbon content (%C)) and
corrected for adsorbed water using TGA. [b] Calculated via '"H NMR to determine monomer/polymer ratio and
corrected to include monomer grafted [c] Ratio of initial monomer to monomer grafted. [d] Number-average
molecular weight of the non-grafted polymer determined by SEC vs. polystyrene standards and corrected with a
correction factor of 0.57, 0.73 or 0.88 based on size measured®®. [e] Dispersity of the non-grafied polymer determined
by SEC.

As the polymerization of TMC has also been performed in bulk'!’, the grafting reaction on the

surface on CNCs was also carried in bulk as comparison (entry 6, Table 10). Despite non-grafted
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polymerization of TMC being very quick under bulk conditions, the reaction with cellulose did not
go to full conversion within an hour. However, the polycarbonate content of modified CNCs did
reach 47%, a value comparable to the content obtained by grafting in THF. The viscosity is a major
issue in bulk reactions as the melted monomer is not a good medium to disperse CNCs, resulting
in poor homogeneity of the final material and a greater difficulty to redisperse the modified
cellulose in solvent, rendering its use more complicated. The high viscosity is also likely a cause
for the lower conversion, as the reaction slows down considerably with non-grafted polymer
production. Lastly, the bulk reaction, as expected, shows a much higher dispersity for the

synthesized non-grafted polymer, indicating some loss of control over the polymerization reaction.

As shown previously the polymerization of TMC was total after 5 hours, however a reaction in
similar conditions was also performed over 24 hours (entry 7, Table 10) to evaluate the activity of
TBD over longer period of time, as it has been reported to be capable of depolymerization!®. In
the case of poly(trimethylene carbonate) grafted CNCs, a small increase in grafting content can be
measured after 24 hours of reaction (60% vs. 51%), however the average molecular weight of the
produced non-grafted polymer started decreasing, showing potential signs of depolymerization or
transcarbonation reactions. Therefore 5 hours was the favored reaction time for most reaction, as
it allowed for a good control over grafting while having good conversion, and a very good
reproducibility, as can be seen when comparing entry 4 and 5 in Table 10. Indeed, both reactions
done in the same conditions lead to a 51% grafting content when measured by EA, and nearly

identical non-grafted polymer.

The effect of temperature on the grafting reaction was evaluated in order to see if kinetics could
help favor the grafting reaction vs. the side initiation reactions. As can be seen from entry 8, cooling
down the reaction to 0 °C did not lead to a significant difference over 5 hours, as the grafting
obtained was found to be 3% higher to the same reaction at RT (entry 4). When increasing the
temperature to 40 and 60 °C (entries 9 and 10), a similar grafting could also been obtained.
However the molecular weight of the non-grafted polymer obtained decreased by half at 60 °C
compared to the same reaction done at RT, showing signs of potential depolymerization induced
by the TBD due to the increased reactivity at higher temperatures. Moreover, reaction performed

above 40 °C led to a browning of the produced cellulose.
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Table 10: Ring-opening polymerization of TMC initiated from the surface of CNC in the presence of TBD in THF for 5 hours.

Entry TMC / Catalyst/ OH®! T Grafting!®! Conversion(®! Grafting Yield!®! M, non-grafted polymerl®l Dy
(°O) (Wt%) (%) (%) (g.mol’)
. 500/1/50 25 51 99 16.5 19,700 1.8
5. 500/1/50 25 51 99 16.5 18,000 1.9
6. ¢ 500/1/50 65 47 33 14.1 11,200 3.0
7. M 500/1/50 25 60 99 23.8 16,900 1.9
8. 500/1/50 0 54 99 18.7 16,500 2.0
. 500/1/50 40 51 99 16.5 14,100 23
10. 500/1/50 60 52 99 17.2 9,700 1.8
11. 1 500/1/50 25 7 99 1.2 n.d. n.d.
12. 500/1/40 25 49 99 12.2 18,700 1.7
13. 500/1/30 25 49 99 92 23,100 1.7
14. U] 500/1/50 25 53 99 17.9 12,100 2.0
15. 500/2/50 25 9 99 1.6 26,700 1.8
16. 500/5/50 25 9 99 1.6 2,200 1.3
17. 500/0.5/50 25 74 99 45.2 7,100 1.8
18. 500/0.25/50 25 64 78 28.2 11,400 1.6
19. 250/0.5/50 25 57 99 42.1 11,100 1.7
20. 125/0.5/50 25 47 99 56.3 4,600 1.8
21. 62.5/0.5/50 25 23 99 37.9 n.d. n.d.
22. 250/1/50 25 50 99 31.8 13,700 1.9
23. 125/1/50 25 41 99 44.1 12,900 1.8

[a] Primary hydroxy group of CNC (1/glucose unit) [b] Determined by elemental analysis (calculation based on hydrogen content (%6H) and carbon content (%C))
and corrected for adsorbed water using TGA. [c] Calculated via 'H NMR to determine monomer/polymer ratio and corrected to include monomer grafied [d] Ratio
of initial monomer to monomer grafted. [e] Number-average molecular weight of the non-grafted polymer determined by SEC vs. polystyrene standards and
corrected with a correction factor of 0.57, 0.73 or 0.88 based on size measured®®. [f] Dispersity of the non-grafied polymer determined by SEC. [g] Bulk reaction.
[h] Reaction done over 24 hours instead of 5. [i] Reaction performed outside the glovebox. [j] Stirred for 24h and sonicated prior to reaction to maximize dispersion
of CNC. NA: not available as oligomers, i.e. too short to precipitate in cold methanol.
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A reaction was then performed under inert atmosphere, but not under glovebox conditions, to
evaluate how sensitive the efficiency of the grafting was regarding the presence of water and other
impurities (entry 11). Prior to the reaction, CNCs and TMC were dried using a vacuum and an
argon line rather than ultra-high vacuum. THF was used after purification over alumina, similarly
to experiments performed inside the glovebox. Multiple argon/vacuum cycles were used to ensure
inert atmosphere was achieved. Under these conditions, a low amount of grafting (7 vs. 51% in
entry 4) as well as the short chain length of the non-grafted polymer (impossible to precipitate)
showed the prevalence of initiation by traces of water and ethanol. Due to CNCs being hydrophilic,
it is hard to remove significant traces of water without extreme conditions (10 bar of vacuum), as
well as ethanol from the purification steps of preparing CNCs. This reaction shows that in order to
maximize grafting efficiency, purification of the different chemicals and a thorough drying of the

cellulose is required.

In an attempt to increase grafting on cellulose, reactions were then performed with an increased
ratio of TMC/CNC by decreasing the quantity of cellulose used. Surprisingly, increasing the
quantity of monomer did not lead to a significant improvement in the grafting amount on cellulose
(entries 12-13), which seems to reach a maximum at around 50%, a result similar to other reactions
(entry 4). This shows that simply increasing the quantity of monomer used in the reaction is an

ineffective way to increase the maximum amount of grafting on the surface of CNC.

To determine if the availability of the hydroxy groups on the surface of cellulose is an important
factor, a reaction was performed on a batch of CNC in THF with increased effort at
individualization of CNCs. The mixture of cellulose and solvent was prepared in the glovebox,
then closed tightly and stirred at room temperature over 24 hours vs. 30 min previously used. A
sonication bath was also used in burst of 5 minutes over the 24 hours. The results obtained (entry
14) when compared to a “typical” reaction showed that increased effort for maximum
individualization of CNCs did not have a significant impact as the grafting obtained was also

around the 50% mark.

The influence of catalyst loading was further assessed. Using a typical ratio TMC/TBD/OH of
500/1/50 showed good results and a grafting of around 50%. Increasing the catalyst ratio to 2
equivalents vs. OH (entry 15) however lowered the grafting percent on CNCs by a significant

amount (9%), whereas the length of the non-grafted polymer increased, indicating that increasing
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the TBD amount favors non-grafted polymerization. By increasing the amount of catalyst further
to 5 equivalents (entry 16), the molecular weight of the non-grafted polymer was lowered
significantly however (< 3,000 g.mol!). As mentioned previously, TBD is not only capable of
polymerization, but also depolymerization under the right conditions via a nucleophilic attack on
the carbonyl moieties'®®. In the case of polylactide, the use of 5 equivalents of TBD decreased the
average molecular weight of the resulting polymer more than tenfold, a result very similar to what

is observed in this work for the polycarbonate.

As opposed to increasing the catalyst quantity, lowering the amount of TBD used for the reaction
to 0.5 equivalents showed an improvement in the grafting on CNCs with a material composed of
up to 74% polycarbonate grafts by weight and a grafting yield of 46% (entry 17). M, of the non-
grafted polymer obtained was lower, which can simply be explained by the increased quantity of

monomer turned into grafts rather than non-grafted polymer.

Decreasing the quantity of catalyst further resulted in a decrease in the amount of grafting onto
64% (entry 18), which is an improvement over the result obtained with 1 equivalent (entry 4) but
a setback compared to reactions performed with 0.5 equivalent (entry 17). Moreover, the low

concentration of TBD did not lead to full conversion after 5 hours.

To improve the grafting efficiency with respect to the total amount of monomer used, reactions
with 0.5 equivalents of TBD (shown to have the best results) and successively lower amounts of

monomer were carried out.

The grafting percent decreased from 74% to 57% (entry 17 vs. 19) when the monomer
concentration was halved, but the grafting yield stayed within the same range at 42%. While this
is not an improvement, this however allows one to obtain CNCs with around 50% grafts with
significantly less monomer loss than some previous experiments (e.g entry 4). Lowering the
amount of monomer further continued to reduce the percent grafting (47%) but led to an increased
yield of 56% (entry 20) which is a good value for grafting of a polymer on cellulose, as this

parameter is usually overlooked in favor of trying to reach a maximum amount of grafting.

Similar reactions were also performed with a typical 1 equivalent TBD to compare to the grafting
yield obtained with 0.5 equivalents. As with the previous reactions, a lower amount of catalyst led

to a higher amount of grafting, as can be seen when comparing entries 19 to 22 and 20 to 23. For
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both reactions, a similar loss of about 6-7% of grafting can be measured, which is also a significant

decrease in grafting yield.

Overall, this shows that a wide range of grafting percent is possible, and specific values can be
targeted using the right amount of catalyst (typically 0.5 eq) without having to use a large excess
of monomer, while keeping the grafting yield as high as possible.

V.1.2. Characterization of the poly(trimethylene carbonate)-grafted CNC as a function
of the grafting ratio

In addition to elemental analysis, FT-IR was used to determine the success of the grafting reaction
(Figure 51). As expected, both modified and unmodified cellulose spectra look quite similar at
first glance. However, two characteristic bands to our grafts are visible for modified cellulose. First,
the band at 1754 cm™! can be identified as a carbonyl stretch v(C=0), thus confirming the successful
incorporation of the carbonate moieties onto CNCs. A second characteristic band is observed at

1229 cm! corresponding to v(C-O) stretching?®®

. As shown in Figure 51, the relative intensity of
both bands increased with the grafting content, thus confirming the results determined by elemental
analysis and TGA. Lastly, the ratio of absorption band at 1059 cm™ corresponding to v(C3-OH) to
C-O-C stretching at 1160 cm™,?%® decreases with increasing grafting ratio which shows the
successful esterification of the secondary alcohol in the C3 position, thus confirming the successful
grafting of PTMC (Table 11). The band at 1032 cm™' corresponding to v(C6-OH) increases with
increasing grafting ratio, as terminal OH of the polycarbonate chains appear in this region as well.
As a consequence, grafting on the C6 position is not “visible” by FT-IR, as both primary and
secondary C-OH of cellulose are replaced by the primary terminal C-OH of the polymer at 1032
cm’!. For the third hydroxy v(C2-OH), no conclusion can be drawn as PTMC has a band in the area
as well.

Table 11: intensity ratio of C6-OH and C3-OH peak to C-O-C in FT-IR for unmodified cellulose and grafted cellulose.
Grafted CNCs corresponding to reference in Table 10: entry 21 (23%), entry 20 (47%), and entry 19 (57%), entry 17
(74%).

86(')(335 C3-OH (1060)
Unmodified CNC 2.581 3.427
23 wt% PTMC-grafted CNC 2.546 2.872
47 wt% PTMC-grafted CNC 2.718 2.654
57 wt% PTMC-grafted CNC 2.761 2.237
74 wt% PTMC-grafted CNC 2.942 1.879
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Figure 51: FT-IR spectra of unmodified cellulose nanocrystals (CNC) and grafted one with different graft content after purification by Soxhlet extraction. PTMC of 15,400
g.mol! extracted from Soxhlet and purified by precipitation.
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Proton NMR was used as a complementary technique to SEC to determine the extent of
polymerization of trimethylene carbonate and to calculate the conversion of the monomer. Crude
non-grafted polymer samples were separated from CNCs by filtration after quenching of the
reaction with benzoic acid.
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Figure 52: '"H NMR spectra of the crude mixture after quenching with benzoic acid and separation of CNC in CDCl3
(300 MHz).
'H NMR (CDCls, 300 MHz) & (ppm): 8.07, 7.60, 7.47 (m, 6H, Ar-COOH), 4.45 (t, 4H,

CH,OCOOCH2CHp), 4.23 (t, 4H, -OCH,CH>CH,OCO-polym), 3.73 (t, 2H, -CH,OH end), 3.31
(m, 8H, NCH>CH2CHoN-), 2.14 (qi, 2H, CH2OCOOCH:CH>), 2.04 (qi, CH2OCOOCH>CH>-
polym), 1.83 (m, 4H, NCH>CH>CH>N-)

m: multiplet ; t: triplet ; qi: quintet

Characteristic peaks for benzoic acid are observed in Figure 52 at 8.07 (g), 7.60 (h) and 7.47 ppm
(1) as it is used to quench the reaction. TBD is also observed with a weak signal due to its low

concentration, visible at 3.31 (e) and 1.83 ppm (f).

112



At 4.45 ppm (c), a triplet characteristic of trimethylene carbonate is found. This peak corresponds
to the protons closer to the carbonate function of the cyclic monomer, and integrating it shows a
value twice as high as the signal at 2.14 ppm (d), another characteristic peak for TMC. This
confirms that the signal at 4.45 ppm corresponds to the protons next to the oxygen, whereas the

protons at 2.14 ppm are from an aliphatic carbon.

Similar observations can be made for the signals at 4.23 (a) and 2.04 ppm (b), which are more
intense as they correspond to poly(trimethylene carbonate). Due to the structure of the polymer
compared to the monomer, the chemical shifts are at slightly different values, but the signal can
also be integrated to show a ratio of 2. By integrating one of these peaks and comparing to its
corresponding monomer peak, a “soluble fraction conversion” can be determined, corresponding
to how much monomer has been turned into non-grafted polymer. However, the real conversion is
calculated taking into account all of the converted, therefore it is necessary to correct the conversion
obtained by NMR with the amount of the monomer grafted onto CNCs. Lastly, a triplet can be

observed at 3.73 ppm corresponding to the chain ends of the polymer.

X-ray photoelectron spectroscopy can give additional insight into the composition of the modified
CNC:s at a surface level. In the Cl1s high resolution scan (Figure 53), the C-C carbon contribution
(C1) at 285 eV is shown to increase rapidly with grafting, as cellulose units do not contain carbons
without neighboring oxygen atoms, unlike trimethylene carbonate. With an increasing amount of
graft content, the relative intensity of the C1 contribution increases and then appears to reach a
maximum, at the contribution amount expected for pure poly(trimethylene carbonate) chains
indicating that no cellulose contribution is visible anymore. As opposed to C1, the C2 and C3
contributions to the Cls signal, corresponding to C-O and O-C-O environments respectively, both
decreased with an increasing amount of grafts, as poly(trimethylene carbonate) contributes less to
the C-O signal than cellulose, and does not contribute to the O-C-O signal. Finally, the O-C(O)=0
contribution (C4) increased with grafting content, similarly to C1 as the carbonate function is the

only contribution to this peak.

The results obtained from elemental analysis are therefore confirmed with the XPS data.
Additionally, the samples with a high amount of grafting showed almost no signal corresponding

to CNCs, but rather a composition similar to that of pure PTMC, which has a ratio 1/2/1 of C-C/C-
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0O/OC(0O)=0 units. This indicated that the surface of the CNCs (10 nm) was fully covered by

PTMC, forming a layer over the cellulose core.
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Figure 53: Carbon 1s X-ray photoelectron spectroscopy (XPS)
scan of cellulose nanocrystals grafted with different
poly(trimethylene  carbonate  content).  Grafted CNCs
corresponding to reference in Table 10: entry 21 (23%) entry 23
(41%), entry 18 (64%), entry 17 (74%).

As sulphur and nitrogen could not be measured by elemental analysis due to the extremely small
content detected, XPS data was also used on unmodified and grafted cellulose. As can be seen in
Figure 55, no significant signal can be found in the sulphur 2p region, indicating that the starting

CNC:s contained no sulphur, or negligeable trace amount of it after purification.
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Figure 55: X-ray photoelectron spectroscopy (XPS) scan of unmodified cellulose
nanocrystals in the region of Sulfur 2p peak.
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Figure 54: X-ray photoelectron spectroscopy (XPS) scan of unmodified CNC (red) and
74% grafted CNC (green) in the region of Nitrogen 1s peak.
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A similar observation was done for nitrogen to determine if TBD was still present in the grafted
cellulose, but looking at the region of nitrogen Is revealed no significant difference between the
unmodified CNC and grafted ones. Soxhlet extraction therefore showed to be an efficient method

of removing the catalyst from the product, a benefit of using organic catalysts (Figure 54).
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Figure 56: Contact angle of a water droplet on the surface of CNC modified with different
polycarbonate content. Grafted CNCs corresponding to reference in Table 10: entry 15
(9%) entry 21 (23%), entry 4 (51%), and entry 17 (74%).

Since poly(trimethylene carbonate) is a highly hydrophobic material, grafting CNCs with it should
change its interaction with water significantly. To quantify this, grafted CNCs were used in contact
angle measurements with water (Figure 56). For a poly(trimethylene carbonate) content as low as
9%, the increase in hydrophobicity is significant, which then increases more slowly as the synthetic
polymer content increased, up to a value close to that of pure PTMC reported in the range 90-110°
267.268 This might be related to an increasing coverage of the CNC by PTMC, ranging from partial
to almost full. It is noteworthy that the contact angle and thus the wettability can be controlled by

targeting the proper polycarbonate grafting ratio. As a result, we believe that this increase in
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hydrophobicity shows good signs for the potential incorporation of these nanoparticles in a polymer

matrix for composite applications.
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Figure 57: Differential Scanning Calorimetry (DSC) graphs of CNC, poly(trimethylene carbonate) (PTMC)
and modified CNC during the second heating at 10°C/min. . Grafted CNCs corresponding to reference in
Table 10: entry 21 (23%), entry 4 (51%), and entry 17 (74%)

DSC analysis were conducted to obtain more information on the thermal behavior of the grafts.
The samples were heated from -80 to 190 °C, as the glass transition temperature (Tg) of
poly(trimethylene carbonate) is below 0 °C. For unmodified CNCs, no T, or melting point were
observed, as expected (Figure 57). For grafted CNCs, a glass transition was observed for all
samples in the same range as the Ty of pure poly(trimethylene carbonate), but with slightly higher
values. With a graft content as low as 23%, a T at -9 °C can be recorded, indicative of the presence
of poly(trimethylene carbonate) grafts. As the PTMC content increased, the T, decreased and

progressively moved towards the value for poly(trimethylene carbonate) non-grafted polymer
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(11,700 g.mol ™) at -17 °C, without ever reaching it. This phenomenon could be attributed to a
lower mobility of the chain closer to the CNC backbone, their relative amount decreasing with
higher grafting values. Overall, this shows that polymer grafts on cellulose nanocrystals are of

sufficient length to showcase polymeric behavior.

As an additional proof of grafting of PTMC on cellulose, and not adsorption of non-grafted
polymer, DSC analysis were also performed on CNCs with different PTMC graft wt%, along with
the non-grafted polymer produced during the same reaction. These reactions were chosen
specifically due the non-grafted polymer having similar molecular weight. As can be seen in
Figure 58, all three non-grafted polymer have a relatively similar Tg, but the CNCs exhibit different
glass transition temperatures, decreasing with an increasing amount of graft content. If the PTMC
was purely adsorbed on the surface of the CNCs, then all three of these modified CNCs should
exhibit the same Ty, as the resulting non-grafted polymers have similar average molecular weight
for all three reactions. Furthermore, this shows that the Ty of the grafted CNCs depends on the

grafting percent of PTMC, and is not linked to the size of the non-grafted polymer produced.
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Figure 58: Thermogram of PTMC non-grafted polymer and grafted CNCs, each polymer and CNC of the same color

coming from the same reaction.
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TGA was also performed on the materials, primarily to determine the water content of each sample

to apply a correction to the EA data obtained, but also to determine if the modification of the CNC

had an impact of their thermal resistance.
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Figure 59: Thermograms of unmodified and grafted CNCs from 30 to 600°C as well as pure PTMC. Grafted CNCs
corresponding to reference in Table 10: entry 21 (23%) entry 23 (41%), entry 18 (64%), entry 17 (74%).
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As can be seen in Figure 59, the temperature of degradation of unmodified CNCs starts around
240 °C, as is quite typical for CNCs®®, while the degradation temperature of pristine
poly(trimethylene carbonate) is lower at 200°C. However, grafting of PTMC on CNCs did not
decrease the degradation temperature, as could have been expected, but rather increased it up to
about 275°, improving the thermal resistance properties of the CNCs. This shows that that despite
the lower degradation temperature of the grafts, the resulting material thermal resistance is
significantly improved, obtaining a degradation temperatures superior to both pure CNCs and

PTMC.

In order to know whether or not the cellulose nanocrystals retain their structure following grafting,
wide-angle X-ray scattering was used to determine the crystallinity of the pristine and PTMC
grafted CNC samples. The X-ray scattering data was fitted with the crystal structure of cellulose
IB, and the amorphous contribution to the scattering determined. As no melting peak was seen in
the DSC data, we know that the PTMC will be included in the amorphous contribution to the
scattering data. Therefore, considering the amount of PTMC in the sample, changes in crystallinity
of the cellulose (Ayg, cellulose) can be determined as the difference in crystallinity between the starting
material and the product (Aye, sample), minus the expected contribution from PTMC (¢prmc — the

volume fraction of PTMC) as shown in Table 12.

Table 12: The calculated sample crystallinity based on WAXS measurements for all samples.

Sample Ac, sample AXC, sample (@PTMC AXC, cellulose
Unmodified CNC 0.99 - 0 0
23% PTMC-g-CNC | 0.68 -0.31 0.27 -0.04

41% PTMC-g-CNC | 0.56 -0.43 0.46 0.03
51% PTMC-g-CNC | 0.37 -0.62 0.56 -0.06
64% PTMC-g-CNC | 0.26 -0.73 0.69 -0.04
74% PTMC-g-CNC | 0.14 -0.85 0.78 -0.07

The data on the grafted samples shows only around 5% change in cellulose crystallinity when the
contribution from amorphous PTMC is removed. This change could be due to peeling of the surface

chains of the CNC during grafting, however, given the lack of trend in Ayc, celiulose, and the wide
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standard deviation in the values, it is possible that this reflects the error in the calculation of the

sample crystallinity by this methodology.

Lastly, two samples have been characterized by mass spectrometry in order to get structural
information on the non-grafted polymer formed during the grafting procedure. Matrix assisted
Laser Desorption/lonization mass spectrometry (MALDI-MS) were performed on non-grafted
polymers of low molecular weight extracted after CNC grafting (Figure 60).

MALDI analyzes unambiguously confirm the presence of non-grafted polymers initiated by
residual protic species (water and ethanol molecules) even after the drastic drying procedures used.
Indeed, sample 25 shows the presence of polymer initiated by ethanol as major product (i.e. m/z
1599.5) while sample 29 is mainly composed of PTMC initiated by water (leading to propanediol
as initiator after decarboxylation reaction, m/z 1629.5). Interestingly, no significant contribution of

cyclic oligomers is observed although high conversions reached.
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V.1.3. ROP of TMC by CNC-Supported TBD trial experiments

The results presented here were obtained by using modified CNCs grafted with TBD moieties of
their surface. The catalyst was obtained thanks to the work of Nouaamane El Idrissi, a PhD student
of the group, therefore its synthesis will not be described here. A degree of substitution (DS) of
0.14 has been found based on elemental analysis calculation with in principle only the primary OH

(position C6) functionalized.

Table 13: Ring-opening polymerization of TMC using TBD-grafted CNC as catalyst, at 25 °C in THF for 5 hours.

Entry TMC /Catalyst/ OH Cat Time  Conversion™ M, non-grafted Pyl
polymert®
(h) (%) (g.mol")
1. 60/1/6!4 CNC-TBD 5 47 15,000 1.4
2. 30/1/6M4 + 1t CNC-TBD 5 52 19,100 1.4
3. 500/1/50 TBD 5 99 18,100 1.9
4, 100/1/1 mTBD 1 58 12,300 1.7

[a] Calculated via 'H NMR to determine monomer/polymer ratio. [b] Number-average molecular weight of the non-
grafted polymer determined by SEC vs. polystyrene standards and corrected with a correction factor of 0.57, 0.73, or
0.88 based on size measured®®’. [c] Number-average molecular weight of the non-grafted polymer determined by SEC
vs. polystyrene standards and corrected with a correction factor of 0.57, 0.73 or 0.88 based on size measured®®?. [d]
Based on a ratio of 1/6 of TBD/primary corresponding to a DS of 0.14 . [e] BnOH added as co-initiator.

A first reaction was performed in similar conditions to that of conditions described in V.1.1 to try
to use the functionalized nanocrystals as both the catalyst and the co-initiator. As can be seen in
Table 13, entry 1, the trimethylene carbonate was partially converted after five hours, leading to a
conversion of 47%, and a non-grafted polymer with an average molecular weight of 15,000 g.mol
I It is interesting to note that no co-initiator other than cellulose was used for this first reaction, yet
non-grafted polymer was obtained, likely initiated by protic impurities such as water and ethanol
from CNC purification. Despite this, the reaction exhibits good control with an acceptable
polydispersity of 1.4. When comparing the activity of the supported catalyst to a similar experiment
done with TBD (entry 3), a decrease in conversion can be noted despite the higher equivalents of
catalyst used. This result however is not surprising as grafted TBD has a structure similar to that
of 7-methyl-1,5,7-triazabicyclo[4.4.0]dec-5-ene (mTBD), which is known to have a lower activity
due to the loss of an hydrogen atom participating in H-bonding!#!. In addition, the conversion
obtained with TBD-CNC is closer to the one obtained with mTBD that with TBD. A second
reaction was then performed, using benzyl alcohol (BnOH) as a co-initiator to evaluate the activity
of the supported catalyst for the polymerization of TMC in the presence of a protic initiator, and

not to graft it to cellulose. For that reaction, the ratios of monomer, catalyst, and initiator used were
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similar to the one found in the literature for the ROP of TMC by TBD (entry 2). Using these
parameters, partial conversion was reached as well, this time 52%. Interestingly, the dispersity
obtained was similar than in the absence of BnOH, but the average molecular weight was slightly
higher. When compared to a reaction performed with mTBD for the ROP of TMC for only 1h
(entry 4), a similar conversion can be noted, despite the supported catalysis reaction lasting over 5
hours, showing the lower turnover frequency of the supported catalyst. Regardless of this slower
reaction time, a possibility to perform the ROP with a supported organic catalyst and to keep a low

polydispersity is an interesting perspective.

To determine if grafting had occurred on the supported catalyst, due to the presence of unmodified
surface OH able to participate in the co-initiation of the reaction, FT-IR analysis were performed
on the recovered cellulose used as supported catalyst. As can be seen in Figure 61, a small signal
of C=0 can be observed on the TBD-grafted cellulose after the polymerization reaction, showing
the presence of a small amount of polycarbonate grafts on the supported catalyst after the reaction.
This indicated that the grafting of PTMC on the surface of cellulose bearing catalytic moieties is
possible, but with the parameters used, only a small fraction of PTMC is grafted. In the presence
of an additional co-initiator such as BnOH, this signal can also be observed, indicating that a small
amount of grafting occurs on the cellulose regardless of the presence of an additional co-initiator

or not.
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Figure 61: FT-IR spectra of TBD-functionnalised CNCs before and after polymerization of TMC
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Table 14: Water and elemental composition for unmodified CNCs and TBD-grafted CNCs before and after reaction.

Entry Nitrogen content (%)  Carbon content (%)  Hydrogen content (%) Water content (%)
CNC 0.22 42.49 6.17 2.9
TBD-CNCs 2.60 44.74 6.22 59
5. 0.79 41.30 5.98 5.8
6. 1.78 43.60 6.09 5.9

Elemental analysis was also used to characterize the supported catalyst after the reaction, to
determine possibly the graft wt% of PTMC, as well as if there was any loss of TBD grafts (Table
14). As can be seen from entry 5 for the reaction with only TBD-CNC as co-initiator, an important
loss of nitrogen content is noticed, going from 2.60% before reaction to 0.79% after. This shows
the likely loss of some of the functions attached to the cellulose nanocrystals before, which could
be a problem for recovering and reusing the supported catalyst. This loss of TBD functions was
also confirmed by NMR as can be seen in Figure 62, where the reaction media was separated from
the CNCs by filtration and analyzed. In this mixture, characteristic signals for TBD can be detected
at 3.21 and 3.09 ppm, indicating that some was detached from the functionalized CNCs during the
reaction. In comparison, entry 6, the reaction performed in the presence of benzyl alcohol, shows
a higher nitrogen content, indicating of a better retention of the grafted catalyst on the surface of
the cellulose. This was also confirmed by NMR, where the signals of the TBD in the post reaction
mixture were very difficult to detect, and a smaller fraction seemed to have been lost, nitrogen

content going from 2.60 to 1.78% after reaction.

A range of possible grafting was calculated to determine whether or not the loss in Nitrogen content
was caused by a grafting reaction or loss of the grafted TBD. The following calculation is done
considering leaching negligeable. Reaction 1 was carried out using 1000 mg of TMC, and 214 mg
of TBD-CNC, corresponding to 190 mg of CNC, 24 mg of TBD, and 1214 of product in total,
TMC representing 82 wt%. TBD is composed of 26 wt% of N, 24 mg of TBD represents 6.25 mg
of N. If 100 % of the TMC is grafted on the CNCs, N content would be 0.5 % (24 g/ 1214 g),
whereas it would be 2.6 % if no grafting occurred. N content of 0.78 wt% would correspond to 800
g of grafted PTMC, which would correspond to 73 wt% grafts. As seen in FT-IR, only a very weak
C=0 stretching signal is observed, unlike the one observed for a 74 wt% grafted CNCs described
in Figure 51. For reaction 2, the same calculation would correspond to 39 wt%, which would be

more realistic, but still does not correspond to what is observed in FT-IR.
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Figure 62: 'H NMR spectra of the crude mixture after quenching with benzoic acid and separation of CNC in CDCl;
(300 MHz).

In regards to the amount of PTMC grafted to the cellulose nanocrystals, this amount could not be
quantified using the method described in V.1.1due to the loss of TBD grafts as well as addition of
grafts, making calculation impossible, similarly to resolving a equation system with too many
unknown variables as is described in I1.5. However, elemental analysis and FT-IR indicate that the
wt% of PTMC on the CNCs would be very small, in particular in the case of the reaction done in

the presence of BnOH as co-initiator.

V.2.Conclusion

Ring-opening polymerization of trimethylene carbonate was performed using cellulose
nanocrystals as a co-initiator in the presence of four organocatalysts, i.e. DMAP, DBU, TBD and
BEMP). The overall performances considering conversion, grafting ratio and yield are TBD >

BEMP > DBU, DMAP. After optimization, a grafting ratio as high as 74% could be reached using
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TBD, corresponding to a material composed by weight of almost % polycarbonate grafts. The
reaction was performed at room temperature with a low concentration of the catalyst, 0.5% vs.
TMC and 500 equiv. of TMC per glucose unit. This led to a material with T and contact angle
close to that of poly(trimethylene carbonate). The use of a single step reaction, under mild
conditions while keeping grafting yield high is of great interest to produce CNC with a controlled
amount of grafts. In addition, the catalyst could be removed by Soxhlet extraction and no traces of
it could be detected in the purified material. Furthermore, we were able to show some of the most
influential parameters with respect to grafting content, providing some insight on the chemistry
behind cellulose modification. As determined by TGA and WAXS, no loss of properties of the
cellulose nanocrystals were recorded after surface modification. Moreover, XPS showed a surface
composition almost identical to pure PTMC at higher grafting content, indicating the almost full
coverage of the grafts on the CNCs nanoparticle in core-shell like structure. The water contact
angle of the resulting material ranged from ca. 50 to 100° and could be tuned by adjusting the
grafting ratio. Lastly, DSC results revealed the polymeric behavior of the grafts, confirming the
successful grafting of polycarbonate chains of sufficient length to have high potential as
reinforcement fillers in composite materials. To our knowledge, this is the first reported chemical
modification of cellulose nanocrystals with trimethylene carbonate, and the first example of a ROP-

based “grafting from” process attaching polycarbonate chains onto CNCs.

The use of TBD-grafted cellulose nanocrystals as a supported catalyst was also tested for the
polymerization of trimethylene carbonate. In the absence of another co-initiator, the ability to graft
PTMC of the CNCs was evaluated, and only a very small amount of grafting was detected on the
CNC:s. Full conversion was also not reached after five hours, likely due to the lower reactivity of
the supported catalyst when compared to TBD. In addition, an important decrease in nitrogen
content of the supported catalyst after recovery was measured by elemental analysis for this
reaction, showing that a part of the TBD groups had be detached during the experiment. This was
later confirmed by proton NMR analysis where free TBD signal could be detected in the reaction
mixture. In comparison, a reaction of polymerization of TMC in the presence of BnOH as a co-
initiator was also performed to try to obtain purely non-grafted polymer. With parameters closer to
that of similar work reported in the literature, PTMC of narrow dispersity could be obtained as
well, and an almost negligeable amount of grafts were detected on the recovered catalyst by FT-

IR. When compared to a similar reaction performed with mTBD, a lower activity of the supported
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catalyst was showed, with a similar conversion obtained at the five hour mark for the supported
catalyst vs. one hour for mTBD. The loss of functional group of the supported catalyst was
determined by elemental analysis, and while some decrease in nitrogen content was noticed, it was
not as important as for the reaction performed without BnOH. Overall, while some optimization is
needed and re-usability of the supported catalyst was not yet tested, the ability to use a bio-based
supported catalyst for the simple polymerization by ROP of cyclic carbonate is an interesting

development towards greener catalytic systems.

The methodology developed for the SI-ROP of TMC using TBD proved efficient at obtaining
highly grafted CNCs, especially in comparison to the grafting obtained on CNF described in
chapter III. Therefore, grafting of PLA and other lactones on CNCs will be explored in the next
chapter, as TBD has been reported to be an efficient catalyst for the ROP of many cyclic monomers.
Due to the very different mechanical properties of PLA and PTMC, but their common advantages
such as biocompatibility, copolymers grafts of both would be particularly interesting, especially if
this can be done with the same catalytic system. Therefore, grafting of copolymers onto CNCs will

be described to demonstrate the high versatility of this method.
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VI.

Block and Statistical Copolymer Grafted CNC by organocatalysis

VI.1. Introduction

The ever-growing concern over the replacement of fossil fuel-based chemistry has been at the
forefront of research over the past years, leading both industry and academia to increasingly invest
in developing a biobased resourced industry. This interest has brought forward different materials
to replace the currently used polymers such as aliphatic polyesters and polycarbonates with
renewable alternatives. Indeed, cyclic esters and carbonates, which constitute a substantial portion
of the monomers available to synthesize such polymers, can be obtained from renewable sources.
For example, lactic acid can be made commercially by fermentation of carbohydrates, which leads
to an optically pure product that can be polymerized to give poly(lactid acid) (PLA)*®. As for
carbonates, a lot of work has focused on producing them through greener pathways, most
commonly by combining epoxides with COz to obtain cyclic carbonates, which can be polymerized
by ring-opening polymerization (ROP)!%?7°, More recently, the use of biosourced feedstocks to
produce organic carbonates has also seen a surge in interest, leading to some new potential

applications®’!

. However, as with most polymers, a high level of control over the properties of the
final material is required for high end applications. These high-value materials usually require a
well-defined molecular weight as well as a narrow dispersity, and sometime a high level of control

over the chain ends and the sequence of the monomer units''®272,

A large amount of work has been carried out to obtain sufficient control over polymerization
reaction, and ROP has been the most promising approach to satisfy all of the criteria mentioned
previously??*27®. Among the catalysts used for this type of polymerization, metal alkoxides have
been widely used, and their mechanism to catalyze these reactions has been studied thoroughly.
Among such systems, magnesium, zinc, calcium, and many others have been developed as efficient
and non-toxic catalysts to facilitate their use in as many application as possible 274276, However,
they can sometime be used with toxic ligands, trace amounts of catalyst are often very difficult to
eliminate, and these metal centers can create issues for some applications such as for
microelectronic. Moreover, these catalysts are often very sensitive to impurities and used for bulk
polymerization which requires high temperatures. This has therefore motivated many researcher to

253

look for metal-free alternatives™°. Research into organic catalysis for ring-opening polymerization

has over time produced and wide variety of catalytic system including the use of enzymes and
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mono or bi-component catalysts'*>2’7. While these catalysts may not be as efficient with regards
to stereo- and regioselectivity, many organic catalysts have been shown to have a high activity and
offer a good control over the ROP of common monomer such as cyclic esters and carbonates.
Alkaline catalysts have recently risen as one of the most promising group of organic catalysts for
such reactions, with species such as guanidines (1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD), 7-
methyl-1,5,7-triazabicyclo[4.4.0]dec-5-ene (mTBD))!67:278, amidines (1,8-
diazabicyclo[5.4.0Jundec-7-ene (DBU))?’**° and pyridine derivatives (4-dimethylaminopyridine
(DMAP))?!. A great benefit of these catalysts is that they can be used with a protic co-initiator
such as an alcohol which allows for greater control over the molecular weight of the final product.
Using an alcohol to fine-tune the ratio of initiator/monomer is a great asset as this allows for a very

small quantity of catalyst to be used?

. More recently, phosphazene bases such as 2-(tert-
butylimino)-2-(diethylamino)-1,3-dimethylperhydro-1,3,2-diazaphosphorinane (BEMP) have also
been identified as good candidates for the ring-opening polymerization of cyclic esters, with high
activity even under mild conditions and a good stereocontrol when polymerizing rac-lactide®®®. In
addition, this catalyst has also been used successfully for the ROP of cyclic carbonates'!”.

As good a material as aliphatic polycarbonates and polyesters can be, both of them however present
limitations for uses in some applications. Aliphatic polycarbonates (PC) such as poly(trimethylene
carbonate) (PTMC) have poor mechanical properties due to a low glass transition temperature
(around -17 °C), which hinders their use for practical applications?**?*°. As for polyesters, PLA for

example is a very brittle material and shows a poor resistance to oxygen and water permeation,

which is an issue in typical applications such as packaging®®¢.

An interesting solution to overcome these limitations is to reinforce them with fillers such as
cellulose to obtain composite, or to combine different polymers together, or alternatively,
materials?®’. In the work presented previously, the grafting of these polymers onto cellulose
nanofibers (CNF) and cellulose nanocrystals (CNC) has been explored as a way to make suitable

fillers for composite materials.

Regarding the combination of these polymers, copolymers of PLA and PTMC have been described
in the literature before using different catalysts. In 2014, Fliedel et al. described the use of a N-
heterocyclic carbene zinc alkoxides to obtain well defined block copolymers of PTMC and PLA

by sequential addition of the monomers?*®. Similarly, diblock and triblock copolymers were
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described by Socka et al. using an aluminum alkoxide catalyst with bulky ligands. Using this
system, the authors were able to obtain various combination of PTMC and PLA block such as ABA
and BAB by sequential addition of the monomers, and also successfully prepared random
copolymers. Copolymers obtained this way exhibited interesting thermal properties and

microstructures>®®

. As with homopolymerization of these monomers, metal-based catalyst have
seen the most amount of work to prepare copolymers, but some work has also been done using
organic catalyst such as TBD and methanesulfonic acid (MSA), as described by Toshikj et al..
Interestingly, the authors observed that the copolymerization of lactide and TMC with TBD did
not work well when starting with a polylactide block, and two homopolymers were obtained this

way. Similar results were also observed with a tin-based catalyst*°,

An interesting perspective would be to combine both approach: graft copolymers onto the surface
of cellulose to obtain nanofillers with unique properties. Copolymer-grafted cellulose nanocrystals
have already been documented using different methods and monomers. In the work of Carlmark et
al.®!, atom transfer radical polymerization (ATRP) was used to modify the surface of a cellulose
filter paper. In this work, a first step of surface modification was done using 2-
bromoisobutyrylbromide to obtain efficient initiators for ATRP reaction. Following this reaction,
“grafting from” polymerization of methyl acrylate was done on the surface of the cellulose using
copper bromide. A sequential addition of 2-hydroxyethyl methacrylate was done, and after full
conversion, a block-copolymer was observed on the surface of the cellulose fiber. “Grafting from”
copolymerization with cellulose was also reported using a metal-free approach by Lu et al.?*%
Starting from ethyl cellulose, a first modification was again done to obtain bromide moieties on
the surface of cellulose as initiators for ATRP reaction. 10-phenylphenothiazine was used as a
photoredox organic catalyst for the sequential copolymerization of lauryl meth-acrylate and
furfuryl methacrylate. Under low intensity ultraviolet (UV) light emitting diodes (LED),
polymerization of both monomers was successfully done, and “deactivation” of the polymerization
could be done by turning the light off. The modified cellulose obtained showed microphase
separation as evidence by transmission electron microscopy (TEM) and differential scanning
calorimetry (DSC). Another technique that has been used to graft copolymer on cellulose is the
“grafting to” approach, as reported by Mano et al.>>>. Sequential ROP of g-caprolactone (CL) and
L-lactide (LLA) was first performed using a tin-based catalyst (Sn(Oct)z) and an alcohol co-

initiator. Then, using toluene-2,4-diisocyanate (TDI) and Sn(Oct),, the copolymer chain ends were
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modified to obtain TDI-end capped copolymer. As the final step, CNCs were added to the
copolymer in dry toluene, and after 7 days at 90 °C, P(CL-b-LLA)-g-CNC were obtained. Two
copolymers with different molecular weight were grafted using this method, and the lower
molecular weight copolymer appeared to give a greater surface modification as seen in TEM,

resulting in a higher hydrophobicity and better separation of the modified CNCs.

Interestingly, organocatalyzed “grafting from” ROP has not been reported as a method of grafting
copolymers on the surface of CNCs yet to the best of our knowledge. In addition, copolymers made

from lactide and TMC have yet to be grafted on cellulose.

We hereby report the organocatalyzed ring-opening copolymerization of TMC and lactide on the
surface of cellulose nanocrystals. To our knowledge, such copolymers grafts on cellulose have not
been reported in the literature, therefore the findings of this study should shed some light on the
chemistry behind the obtention of such materials, how to characterize them, and their resulting

properties.

VI.2. Results and discussion
VI1.2.1. PTMC/PLLA Copolymers

Due to PTMC generally having low glass transition temperature, and PLA’s brittleness, graft
copolymers of both could make interesting additive for composite materials. For this purpose,
grafting of both polymers on CNC was performed in different conditions. In order to compare the
reactions involving multiple monomers, grafting reactions were first performed with each
monomer separately. First, two different reactions were used with the different catalytic system
described previously: a short reaction with a catalytic amount of TBD (similar to reactions with
TMC described in Chapter V), and a long reaction with a large amount of DMAP (similar to
reactions with lactide described in Chapter III).
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Table 15: Ring-opening polymerization of L-LA initiated from the surface of CNC using TBD and DMAP, at 25 °C
in THF.

Entry | Cat. L-LA/Cat/ Time Grafting® Conversion! Grafting M, non-grafted Dy
OH Yield@ polymer [e]
(h) (W%) (%) (%) (g-mol™)
1. TBD 500/1/50 1 0 7 0.0 24,700 2.3
2 DMAP  500/50/50 72 57 99 14.9 94,400 1.4

[a] Calculated using moles of glucose rings (162.14 g/mol), and considering 1 primary OH per ring. [b] Determined
by elemental analysis (calculation based on hydrogen content (%H) and carbon content (%C)) and corrected for
adsorbed water using TGA. [c] Calculated via 'H NMR to determine monomer/polymer ratio and corrected to include
monomer grafted. [d] Ratio of monomer grafted to initial monomer. [e] Dispersity of the non-grafted polymer
determined by SEC.

As can be seen in Table 15 entry 1, grafting of PLLA on unmodified cellulose nanocrystals did
not yield any grafting with the system using TBD, and conversion was low after 1 h of reaction
when using CNCs as co-initiator. When compared to previous experiments with TMC, the
conversion was also found to be slower, as a conversion of at least 80% should be expected after 1

h for this monomer. It is also interesting to note that the reactivity is much lower when using CNCs
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Figure 63: Carbon Is X-ray photoelectron spectroscopy (XPS) normalized spectrogram of
unmodified CNCs and PLLA-grafted CNCs. Grafted CNCs corresponding to entry 2 in Table
15
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as co-initiators, as similar reactions reported using alcohols with TBD showed a much faster
conversion, potentially due to a strong H-bonding interaction with CNCs'*!. The second reaction,
using DMAP at a ratio of 1 per primary OH on cellulose, lead to full conversion after 72 h, and a
very high molecular weight and low dispersity for the non-grafted polymer. Elemental analysis
coupled with TGA was used and a grafting of 57 wt% was determined, a result much higher than
results reported in Chapter III using CNFs, likely due to the more controlled environment when

reactions are done in a glovebox.

Grafting was confirmed by XPS (Figure 63) and C-C (C1) and OC=0 (C4) contribution increase
significantly, to the point where the cellulose C3 contribution could not be seen, showing the
complete coating of the cellulose nanocrystals by the PLLA chains. The sample was also
characterized by DSC, and a Ty typical of PLLA could be measured at 59 °C, but melting enthalpy
could not be detected. The crystallization may be hampered by the presence of the rigid CNCs. A
comparison of different thermograms comparing grafted and non grafted polymers as well as a

discussion on the results will be provided later in this chapter.

VI.2.1.1.  Block Copolymers

For grafting of PTMC on unmodified cellulose nanocrystals, as shown in Table 10 (Chapter V), it
can be successfully caried out using different catalyst, and TBD can lead to a high amount of
grafting (up to 74% PTMC by weight). Therefore these reactions will serve as the reference for
grafting of PTMC on CNCs throughout the next part.

Isolated CNCs grafted with different amount of polycarbonate (obtained as described in Chapter
V) were first used, and TBD was used as the catalyst for the polymerization of L-lactide. Despite
DMAP yielding better results for the grafting of PLLA on unmodified cellulose, PLLA grafting on
PTMC-grafted CNCs was found to be more efficient with TBD. In order the keep the ratio of
monomer / catalyst / OH, all values used for cellulose OH content were recalculated to take into
accounts the grafted wt% of PTMC. Therefore 100 mg of 73% grafted CNCs was calculated to
correspond to 0.167 mmol of glucose ring repeating units, whereas 59% grafted CNCs would be
0.253 mmol of glucose units. As shown in Table 16, the initial amount of PTMC grafted on the
CNCs seems to be an important factor in the amount of PLLA grafted, as starting from 73% grafted
CNCs yields a grafting of 50 wt% of PLLA on the CNCs, resulting in a material with only 13 wt%

of cellulose in the end. Interestingly, due to the difference in molecular weight of both monomers,
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this gives an almost equimolar ratio of PTMC/PLLA grafted on cellulose (0.96). When carrying
out a similar reaction with modified CNCs containing less PTMC, the grafting obtain for PLLA is
also lower, and this trend can be observed all the way to 23% grafted CNC-PTMC. Due to the
CNCs with lower PTMC grafting possessing more cellulose, therefore more surface OH, higher
amounts of lactide are used to keep the same ratio of monomer to initiator. This result in a drastic
drop of yield for reaction performed with less grafted CNCs, going from 41.6 to 13.5% when the
initial PTMC content of the CNCs goes from 73 wt% to 59 wt%.

Table 16: Ring-opening polymerization of L-L A initiated from the surface of PTMC-grafted CNCs using TBD, at 25
°C in THF over 1 hour. Full conversion was reached for all reactions.

Entry | L-LA/TBD/OH® Initial  Grafting by weight™ Grafting M, non-grafted DBy¥
PTMC Yield polymer
content
(wt%)  wt% PLLA /PTMC (%) (g.mol ")
3. 500/1/50 73 50/37 41.6 49,000 2.8
4, 500/1/50 59 33/40 13.5 43,500 2.4
5. 500/1/50 35 30/25 7.4 33,100 2.5
6. 500/1/50 23 10/21 1.6 26,600 33
7. [ 500/ 0.5 /50 731e! 371/ 46 6.8 47,400 1.3

[a] Calculated using moles of glucose rings (162.14 g/mol), and considering 1 primary OH per ring. [b] Determined
by elemental analysis (calculation based on hydrogen content (%H) and carbon content (%C)) and corrected for
adsorbed water using TGA.[c] Ratio of PLLA grafted to initial lactide. [d] Dispersity of the non-grafted polymer
determined by SEC.[e] one pot 2 step reaction, with an initial conversion of 500 eq TMC over 5 hours followed by an
addition of L-LA. [g] Calculated based on results obtained in Table 10.

Taking into account the difficulty to graft PLLA on unmodified CNCs with this catalytic system
(Table 15), seeing a decrease in grafting of PLLA with lower grafting of PTMC as seen before
would be in agreement with the fact that native CNC hydroxy group are not very reactive with
TBD and L-lactide, whereas hydroxy end groups of PTMC grafts have a higher reactivity. This
also shows the likelihood of the PLLA grafts being attached through the PTMC chain ends rather
than to unreacted hydroxy on the surface of CNCs. It is worth noting that CNCs with a higher
PTMC content are also more hydrophobic, and non-grafted polymers obtained for these reactions
show a trend of being shorter for lower PTMC content. This could indicate that trace amounts of
water is also to takes into account, despite every sample going through the same intense drying

before reaction (107 bar of vacuum over a week).
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Figure 64: Carbon 1s X-ray photoelectron spectroscopy (XPS) normalized spectrogram of unmodified CNCs, PLLA and
PTMC blocks grafted CNCs. Modified CNCs corresponding to entries 3 to 7 in Table 16 and entry 26 in Table 10.

As TBD is able to polymerize both TMC and L-LA, a one pot, two steps approach was tested to
see if similar results could be obtained without the needs for extra s teps (entry 7). Catalyst loading
was reduced to 0.5 eq as this gave the best results for grafting PTMC on CNCs (73%), and after
complete conversion of the first monomer (5 hours), L-lactide was added. The grafting of PLLA
was calculated once again by elemental analysis, but not having any isolated CNC after the first
polymerization, the calculation was obtained assuming 73% grafting of PTMC (similar to a
reaction performed with very consistent results). Proceeding like this, the overall grafting obtained
was slightly lower, 83% vs. 87%, and the non-grafted polymer obtained had a much lower
dispersity, showing a more controlled reaction (possibly due to the lower catalyst load). However,

the grafting yield was low at 7%.
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XPS analysis on the modified cellulose was performed to compare the surface composition, in
particular for the CNCs that were modified to try to obtain block copolymer vs. the one aimed to
be statistical. As XPS only provides analyzes of the first 10 nm layers of the material, this method

of analysis can provide an interesting insight on the surface of modified CNCs.

As can be seen in Figure 64, the sample with the highest amount of PLLA grafted (entry 3) looks
almost identical to that of pure PLLA?%, while the contribution C5 of the trimethylene moieties
was very small (XPS data provided in Table 39). This not only confirmed the successful grafting
of PLLA on the modified CNCs, but it also gave an indication that the PLLA blocks are more likely
grafted onto the PTMC blocks rather than directly on unreacted hydroxy functionalities present on
the surface of the cellulose. In the dry state, PLLA forms a surface layer on top of the modified
nanocrystals. As the amount of PLLA grafted on the surface of the PTMC-grafted CNCs increased,
the contribution of the carbonate C5 could be seen increasing, while the contribution of the ester
C4 signal decreased. However, even for samples with a higher amount of PTMC than PLLA, the
dominant signals was still that of the ester, showing that the surface was made of a PLLA layer,
and the PTMC layer was below it. Interestingly, the modified CNCs obtained by a one pot two-
steps process (entry 7) had a slightly higher carbonate contribution. This could be an indication of
some transesterification/transcarbonation having taken place but could also be attributed to the fact
that the PTMC-grafted CNCs were never dried before grafting of PLLA, thus making the PLLA
and PTMC interaction different.

Overall XPS indicated that CNC obtained from attempts at block copolymer grafting were mostly
composed of PLLA on the surface 10 nm if sufficient grafting was reached, with the sample
containing lower PLLA grafting amounts showing that the PTMC block could be found

underneath.

FT-IR analysis was also performed, to gain complementary information to XPS analysis due the
higher depth of penetration for this technique. For the block copolymer-grafted CNCs, XPS showed
mostly PLLA signals in the first 10 nm layer, with carbonate signals representing less than 1% of
the surface composition (entry 3). However, as can be seen in Figure 65, FT-IR revealed the
presence of strong carbonate bands at 788, 1028, 1220 and 1740 cm™ for the same modified
cellulose. As some of these peaks belonged to C=0 and C-O stretching, they were in the same

region as PLLA bands, but a clear difference could be seen between the PTMC and PLLA signals.
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This confirmed the presence of PTMC blocks on the grafted CNCs, as well as the PLLA covering

the surface.
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Figure 65: FT-IR spectra of copolymer-grafted CNC and non-grafted PTMC and PLLA.

000 800

1

140



VI1.2.1.2. Statistical Copolymers

Table 17: Ring-opening copolymerization of L-LA and TMC initiated from the surface of CNCs using TBD, at 25 °C
in THF over 5 hours.

TMC/L-LA/TBD/ Conversion!®! M, non-grafted ~ Dwl®

Entry OH® polymer

(%) (g.mol'")

g. 250/250/0.5/5  88% TMC, 90% L-LA 15,200 2.0
9. 250/250/0.5/50 87% TMC, 99% L-LA 5,500 1.8
10. 350/150/0.5/50 96% TMC, 99% L-LA 22,600 2.7
11. 150/350/0.5/50 40% TMC, 0% L-LA n.d. n.d.

[a] Calculated using moles of glucose rings (162.14 g/mol) and considering 1 primary OH per ring. [b] Calculated
via 'H NMR to determine monomer/polymer ratio and corrected to include monomer grafied. [c] Dispersity of the
non-grafted polymer determined by SEC. [d] Reaction performed with BnOH as co-initiator instead of cellulose.

In an attempt to obtain different materials, CNCs grafts were prepared by mixing both monomers
at the beginning of the reaction in the presence of CNCs. However, due to the unknown chemical
composition of the grafts, the wt% grafts could not be directly determined by elemental analysis.
Moreover, quantification of the grafts using weight of the modified CNCs after reaction was not
reliable as some materials were easier to separate from the non-grafted polymer that others. Despite
this, interesting comparisons can be done between the CNCs obtained with this method as

compared to the blocks described in the previous section, which will be done in the next section.

First, a reaction with benzyl alcohol (BnOH) instead of CNCs was performed to evaluate the
reactivity of the monomers (entry 8, Table 17). For this reaction conversion for both monomers
was similar at 90% when an equimolar quantity of monomer was used at the beginning of the

reaction.

As can be seen in Figure 66, characteristic signals of PLA (5.10 to 4.97 ppm and 1.52 to 1.48 ppm)
obtained after this reaction were different than that of pure PLLA and in the form of multiplets.
This could be attributed to the junction between lactide and TMC units, and could be observed for
the characteristic PTMC signals as well (4.18 and 1.99 ppm), indicating of the potential statistical

nature of the copolymer.

With similar conditions using CNCs as the co-initiator, the same conversion for both monomers
could be calculated. When increasing the ratio of PTMC, the conversion increased to reach almost

full conversion for both monomers. Interestingly, conversion of lactide on PTMC-grafted CNCs
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was much faster than on unmodified cellulose with TBD. When performing a reaction with a
majority of lactide however, the opposite was observed and the conversion after five hours was

much lower at 40% for TMC and no conversion observed for lactide.
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Figure 66: 'H NMR spectra of the crude mixture obtained after equimolar reaction of TMC and L-lactide with BnOH
as initiator (entry 8, Table 17) TBD and Toluene at 110°C for 60 seconds in CDCIz (300 MHz). Crossed signals
correspond to THF as the NMR can carried out right after quenching of the reaction.
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Figure 67: Carbon 1s X-ray photoelectron spectroscopy (XPS) normalized spectrogram of unmodified CNCs and

P(L-LA-stat-TMC) grafted CNCs. Modified CNCs corresponding to entry 9 to 11 in Table 17 and entry 3 in Table
16.

For the XPS of the grafts formed with both monomers present at the same time, the surface
composition of the modified CNCs was quite different (Figure 67). For the equimolar mixture
(entry 9), both ester (C4) and carbonate (C5) moieties could be observed, but the OC-O
contribution of cellulose found on either side of the B-(1-4) glucosidic bonds was not well defined,
showing once more that the graft covered most if not all of the surface of the CNCs. Compared to
the block copolymer described in Figure 64, the ratio of the contribution C5/C4 was more
important, showing the likeliness of a more statistical copolymer composition, with possibly more
lactide units integrated in the surface grafts as the ester contribution was higher than the carbonate
one. When using a higher ratio of TMC/LLA (entry 10), the surface composition was slightly

different, with more carbonate contribution (C5) compared to the equimolar reaction. However,
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lactide signals were still stronger, and the ratio of PTMC/LLA units was close to 1, indicating an
almost equimolar composition of the copolymer on the surface of the CNCs. The last reaction done,
this time with a TMC/LLA ratio of 3/7, gave a material with a composition close to that of
unmodified CNCs, showing very little grafting, as expected due to the low conversion of monomers
for this reaction. On the contrary, attempts at grafting statistical copolymer of PTMC and PLLA
showed a surface composed of both monomer units. This was a good indication of the success of

these reactions and of the nature of the copolymers grafted on the surface of the CNCs.

For the statistical grafts on CNCs, a slightly different FT-IR spectra was obtained, likely due to the
difference in ratio of PTMC/PLLA grafted after this reaction (Figure 65).

VI1.2.1.3.  Differential scanning calorimetry (DSC)

DSC analysis was also performed on a variety of materials to determine their glass transition
temperature as well as the presence or absence of crystallinity (as PLLA is usually a semi-
crystalline polymer on its own). As can be seen in Figure 68, unmodified CNCs showed no signals
despite their crystalline nature, due to their degradation temperature being lower than their melting
point (around 250 °C for the degradation). When grafted with poly(trimethylene carbonate), a Ty
appeared in the DSC trace. For PLLA-grafted CNCs, a similar Ty between the non-grafted polymer
and PLLA-grafted CNCs was found as well (around 60 °C), however crystallinity of PLLA was
not observed on the grafted CNCs. This would indicate that the brush copolymer formed by grafting
PLLA was not able to crystallize, possibly due to restricted chain mobility as a result of attachment

to the CNC surface.

In order to characterize the copolymers, the miscibility of PLLA and PTMC was evaluated by
making and characterizing a blend of both polymers(50/50 wt% of a PTMC of 30,000 g.mol! and
a PLLA of 40,000 g.mol™!) (Figure 69). For this sample, the glass transition temperature of both
polymers was measured to be -17 °C for PTMC and 54 °C for PLLA. These values are close to
those for both polymers characterized separately, but a slight decrease of the Ty was noticed for

PLLA, which could indicate a partial, yet low miscibility of both polymers.
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Figure 68: DSC thermograms of PTMC, PLLA, unmodified CNCs, and grafted CNCs between -80°C and 180°C.

Interestingly, the melting of PLLA could still be observed. In the case of a PTMC-block-PLLA
(Figure 69), two glass transition temperatures could still be observed as was expected for a block
copolymer with not fully miscible phases. However, an increase in the Ty of PTMC could be
observed at -10 °C, whereas the Ty of PLLA was decreased to 40 °C. Despite this change in the
glass transition temperature observed, the crystallinity of the PLLA block is still visible with a
melting peak around 110 °C, which should be noted is also lower than that of pure PLLA (at 120

°C). Thus, it seemed that in these conditions, there was partial miscibility of the two polymers.

A modified cellulose with PTMC and PLLA block was then characterized (corresponding to entry
3 in Table 16), and some important differences could be noticed with the non-grafted copolymer.
The first thing observed was the absence of a melting point, the rigidity of the cellulose
nanocrystals potentially preventing PLLA to crystallize, as was seen for PLLA-grafted CNCs. As
for the glass transition temperature of the copolymer-grafted CNCs, signs of both PTMC and PLLA
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T, could be observed around -8 °C and 62 °C respectively, which would correspond to the two
polymers with partial miscibility (Figure 69). Interestingly, the Tg signal were not as clear as for
the non-grafted copolymer. While indicative of the likely presence of a block structure, this could
indicate a complex microstructure for the product obtained.
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Figure 69: DSC thermograms of PTMC, PLLA, unmodified CNCs, and grafted CNCs between -80°C and 180°C.

Further DSC analysis was performed in order to confirm the block structure of the modified CNCs
and to compare the material property with statistical copolymers of PTMC and PLLA. As shown
in Figure 69, a copolymer obtained by adding both monomers at the beginning of the reaction in
equimolar proportion (entry 8) has a T around 12 °C, situated between that of both PTMC and
PLLA, as expected for a statistical copolymer. The lack of melting peak for PLLA is also quite
typical as long chains constituted of only lactide units are unlikely to be present, therefore
preventing the crystallization of PLLA. For the similar reaction that was performed with CNCs as
the co-initiator, a similar thermogram is obtained, but the Ty measured is again higher, likely due
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to the rigidity of the CNCs the polymer chains are grafted onto. The CNCs produced with a higher
ratio of PTMC/PLLA were also characterized, and their glass transition temperature was found to
be lower, confirming the presence of more TMC units in the copolymer. The thermograms of the
different copolymers and copolymer-grafted CNCs showed different characteristics for the
different types of modified CNCs. Coupled with all the analyses described previously, this gives
some good indications of having successfully grafted block and statistical copolymers on the

surface of cellulose nanocrystals.

VI.2.1.1.  Degrafting / depolymerization of the modified CNCs
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Figure 70: 'H NMR spectra of the crude mixture of grafted CNCs (corresponding to entry 7, Table 16) in the presence of TBD
and toluene at 110°C for 60 seconds in CDCl; (300 MHz).

In order to confirm the structure of the copolymers hypothesized after DSC, XPS and FT-IR
analysis, NMR analysis were also performed. However due to the insoluble nature of cellulose

nanocrystals, analyses were performed on polymer obtained through a degrafting /
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depolymerization reaction of the modified cellulose. TBD has been reported before to be able to

depolymerize various polyesters'® and polycarbonates?”

at high temperatures, therefore a similar
reaction was performed on grafted cellulose to attempt a de-grafting of the copolymers on the
surface of CNCs. After the cellulose was separated from the rest, proton NMR was performed in

CDCls.

In the case of the copolymer that was grafted by doing 2 different reactions (Figure 70): first PTMC
grafting and purification, then PLLA grafting (entry 16), the presence of PLLA could be seen
around 5.16 ppm (peak “c”) as well as 1.57 ppm (peak “d”), respectively for CH and CHs.
Similarly, typical PTMC signals were be observed at 4.24 ppm (peak “a”) and 2.05 ppm (peak
“b”). In the case of signal “e”, belonging to lactide monomer unit linked to a TMC monomer unit,
this signal was this time much smaller than the one described before for the statistical copolymer,
which confirmed the block tendency of the grafts obtained on CNC through a two-steps method. It
is important to note however that transesterification / transcarbonatation reactions can also occur

in the course of this degrafting / depolymerization reaction.
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Figure 71: '"H NMR spectra of the crude mixture of grafted CNCs (corresponding to entry 9, Table 17) in the
presence of TBD and toluene at 110°C for 60 seconds in CDCl; (300 MHz).
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As shown in Figure 71, the degrafting of the chains obtained from the polymerization reaction on
CNCs with equimolar ratios of TMC and PLLA (entry 9), gave polymers that could be separated
successfully using TBD as well. However, signals of both polymers are not as well defined as could
be expected, and some widening of the peaks can be observed. Additionally, peak “e” can be
observed around 5.02 ppm, which can be attributed to CH peaks from lactide monomer units that
are linked to a TMC monomer unit. When integrating both peak “c and peak “e”, a ratio of 2/1 is
measured, indicating that many of the lactide units are linked to a carbonate unit, thus giving

another indication that this grafted copolymer could be a statistical and not a block.

Overall, all the characterization methods used, coupled with the difficult grafting of PLLA on
unmodified CNCs with TBD, give strong indications that both statistical and block copolymers of
PTMC and PLLA can be grafted on CNCs using TBD. Moreover, while the blocks of PLLA could
be attached to the CNCs directly rather that the PTMC units, this was showed to be very unlikely,
in particular due to the very different composition observed on the surface by XPS and deeper in

the material by FT-IR.

VI.2.2. Poly(methyl metacrylate) (PMMA) grafting with phosphazene

Grafting of PMMA with phosphazene base

While most of the experiments described here focused on producing copolymers with trimethylene
carbonate, L-lactide (L-LA) and d-valerolactone (5-VL), some other monomers available were
tested and despite the lack of success, these attempts will first be presented before diving into the
more successful results. Due to the overall low success of these attempts at grafting,

characterization has not been as thorough, but some analyses will be provided.

As can be seen in Table 18, the performance of a phosphazene, namely tBuP4, was tested in the
presence of modified and unmodified cellulose nanocrystals in order to obtain poly(methyl
methacrylate) (PMMA) grafts. This catalyst has been studied before and was reported to
polymerize MMA under different conditions, therefore it seemed a good candidate for grafting®®.
In addition, while most of the work presented was focused on ROP and MMA is polymerized via
a radical polymerization, tBuPs has been reported to be able to make copolymer with cyclic

lactones'?°.
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Table 18: Ring-opening polymerization of MMA initiated from the surface of CNC using tBu-P4, at 25 °C in THF.

MMA /tBu- Time Graftingby Conversion!! Grafting M, non-grafted Dy
Entry P4/ OH® [b] Yield¥ polymer
(min) (Wt%) (%) (%) (g.mol™)
12. 100/ 1.6/ 10 15 9 99 1.6 29,500 34
13. 100/1.6/10 30 7 99 1.2 25,600 29
14. 100/ 1.6 /10 60 9 99 1.5 43,100 2.9
15. 100/ 0.5/ 10 15 3 99 0.5 36,200 2.8
16. 100/ 0.1/ 10 15 1 97 0.2 36,800 2.7
17. 100/1.6/5 15 13 82 1.5 58,200 2.5
18.M | 100/1/10 15 0 99 0.0 n.d. n.d.
19.181 | 100/1/10 5 0 99 0.0 32,300 33

[a] Calculated using moles of glucose rings (162.14 g/mol) and considering 1 primary OH per ring. [b] Determined
by elemental analysis (calculation based on hydrogen content (%H) and carbon content (%C)) and corrected for
adsorbed water using TGA. wt% of new grafts, pre-modifications not included. [c] Calculated via '"H NMR to
determine monomer/polymer ratio and corrected to include monomer grafted. [d] Ratio of monomer grafted to initial
monomer. [e] Dispersity of the non-grafted polymer determined by SEC. [f] Reaction performed on 73% PTMC-
grafted CNC (by weight). [g] Reaction performed on 59% PTMC-grafted CNC (by weight).

As is seen in entries 12-14, polymerization was successful in the presence of cellulose nanocrystals,
however a poor control can be noted by the relatively high dispersity of the non-grafted polymer
produced during the reaction (>2). With regards to the grafting on the surface on CNCs, elemental
analyses revealed a relatively low amount of grafting for all experiments performed rarely
exceeding 10%. The conversion for most reactions was total as no more than traces amount of
monomer could be detected by NMR after 15 minutes, and longer reaction times did not improve
the grafted amount significantly. As tBu-Pj is a catalyst with a very high activity, lowering catalyst
loading was tested as well, with ratios as low as 100/0.1 (monomer/catalyst) still giving a near full
conversion after 15 minutes of reaction time. Grafting content on the CNCs did not improve with
lowering the catalyst loading. Lastly, a similar reaction was performed with a lower amount of
CNCs, resulting in a higher grafting of 13% (entry 17). However this improvement was too low,
and lowering the amount of CNCs is equivalent to doubling the amount of monomer used, therefore

the grafting yield obtained did not increase.

To confirm the elemental analysis results, XPS was performed on the modified CNCs
corresponding to entry 17. As can be seen in Figure 72, the surface of the nanocrystals after
modification changed. The contribution C1 and C4 corresponding respectively to the Cls C-C and

OC=0 signals increased significantly, confirming the presence of MMA moieties on the surface.
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However, due to the low amount of grafting, cellulose signals (C2 and C3 corresponding to C-O
and O-C-O respectively) could still be observed, as the thickness of the grafted polymer was not
sufficient to fully cover the surface of the nanocrystals from the probing X-Ray beam. The
observations made with XPS were also confirmed by FT-IR, where a C=O0 stretching band could

be observed around 1750 cm™! region.
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Figure 72: Carbon Is X-ray photoelectron spectroscopy (XPS) normalized spectrogram of
unmodified CNCs and PMMA-grafted CNCs. Grafted CNCs corresponding to entry 17 in Table 18.

Considering the difference in reactivity between the hydroxy groups available on unmodified
cellulose and the hydroxy group chain ends of a polycarbonate chain, additionnal reactions were
performed on already modified, purified, and dried CNCs. MMA was polymerized in the presence
of the poly(trimethylene carbonate)-grafted CNC under similar conditions as previously described
(entry 18 and 19). PMMA grafts were not observed on the modified cellulose by elemental analysis,
and the non-grafted polymer formed had a high dispersity (3.3) and similar molecular weight to
the one produced in the presence of unmodified CNCs (>30,000). Due to the high activity of this

catalyst, it seems likely that the polymerization occured too quickly without cellulose playing a
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part in it, leading to a quick conversion of all the monomer into homogeneous dissolved PMMA.
Therefore, this system does not seem well suited for a “grafting from” approach of PMMA on

cellulose nanocrystals, especially when compared to a radical approach such as ATRP?*”.

VI.2.1. Poly(e-caprolactone) (PCL) grafting

Grafting of poly(e-caprolactone) was also tested using TBD as previously described for PTMC.
Reactions from unmodified CNCs were tried at first, but due to the low reactivity of e-caprolactone
in these conditions, conversion of the monomer was very slow and did not lead to particularly
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interesting materials'*'. However, for reactions initiated from PTMC-grafted CNCs (obtained as

described in Chapter V), conversion of the lactone was found to be faster. As can be seen in

Table 19, 61% conversion was reached after 16h, compared to 5% after 1 hour. However, non-
grafted polymer could not be isolated by precipitation for either of the reactions, likely due to a
low molecular weight. Despite the important increase in conversion, the increase in grafted amount
determined by elemental analysis was not very significant, and only 8% of poly(e-caprolactone)
was grafted to the CNCs. Reactions over longer periods of time were also tested, but for these
reactions in particular, technical difficulties were encountered during the separation of the non-

grafted polymer and the CNCs, which is why the results are not reported here.

Table 19: Ring-opening polymerization of e-CL initiated from the surface of PTMC-grafted CNCs (20: 73 wt%, 21:
59%)

CL/TBD/OH® Time Grafting Conversion!®  Grafting

Entry Yield?
(h)  wit% PCL / PTMC (%) (%)
20. 500/1/50 1 5/69 5 2.7
21. 500/1/50 16 8/54 61 3.0

[a] Calculated using moles of glucose rings (162.14 g/mol) and considering 1 primary OH per ring. PTMC graft
content taken into consideration. [b] Determined by elemental analysis (calculation based on hydrogen content (%H)
and carbon content (%C)) and corrected for adsorbed water using TGA. PTMC content based on analysis done on the
starting modified CNCs [c] Calculated via 'H NMR to determine monomer/polymer ratio and corrected to include
monomer grafted. [d] Ratio of monomer grafted to initial monomer.
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The grafted cellulose sample obtained for reaction 21 was also investigated by XPS to confirm the

presence of PCL grafts.
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Figure 73: Carbon Is X-ray photoelectron spectroscopy (XPS) normalized spectrogram of unmodified CNCs,
PTMC-CNCs and PCL grafted PTMC-CNCs. PCL-grafted CNCs corresponding to entry 21 in Table 19.

As can be seen in Figure 73, the cellulose obtained after the grafting of PCL has a very similar
surface structure as that of PTMC-grafted cellulose (the starting material), with a high C-C (C1),
C-0 (C2), and OC(0)=0 (C5) contribution. Due to the low amount of grafting, the surface of the
modified CNCs is still mostly composed of polycarbonate, hence the similarity in the Cls signal
appearance. However, the presence of PCL can be seen as the signal C4, corresponding to OC=0,

starts to appear, confirming the results obtained in elemental analysis.
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Lastly, DSC was used to measure the glass transition temperature of the modified CNC with PCL
(Figure 74). As the CNC- grafted with PCL are still mostly composed of PTMC, the T, measured
was close to that of PTMC-grafted CNCs (-9 to -13 °C as seen in Figure 57). However, a small
decrease is observed after the reaction, which could be an indication of the e-caprolactone moieties,
as PCL has a much lower T, (-60 °C)**® than PTMC, hence a small amount could be enough to

lower the Ty from -13.1 to -14.8 °C if a miscible blend is obtained under such conditions.
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Figure 74: DSC thermograms of PTMC-grafted CNCs and PCL-grafted PTMC-CNCs between -80°C and
180°C.
VI1.2.2. PTMC/PVL Copolymers

Due to the difficulties encountered for grafting PCL, d-valerolactone was tested to obtain polymer
and copolymer grafts on CNCs due to its higher reactivity with TBD'*!. Moreover, poly(s-

valerolactone) (PVL) shares many characteristics with PCL such as biocompatibility.
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Table 20: Ring-opening copolymerization of 3-VL on the surface of unmodified and PTMC-grafted CNCs using TBD,
at 25 °C in THF.

Entry TMC/8-VL/  Time Grafting by Conversionl®  Grafting M, non-grafted Dy¥
TBD / OH® weight! Yield™ polymer
(h)  wt% PVL/PTMC (%) (%) (g.mol")
22. 0/500/0.5/50 6 0/0 3 0.0 n.d. n.d.
23. 0/500/0.5/50 72 37/0 97 23.5 75,100 2.1
24,111 0/500/1/50 6 16/50 98 13.5 n.d. n.d.
47 6-VL, 95
25. 250/250/1/50 6 n.d. TMC n.d. 23,000 1.8

[a] Calculated using moles of glucose rings (162.14 g/mol) and considering 1 primary OH per ring. [b] Determined
by elemental analysis (calculation based on hydrogen content (%H) and carbon content (%C)) and corrected for
adsorbed water using TGA.[c] Ratio of monomer grafted to initial monomer. [d] Dispersity of the non-grafted polymer
determined by SEC. [e]Reaction done with grafted CNCs containing 59 wt% of PTMC.

Grafting on CNCs of PVL only was first tested with TBD. Due to the lower reactivity of this lactone
compared to TMC or L-LA, a reaction over 6 hours (entry 13) lead to a very low conversion and
no grafting on the CNCs. Following this, another reaction was performed over three days to reach
near full conversion (97%, 14) at room temperature. For this reaction, a grafting of up to 37 wt%
was obtained according to EA and TGA analysis, and a high molecular weight non-grafted polymer
was obtained after this reaction (75,100 g.mol). In comparison, a grafting reaction on 59 wt%
PTMC-grafted CNCs was also performed, and near full conversion was obtained in only 6 hours,
as opposed to the reaction on unmodified CNCs. Interestingly, this was similar to what was
observed with lactide, for which grafting on grafted CNCs with TBD was much faster than on
unmodified nanocrystals. The now twice modified CNCs had a PVL content of 16 wt% and 50
wt% PTMC, corresponding to a molar ratio close to 1/3. Lastly, a reaction with both monomers
introduced at the beginning was carried out to try to obtain more statistical copolymer grafts,
similarly to what was described before with PLLA. As can be seen for entry 25, conversion of
TMC was almost total after 6 hours, but less than half of the §-valerolactone was converted.
However, this was a much higher conversion than that observed for entry 22, showing that the
reactivity in the presence of PTMC-grafted CNCs was much higher than that of unmodified CNCs

for this lactone, as was the case for lactide.

XPS analysis was used to get more information on the composition of the modified CNCs and
confirm the grafting calculated with elemental analysis (Figure 75). For the CNCs grafted with 37
wt% PVL, a small contribution for the OC-O (C3) could be detected, but the surface composition
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was mostly that of PVL, with an important C-C (C1) contribution and a characteristic ester signal

(C4) confirming the surface modification of the cellulose.

Unmodified CNCs

Entry 23 (37 wt% PVL-grafted CNCs)
Entry 24 (16 wt% PVL / 50% PTMC grafts)
Entry 25 (VL / TMC equimolar stat grafts)
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Figure 75: Carbon 1s X-ray photoelectron spectroscopy (XPS) normalized spectrogram of unmodified CNCs, PVL and
PTMC copolymer grafted CNCs. Modified CNCs corresponding to entry 23 to 25 in Table 20.

For the copolymer grafted CNCs corresponding to entry 24, only a small amount of PVL was
grafted, and XPS showed a carbonate contribution (C5) stronger than ester contribution (C4).
However despite the molar ratio of 1/3 PVL/PTMC, the ratio of C4/C5 signal was 0.7, indicating
the presence of PVL grafts mostly on the surface, and the likeliness of PVL blocks grafted onto the
PTMC chain. On the other hand, the CNCs modified in a one-step one-pot reaction (entry 25)
contained more ester than carbonate on the surface and had a ratio of C4/C7 of 1.4, despite the
much higher conversion of TMC. In this case, it is harder to give a conclusion on the structure of

the grafts from just XPS characterization. This could indicate a block tendency, with first
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integration of a majority of TMC, then 6-VL, leading to a surface composition with more ester, or

simply be due to a statistical copolymerization with slightly more 3-valerolactone content.
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Figure 76: DSC thermograms of unmodified CNCs, and PVL/PTMC grafted CNCs between -80°C and 180°C.

To have more information on the nature of the grafts, DSC of the modified nanocrystals was used
once more Figure 76. For the PVL-grafted CNCs, a glass transition temperature could be measured
at -49.6 °C as well as a melting temperature at -39.9 °C, both values different to value typical for
poly(8-valerolactone)*. The higher value of the T, of the graft was similar to previous
observations for different polymers grafted on CNCs, however, the presence of a T was more
surprising, as other polyesters grafts described previously have not displayed the ability to
crystallize. The lower T, similarly to the Ty, could potentially be attributed to the constraint due
to the attachment to the surface of CNCs. For the copolymer made from PTMC-grafted CNCs, the
Tg of PVL was not observed, but the glass transition temperature of PTMC was found at -20.8 °C,
a value lower than that of pure PTMC. This could indicate that the presence of a small amount of
PVL may not be enough to observe two distinct Tg’s, and/or to a partial miscibility that lowers the

Tg of the PTMC block. Lastly, the CNCs modified with a mixture of both monomers exhibited a
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glass transition temperature at -38.5 °C, potentially indicating the presence of statistical grafts as

this T was situated between the Ty of PTMC and PVL homopolymers, or of partial miscibility.

It is interesting to note that despite their difference in reactivity, the observations made from the
grafting of PVL and PLLA are quite similar, with a much easier grafting obtained from PTMC-
grafted CNCs than from unmodified CNCs. Similarly, the polymerization of both monomers at

once in the presence of CNCs leads to a higher surface content of ester in both cases.

VI1.2.3. PTMC/PLA/PVL terpolymers

Due to the overall successful grafting with different monomers, and copolymer grafts of different
nature, some trial experiments were also carried out to obtain different terpolymers containing
TMC, L-LA and 8-VL units. Grafting wt% could not be calculated for any of these modified CNCs

due to the unknown composition of the grafts as described previously.

Table 21: Ring-opening copolymerization of TMC, 6-VL and L-LA initiated from the surface of CNCs using TBD, at
25°Cin THF.

Entry TMC/L-LA/6-VL/ TBD Conversion Time M, non-grafted Py
/ OH polymer
% (h) (g.mol™)
26. [ 0/250/250/0.5/50 99 L-LA, 97 3-VL 1+5 39,100 4.4
27.1d 0/250/250/0.5/50 95 L-LA, 90 3-VL 6 16,600 2.0
28. 133/133/133/05/50 PT%CS’_?LL’LA’ 24 37,600(! 1.9

[a] Calculated using moles of glucose rings (162.14 g/mol) and considering 1 primary OH per ring. [b] Dispersity of
the non-grafted polymer determined by SEC. [c]Reaction done with grafted CNCs containing 59 wt% of PTMC in two
steps, initial polymerization of lactide for one hour, then addition of §-VL and polymerization for five hours.
[d]Reaction done with grafted CNCs containing 69 wt% of PTMC and simultaneous addition of L-LA and 6-VL. [e]
multimodal signal in SEC

A first reaction was performed using PTMC-grafted CNCs, and PLLA and PVL were grafted as a
two-steps one-pot process, with first the addition of lactide, followed by an addition of 5-VL one
hour later (entry 26). Full conversion was reached using this method, and a high average molecular
weight of 39,100 for the non-grafted polymer was obtained. However, the non-grafted polymer did
show a multimodal and wide distribution with a dispersity >4. Doing a reaction with both
monomers mixed at the beginning also lead to near full conversion, and narrower dispersity of 2
was observed for the non-grafted polymer. Starting from unmodified CNCs, a reaction was carried
out by mixing all three monomers with TBD, however due to the low reactivity of both lactide and

d-valerolactone with unmodified CNCs, a longer reaction time was used to obtain full conversion.
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With this method the non-grafted polymer recovered had a dispersity of 1.9, and a fairly high
molecular weight of almost 38,000 g.mol"! was obtained. However, a second small peak could be
detected, with a very high dispersity (8.8), and possibly a very high average molecular weight
(Annex VIILS).
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Figure 77: '"H NMR spectra of the crude mixture after polymerization with TMC, L-lactide and §-valerolactone
corresponding to corresponding to entry 28 (Table 21) in CDCl; (300 MHz).

As can be seen in Figure 77, proton NMR of the polymerization with an equal amount of all
monomers shows the characteristic signals of PLA (5.15 and 1.57 ppm), PTMC (4.24 and 2.05
ppm), and PVL (2.35 and 1.71 ppm), however most of the multiplets are slightly more complex
than that of their corresponding pure homopolymers. While not as complex as what was observed
for the statistical copolymerization of TMC and lactide, this increase in the multiplicity of the peaks

could be indicative of a statistical copolymer.
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Unmodified CNCs

Entry 26 (250 LLA / 250 VL + 59 wt% PTMC grafted CNCs 2 step)
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Figure 78: Carbon 1s X-ray photoelectron spectroscopy (XPS) normalized spectrogram of unmodified CNCs and modified
CNCs corresponding to entries 26 to 28 in Table 21.

XPS was used to obtain some information on the surface composition of the modified CNCs
obtained for all these reactions Figure 71. For the CNCs corresponding to entry 26, a surface
composition almost identical to the PTMC-block-PLA grafts corresponding to entry 3 in Table 16
was found, showing the potentially low amount of 6-VL monomer units in the grafts. While the
reactivity of 6-VL on PTMC chains was shown to be higher than for unmodified CNCs, the
reactivity of 0-VL toward PLLA could be quite lower, hence the lack of PVL grafts on the CNCs.
When lactide and 8-VL are introduced at the same time (entry 27), a higher carbonate content is
visible on the surface of the CNCs, characteristic of a lower grafting. The contribution C-C (C1) is
quite high despite the lower grafting, and when comparing to entry 6 in Table 16, possibly due to

the integration of some &-VL units which have a high C-C content. Lastly, in the presence of all
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the monomers and CNCs (entry 28), the spectra is similar to entry 9 in Figure 67, giving another
indication that the lower reactivity of 6-VL makes its integration in the graft copolymer unlikely.

0.0
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Figure 79: DSC thermograms of unmodified of grafted CNCs corresponding to reactions in Table 21 between -80°C
and 180°C.

Looking at DSC thermograms (Figure 79), the indication of block copolymer grafts can only be
seen for entry 26, with the Ty of only PTMC and PLLA present. Surprisingly, the CNCs first
modified with PTMC prior to the reaction with lactide and 3-VL have a unique T, at -3.7 °C,
similarly to the one obtained after the reaction done with a mixture of all monomers which have T

at 10.6 °C. Compatibility studies are however clearly required before drawing any firm conclusion.

VI.1. Conclusion

The polymerization of multiple heterocyclic monomers was done in the presence of cellulose
nanocrystals using organic catalysts. With the method developed previously to graft PTMC onto
cellulose, copolymers of different structure and composition were grafted onto CNCs. Some runs
with MMA were also carried out using a phosphazene, but only a small amount of grafting could

be obtained (13 wt%) within the conditions probed despite the high conversion of the monomer.
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When trying to obtain PMMA grafts on the surface of PTMC-grafted CNCs however, no PMMA
grafting could be observed. Several trial experiments with e-caprolactone and PTMC-grafted CNCs
also led to a low amount of grafting with TBD (8%), this time due to the low reactivity of e-CL.
For grafting with lactide, an important difference for the rate of conversion with TBD was observed
between using unmodified CNCs and PTMC-grafted CNCs. Starting from CNCs with a high
PTMC content, a high amount of PLLA could be grafted, and modified CNCs with up to 87 wt%
grafts (50% PLLA / 37% PTMC) were obtained. Reactions with a mixture of TMC and lactide
were also performed to obtain statistical copolymer grafts using different ratios of TMC/L-LA.
Similar reactions with 6-valerolactone were carried out, but a lower amount of grafts was obtained
compared to the reactions with lactide. Lastly, reactions with the three different monomers were
done, however no quantification could be provided for these grafts. Using XPS, FT-IR and DSC,
the composition of the different grafts could be confirmed, and both block and statistical copolymer
of PTMC and PLLA could be obtained, with characteristic glass transition temperatures measured.
Moreover, strong indication towards the structure of the copolymer grafts could be found, and the
grafts on the surface of CNCs were seen as a bilayer shell around a CNC core. For PVL grafting,
statistical copolymers were obtained, but PVL and PTMC block copolymers contained a majority
of PTMC and no Ty for a PVL-block could be found by DSC. As for the grafting reactions with
three different monomers, determining the exact nature of the grafts was more difficult due to the
similar chemical composition of the different monomers. However, similar XPS and DSC spectra
to PTMC and PLLA copolymers indicated that d-valerolactone was likely not present in a
significant amount in the grafts. Despite the low grafting of some polymers, this catalytic
methodology proves useful as a multitude of grafted CNCs could be obtained, with different
compositions as well as tuneable glass transition temperatures. These modified celluloses could
therefore be useful for composite applications, not only acting as a reinforcing fiber in the polymer
matrix, but potentially as a source of soft blocks at the same time. This is to our knowledge the first
report of these blocks and statistical copolymers grafts on cellulose nanocrystals by ring-opening

polymerization.
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VII.

General conclusion and Perspectives

The overall goal of this thesis was the functionalization of nanocellulose by grafting polymer chains
on its surface using mainly a “grafting from” approach by organocatalyzed ring-opening

polymerization.

Chapter I served as overview of the state of the art for the different parts involved in the project.
First, the interest for cellulose based material was highlighted and the production of nanomaterials
made from it was detailed in order to give an understanding of the major difference between
nanocrystals and nanofibrils. This project being the coupling of nanocellulose and polymers, the
latter were also given an introduction, with a focus on polyesters and polycarbonates, as these
polymer are good candidates to produce biobased and biocompatible materials, and are the main
subject of the work. Among the motivation to use these polymers is the fact that they can be
produced in a controlled way by using an alcohol co-initiator and an organic catalyst due to recent
development in the advance of metal-free catalysis. This approach was showed to present several
advantages such as the possibility to obtain structures sometime difficult to obtain with
organometallic species, usability in mild condition, lower sensibility to impurities, and the
possibility to obtain polymers free of metal traces for sensitive applications. In particular,
organocatalyzed immortal ring-opening polymerization had all of the aforementioned benefits, and
allowed for the use of very low amount of catalyst. Lastly, some of the different reports of surface
grafting of polymers on cellulose found in the literature were given to show the work that had been
done previously, as well as the areas that deserved more attention such as aliphatic carbonate

grafting and ROP copolymerization grafting on the surface if CNCs.

In Chapter 1II, details about the different chemicals used were provided, with details about the
purification used for the different monomers, catalysts and initiators used. The different
methodologies developed for grafting of cellulose nanofibrils and nanocrystals were described, as
well as some of the other reactions used. Details about the characterization techniques used, the
calculation resulting from elemental analysis, as well as the methodology and model used for

density-functional theory (DFT) were also provided.

The grafting of polylactide (PLA) on the surface of cellulose nanofibrils (CNF) was explored by
organic catalysis in Chapter III. While this material had been described in the literature before,

details on the organocatalyzed reaction were not as thoroughly studied. PLA grafts were obtained
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starting from both freeze dried and never dried CNFs, and the grafting amount could be quantified
using elemental analysis and thermogravimetric analysis (TGA). The influence of different
parameters was tested as well, and a maximum amount of grafting of 24 wt% was obtained using
4-dimethylaminopyridine (DMAP) at room temperature (RT), a result comparable to that of tin-
based (Sn(Octy)) catalyst used at higher temperatures.

In Chapter IV, we investigated the ring-opening polymerization (ROP) on trimethylene carbonate
(TMC), a cyclic carbonate of interest, initiated by methanol and catalyzed by DMAP and 1,5,7-
triazabicyclo[4.4.0]dec-5-ene (TBD) by computational methods. Indeed, if the mechanisms had
been well discussed for cyclic esters with these catalysts, we did not find such studies for cyclic
carbonates. This showed that the ring-opening polymerization of trimethylene carbonate with both
catalysts occurs via a dual mechanism of activation of the alcohol co-initiator and H-bonding
between the catalyst and the monomer. Ring-opening was found to be the highest energy barrier at
25.7 and 90.3 kcal.mol! for TBD and DMAP respectively, making it the limiting step, and the

higher efficiency was confirmed by experiment with TBD.

Following the DFT study of the ROP of trimethylene carbonate, Chapter V presented reactions of
grafting of poly(trimethylene carbonate) (PTMC) on the surface of cellulose nanocrystals (CNC)
using both catalysts described previously, as well as 2-(tert-butylimino)-2-(diethylamino)-1,3-
dimethylperhydro-1,3,2-diazaphosphorinane (BEMP) and 1,8-diazabicyclo[5.4.0Jundec-7-ene
(DBU). TBD showed the best result for conversion, grafting amount and efficiency. A high grafting
content on cellulose nanocrystals of 74 wt% PTMC could be obtained after optimization, in mild
conditions (RT, 5 hours) and with a low concentration of TBD. The modified CNCs were
characterized using different methods which revealed the obtention of hydrophobic, core-shell
nanoparticles as a result of the surface grafting of PTMC. Moreover, no trace amount of the catalyst
was detected via elemental analysis or X-ray photoelectron spectroscopy (XPS) showing its
complete removal. This is, as far as we know, the first example of grafting of PTMC on the surface
of CNCs. Following these results, some trials for the ROP of TMC using CNCs supported were
done. Despite some problems related to leaching of TBD under some conditions, partial conversion
of the monomer was observed, showing some promises for this type of system for ring-opening

polymerization.
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In Chapter VI, we examined the potential of those nitrogen cyclic bases catalyzed ROP, mainly
TBD, to graft statistical and block copolymers onto CNCs. In particular, using PTMC-grafted
CNCs as initiator for the TBD catalyzed ring-opening polymerization of lactide led to very high
amounts of grafting for block copolymer grafting (87 wt% grafts). The structure of the grafts was
confirmed by XPS, Fourier-Transform infra-red (FT-IR) and differential scanning calorimetry
(DSC), and a comparison with PTMC-grafted CNCs showed a surface composed almost
exclusively of lactide units, making the block copolymer grafted CNCs a multi-layered material.
Poly(lactide-co-trimethylene carbonate) statistical copolymeric graft could also be obtained using
a mixture of the monomers in the feed, with a glass transition temperature in agreement with the
statistical microstructure. Polymerization reaction using d-valerolactone instead of lactide were
also tested, and despite the lower reactivity of this monomer, the analyses suggested that both
statistical and block copolymeric CNCs grafts were obtained as well. Attempts at obtaining
copolymers containing all three monomers were tested, but the few grafted CNCs obtained did not

seem contain much d-valerolactone units, requiring further investigation and optimization.

Overall, TBD was demonstrated to be a very versatile catalyst for the production of different grafts
on cellulose by ring-opening polymerization. Interestingly, TBD showed a much higher activity
towards the grafting of TMC units than lactones on unmodified CNCs, but a higher activity was
observed when using PTMC-grafted CNCs as initiator. The various modified CNCs have
interesting properties such as different glass transition temperature, surface composition and
hydrophobicity. The reactions were all done under mild conditions, and TBD could completely be
removed from the finished product, accomplishing the goal of having an efficient yet easily

removable catalyst for the reactions of grafting.

While some other catalysts have been tested throughout this work, seeing the potential of TBD
raises the question of the use of other combination of monomers and organic catalyst, in particular
due to all the recent developments in the latter. For ring-opening polymerization alone, plenty of
monomers could be of interest, and future work on different carbonates could be interesting. In
addition, a lot of them have been produced making use of CO, which presents an interesting
alternative for greener monomer, but could also offer different structures. More work could also be
done on lactones, as the work presented here only briefly covered some of them, and high amounts

of grafting were not achieved. For this purpose, other catalytic systems could be used, with example
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such as dual catalysis using thiourea reported as efficient systems for some lactones. For the
structure of the grafts, the work presented for copolymer shows very promising results, but more
could certainly be explored, in particular for block copolymers. As PLLA and PTMC have been
shown to work together, structure such as ABA blocks could have interesting potential for material
such as thermoplastic elastomers. Of course, increasing the complexity of the grafts leads to an
increased difficulty for characterization, an area that could also be improved. For this, nuclear
magnetic resonance (NMR) could provide useful information, however detecting things such as
chain ends and linkage between different monomer units in solid NMR can be challenging at best.
Thus, recent development in the characterization of polysaccharide have made liquid state NMR
possible for cellulose by using particular ionic liquids, allowing for the use of many NMR methods,
including 2d spectra with high resolution. A collaborative work with Alistair King, from the
University of Helsinki, has been started in regards to this work. The initial application in mind for
these materials was reinforcement for composites, therefore if more work were to be done with
these materials, testing their compatibility with different polymer matrixes as opposed to native
cellulose would be very interesting. A collaborative work with Aurélie Taguet, from Ecole des
Mines is currently planned to develop this aspect. Differently grafted CNCs produced as described
in this work could be tested, and their impact on the thermo-mechanical properties of the composite

would hopefully show a significant improvement.
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VIII. Annexes

VIIL1. Elemental analysis
Below are compiled tables of the samples described in the publication with their EA and TGA data.

Table 22: EA and TGA data obtained for samples in Table 4: Ring-opening polymerization of rac-lactide initiated
from the surface of freeze-dried CNF in the presence of DBU/TBD in DCM for 48 hours at 35 °C.

Entry Carbon content (%) Hydrogen content (%) Water content (%) Grafted PLA (wt%)
1 40.76 5.90 1.45 0
2 40.38 5.68 243 0
3 40.28 5.69 1.22 0
4 42.12 5.95 2.24 0
5 42.09 5.87 3.08 0
6 42.33 5.98 2.56 0
7 42.65 6.06 3.08 7
8 41.71 5.78 242 6
9 42.56 5.74 2.30 17

Table 23: EA and TGA data obtained for samples in Table 5: Ring-opening polymerization of rac-lactide initiated
from the surface of freeze-dried CNF in the presence of DMAP in DCM for 48 hours at 35 °C.

Entry Carbon content (%) Hydrogen content (%) Water content (%) Grafted PLA (wt%)
8 41.71 5.78 2.42 6
10 41.61 5.77 2.65 6
11 41.78 5.80 2.54 8
12 41.47 5.83 3.24 8
13 42.01 5.77 2.53 11
14 43.01 5.77 1.60 19
15 41.95 5.68 2.90 12
9 42.56 5.74 2.30 17

Table 24: EA and TGA data obtained for samples in Table 6: Ring-opening polymerization of rac-lactide initiated
from the surface of never-dried CNF in the presence of DMAP in DCM.

Entry Carbon content (%)  Hydrogen content (%) Water content (%) Grafted PLA (wt%)
1 41.83 6.08 4.40 7
2 41.87 6.09 3.48 13
3 41.62 6.05 4.78 7
4 43.69 6.18 2.47 18
5 42.49 6.13 3.60 16
6 41.36 5.98 4.05 5
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42.11 6.03 297 9

42.16 6.08 3.60 11

41.98 6.16 3.62 9
10 42.13 6.19 3.89 12
11 40.27 5.94 5.87 6
12 43.55 6.21 2.77 17
13 43.01 6.05 1.65 12
14 42.28 6.17 3.39 18
15 44.07 6.07 2.48 24
16 42.15 5.88 4.55 13

Table 25: EA and TGA data obtained for samples in Table 8: Ring-opening polymerization of TMC initiated from
the surface of CNC in the presence of various organocatalysts at 25 °C in THF.

Entry Carbon content (%)  Hydrogen content (%) Water content (%) Grafted PTMC (wt%)
1 42.95 6.21 1.44 2
2 44.87 6.00 1.24 51
3 44.30 6.05 0.76 24
4 44.68 6.05 0.71 35
5 44.57 6.02 0.39 37
6 45.26 6.04 2.98 13
7 42.37 6.07 3.05 3
8 42.70 6.14 2.94 12
9 43.07 6.21 3.08 18
10 42.98 6.16 2.91 12

Table 26: EA and TGA data obtained for samples in Table 9: Ring-opening polymerization of TMC initiated in
different solvents on the surface of CNC in the presence of TBD over 5 hours, 25 °C, at a ratio of TMC/Catalyst/OH
of 500/1/50. Solvent added outside the glovebox under inert atmosphere.

Entry Carbon content (%)  Hydrogen content (%) Water content (%) Grafted PTMC (wt%)
11 45.43 5.94 0.54 52
12 44.04 6.03 1.36 30
13 42.72 6.05 1.97 0

Table 27: EA and TGA data obtained for samples in Table 10: Ring-opening polymerization of TMC initiated from
the surface of CNC in the presence of TBD in THF for 5 hours.

Entry Carbon content (%)  Hydrogen content (%) Water content (%) Grafted PTMC (wt%)
2 44.87 6.00 1.24 51
14 45.12 6.01 0.79 51
15 4481 5.98 0.92 47
16 45.36 5.99 0.96 60
17 45.29 5.96 0.98 54
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18 45.08 6.01 0.60 51
19 45.31 5.95 0.22 52
20 42.60 6.10 2.80 7
21 45.05 6.03 0.75 49
22 44.98 5.98 0.85 49
23 45.27 5.87 0.17 53
24 43.37 6.11 1.77

25 43.40 6.11 1.71

26 45.97 5.88 0.44 74
27 45.81 6.00 0.24 64
28 45.51 6.00 0.38 57
29 45.01 6.09 0.79 47
30 43.77 6.05 1.36 23
32 44.74 6.09 1.17 50
32 44.42 6.11 1.67 41

Table 28: EA and TGA data obtained for samples in Table 13: Ring-opening polymerization of TMC using TBD-
grafted CNC as catalyst, at 25 °C in THF for 5 hours.

Entry Carbon content (%)  Hydrogen content (%) Water content (%) Nitrogen content (t%)
1 41.30 5.98 5.88 0.78
2 43.60 6.09 5.88 1.78

Table 29: EA and TGA data obtained for samples in Table 15: Ring-opening polymerization of L-LA initiated from
the surface of CNC using TBD and DMAP, at 25 °C in THF.

Entry Carbon content (%)  Hydrogen content (%) Water content (%) Grafted PLLA (wt%)
1 43.26 6.12 2.11 0
2 46.98 5.70 0.85 57

Table 30: EA and TGA data obtained for samples in Table 16: Ring-opening polymerization of L-LA initiated from
the surface of PTMC-grafted CNCs using TBD, at 25 °C in THF over 1 hour. Full conversion was reached for all
reactions.

Entry Carbon content (%)  Hydrogen content (%) Water content (%) Grafted PLLA (wWt%)
3 48.03 5.82 0.16 50
4 46.96 5.87 0.43 33
5 46.23 5.95 0.60 30
6 44.30 6.05 1.45 10
7 47.33 5.92 0.60 37
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Table 31: EA and TGA data obtained for samples in Table 18: Ring-opening polymerization of MMA initiated from
the surface of CNC using tBu-P4, at 25 °C in THF.

Entry Carbon content (%)  Hydrogen content (%) Water content (%) Grafted PMMA
(Wt%)
12 43.57 6.19 2.85 9
13 43.51 6.12 2.24 7
14 43.97 6.22 2.03 9
15 43.64 6.21 0.89 3
16 4331 6.17 0.91 1
17 44.65 6.27 2.09 13
18 45.86 6.07 0.53 0
19 45.56 6.12 1.23 0

Table 32: EA and TGA data obtained for samples in Table 19: Ring-opening polymerization of &-CL initiated from
the surface of PTMC-grafted CNCs (20: 73 wt%, 21: 59%).

Entry Carbon content (%)  Hydrogen content (%) Water content (%) Grafted PCL (wt%)
20 46.89 6.10 0.29 5
21 46.87 6.26 0.57 8

Table 33: EA and TGA data obtained for samples in Table 20: Ring-opening copolymerization of 5-VL on the surface
of unmodified and PTMC-grafted CNCs using TBD, at 25 °C in THF.

Entry Carbon content (%)  Hydrogen content (%) Water content (%) Grafted PVL (wt%)
22 46.24 6.33 2.16 0
23 50.70 6.10 0.29 37
24 48.58 6.39 0.37 16
25 49.36 6.64 0.92 n.d.

Table 34: EA and TGA data obtained for samples in Table 21: Ring-opening copolymerization of TMC, 6-VL and L-
LA initiated from the surface of CNCs using TBD, at 25 °C in THF.

Entry Carbon content (%)  Hydrogen content (%) Water content (%)
26 47.03 5.85 0.48
27 45.97 6.08 0.1
28 46.53 5.95 0.86
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VIIL.2. NMR spectra
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Figure 80: 'H NMR spectra of 4-dimethylaminopyridine in DMSO-d¢ (300 MHz).

'H NMR (DMSO-d6, 300 MHz) & (ppm) 8.08 (d, 2H), 6.56 (d, 2H), 2.93 (s, 6H)
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Figure 81: 'H NMR spectra of lactide in DMSO-ds (300 MHz).

'H NMR (DMSO-d6, 300 MHz) & (ppm) 5.43 (q, 2H), 1.44 (d, 6H)
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Figure 82: 'H NMR spectra of TBD in CDCl; (300 MHz)

'H NMR (CDCl;, 300 MHz) & (ppm): 3.23 (t, 4H, -NCH,CH,CH.N-), 3.13 (t, 4H, -
HNCH,CH,CH,N-)1.91 (m, 4H, -NCH,CH,CH:N-)
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Figure 83: 'H NMR spectra of TMC in CDCl; (300 MHz).

'H NMR (CDCls, 300 MHz) & (ppm): 4.45 (t, 4H, CH,OCOOCH,CH,), 2.14 (qi,

CH,OCOOCH:CH>)
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Figure 84: 'H NMR spectra of &-CL in CDCl; (300 MHz).

'H NMR (CDCls, 300 MHz) & (ppm): 4.14 (m, 2H), 2.56 (m, 2H), 1.78 (m, 2H), 1.69 (s, 4H)
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VIIIL.3. Infrared

Table 35: FT-IR signals detected for unmodified and modified CNFs, with their corresponding functions.

Bond wave number cm?  wave number cm!
unmodified CNF modified CNF
v (O-H) 3342 3335
v (C-H) 2899 2899
v (C=0) 1743
o (H20) 1639 1646
4 (C-0-H) 1428 1428
4 (C-0-H) 1369 1369
4 (C-0-H) 1317 1316
v (C-0, ester) 1201
v (C-O-C, glucose ring 1160 1160
asym.)
v (C-OH) 1107 1105
v (C-OH) 1056 1055
® (C-OH) 665-561 663-560
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VIIL4.

XPS Data

Table 36: Xray Photoelectron Spectroscopy data obtained for different signals, material analyzed corresponding to

Table S.
Orbital Component Binding energy (eV) FWHM (eV) % Area
Cls C-C 285.00 1.13 4.21
Unmodified C-O 286.86 1.13 76.81
CNF 0-C-0 288.32 1.13 17.86
0=C-0 289.48 1.13 1.13
Ols 0-C 533.06 1.36 59.88
0-C-0 533.36 1.36 40.12
Orbital Component Binding energy (eV) FWHM (eV) % Area
Cls C-C 285.00 1.11 10.68
C-O 286.50 1.11 69.63
Entry 8 0-C-0 287.91 1.11 16.48
0=C-O 289.20 1.11 3.21
Ols O-C 532.89 1.41 95.05
0-C=0 534.05 1.41 4.95
Orbital Component Binding energy (eV) FWHM (eV) % Area
Cls C-C 285.00 1.16 7.20
C-0 286.62 1.16 70.19
Entry 10 0-C-0 288.02 1.16 17.16
0=C-O 289.46 1.16 5.45
Ols O-C 532.92 1.41 92.08
0-C=0 534.15 1.41 7.92
Orbital Component Binding energy (eV) FWHM (eV) % Area
Cls C-C 285.00 1.18 5.99
C-0 286.46 1.18 67.89
Entry 11 0-C-0 287.82 1.18 18.53
0=C-0 289.36 1.18 7.59
Ols 0-C 532.72 1.41 88.39
0-C=0 534.00 1.41 11.61
Orbital Component Binding energy (eV) FWHM (eV) % Area
Cls C-C 285.00 1.18 6.13
C-O 286.40 1.18 66.59
Eatry 12 0-C-0 287.76 1.18 18.79
0=C-0O 289.31 1.18 8.49
Ols 0-C 532.71 1.40 87.11
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0-C=0 533.93 1.40 12.89
Orbital Component Binding energy (eV) FWHM (eV) % Area
Cls C-C 285.00 1.22 19.65
C-0 286.41 1.22 43.41
Entry 13 0-C-0 287.45 1.22 18.12
0=C-0 289.16 1.22 18.83
Ols 0-C 532.52 1.43 70.38
0-C=0 533.74 1.43 29.62
Orbital Component Binding energy (eV) FWHM (eV) % Area
Cls C-C 285.00 1.15 23.59
C-0 286.37 1.15 28.41
Entry 14 0-C-0 287.17 1.15 22.64
0=C-O 289.04 1.15 25.37
Ols O-C 532.38 1.38 59.43
0-C=0 533.60 1.38 40.57
Orbital Component Binding energy (eV) FWHM (eV) % Area
Cls C-C 285.00 1.18 21.79
C-0 286.39 1.18 35.67
Entry 15 0-C-0 287.25 1.18 18.76
0=C-O 289.02 1.18 23.77
Ols O-C 532.41 1.40 63.06
0-C=0 533.63 1.40 36.94
Orbital Component Binding energy (eV) FWHM (eV) % Area
Cls C-C 285.00 1.18 21.96
C-0 286.34 1.18 33.61
Entry 9 0-C-0 287.22 1.18 21.48
0=C-O 289.04 1.18 22.94
Ols 0-C 532.42 1.41 63.45
0-C=0 533.64 1.41 36.55

Table 37: Xray Photoelectron Spectroscopy data obtained for different signals, material analyzed corresponding to
Table 6.

Orbital Component Binding energy (eV) FWHM (eV) % Area
Cls Cc-C 285.00 1.14 10.57
Entry 4 C-0 286.76 1.14 70.08
0-C-O0 288.19 1.14 16.56
0=C-0 289.44 1.14 2.79
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Ols 0-C 532.97 1.41 59.30
0-C-0 533.27 1.41 39.73
0-C=0 533.77 1.41 0.49
0-C=0 532.37 1.41 0.49

Orbital Component Binding energy (eV) FWHM (eV) % Area
Cls C-C 285.00 1.12 9.12
C-0 286.80 1.12 71.63
0-C-0 288.23 1.12 16.94
Entry 12 0=C-0 289.57 1.12 1.83
Ols O-C 533.00 1.37 59.53
0-C-0 533.30 1.37 39.89
0-C=0 533.80 1.37 0.29
0-C=0 532.40 1.37 0.29

Orbital Component Binding energy (eV) FWHM (eV) % Area
Cls C-C 285.00 1.13 6.21
C-O 286.75 1.13 72.85
0-C-0 288.15 1.13 17.06
Entry 15 0=C-O 289.41 1.13 3.01
Ols O-C 532.95 1.38 59.26
0-C-0 533.25 1.38 39.71
0-C=0 533.75 1.38 0.52
0-C=0 532.35 1.38 0.52

Table 38: Xray Photoelectron Spectroscopy data obtained for different signals, material analyzed corresponding to
Table 10.

Orbital Component Binding energy (eV) FWHM (eV) % Area
Unmodified Cls Cc-C 285.00 1.05 1.95
CNC C-0 286.84 1.04 76.81
0-C-0 288.24 1.32 17.86
Orbital Component Binding energy (eV) FWHM (eV) % Area
Cls C-C 285.00 1.17 16.32
CNC 23%
C-O 286.43 1.13 60.22
PTMC grafts
0-C-0 287.70 1.22 10.89
0C(0)=0 290.35 0.94 12.57
Orbital Component Binding energy (eV) FWHM (eV) % Area
CNC 41%
Cls C-C 285.00 1.06 21.43
PTMC grafts
C-0 286.46 1.16 52.39
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0-C-0 287.52 1.71 6.24
0C(0)=0 290.26 0.91 19.94
Orbital Component Binding energy (eV) FWHM (eV) % Area
Cls C-C 285.00 1.04 21.60
CNC 64%
C-0 286.46 1.10 52.10
PTMC grafts
0-C-0 287.41 1.32 4.97
0C(0)=0 290.23 0.91 21.32
Orbital Component Binding energy (eV) FWHM (eV) % Area
Cls C-C 285.00 1.05 25.94
CNC 74%
C-0 286.46 1.16 45.92
PTMC grafts
0-C-0 287.41 1.75 6.66
0C(0)=0 290.23 0.93 21.47

Table 39: Xray Photoelectron Spectroscopy data obtained for different signals, material analyzed corresponding to

Table 16.
Orbital Component Binding energy (eV) FWHM (eV) % Area
Cls C-C 285.00 1..21 35.77
Fotry 3 C-0 286.98 1.21 33.01
0C=0 289.12 1.21 30.60
0C(0)=0 290.66 1.21 0.63
Orbital Component Binding energy (eV) FWHM (eV) % Area
Cls C-C 285.00 1.17 33.56
Entry 4
C-O 286.91 1.17 34.09
0C=0 289.05 1.17 31.31
0OC(0)=0 290.47 1.17 1.03
Orbital Component Binding energy (eV) FWHM (eV) % Area
Cls C-C 285.00 1.18 33.84
Entry 5 C-O 286.89 1.18 34.46
0C=0 289.06 1.18 28.88
0C(0)=0 290.37 1.18 2.82
Orbital Component Binding energy (eV) FWHM (eV) % Area
Cls C-C 285.00 1.13 25.83
Entry 6 C-O 286.38 1.13 30.03
OoC-0 287.15 1.13 18.28
0C=0 289.05 1.13 18.99
0C(0)=0 290.20 1.13 6.88
Entry 7 Orbital Component Binding energy (eV) FWHM (eV) % Area
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Cls C-C 285.00 1.18 33.14

C-O 286.86 1.18 35.65
0-C-O 289.06 1.18 27.07
0C(0)=0 290.32 1.18 4.14

Table 40: Xray Photoelectron Spectroscopy data obtained for different signals, material analyzed corresponding to
Table 17.

Orbital Component Binding energy (eV) FWHM (eV) % Area
Bntry 9 Cls c-C 285.00 1.26 32.52
C-0 286.79 1.26 40.65
0C=0 289.10 1.26 23.15
OC(0)=0 290.44 1.26 3.69
Orbital Component Binding energy (eV) FWHM (eV) % Area
Cls c-C 285.00 1.10 38.66
Entry 10 C-0 286.55 1.10 26.27
0OC-O 287.21 1.10 13.35
0C=0 289.11 1.10 14.21
OC(0)=0 290.41 1.10 7.50
Orbital Component Binding energy (eV) FWHM (eV) % Area
Cls c-C 285.00 1.10 3.59
Entry 11 C-0 286.68 1.10 75.22
OC-O 288.11 1.10 17.83
0C=0 289.48 1.10 3.36

Table 41: Xray Photoelectron Spectroscopy data obtained for different signals, material analyzed corresponding to
Table 18.

Orbital Component Binding energy (eV) FWHM (eV) % Area
Cls C-C 285.00 1.24 33.05
Entry 17
C-O 286.50 1.24 46.34
OoC-0 287.76 1.24 6.64
0C=0 288.83 1.24 13.98

Table 42: Xray Photoelectron Spectroscopy data obtained for different signals, material analyzed corresponding to
Table 19.
Entry 21 Orbital Component Binding energy (eV) FWHM (eV) % Area
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Cls c-C
c-0
0C-0
0C=0
0C(0)=0

285.00
286.44
287.09
288.49
290.27

1.05
1.05
1.05
1.05
1.05

26.80
40.69
10.21
291
19.40

Table 43: Xray Photoelectron Spectroscopy data obtained for different signals, material analyzed corresponding to

Table 20.
Orbital Component Binding energy (eV) FWHM (eV) % Area
Cls C-C 285.00 1.10 44.11
Entry 23
C-O 286.28 1.10 34.32
OoC-0 287.38 1.10 16.58
0C=0 288.85 1.10 4.99
Orbital Component Binding energy (eV) FWHM (eV) % Area
Cls C-C 285.00 1.09 42.30
Entry 24
C-O 286.42 1.09 30.67
OC-0 286.98 1.09 6.24
0C=0 288.84 1.09 11.89
0OC(0)=0 290.31 1.09 8.89
Orbital Component Binding energy (eV) FWHM (eV) % Area
Entry 25 Cls C-C 285.00 1.11 36.73
C-0 286.49 1.11 42.04
0C=0 288.80 1.11 8.38
0OC(0)=0 290.27 1.11 12.85

Table 44: Xray Photoelectron Spectroscopy data obtained for different signals, material analyzed corresponding to

Table 21.

Orbital Component Binding energy (eV) FWHM (eV) % Area

Entry 26 Cls C-C 285.00 1.19 34.04

C-O 286.89 1.19 34.26

0C=0 289.06 1.19 30.09

0C(0)=0 290.33 1.19 1

Orbital Component Binding energy (eV) FWHM (eV) % Area

Entry 27 Cls C-C 285.00 1.19 34.36

C-O 286.76 1.19 36.54

OC=0 289.09 1.19 24.25

0OC(0)=0 290.27 1.19 4.85
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Orbital Component Binding energy (eV) FWHM (eV) % Area
Entry 28 Cls c-C 285.00 1.20 32.79
C-O0 286.50 1.20 36.73
0C-0 287.45 1.20 11.89
OC=0 289.16 1.20 16.93
0C(0)=0 290.259 1.20 1.67
VIILS. Size exclusion chromatography
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Molar mass moments (g/mol)
Mn 3.919x10% (+8.656%) 9.688x10" (+£8.656%)
Mw 1.737x10° (£8.656%) 9.709x10% (£8.656%)
Mz 4,851%10% (+19.356%) 9.730x101 (£19.356%)
M(avg) 5.455x10° (+0.418%) 9.906x101 (+1.093%)
Polydispersity
Mw/Mn 4.433 (+12.242%) 1.002 (£12.242%)
Mz/Mn 12.379 (+21.203%) 1.004 (£21.203%)

Figure 85: SEC analyses data of the non-grafted copolymer obtained from reaction 26 in Table 21.
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Mn 1.660x10% (£4.262%) 1.012x101 (+4.262%)
Mw 3.390x10% (+4.262%) 1.030x101 (+4.262%)
Mz 8.467x10% (£9.530%) 1.048x101 (+9.530%)
M(avg) 4.341x103 (+0.196%) 1.125x101 (+0.475%)
Polydispersity
Mw/Mn 2.042 (+6.028%) 1.017 (+6.028%)
Mz/Mn 5,101 (+10.440%) 1.035 (+10.440%)
Figure 87: SEC analyses data of the non-grafted copolymer obtained from reaction 27 in Table 21.
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Molar mass moments (g/mol)
Mn 4.242x107 (+£4.262%) 3.762x10% (+4.262%) 9-438 (£4.262%)
Mw 3.736x10% (+4.262%) 7.148x10% (+4.262%) 9.724 (+4.262%)
Mz 8.595x10% (+9.530%) 1.281x10° (+£9.530%) 1.001x10" (+9.530%)
M(avg) 3.587x10° (+0.319%) 7.608x103 (+0.202%) 8-949 (+0.506%)
Polydispersity
Mw/Mn §.806 (+6.028%) 1.900 (£6.028%) 1.030 (+6.028%)
Mz/Mn 20.260 (+10.440%) 3.405 (+10.440%) 1.060 (+10.440%)

Figure 86: SEC analyses data of the non-grafted copolymer obtained from reaction 28 in Table 21.
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