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Abstract

The aim of this study was the investigation of various dispersion methods for graphite-based fillers in
elastomers such as polyisoprene, to enhance mechanical and barrier properties. To increase graphite-
rubber interactions and so decrease filler-filler aggregation, graphite-based fillers have been
chemically modified. Graphite was previously oxidized into graphite oxide (GO), bearing epoxide,
hydroxyl and carboxylic acid groups, which could further act as anchor sites for molecules and polymer
chains. To increase the compatibility between GO and the polymeric matrix, amines and alkoxysilanes,
as well as polymer chains, were grafted on GO. Grafting contents between 4-50 wt% were obtained,
depending on the functionalization technique which was used. A thermal modification path of GO was
also investigated and led to the formation of porous graphite structure. Polyisoprene composites
containing 15 phr of these graphite-based fillers were prepared and showed decreased air
permeability (-70 % for composites containing thermally-treated graphite filler, as compared to those
containing carbon black only) as well as enhanced tensile properties. Finally, the use of ionic liquids as
dispersing agents was investigated. Natural rubber — graphite composites with 1 wt% of ionic liquid
displayed enhanced reinforcement (+ 25 % for the stress at 300 % strain) while maintaining similar
strain at break to composites containing carbon black only.

Résumé

L’objectif de la these a été d’explorer différentes voies de dispersion de charges graphitiques dans des
élastomeres de type polyisoprene dans le but d’améliorer les propriétés mécaniques et barriére. Pour
augmenter les interactions entre le graphite et I’élastomeére et donc diminuer les interactions entre
charges, les charges graphitiques ont été modifiées chimiquement. Le graphite a été préalablement
oxydé pour obtenir du graphite oxydé (GO) contenant des groupements époxyde, hydroxyle et acide
carboxylique, susceptibles de servir comme sites d’ancrage de molécules et de chaines polymeres. Afin
d’améliorer la compatibilité du GO avec la matrice polyisopréne, des amines et des alkoxysilanes ainsi
que des chaines polyisoprene ont été greffées sur le GO. Des taux de greffage variant de 4 a 50 % en
poids ont été obtenus selon la technique de fonctionnalisation utilisée. Une expansion thermique du
GO a aussi été étudiée et a conduit a la formation d’une structure graphitique poreuse. Des composites
polyisopréne contenant 15 pce de ces charges graphitiques modifiées ont ensuite été préparés et ont
montré une diminution de la perméabilité a I'air (-70 % pour les composites graphite traité
thermiquement, par rapport a ceux chargés uniquement en noir de carbone) ainsi qu’'une amélioration
des propriétés mécaniques. Enfin, I'utilisation de liquides ioniques comme agents dispersants a été
étudiée. Des composites caoutchouc-graphite avec 1 % en poids de liquides ioniques ont montré un
renforcement plus élevé (+ 25 % pour la contrainte a 300 % d’élongation) tout en conservant un
allongement a la rupture similaire par rapport a des composites contenant uniqguement du noir de
carbone.
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Résumé substantiel de la these

Dans cette étude, des composites élastomeres contenant des charges graphitiques modifiées ont été
préparés et caractérisés. L'influence de la modification de surface du graphite sur les propriétés des
composites élastomeres a été étudiée.

L‘étude bibliographique s’est concentrée sur le graphéne et ses dérivés ainsi que sur les stratégies pour
disperser efficacement cette charge dans une matrice élastomere.

Le graphéne est un monofeuillet d’atomes de carbone sp? dont 'empilement constitue le graphite. Il
posséde un module d’Young de 1 TPa et une surface spécifique de 2630 m?/g. De nombreuses
méthodes de production existent mais la plupart d’entre elles sont colteuses et difficiles a mettre en
ceuvre a l'échelle industrielle. Pourtant, une méthode basée sur I'oxydation, I'exfoliation puis la
réduction du graphite semble prometteuse. Un matériau proche du graphéne peut ainsi étre obtenu,
avec des propriétés intéressantes malgré la présence de nombreux défauts structurels par rapport au
graphite. La dispersion de cette charge dans une matrice élastomere peut améliorer les propriétés
mécaniques et les propriétés barriére ainsi que les conductivités thermiques et électriques. Elle est
cependant délicate a réaliser, a cause de fortes interactions m-m entre les feuillets du graphite, qui
limitent I’exfoliation, et conduisent a la présence d’agrégats dans la matrice.

Une méthode pour diminuer ces interactions interfeuillets est de fonctionnaliser les dérivés du
graphéne par I'utilisation d’interactions physiques ou chimiques. De nombreuses stratégies ont été
décrites dans la littérature, incluant par exemple l'utilisation d’agents dispersants, pour limiter
I'agrégation des feuillets. De plus, le graphene oxydé peut étre préparé par un procédé d’oxydation,
pour former des groupes hydroxyle, acide carboxylique et époxyde sur sa surface et sur les bords des
feuillets. Ce matériau peut ensuite étre fonctionnalisé en utilisant une large gamme de réactions de
chimie organique telles que des réactions d’estérification, des additions nucléophiles, des substitutions
nucléophiles, etc. Il a été rapporté que la modification chimique du graphite oxydé (GO) pouvait
efficacement modifier sa dispersabilité, en réduisant par exemple son hydrophilie et en augmentant
son affinité pour les solvants organiques. Ceci est intéressant pour la dispersion de cette charge dans
des matrices apolaires telles que le polyisopréene, afin d’augmenter les interactions charge-matrice, et
ainsi apporter un meilleur renforcement. Cependant, le GO est un isolant électrique a cause de la
perturbation du réseau aromatique conjugué, aussi une restauration partielle de la conductivité
électrique peut étre nécessaire par un procédé chimique, thermique ou solvothermique.

Dans la deuxieme partie de I’étude bibliographique, I'influence de I’addition de charges graphitiques
sur les propriétés d’'une matrice élastomere a été étudiée. Les élastomeéres sont des matériaux souples
qui peuvent supporter de forts allongements mais qui présentent une rigidité limitée et une
perméabilité élevée. L'ajout de charges dans des matrices élastoméres a donc pour objectif de les
renforcer et les principaux mécanismes de dispersion du noir de carbone et de la silice sont bien
connus. Cependant, pour les charges lamellaires, les mécanismes de dispersion et d’exfoliation sont
moins bien maitrisés. De plus, la petite dimension des charges graphitiques induit de fortes
interactions entre les feuillets qui entrainent des phénomeénes d’agrégation. Comme discuté
précédemment, la modification chimique peut étre un moyen de surmonter cette difficulté. De plus,
I'utilisation d’un procédé approprié peut également influencer la dispersion de la charge. Ainsi, la
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dispersion en milieu solvant, a souvent montré qu’elle pouvait conduire a une dispersion efficace de
la charge graphitique avec, cependant, une transposition industrielle limitée. A I'inverse, la voie du
mélange direct a souvent conduit a une amélioration des propriétés des composites moins importante.

Par ailleurs, les améliorations les plus notables des propriétés mécaniques et des propriétés barriere
ont été observées pour des charges avec une surface spécifique élevée et leur modification de surface
a montré dans certains cas, des améliorations de la dispersion et de la qualité de l'interface.
Cependant, la plupart des charges graphitiques, méme non modifiées, conduisent tout de méme a une
amélioration significative des propriétés mécaniques et barriere ainsi que des conductivités
thermiques et électriques des élastomeéres, méme a un faible taux (quelques % en masse).

L'étude expérimentale s’est ensuite concentrée sur la modification chimique du graphite pour
améliorer a la fois sa dispersion dans une matrice élastomere contenant aussi du noir de carbone et
les propriétés mécaniques et barriere des composites correspondants. Différentes stratégies ont été
étudiées : (i) le greffage de molécules sur le graphite oxydé, (ii) le greffage d’agents de couplage entre
le graphite oxydé et I'élastomeére, (iii) la polymérisation in situ d’'un monomere sur le graphite oxydé,
(iv) le traitement thermique du graphite oxydé et (v) I'utilisation de liquides ioniques comme agents
dispersants.

Dans le premier cas, le greffage covalent d’octadécylamine (ODA) sur le GO par une réaction de
substitution nucléophile a été effectué a température ambiante et a conduit a un taux de greffage de
10 % massique. Des suspensions de GO-ODA stables dans du toluéne (contrairement a des suspensions
de GO non modifié), a une concentration de 1 mg/mL, ont été obtenues, ce qui atteste de la diminution
du caractére hydrophile apporté par le greffage de 'ODA. Une autre approche consiste a utiliser un
agent de couplage de type silane, le bis [3-(triéthoxysilyl)propyl] tétrasulfide (TESPT), qui a été greffé
sur le GO par une réaction d’hydrolyse-condensation. Un taux de greffage de 6 % massique a été évalué
par analyse thermogravimétrique. L'intérét majeur du GO-TESPT est de posséder des liaisons soufre-
soufre, capables de se rompre sous I'effet de la chaleur, et d’agir en tant qu’agent de réticulation. Cette
réaction n’a néanmoins pas été étudiée ici.

Dans la deuxieme stratégie, le greffage du polyisoprene sur le GO a été effectué en deux étapes. Dans
une premiére étape, le GO a été fonctionnalisé par le 1-azido-undecanol, par une réaction
d’estérification faisant intervenir les groupements acide carboxylique du GO. Un taux de greffage
d’azide de 9 % massique a été obtenu et des suspensions des charges modifiées ont montré une
augmentation de leur stabilité dans du toluene, en comparaison avec des suspensions de GO. Dans
une deuxiéme étape, le GO-azide a réagi avec le polyisopréne (IR) par une réaction de cycloaddition.
Un faible taux de greffage de polyisopréne (2.5 % massique) a été déterminé par ATG. De plus, une
réduction simultanée du GO-azide-IR a été observée (procédé solvothermique). Des suspensions de
GO-azide-IR ont montré une amélioration de la stabilité dans du toluéne a une concentration de
1 mg/mL, grace a la fonctionnalisation (par rapport a des suspensions de GO).

Dans la troisieme stratégie, la polymérisation in situ de l'isopréne sur le GO a été réalisée, en deux
étapes, pour améliorer sa dispersion dans une matrice polyisopréne. Dans un premier temps, un
alkoxysilane a été greffé a la surface du GO par une réaction d’hydrolyse-condensation. Puis, I'isopréne
a été polymérisé in situ sur le GO-alkoxysilane, par polymérisation radicalaire en émulsion. Cependant,
la réaction de polymérisation n’a pas pu se dérouler en présence de 10 % massique de GO-alkoxysilane
(radicaux piégés par le GO). Dans un deuxiéme temps, la polymérisation cationique en émulsion de
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I'isopréne a été réalisée, en utilisant des catalyseurs combinés avec des acides de Lewis et une charge
GO-alkoxysilane contenant 50 % massique de polyisoprene a été obtenue.

La quatrieme stratégie a consisté en la modification du graphite par un procédé thermique. Le graphite
a d’abord été oxydé en utilisant la méthode de Hummers, et dans un deuxieme temps, le GO a été
soumis a des températures élevées (700 °C environ) avec une rampe de température tres rapide,
pendant 30 s. Dans ces conditions, les groupements fonctionnels sur le GO se dégradent et produisent
un dégagement gazeux qui repousse les feuillets et crée une structure expansée, poreuse et froissée.

Des composites a matrice polyisopréne ont été élaborés a 'aide des différentes formes de graphite
modifié obtenues. L'originalité de cette étude est d’avoir ciblé des composites a vocation industrielle.
Leur composition inclut donc un taux de charge élevé (50 parts pour cent d’élastomeére ou pce)
comprenant du noir de carbone majoritairement. Les charges modifiées ont été incorporées en
substitution d’une partie du noir de carbone, conduisant a un taux de (50-x) pce de noir de carbone et
X pce de charges graphitiques.

Les propriétés de ces composites ont ensuite été étudiées. Lorsque 2 pce de noir de carbone ont été
remplacés par 2 pce de graphite modifié, les propriétés mécaniques ont été peu impactées.
Cependant, quand 15 pce de graphite modifié ont été ajoutés (en substitution a 15 pce de noir de
carbone), des effets notables ont été observés. Alors que le GO a principalement un impact négatif sur
les propriétés mécaniques, le GO fonctionnalisé a montré une amélioration des propriétés des
composites polyisopréne. Ainsi, le GO-ODA a présenté un renforcement (augmentation des
contraintes aux faibles allongements) avec cependant une conservation des propriétés a rupture. Des
mesures de perméabilité a I'air ont été effectuées sur les composites : le GO-ODA et le graphite
expansé thermiguement, ajoutés en remplacement de 15 pce de noir de carbone, ont induit les plus
fortes diminutions, atteignant des diminutions 62 % et 70 %, respectivement, en comparaison avec la
perméabilité du composite a matrice polyisoprene contenant uniquement du noir de carbone.

Par ailleurs la modification du graphite a conduit a des conductivités thermiques des composites du
méme ordre de grandeur que ceux chargés uniquement en noir de carbone, et plus faible que celle
des échantillons contenant du graphite commercial.

La cinquieme stratégie étudiée a consisté en I'ajout de liquides ioniques en tant qu’agents dispersants,
pour améliorer la dispersion de graphite commercial dans des matrices de caoutchouc naturel (NR) et
de copolymere acrylonitrile-butadiéne (NBR). Une amélioration des propriétés mécaniques a été
observée pour le NR : des contraintes élevées aux faibles allongements, induites par la présence de
graphite, ont été obtenues en méme temps que les propriétés a rupture étaient préservées grace a la
présence du liquide ionique. L’ajout de liquide ionique dans des composites NR — graphite a donc bien
présenté un effet dispersant sur le graphite et le noir de carbone.

Dans le cas de |'utilisation d’'une matrice NBR, une diminution des contraintes a principalement été
observée, suggérant une diminution de la densité de réticulation. De plus, il a été montré que le taux
de liquides ioniques dans le composite n’avait pas d’effet significatif sur les propriétés en traction du
NR et du NBR. Les liquides ioniques ont montré des interactions avec le systéme de vulcanisation quelle
que soit la matrice élastomere utilisée. Ainsi, ces élastomeres présentent une réticulation plus rapide
en présence de 1 % massique de liquide ionique. De plus, certains liquides ioniques tels que le chlorure
de 1-allyl-3-methylimidazolium (AMIC) peuvent inhiber la réaction de réticulation lorsqu’ils sont
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incorporés a un taux de 10 % massique. Il pourrait donc étre intéressant d’étudier la réaction de
liguides ioniques avec le systeme de vulcanisation du NR et du NBR.

Dans cette étude, il a donc été montré que la modification chimique du graphite pouvait conduire a
I’élaboration de composites présentant des propriétés mécaniques améliorées ainsi que des
propriétés barriere a I'air intéressantes. Ainsi le GO-ODA et le GOX semblent étre les deux charges
préparées dans cette étude ayant le plus de potentiel pour une transposition industrielle. Cependant,
I'utilisation de liquides ioniques comme agents dispersants n’a pas apporté les résultats escomptés sur
les propriétés de composites a matrice caoutchouc NR et NBR.

En perspective, I'influence du procédé d’élaboration des matériaux sur les propriétés des composites
pourrait étre étudiée. Compte-tenu des difficultés bien connues de la dispersion de nanocharges dans
les matrices polymeres, il est intéressant de rechercher des alternatives. L'une d’entre elles, viable sur
le plan de la transposition industrielle, est I’élaboration du mélange en milieu latex. Les élastomeres
utilisés dans cette étude (IR, NR et NBR), existent en phase latex et il pourrait étre intéressant de
regarder I'effet de I'ajout de charges graphitiques, en suspension aqueuse, directement dans le latex.
La formation de morphologies complexes pourrait entrainer entre autres une forte augmentation des
propriétés barriére des composites.
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Main introduction

Elastomers are common materials which have a wide range of applications, including everyday life
products, such as shoe soles and tires, and industrial products, such as rubber seals and gaskets in
automotive industry for instance. These materials have been known for a long time. Hence, natural
rubber (NR) has been known in South America for centuries but it is only in the 18" century that the
French explorer Charles de la Condamine brought samples back to France. A century later, Thomas
Hancock invented a “masticator”, a mixing machine able to heat and press rubber in order to shape it.
However, rubber goods had a very low weather resistance, became brittle in the cold and sticky if
exposed to the sun. Eventually, in 1842, Charles Goodyear discovered the vulcanization process and
rubber industry really began to expand. In the end of the XIX" century, Henry Wickham sent hevea
seeds to Ceylan and Singapore that are at the origin of today’s South East Asia huge rubber plantations.
With this larger supply available, rubber industry continued to develop fast. With over 12 million tons
produced in 2015, natural rubber is the elastomer most used worldwide.

Besides, during World War | and World War Il, synthetic rubbers were developed to overcome the
natural rubber latex shortage. Nowadays, a very wide variety of synthetic elastomers are produced
and their structure and properties are carefully controlled. In 2015, around 17 million tons of rubber
were synthesized, which accounts for around 58 % of the total rubber production. Despite a very wide
use due to their exceptional elasticity, these materials display low stiffness and are permeable to most
gases, which may limit their potential applications. To overcome these difficulties, various fillers are
commonly added in elastomeric matrices. Among these fillers, carbon black is the most commonly
used to enhance mechanical properties of elastomers. It has been used for centuries as a pigment for
paper, but it is only in the first half of the XX™ century that it was discovered to reinforce rubber.
Nowadays, over 12 million tons of carbon black are produced worldwide, with more than 80 % of this
production being used in rubber goods, mainly in tires.

Recently, a new class of fillers, nanofillers, has been described to enhance several properties of
elastomer composites, at a lower loading than carbon black. Among these nanofillers, graphene, a 2D
material consisting in a single atomic layer of carbon atoms, and mostly found in its stacked form
(graphite), has triggered a lot of research work in recent years. Pristine graphene displays outstanding
electrical, thermal, mechanical and barrier properties. Hence, it is reported to have an electronic
mobility of 200,000 cm?/(V.s), which is around 45,000 times higher than copper. Such properties
suggest that graphene could be of great interest as a filler in polymer materials. The preparation of
pristine graphene is anyhow costly and difficult to scale-up, and graphene derivatives have often been
prepared instead. They include oxidized forms of graphene (graphene oxide), small stacks of graphene
layers (graphite nanoplatelets) an other graphene-based structures. Due to the presence of several
defects in these graphene-based materials, their properties do not reach those of pristine graphene.
However, these materials can be prepared in larger quantities than pristine graphene and may thus be
added as fillers in polymer materials.

Several studies on the effect of graphite-derivatives on the properties of thermoplastics have been
performed and they reported significant improvements of the corresponding composites in terms of
mechanical properties, barrier properties as well as electrical and thermal conductivities. However,
little work was carried out on elastomeric materials, due to a more difficult dispersion of the filler in
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the elastomer. Graphite nanoplatelets are very inert chemically and thus low interactions with rubber
matrices are often reported. Besides, due to their small lateral dimension, these nanoplatelets tend to
agglomerate to a large extent, thus creating large-size agglomerates and thus impairing the properties
of the corresponding material.

One of the solutions, already studied with thermoplastic matrices, is to modify the surface of
graphene-based fillers, through covalent grafting of polymer chains for example. This enhances filler-
matrix interactions, and decreases filler-filler interactions. Due to its very stable conjugated aromatic
structure and the lack of functional groups, the surface modification of graphene derivatives is very
challenging, especially to improve its compatibility with elastomers such as polyisoprene. In this work,
several modification paths have been attempted, involving chemical covalent grafting strategies, use
of dispersing agents as well as thermal treatment. The influence of these treatments on the mechanical
and barrier properties of the corresponding elastomer-based composites, has been investigated.

This report is divided into a literature review and four experimental chapters. The literature review
focuses on graphene derivates and their functionalization, elastomer materials and then the properties
of elastomer composites based on graphene and graphene-derived fillers. The second chapter deals
with the preparation of graphite oxide (GO) and the covalent grafting of several compatibilizing agents
onto the surface of GO. The third chapter describes the in situ polymerization of isoprene in presence
of GO derivatives as a means to enhance GO — polyisoprene compatibility. Then, the fourth chapter
discusses the properties of polyisoprene-based composites containing the modified graphite-
derivates. Finally, the fifth chapter focuses on the use of a non-covalent modification strategy, using
ionic liquids, to compatibilize graphite and common elastomers (natural rubber and acrylonitrile
butadiene copolymer).
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Introduction

Much research interest has been focused on graphene since the attribution of a Nobel Prize in Physics
to Andre Geim and Konstantin Novoselov from Manchester University (UK) in 2010. The expectations
about the exceptional theoretical properties of this material have led many researchers to work upon
isolation of single graphene sheet. Nowadays industrial production of graphene is developing with
many start-up companies appearing on the market. Yet, many efforts are still to be made for large
qguantities of defect-free graphene sheets to be produced at reasonable costs. Applications of this
material are wide and include electronics, photovoltaics and energy storage as well as high-
performance composites. For the latter, polymers have shown to be of great interest to produce easily
processable materials with enhanced thermal or mechanical properties for instance. Graphene could
be used as an additional filler or as a replacement of traditional reinforcing fillers such as carbon black.
Besides, graphene can potentially enhance properties such as thermal and electrical conductivities
even at a very low loading (< 1 wt%). Regardless of the application it is necessary to ensure appropriate
dispersion of the graphitic filler in a polymer matrix.

Great potential in the use of graphene as a filler comes from its “nano” size. Its small dimension is of
great interest since large surface areas are available to interact with the matrix. However, due to strong
interactions between the graphene nanosheets, they tend to aggregate. To avoid such phenomenon,
several strategies such as the use of a surfactant to decrease surface energy or the grafting of several
molecules on its surface is often necessary. Many functionalization strategies have been developed
over the past years. They include non-covalent and covalent attachment. To perform such
modifications, the use of an oxidized form of graphene is often required. Hence, graphene oxide, a
graphene layer bearing oxygen functional groups on its surface, is widely used as a starting material
for chemical functionalization. In addition, through several reduction treatments, graphene oxide can
be converted back to a “graphene-like material”.

This oxidation/reduction method is of considerable interest for the industry as it might open the way
for large production of “graphene-like materials” at low costs. Hence, while defect-free graphene
layers can be prepared through expensive CVD process, oxidation/reduction method is mostly a
chemical process using low-cost graphite as a starting material. However, these fillers, often called
“graphite nanoplatelets”, show inferior properties in terms of several properties such as electrical
conductivity.

These nanoplatelets anyhow enable the development of polymer nanocomposites. Even if they show
lower properties than defect-free graphene, they however retain the ability to enhance mechanical
properties, electrical and thermal conductivities as well as barrier properties of polymer composites.
Among common polymers, elastomers are widely-used materials that exhibit exceptional elasticity and
damping properties. They are often reinforced with low cost carbon black to enhance mechanical
properties such as tensile strength. However, it is usually necessary to use high loadings (> 25 wt%)
leading thus to important reduction in strain at break. The use of graphene nanofillers could enable an
increase in tensile strength while preserving strain at break of the elastomers. Besides, electrical and
thermal conductivities could be induced, still a low loading. Eventually, due to its platelet shape,
graphene has a great potential in increasing barrier properties of elastomers.

This section is a literature review dealing with graphene-elastomer composites. It highlights key
parameters to tune rubber properties through the incorporation of graphene or its derivatives.
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1. Graphene-based materials

Graphite is a well-known material present in everyday life and it displays several interesting properties
such as electrical conductivity. Recently, a lot of research has been done on separating graphite layers
to obtain isolated graphene sheets. This nanomaterial has theoretical outstanding properties such as
exceptionally high Young’s modulus, electrical and thermal conductivities. However, it is still hard to
obtain defect-free single layer graphene at a competitive price for industrial use. Thereby, a number
of intermediate structures such as graphite nanoplatelets have been synthesized. This section details
common graphite-related materials found in the literature.

1.1. Production of single graphene sheets
Graphene is defined as a monolayer of sp? carbon atoms assembled in a honeycomb structure. A
monolayer is made of carbon atoms with 0.142 nm interatomic distance and organized in a
bidimensional crystal (Figure 1).

Figure 1: Single graphene sheet.

Graphene first appearance in literature can be traced back to 1970 but its isolation as a single sheet
was not possible until 2004 when Andre Geim’s team from Manchester University (UK) developed a
micromechanical exfoliation method based on the use of scotch tape (Scheme 1) [1].

Scheme 1: Representation of micromechanical exfoliation of graphite.

Andre Geim and Konstantin Novoselov received the Nobel Prize in Physics in 2010 for their work on
graphene. Graphene is of great scientific interest due to its outstanding properties. Indeed, a
monolayer has a Young’s modulus of 1 TPa and a yield strength of 130 GPa which makes it the toughest
material ever measured [2]. Besides, graphene has a thermal conductivity of 5000 W/m.K, about
twelve times higher than copper. Graphene electrical conductivity properties are also outstanding with
128 S/m? and charge mobility around 200 S.m?/C, hence 45000 times higher than copper.

30



In addition, due to its 2D dimension, graphene has a very high theoretical specific surface area
(2630 m?/g) as well as a very low permeability to most gases including helium. Thus, even if helium has
a small kinetic diameter of 2.6 A, graphene has an even lower pore diameter as well as a high
penetration energy barrier of 18.8 eV (compared to 18.6 eV kinetic energy for a helium atom) [3]. In
addition, graphene is a flexible, tough material exhibiting good optical transparency properties [4].

Two main procedures are available to obtain a single graphene sheet: “bottom-up” ways in which
graphene is grown from carbon atoms and “top-down” routes where graphene is obtained through
graphite exfoliation.

1.1.1. Bottom-up preparation methods

1.1.1.1.  Epitaxial growth
Silicon carbide is heated under vacuum at 1300 °C so that silicon atoms from outer layers evaporate.
After a predetermined time, carbon atoms rearrange themselves into thin graphene layers. However,
this method is very costly and enables the production of small quantities of high-quality graphene.

1.1.1.2. Chemical Vapor Deposition (CVD)

The first CVD experiment was performed by Hagstrom in 1965 [5]. In this method, graphene is
produced by catalytic decomposition of a carbonaceous precursor (methane is often used but any
other carbon source can work) at high temperature onto a metallic substrate that acts as a catalyst.
Copper and nickel are common metal substrates. For the former, carbon atoms from the
decomposition of carbonaceous gases deposit onto its surface to produce a graphene layer. For the
latter, carbon atoms penetrate into the substrate and, when temperature goes down, their solubility
decreases and carbon atoms move back to the surface. This technique permits to produce high-quality
graphene polycrystal at a small scale.

1.1.2. Top-down preparation methods

1.1.2.1.  Micromechanical exfoliation
In 2004, researchers from Manchester University (UK) developed an exfoliation method of graphite
based on adhesive tape [1], as discussed previously (Scheme 1).

Layers are separated by dichotomy until small stacks or even single layers are isolated. The obtained
nanosheets are then transferred onto a silicon wafer. However, similarly to the CVD method, this
technique cannot be used for large-scale production of graphene.

1.1.2.2.  Liquid-phase exfoliation
Graphite exfoliation can also be performed by ultrasonication in organic solvents such as N-
methylpyrrolidone, dimethylformamide or water (often in presence of a surfactant) [6-11]. This
method enables production of small graphite flakes but seldom leads to the obtention of single layers.
However, this way is suitable for large-scale production of graphite nanoplatelets. A similar method
has been developed by Coleman et al [12] by shearing in a blender to exfoliate graphite.

Other methods such as the opening of carbon nanotubes and electric-arc discharge with a graphite
electrode can also lead to a graphene-like material [2, 13, 14].
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1.2. Production of graphene-based materials from graphite derivatives

1.2.1. Natural and synthetic graphite
Graphite is an allotropic form of carbon. It is a non-metallic material that was named after the Greek
word graphein (to write) by the German mineralogist AG Werner. Graphite is composed of graphene
layers, stacked together by weak van der Waals forces (Figure 2).

Figure 2: Graphite structure.

Graphite has a hexagonal crystalline structure with an interatomic distance of 0.142 nm in plane and
an interlayer spacing of 0.335 nm. As a result, it is a highly anisotropic material and it possesses high
in-plane electrical and thermal conductivities. It is also chemically inert and can thus be used for a wide
range of applications: pencils, lubricants, refractory materials, batteries...

Around 80 % of worldwide natural graphite is extracted in China. Graphite-based products are
classified according to their carbon content, ashes content and granulometry. Three main types of
graphite are found on the market: vein graphite that is highly crystalline, graphite flakes that usually
have a lateral dimension greater than 100 um and “amorphous” graphite that is micro-crystalline and
is composed of small flakes (less than 1 um). Another class of graphite is also found on the market:
synthetic graphite, which is produced by pyrolysis at 3000 °C of carbonated raw materials such as coke,
oil or pitch. Synthetic graphite presents a higher porosity than natural graphite and is mostly used for
Lithium-ion batteries production.

Graphite prices are strongly dependent on China’s production and exportation policy. Prices are
expected to go up since there is now a need to dig quite deep to reach most graphite deposits, leading
to harder extraction and so to higher costs. Besides, China’s slower economic development and greater
concern about environmental regulations are expected to increase graphite prices in the upcoming
years.

1.2.2. Expanded graphite
Due to weak van der Waals forces between its constitutive planes, graphite is relatively easy to
intercalate.
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Expanded graphite is a material produced by rapid heating of acid-intercalated graphite (also called
graphite intercalation compound, GIC). These GIC are usually intercalated by sulfuric acid which
infiltrates between graphitic layers and then pushes those layers apart when vaporizing under rapid
heating (> 2000 °C/min) at high temperature (900-1000 °C) [15, 16]. The thermal process damages its
structure and creates wrinkles on the sheets surface as shown in Figure 3. Therefore, the produced
expanded graphite contains pores (spacing between wrinkled layers) with sizes ranging from a few
nanometers to a few micrometers [17, 18].

Figure 3: SEM image of exfoliated graphite made of natural graphite by using formyl acid and microwave: Worm-like
graphite under ESEM (Quanta 200F) [18].

Expanded graphite displays a worm-like morphology and is often described as a loose structure
composed of collapsed and deformed parallel sheets, which results in many pores covering a wide
range of sizes (Figure 3). The creation of pores leads to an increase in volume from 50 to 200 times and
particle sizes ranging from 1 to 50 um, with layer thicknesses of a few hundreds nanometers [15, 16,
19-22].

1.2.3. Graphite nanoplatelets

Many industrial products are sold under the denomination “graphene nanoplatelets”. They usually
refer to “stacks of a small number of graphene layers with a microscale lateral dimension”. However,
this very imprecise term is not recommended by Carbon editors [23] for use in scientific community
because the term “graphene” already refers to the thickness of the material and the prefix “nano”
should then refer to the lateral dimension of the platelets [23]. They put forward well-defined terms
such as “multilayer graphene” (a countable stack of between 2 and 10 graphene layers), “few-layer
graphene” (a countable stack of 2-5 graphene layers) and “graphite nanoplates” (a stack of graphene
layers with a thickness or a lateral dimension not greater than 100 nm). They also suggest the name
“carbon thin films” for small stacks of discontinuous or fragmented graphene layers with a small lateral
dimension.

Graphite nanoplatelets (GNPs) are a good alternative to expensive graphene sheets. They are widely
available in the industry and offer the opportunity to be used as fillers in many materials. However,
due to the imprecision of the term “GNPs” regarding the thickness and the lateral dimension of the
product, it can be hard to compare results obtained with platelets purchased from different suppliers.
Besides, the term does not refer to a special preparation method and GNPs can be obtained through
an oxidation / reduction process or from acid-intercalated graphite (followed by a thermal treatment).
Direct exfoliation of graphite in a solvent such as N-methylpyrrolidone (NMP), dimethylformamide
(DMF) or water (with the help of a surfactant) can also lead to graphite nanoplatelets products. Ball-
milling in the dry state or with the use of chemicals such as melamine is also described in the literature
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as a method to produce GNPs [24]. Hence, Leon et al [24] showed the partial exfoliation of graphite
into few-layer graphene using several triazine derivatives in a ball-mill with subsequent removal of the
exfoliating agent after the milling process to leave a clean graphite surface [25].

Commercial so-called “graphene nanoplatelets” can then be made of stacks of layers up to 100 nm
thick with a lateral dimension ranging from nano- to micrometers. The surface can be flat or wrinkled,
containing or not functional groups, or with molecules covalently or non-covalently attached onto their
surface and edges.

Many different graphitic structures exist and are available in the market. However, real 2D-monolayer-
graphene production is still in development stage. Despite little use of graphene, graphene derivatives
such as graphite nanoplatelets give rise to great expectations for use as fillers in polymer composites.

1.2.4. Functionalization of graphite derivatives

Graphene sheets undergo n-it interactions with each other, which leads to stacking of the nanosheets.
To overcome the spontaneous formation of multilayer structures graphene sheets can be
functionalized to reduce n-1t interactions between layers. Most carbon structure modifications were
initiated with CNTs and fullerenes and have been more or less successfully adapted to graphene. The
main purpose is to enhance dispersibility of the nanosheets in common organic solvents, which is one
of the key features for elaboration of functional nanocomposites. Several methods are available to
chemically modify graphene-based sheets. They can be divided into covalent and non-covalent
methods [26, 27].

1.2.4.1.  Non-covalent functionalization

Non-covalent functionalization is an attractive way to modify graphene since the modifications are
usually easy to perform and offer the possibility to adsorb functional molecules onto graphene surface
without disturbing its conjugated structure and thus its electrical properties [28-30]. The
corresponding interactions are usually weaker than covalent interactions but they can lead to the
formation of rather strong bonding anyhow [31, 32]. Non-covalent attachment can happen either
through van der Waals forces, deposition of nanoparticles or m-1t interactions [28]. The main goal is to
overcome T-Tt interactions between layers to prevent restacking through the adsorption of small
functional molecules or polymers on graphene surface. Stable organic or aqueous suspensions can be
obtained after non-covalent functionalization of graphene. Scheme 2 summarizes the main
modification paths reported in the literature.
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Scheme 2 shows the main paths for graphene non-covalent modification. -t and van der Waals
interactions as well as adsorption of nanoparticles are common methods to tune graphene properties
without disturbing its aromatic structure. Due to the conjugated structure of graphene, m-m
interactions are often reported in the literature as an efficient means to functionalize graphene.

1.2.4.1.1. m-minteractions
The main mechanism for non-covalent functionalization of graphene is m-mt interactions with a
molecule containing aromatic rings. Pyrene derivatives are among the most commonly used graphene

modifiers (Figure 4) [28, 31, 33].

Figure 4: Pyrene structure.

T-Tt interactions are often reported in the literature to be an efficient means to limit graphite
aggregation. Hence, Maity et al [34] used polythiophene-graft-poly(methyl methacrylate) (PT-g-
PMMA) to non-covalently modify the graphene lattice. The modification was performed through
sonication and magnetic stirring in DMF, followed by centrifugation and then washing with DMF. A
graphene content of 14.2 wt% was obtained in the PT-g-PMMA-graphene composite. The interaction
between PT and graphene is believed to be due to m-m interactions. The authors [34] incorporated the
as-modifed filler in a PVDF matrix and observed an electric percolation threshold at 0.24 vol% content
of PT-g-PMMA-modified graphene as well as enhanced mechanical properties of the composites. They
believe they obtained a good dispersion because the PT-g-PMMA favorably interacts with both the
filler and the matrix. Polythiophene rings are adsorbed onto graphene through n-it interactions while
>C=0 groups of PMMA undergo dipolar interactions with CF, groups of the PVDF matrix.

1.2.4.1.2. Van der Waals interactions

Van der Waals forces are often involved in non-covalent modification of graphene [27, 35, 36]. Hence,
Woszczyna et al [35] functionalized single layer graphene through stacking into a vertical van der Waals
heterostructure of a free standing amino-terminated carbon nanomembrane (cross-linked with
biphenylthiols), for electrically-conductive nanodevices (Scheme 2). Upon functionalization, the
graphitic structure was well preserved as evidenced by Raman analysis and the intrinsic electrical
properties of this material were well retained in the modified structures.

1.2.4.1.3. Deposition of nanoparticles

Non-covalent modification of graphene can also be performed through deposition of nanoparticles
such as gold, silver or nickel. Hence, Luo et al [37] prepared graphene decorated with gold
nanoparticles (Scheme 2). They deposited gold atoms onto few-layer graphene and, upon annealing,
gold atoms were condensed into nanoparticles (3-30 nm in diameter).

In conclusion, non-covalent functionalization of graphene is a useful and efficient way to modify the
surface while preserving the conjugated structure. Potential applications of these modified fillers are
numerous, especially in the field of nanoelectronics. This method could help and disperse better the
filler in a matrix with creation of a strong interface while preserving intrinsic electrical properties of
graphene. However, when stronger bonds between graphene and other molecules are required,
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covalent modification of the nanosheets is necessary. This modification creates strong attachment of
the modifier and thus usually shows greater long-term stability than physically-sorbed species on
graphene. However, contrary to the non-covalent functionalization, such modification leads to the
disruption of the aromatic structure and affects electrical properties, thus requiring a final reduction
step to restore the disrupted sp? lattice.

1.2.4.2. Covalent functionalization

Pristine graphene is very inert chemically. It does not have functional groups on its surface and its
aromatic rings are very stable and thus very hard to involve in covalent linkages. However, a few
chemical reactions can be used for the chemical modification of graphene sheets as shown in Scheme
3.

37



8¢

‘[er-8€ ‘1€ ‘8z] 2uaydeas aunsud oy syied uonesyipow Jud|eAO) € dWIAYIS

?H/ — = > & > —\—
= p < N N\ Z

P\ < < = >
> < > >—< =z >
AN|/// /\ /// /| / > & N > /\ > N 3 N v
4 P —— s v < \|/|/|_/\
\ _
N @ ﬂu
ig
8 $)[eS WNIUOZRIP soprxorad -
——
é S[eIIpE.I 3d.0)

ouoydei3

_\ SUONIPPBO[IAD

e
souanIu

“~ suonippeo]dkd 1ejodip-¢¢




Scheme 3 presents four main functionalization paths of pristine graphene. Cycloaddition reactions are
commonly reported in the literature. The use of free radicals is also a convenient way to overcome the
absence of functional groups onto graphene surface. Besides, plasma modification enables selective
replacement of atoms to incorporate heteroatoms onto graphene surface. Finally, polymers can be
grown directly from graphene surface using the « grafting from » strategy.

1.2.4.2.1. Cycloadditions

1.2.4.2.1.1. Cycloaddition of aryne compounds
Arynes are cyclic structures derived from aromatic rings through removal of two ortho-substituents.
They contain a triple bond [43] as shown in Figure 5.

Figure 5: Benzyne structure.

These compounds can be used to covalently modify pristine graphene. Hence, graphene produced
through arc-discharge was covalently modified using aryne chemistry by Zhong et al [38]. They reacted
2-(trimethylsilyl)-phenyl triate and caesium fluoride with graphene sheets in acetonitrile. The extent
of functionalization was measured to be of one aryne compound per 17 carbon atoms from TGA and
1 per 16 by XPS. They obtained stable suspensions in DMF at concentrations up to 0.40 mg/mL [38].

1.2.4.2.1.2. Nitrenes

Azides are nitrogen-containing compounds that can decompose upon light or heat to form highly
reactive nitrene species [43]. Azide chemistry has been widely studied to functionalize fullerenes and
carbon nanotubes and has then been adapted to graphene nanosheets [29, 42, 44-50]. These
compounds can be used to covalently bond to graphene since they can react through cycloaddition
reactions onto carbon-carbon double bonds of graphene. Hence, Vadukumpully et al [42]
functionalized graphene with various alkylazides. First cetyltrimethylammonium bromide (CTAB) was
wrapped around graphene to enhance exfoliation through sonication, then hexylazide, dodecylazide,
11-azidoundecanol and 11-azidoundecanoic acid were reacted in a 1:10 ratio (graphene to modifier).
The latter proved to be the best at enhancing graphene stability in common solvents such as toluene
and acetone at up to 0.1 mg/mL.

In another study, Strom et al [50] functionalized micrographite sheets through nitrene cycloaddition
of azido-phenylalanine in o-dichlorobenzene. The resulting product was shown by XPS to bear one
phenylalanine molecule per 13 graphene carbon atoms [50]. Hence, azide chemistry is a useful tool to
incorporate organic species onto pristine graphene without the need for functional groups on its
surface.

1.2.4.2.1.3. 1,3-dipolar cycloadditions

Another direct functionalization route is the 1,3-dipolar cycloaddition reaction of azomethine ylides
[51]. Hence, Quintana et al [52] modified graphene through in situ generated azomethine ylides
produced from condensation of paraformaldehyde with a modified a- amino acid. They determined a
grafting efficiency of 15 wt% by TGA corresponding to one functional group per 128 carbon atoms.
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Similarly, Zhang et al [53] prepared porphyrin-grafted graphene through reacting modified
tetraphenylporphyrin (TPP) and sarcosine with graphene. They reported that the obtained grafting was
covalent and calculated a 18 % mass loss in TGA corresponding to one TPP group per 235 carbon atoms.

1.2.4.2.2. Freeradicals
Free radicals are an efficient way to overcome the absence of functional groups onto graphene.

1.2.4.2.2.1. Peroxides

Benzoyl peroxide (BPO) can be used to covalently functionalize graphene. Hence, Liu et al [54] used a
toluene/BPO solution and initiated the reaction photochemically. Raman spectroscopy indicated the
attachment of phenyl groups through the appearance of a D band due to the creation of sp® carbons.
They also observed a decrease in electrical conductivity due to the disruption of the aromatic structure
as well as an increase in the level of hole doping [54].

1.24.2.2.2. Diazonium salts

Reaction of diazonium salts onto graphite nanosheets is often described in the literature [55, 56]. Sun
et al [39] prepared soluble expanded graphite nanosheets through reacting bromoaniline onto the
graphitic substrate. Hence, 4-bromoaniline in the presence of sodium nitrite and a catalytic amount of
azobisisobutyronitrile (AIBN) was covalently linked to expanded graphite. Scheme 4 shows the
functionalization procedure.

Sonicate for 1 h

Br

Br— )-NH: g~
NaNO,. AIBN, and CISO;H Br—<)- Br  Centrifuge for 1 h :
80-90°C. 1h &
Br g Br

Expanded graphite Functionalized expanded graphite Chemically-assisted exfoliated
graphene (CEG)

Scheme 4: Reaction path to attach a diazonium salt onto expanded graphite [39].

A Br concentration of about 0.6 % (XPS) was reported [39]. They also showed that the bulky diazonium
groups were mainly located at the edges of the nanosheets.

Kongsfelt et al [57] also investigated properties of diazonium-modified graphene. They used epitaxial
graphene to anchor nitrophenyl diazonium groups on its surface. They evidenced the grafting through
XPS and scanning tunneling microscopy (STM) from which they observed irregular surface coverage.

1.2.4.2.2.3. Carbenes

Carbene chemistry is another useful tool to functionalize graphene without prior treatment. Sainsbury
et al [40] prepared functionalized graphene through carbene attachment. Bromoform and a phase-
transfer catalyst, trihexylamine, were added in an organic suspension of exfoliated graphene in
benzene. Covalent grafting was evidenced through FTIR and XPS analysis. Besides, TGA allowed them
to calculate that one carbene substituent per 37 carbon atoms (1 per nm?) was grafted.

1.2.4.2.3. Plasma
Among other available methods, plasma modification can be done on graphene [58]. Hence, Sicinski
et al [41] used graphite nanoplatelets treated with oxygen plasma for a time varying from 16 to 64 min.
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They incorporated oxygen groups on graphene sheets surface and observed an increase in surface free
energy from 23 to 30 mJ/m? [41].

1.2.4.2.4. Functionalization with polymers

Functionalization of graphene oxide can also be carried out with polymers. Several mechanisms can
be used. Grafting of polymers onto graphene can be divided into two groups: “grafting to” and
“grafting-from” techniques.

1.2.4.2.4.1. “Grafting to”

Using this procedure, grafting can be carried out in one or two steps. First the polymer can be
functionalized to incorporate reactive functional groups on its backbone or on its chain-ends, if not
already present. Then, addition onto graphene is performed through one of the previously presented
mechanisms such as nitrene addition [33, 59-66].

1.2.4.2.4.2. “Grafting from”

To covalently attach polymers onto graphene or graphene oxide surface another strategy is also
available. In “grafting from“ approach, initiators or monomers are grafted onto the graphitic substrate
and then polymerization occurs in situ directly onto graphene sheets [33]. Two common mechanisms
to polymerize monomers from graphene surface are atom transfer radical polymerization (ATRP) and
reversible addition fragmentation chain transfer (RAFT).

1.2.4.24.2.1.  Atom transfer radical polymerization (ATRP)

ATRP is a radical polymerization technique that permit to obtain. The obtained polymers usually have
high molar masses and low polydispersity. The reaction is performed through a radical mechanism but
controlled by a catalyst that keeps the number of radicals in the medium low and so limits side-
reaction. The catalyst, a transition metal, and an initiator (alkyle halide) are necessary to carry out the
polymerization [67—69].

This technique has been quite widely reported for polymer grafting onto graphene sheets. Hence, Ren
et al [70] used ATRP mechanism to attach poly(N-isopropylacrylamide) (PNIPAM) onto graphene. The
reaction path is presented in Scheme 5.
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Scheme 5: NIPAM polymerization onto graphene [70].

The substrate was first functionalized with a diazonium salt followed by the attachment of
bromoisobutyrate groups. Finally, NIPAM was in situ polymerized onto modified graphene. A grafted
amount of up to 37.5 wt% was determined by TGA. The resulting product showed temperature-
responsive solubility. Hence, while at a temperature lower than the lowest critical solution
temperature (LCST) suspensions in water were stable, they quickly aggregated when the temperature
was raised. This phenomenon was explained to be due to the formation of entropically favored
intramolecular H-bonds at high temperature and enthalpically favored intermolecular H-bonds at low
temperatures leading to aggregation — disaggregation of the PNIPAM-graphene in water. Other groups
also reported interesting results in ATRP functionalization of graphene [71-75].

1.2.4.24.2.2.  Reversible addition fragmentation chain transfer (RAFT)

Another common controlled polymerization technique is RAFT polymerization. In this process, a
thiocarbonylthio compound chain transfer agent enables to reach a controlled molecular weight with
a low polydispersity. Complex polymer structures such as comb-like and star polymers can be afforded
[76].

To change graphene solubility in various solvents, Ye at al [77] functionalized graphene nanosheets
with several polymers using RAFT process. They grafted a chain transfer agent onto graphene by
reacting alkyne groups onto graphene before performing RAFT polymerization of either styrene,
methylmethacrylate, 4-vinylpyridine and (dimethylamino)ethyl methacrylate [77]. The resulting
polymers presented various solubilities in water, oil, acidic, alkaline solutions, polar and apolar
solvents. They achieved a grafting efficiency of 2 PMMA chains per 10000 carbon atoms and they were
able to disperse the modified platelets at up to 0.965 mg/mL in chloroform.

In situ polymerization is of great interest for polymer attachment onto graphene and is probably one
of the most challenging modification paths. Many studies have focused on thermoplastic polymers,
with polystyrene and poly(methylmethacrylate) being quite widely reported in the literature [78-85].
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Graphene can thus be modified through a great number of methods. Non-covalent grafting usually
provides a simple reaction path with no disruption of the aromatic structure while covalent
modifications enable greater effects on graphene properties such as strong changes in its solubility.
However, the absence of functional groups onto graphene surface limits available reaction paths that
can be performed. In the next section, a method to incorporate oxygen functional groups onto
graphene surface is reported.

1.3. Production of graphene-based materials from graphite oxide
Graphite oxide is a 3D material derived from graphite that contains covalent carbon-oxygen bonds. It
is regarded as an intermediate material towards the production of graphene. In 1958, Hummers [86]
reported a method, commonly used nowadays, to prepare graphite oxide using potassium
permanganate as the oxidizing agent in a mixture of sulfuric acid and sodium nitrate.

1.3.1. Graphite/graphene oxide preparation
Moreover, Dimiev et al [87] studied the mechanism of graphene oxide formation from graphite, shown

in Scheme 6.

H,S0,/HSO,~

%’ ®
L]
graphite
KMnO, / H,SO,
oxidizing agent

O
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KMnO, / H,S0O,

v
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v

Scheme 6: Formation of graphene oxide from bulk graphite. GIC = graphite intercalated compound, PGO = pristine
graphite oxide [87].
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They describe that, in a first step, a mixture of sulfuric acid and HSO, ion intercalates in between
graphitic layers. Then, potassium permanganate diffuses through the interlayer spacing and replaces
the intercalant. Carbon atoms on the graphene layers are then attacked by the oxidant to create
covalent carbon — oxygen bonds and the reduced form of potassium permanganate remains in
between layers. Finally, upon addition of water, the intercalants are removed and oxidized graphene
layers are exfoliated into individual graphene oxide sheets [87, 88].

1.3.2. Graphene oxide structure

Graphene oxide structure has been much investigated and several models have been proposed but
the commonly accepted one comes from Lerf, Klinowski et al [89, 90]. Their model is represented in
Figure 6.

Figure 6: Graphite oxide structure according to the Lerf-Klinowski model [89].

They suggested that graphene oxide layers are composed of a lattice of sp? and sp® carbon atoms
bearing hydroxyl and epoxide groups on its surface as well as carboxylic acid groups on its edges with
a C:0 ratio of around 2:1.

Some other models suggest the presence of other oxygen functional groups such as ketones on
graphite oxide surface as discussed by Szabo et al [91]. Figure 7 shows several representations of these
models.
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Figure 7: Some other models of graphite oxide structure [91].

Most of the models presented in Figure 7 do not acknowledge the presence of carboxylic acid groups
on GO edges. However, they all attest of the presence of hydroxyl and/or epoxy groups on GO surface
explaining its highly hydrophilic character [28, 92].

1.3.3. Graphite oxide properties

While graphite is usually exfoliated in hazardous organic solvents such as N-methylpyrrolidone (NMP),
many research groups [93—104] have shown that graphite oxide can be exfoliated in water to single
graphene oxide sheets and can be reduced back to a graphene-like compound. Besides, functional
groups on its surface and edges enable covalent and non-covalent interactions with several chemical
reactants [27, 28, 33]. However, the disruption of the graphene lattice impacts graphite oxide electrical
conductivity. Hence, graphite oxide is a close-to-insulating material with a differential conductivity
ranging from 1 to 5.10° S/cm and a bias voltage of 10 V as reported by Gomez-Navarro et al [105].
Moreover, graphite oxide shows lower mechanical properties than graphene. GO paper is reported to
have an elastic modulus of 32 GPa and a fracture strength of 120 MPa [106, 107].

In addition, graphite oxide has been proven not only to contain oxygen functional groups grafted on
its surface but also to bear oxidative debris (OD) on its surface [108]. They are composed of small
patches of strongly oxidized graphite that are deposited onto GO surface as represented in Figure 8.

COzH CO,H coH

HO,C
COzH OH

Figure 8: Oxidative debris located onto GO surface [108].
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These debris adhere to GO through strong m-1t interactions as well as H-bonds between anchored
oxygen functional groups on GO surface and the ones located on OD. According to Rourke et al studies
[108, 109], these oxidized parts account for one third of the mass of GO and can be selectively
removed. A base wash process with NaOH can separate OD from GO [108]. Basic conditions create a
repulsion between the negatively charged debris and GO and lead to the removal of OD. Base-washed
GO possesses a carbon to oxygen ratio of 4:1 (as compared to 2:1 for GO) and shows an increase in
electrical conductivity by 5 orders of magnitude. Besides, unlike GO, it does not form stable
suspensions in water suggesting that OD are effective surfactants to stabilize aqueous GO suspensions.
However, the base cleaning of graphite oxide does not affect grafted oxygen groups on GO surface and
therefore it does not act as a reduction agent. In addition, when treated with hydrazine hydrate for
example, both oxidative debris and most anchored oxygen functional groups are removed and the
corresponding electrical conductivity is partially recovered [110].

1.3.4. Functionalization of graphite oxide
Similarly to pristine graphene, GO can be functionalized according to several modification.
Modifications can lead to enhanced dispersibility of the nanosheets in common solvents.

1.3.4.1.  Non-covalent functionalization

Non-covalent functionalization of GO has been reported in the literature [28]. All modifications
previously detailed for pristine graphene can also be performed on GO. In addition, the presence of
functional groups on GO surface opens the way for other methods involving the use of ionic,
coordination and hydrogen bonding as shown in Scheme 7 [27, 28].
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Scheme 7 shows the main non-covalent functionalization paths for GO. Modification through m-rt and
van der Waals interactions, as well as deposition of nanoparticles on GO surface, have already been
presented in section 1.2.4.1. The presence of oxygen functional groups on GO enables other
interactions to take place, such as ionic, H-bonding and coordination and are detailed in the following
section.

1.3.4.1.1. Electrostatic interactions
GO functional groups can bear charges that may interact with other charged molecules through
electrostatic interactions.

Figure 9 shows a schematic representation of electrostatic interactions between positively-charged
poly (3,4-ethyldioxythiophene) (PEDOT) with negatively-charged sulfonated-reduced graphene oxide
(SrGO) prepared by Xu et al [114].

Figure 9: Schematic representation of sulfonated-rGO-PEDOT structure.

Upon incorporation of these fillers in a PEDOT matrix, the composites exhibited good electrical
conductivity (up to 0.2 S/cm) as well as high transparency.

Poly ionic liquids (PILs) can also be used to modify GO surface (see Scheme 7, top right) [111]. For
example, poly(1-vinyl-3-ethylimidazolium) was reported to non-covalently interact with graphene
oxide leading to stable GO suspensions in both water and organic solvents through the anion exchange
of the PIL in the medium. This stabilization is believed to be due to electrostatic interactions between
carboxylic acid groups at the edges of GO sheets and imidazolium cations. Another possible
stabilization mechanism comes from the aromatic rings of imidazolium cations that can interact
through cation-mt and m-mt interactions with GO. In situ reduced modified-GO was reported to form
stable suspensions in both water and propylene carbonate [111].

1.3.4.1.2. Hydrogen-bonding

Graphene oxide bears many oxygen functional groups that can be easily involved in H-bonding with an
appropriate modifier. For example, poly(vinyl) alcohol (PVA) is a water-soluble polymer containing
many hydroxyl groups. Liang et al [113] dispersed graphene oxide sheets in PVA through simple
solution mixing in water. At 0.7 wt% GO, they obtained 76 % and 62 % increase in tensile strength and
Young’s modulus, respectively. They explained these enhanced properties by a strong polymer-filler
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interface due to H-bonding between PVA and oxygen groups located on the GO surface (Scheme 7).
They also observed a slight increase in the glass transition temperature (+ 3 °C) through DSC
measurements, which they attributed to constrained PVA chains because of H-bonding interactions
with GO (Figure 10).

Heat Flow/ mw/mg

T,=37.5°C

pure PVA

T T T . 7 Y

30 35 40 45 50 55 60
Temp./°C

Figure 10: Differential scanning calorimetry of pure PVA and 0.7 wt% GO - PVA composites.

H-bonding thus appears as a powerful means to effectively modify GO, creating strong non-covalent
bonds between GO and a modifier. These interactions are stronger when numerous.

1.3.4.1.3. Coordination bonds

Functionalization through coordination bonds between GO and transition metal species can be
performed. Hence, dyes were attached by Jurow et al [112] onto GO surface using coordination
bonding. Zr(IV) porphyrinoid species were attached on GO through axial coordination between
oxophilic Zr(IV) and oxygen functional groups of graphene oxide (Scheme 7). The modification was
carried out at room temperature with simple sonication in THF. This supramolecular approach led to
high dye loading of up to 1 chromophore per 20-50 nm?, while preserving the electronic properties of
both the substrate and the attached molecules. Similarly, Yamada et al [115] also prepared
functionalized GO through coordination bonding. They investigated the coordination force or several
metal cations with ammonia-treated graphene oxide. All metal cations were dissolved in 2-propanol
and coordinated to ammonia-GO upon heating. It was found that cobalt, nickel and copper-based
divalent catalyst performed best, leading to stable bonding which enables to limit aggregation of the
treated GO.

Non-covalent modification of GO is an efficient way to tune its properties while preserving its
conjugated structure. However, covalent functionalization of GO is most widely reported since the
presence of oxygen functional groups on its surface and edges allows for very diverse chemical
reactions to take place and then opens a wide range of available routes for functionalization.

1.3.4.2. Covalent functionalization of GO

Covalent functionalization of GO is widely reported in the literature [28, 33, 43, 55, 116—118]. Most
covalent modifications are performed on the oxidized form of graphene since it possesses reactive
functional groups on its edges and basal plane. Epoxy, hydroxyl and carboxylic acid groups are available
for several molecules to react with. In addition, reduced graphene oxide often contains residual
oxygen-based groups that can also be used as anchor sites for graphite modification.

Scheme 8 gathers common covalent modification paths for GO.
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From Scheme 8, it can be observed that several paths are available for GO covalent modification. The
first class of reactions do not require functional groups and directly involve the graphene lattice. Such
modifications include free radical reactions, cycloadditions and plasma modification. They will not be
extensively presented here as they have already been detailed in section 1.2.4.2. Three other
modifications paths do require oxygen functional groups on GO surface to be performed. Among these,
nucleophilic substitutions, condensation reactions as well as Friedel-Crafts acylation have been used.
They are presented in the following section.

1.3.4.2.1. Nucleophilic substitutions

Nucleophilic substitution (NS) often occurs very easily and is therefore promising for large-scale
production of functionalized graphene. It can be performed through reacting an amine group with
epoxy rings of graphene oxide. Many molecules are eligible for NS with GO such as aliphatic and
aromatic amines, amino acids and amino-terminated polymers [28, 33, 116, 119].

For instance, Bourlinos et al [120] reacted several amines and amino acids with GO. They reported an
increase in the interlayer distance of modified GO (as evidenced by XRD) dependent on the amine
chain length. They also noted that GO layers inherit the physicochemical properties of the modifier.
Ocadecylamine-modified GO for instance led to stable suspensions in organic solvents. Liu et al [121]
also prepared modified GO platelets with long-chain amines. They reported a very high grafting
efficiency of 22 wt% and 25 wt% (from TGA measurements) respectively for oleyamine and
octadecylamine. They also performed XPS to assess the covalent nature of the grafting. Besides, they
report ionic-bonding of the amines onto GO. Similarly, Li et al [122] grafted octadecylamine (ODA) onto
GO and observed very distinct dispersibility for GO and ODA-grafted-GO, as shown in Figure 11.

— . ik
GO-ODA :

5

Figure 11: Stability of GO and ODA-modified-GO suspensions in a water/chloroform mixture at 0.5 mg/mL [122].

Indeed, while GO forms stable suspensions in water and does not disperse well in organic solvents, its
modified counter-part shows stronger affinity for organic solvents than for water. Through elemental
analysis, the authors calculated a grafting content of 32 wt%.

Nucleophilic substitutions involving amine species are thus widely reported as efficient modifications
for GO [28, 33].
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1.3.4.2.2. Condensation reactions

Condensation reactions can also occur on GO carboxylic acid and hydroxyl groups through several
mechanisms such as sol-gel process, esterification and amidation reactions as well as reactions with
isocyanates (Scheme 8). Some of these reactions are detailed below.

1.3.4.2.2.1. Reaction with silanes

Matsuo et al [123-125] were among the pioneers in reacting GO with silane compounds. Indeed, they
reported GO modification with several chlorosilanes such as octadecyltrichlorosilane that can form Si-
O bonds with hydroxyl groups on GO surface. They obtained a silicon content up to 1.7 mol/g of
graphite oxide [125].

Many research groups also performed reactions of different alkoxysilane compounds with GO. For
example, Zhang et al [126] grafted 3-aminopropyltriethoxysilane with a grafting efficiency of 16 wt%,
determined by TGA. Similarly Wu et al [127] grafted bis(triethoxysilylpropyl)tetrasulfide onto GO and
observed a strong decrease in hydrophilicity of the modified graphene oxide. Moreover, Beyou et al
[128] studied the hydrolysis-condensation of trimethoxy(7-octen-1-yl)silane with graphene oxide and
reached a grafting efficiency of 5.3 wt% (0.2 mmol/g), determined by TGA. The modified GO sheets
showed enhanced dispersibility in PDMS oil at 0.1 mg/mL.

1.3.4.2.2.2. Esterification

Graphene oxide can be functionalized through a simple esterification reaction. Salavagione et al [66]
covalently attached poly(vinyl alcohol) through esterification on GO. Hydroxyl groups of PVA reacted
with carboxylic acid groups of GO to form ester bonds. At 10 wt% loading, an increase of 35 °Cin the
glass transition temperature was observed. It was attributed to the restriction of the segmental motion
of PVA chains by rigid graphite flakes.

Besides, Jia et al [129] used esterification reactions to crosslink graphene oxide sheets using diols or
polyols such as 1,2-ethanediol, 1,3-butanediol, 2-methyl-2,4-pentanediol, 2,2-dimethyl-1,3-
propanediol, 1,2,3-propanetriol and 2,2-bis(hydroxymethyl)-1,3-propanediol. Ester bridges were
created through reaction of carboxylic acid groups of GO and hydroxyl groups of diols and polyols. In
a reverse manner, the authors also reacted oxalic acid, propandioic acid, succinic acid, hexanedioic
acid and octanedioic acid with GO. In the latter case, carboxylic groups were provided by the modifier
while GO reacted via its hydroxyl groups to form ester bridges. An increase in the interlayer spacing
was observed from 6.89 A with pristine GO to 7.65 A and 2,2-dimethyl-1,3-propanediol-crosslinked
GO.

1.3.4.2.2.3. Amidation

When put in presence of amine groups, GO often preferentially reacts by nucleophilic substitution.
Amino groups react rather easily with epoxide groups at low temperature. However, when the
necessary conditions are gathered, amino groups can also react with carboxylic acid groups to form
amide bonds. A preliminary step is often to prepare an acyl halide from the carboxylic groups to
increase their reactivity towards NH; groups. Thus, Niyogi et al [130] reacted thionyl chloride onto
graphene oxide sheets in DMF before adding octadecylamine to create covalent amide bonds. The final
compound was studied through FTIR to assess the structure, and TGA analysis showed a 7 wt% loss
attributed to the ODA which had been grafted on GO.
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1.3.4.2.2.4. Reactions with isocyanates

Modification of GO with isocyanates is also possible. Stankovich et al [131] treated graphene oxide
with several isocyanates such as toluene isocyanate at room temperature. They observed reduced
hydrophilicity of the treated platelets as well as an increased stability of suspensions in polar aprotic
organic solvents. Several groups [70, 132—-134] reported similar results such as Kim et al [135] who
modified graphene oxide with phenyl diisocyanate and acetyl phenyl diisocyanate. The modified fillers
were further incorporated into a thermoplastic polyurethane matrix. At 3 wt% loading, a 90 % decrease
in oxygen permeation was observed.

Condensation reactions thus appear as an easy and versatile way to covalently modify GO. A wide
variety of modifiers can be used, and the properties of the modified GO can be tuned to enhance its
dispersability in organic solvents for example.

1.3.4.2.3. Friedel-Crafts acylation

Another functionalization of GO can be realized through Friedel-Crafts acylation. Monoacylation of GO
using ferrocene was reported by Avinash et al [136]. They performed covalent grafting following a
simple green chemistry procedure using trifluoroacetic anhydride on alumina at room temperature.
Covalent grafting was evidenced from FTIR analysis. An increase in GO interlayer spacing from 0.5 nm
to 2.4 nm was observed through energy dispersive X-ray analysis (EDAX). The samples showed
magnetic properties.
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1.3.4.2.4. Covalent grafting of polymers on GO

Functionalization of graphene oxide can also be carried out with polymers. Several mechanisms can
be used. Methods of covalent grafting of polymers onto graphene or graphene oxide can be divided
into two groups: “grafting to” and “grafting-from” techniques [33].

1.3.4.24.1. “Grafting to” approach

In these methods, grafting can be carried out in one or two steps. First, the polymer can be
functionalized to incorporate reactive functional groups on its backbone or chain-ends if not already
present. Then, addition onto graphite oxide is performed through one of the previously presented
mechanisms such as esterification, amidation or nitrene addition for example [33].

Beyou et al [137] grafted azido-polyethylene to graphene oxide through nitrene cycloaddition. TGA
measurements suggested a low grafting efficiency (1.5 wt%) leading however to a strong increase in
affinity of the modified filler with heptane, as shown in Figure 12.

Figure 12: Suspensions of a) graphene oxide and b) azidopolyethylene-grafted graphene oxide in DMF/heptane at
0.35mg/mL. While GO suspension shows most affinity for the DMF phase (bottom), azidopolyethylene-grafted GO shows
best affinity for the heptane phase (top) [137].

Many other examples of polymer grafting to GO can be found in the literature [59-66].

1.3.4.2.4.2. “Grafting from” approach
As for pristine graphene, the “grafting from” technique can also be performed with GO.

1.3.4.24.2.1.  Atom transfer radical polymerization (ATRP)

For example, Kumar et al [79] reported the grafting of poly(methyl methacrylate) (PMMA) onto GO
following an ATRP mechanism. In a first step, 2-bromoisobutyryl bromide initiator was anchored onto
GO. Then MMA was in situ polymerized from functional GO. The as-synthesized products showed high
grafting density ( > 90 wt%) and a molar mass up to 60000 g/mol. Increased thermal stability was
obtained for the grafted PMMA as compared to pure PMMA (TGA).

Other research groups also reported interesting results in ATRP functionalization of graphene [71—
75].

1.3.4.2.4.2.2.  Reversible addition fragmentation chain transfer (RAFT)
Beckert et al [83] developed several grafting strategies to synthesize polystyrene-grafted GO. Sulfur-
based molecules were attached to GO to provide thiol, dithioester, dithiocarbonate and
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dithiourethane groups that could efficiently act as RAFT chain transfer agents for styrene
polymerization. Through a rheological study the authors showed that in the case of stearyl-grafted-GO
— polystyrene composites, no particle network could be obtained in the absence of covalent coupling
between stearyl-grafted-GO and polystyrene [83].

Covalent bonding of polymers on GO surface is commonly reported with thermoplastic polymers such
as PS and PMMA [78-85].

The presence of oxygen functional groups on GO surface allows for a wide variety of reaction paths.
Functionalization can happen either through non-covalent or covalent interactions. While physical
interactions lead to no disruption of the conjugated structure, covalent modification approach leads
to a disruption of the aromaticity thus affecting electrical properties. Small molecules as well as
polymer chains can be used to functionalize graphene sheets through different mechanisms allowing
for the elaboration of high-performance composites. Apart from all the processes presented
previously, multistep modifications involving various mechanisms are also often used, thus leaving
many ways unexplored.

1.3.5. Reduction of graphite oxide derivatives

Graphite oxide derivatives can be finally converted into a “graphene-like” material through a reduction
process. This method is interesting as it is one of the most scalable methods to produce large quantities
of “graphene”. The aim is to restore the disrupted sp? lattice through removal of the oxygen functional
groups to recover electrical conductivity. Several methods are available to prepare reduced graphene
oxide from GO. However, the obtained product usually contains defects such as remaining oxygen
groups, wrinkles, sp® carbons... and so exhibits lower properties than defect-free graphene. Scheme 9
shows the reaction steps for the preparation of “graphene” (actually, reduced graphene oxide) from
graphite oxide and exfoliation into graphene oxide sheets [109].
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Scheme 9: Representation of the preparation of reduced graphene oxide from graphite oxide, in aqueous phase. Adapted
from [109].

Many reduction methods exist and some will be discussed in the following section. However, it is
interesting to notice that the removal of oxygen groups from GO surface was not studied until Brauer
[138] in 1963, about a hundred years later than the first synthesis of GO by Brodie. Figure 13 shows
some of the main reduction paths to convert GO into a graphene-like material.

Chemical reduction Thermal reduction Solvo-thermal reduction
With hydrazine hydrate _ _ o Water, NMP or DMF
or tea polyphenols V=600 .- 106076 at 100-200°C

Figure 13: Main reduction paths for graphite oxide.

The most relevant parameters to compare the efficiency of the different reduction paths are both the
decrease in oxygen content of the material (carbon-oxygen ratio) and the increase in electrical
conductivity of the reduced material [109].
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1.3.5.1. Chemical reduction of graphene oxide
Chemical reduction of graphite oxide is the most common method. Hydrazine hydrate is commonly
used to restore carbon-carbon double bonds [139]. It is a highly toxic reducing agent that acts by
removing oxygen functional groups from GO. Scheme 10 shows the reaction mechanism for removal
of epoxide groups in presence of hydrogen.

8] HO
MNH M
/ |
HaN

NH2

Scheme 10: Reduction reaction of GO using hydrazine hydrate.

A carbon-oxygen ratio of 10:1 is often reported and an increase in electrical conductivity (up to
4600 S/m [140]) is also observed, but it still remains much lower than pristine graphene [141]. Other
reagents such as sodium borohydride [142] or more environmentally friendly tryptophan, ascorbic acid
or tea polyphenols, also proved to be efficient [143-148]. Table 1 gathers some results obtained with
natural reducing agents.

Product Carbon : oxygen ratio Electrical conductivity
L-ascorbic acid (vitamin C) 12.5:1 7700 S/m
Glycine (amino-acid) 11.24:1

L-aspartic acid (amino- 700 S/m

acid)

Gallic acid 53:1 36S/m

Urea 43 S/m

Table 1: Nature-based reducing agents.

Through reduction, the conjugated system is at least partially restored. This means that stronger n-nt
interactions may occur, leading to reagglomeration of the reduced graphene oxide sheets [149]. This
restacking is undesirable since it is irreversible and reduces the specific surface area of the product
and. However, a few methods are available to partly prevent the graphene from restacking. For
example, the pH can be adjusted to increase zeta potential of the sheets, or a surfactant such as sodium
dodecylbenzene sulfonate can be used. Else, a polymer can be adsorbed on the platelets surface to
limit interlayers interactions, or the reduction process can be performed in situ in a polymer matrix
[102, 141, 150, 151].

Besides, it can be observed that the corresponding reduced product is more thermally stable than GO,
as shown in Figure 14 [152].
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Figure 14: Thermogravimetric analysis of graphite, graphite oxide (GO) and hydrazine-reduced graphite oxide (RGO) at
10 °C/min up to 600 °C under a nitrogen flow. Adapted from [153].

Graphite does not show any degradation at 600 °C while GO shows an important mass loss (around 55
wt%). This mass mass loss happens in two steps: first around 100 °C where physisorbed water is
released, and then the major loss occurs at 200 °C where most oxygen functional groups degrade. In
contrary, reduced graphite oxide (RGO) does not exhibit more than 10 % loss at 600 °C, which proves
shows greatly improved thermal stability as compared to GO. However, some degradation happens
due to some remaining oxygen groups at the surface [152].

1.3.5.2. Thermal reduction of graphene oxide

Graphite oxide can also be reduced using simple heating at high temperatures. In this process GO
powder is exposed to high temperatures (around 1000 °C) with a quick heating rate (> 2000 °C/min)
[154]. Carbon dioxide, carbon monoxide and water vapor are generated between the layers and when
this pressure overcomes van der Waals forces, it splits GO into individual sheets [154]. This method is
fast and easily scalable. It is often reported to be more efficient than chemical reduction to remove
oxygen functional groups but it also creates many defects in the resulting material, such as wrinkles or
voids and implies an important mass loss (at least 30 %, [154]). A carbon — oxygen ratio of around 10:1
is commonly achieved [154]. It can be up to 50:1 for graphite oxide samples reduced at 1050 °C under
argon atmosphere, as reported by Bai et al [155]. Thermal reduction greatly improves electrical
conductivity to up to 2000 S/m [154]. A BET surface area between 700 and 1500 m?/g is also reported
by Schniepp et al [154] as compared to 2600 m?/g [156] for defect-free graphene [2, 156].

However, this reduction method is incompatible with chemical functionalization of GO as any grafted
species on the surface would undergo pyrolysis when exposed to high temperatures.

1.3.5.3.  Solvothermal reduction of graphene oxide
Solvothermal reduction [157] is performed by heating graphene oxide in an organic solvent around its
boiling point. N,N-dimethylformamide (DMF) is a suitable solvent to perform such reduction. Hence,
Wang et al [158] heated graphene oxide in DMF at 180 °C (i.e. above its boiling point (153 °C)) for 12
h, and obtained a material with a C:O ratio of 14:1. Dubin et al [159] reported the use of N-
methylpyrrolidone (NMP) to reduce graphene oxide. The mixture was heated at 205 °C for 24 h at
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atmospheric pressure and the obtained C:0 ratio was 5:1. This solvent is known to break C-O bonds
from GO, hence increasing the rate of the reduction reaction.

Hydrothermal reduction of graphite oxide can also be performed. In this process, overheated
supercritical water acts as a reducing agent for graphite oxide. However, this eco-friendly method
requires to work at high pressure since water is heated over its boiling temperature. Hence, Zhou et al
[160] autoclaved an aqueous suspension of GO at 180 °C for 6 h to obtain reduced graphene oxide.
Moreover, solvothermoreduction in water is only partial. Lin et al [161] treated an aqueous suspension
of GO at 100 °C for 24 h and observed that the obtained material still showed a brown reflect, typically
observed for GO suspensions, with a resistivity of 6 MQ while the same material reduced in DMF had
a resistivity three orders of magnitude lower. Lin et al [161] proposed a mechanism for deoxygenation
of GO in a solvent. According to their study, the release of carbon dioxide and carbon monoxide groups
occurs when oxygen functional groups from GO sheets collide with one another. The polarity of the
solvent promotes the diffusion of oxygen groups and therefore increases the reduction reaction rate.
Lin et al [161] also showed that DMF with a dipolar moment of 3.24 D was more effective in reducing
GO than ethylene glycol which posseses a lower dipolar moment (2.31 D).

Another method based on the use of microwave radiation has also been reported for the reduction of
GO and compounds with a carbon-oxygen ratio of 3:1 and an electric conductivity of 270 S/m have
been obtained [162, 163], which remains moderate compared to other reduction routes.

Reduction methods enable to partially recover the conjugated structure of pristine graphene, leading
to electrically-conductive fillers.

1.4. Conclusion
This section has highlighted the various forms of graphene-based materials available. In addition,
functionalization methods to decrease interactions between graphene nanosheets and to effectively
tune the dispersibility of the modified platelets in various organic solvents have been presented.

This section has presented the numerous materials that can be derived from graphene, a 2D structure
of a single sheet of carbon atoms, arranged in a honeycomb structure. Pristine graphite exhibits
outstanding properties such as a very high Young’s modulus of 1 TPa and a complete impermeability
to all gases. However, defect-free graphene is not easily prepared and most common methods such as
CVD and epitaxial growth require a high amount of energy and a long time to lead to a small number
of nanosheets. Fortunately, new methods have been developed to produce cheaper “graphene-like”
materials at lower costs and at a larger scale. Among these methods, oxidation, exfoliation in aqueous
phase, followed by reduction of the material, can lead to graphite nanoplatelets which can be of
variable thickness and contain several defects such as heteroatoms, sp® carbon atoms and wrinkled
surfaces. Anyhow, these nanoplatelets may be of significant interest as fillers in polymer composites.
A main challenge is to provide efficient filler-matrix interaction and overcome the strong m-stacking
interactions between graphitic layers. The modification of graphite surface by non-covalent methods,
may limit aggregation of the nanoplatelets and may provide enhanced interactions with the host
polymer matrix. Hence, through covalent grafting of polymers onto nanoplatelets surface, its
dispersibility in common organic solvents could be improved, thus suggesting improved compatibility
with a polymer matrix.
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Besides, an oxidized form of graphite (GO) has been described in this section. The presence of oxygen
functional groups onto the surface of GO, led many authors to investigate various functionalization
paths, involving epoxide, carboxylic acid and hydroxyl groups of GO. These modifications could lead to
a decrease in GO hydrophilicity and an increase in its dispersibility in common organic solvents.

Such modified platelets could be incorporated into non-polar matrices, such as polyisoprene, to
enhance the matrix mechanical and barrier properties. Hence, fillers are often incorporated into
elastomeric matrices, to provide mechanical reinforcement for example. The following sections deals
with elastomeric materials and graphene-based elastomeric composites.
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2. Elastomeric materials: composition and processing principles
Elastomers are polymeric materials that exhibit rapid and large reversible strain in response to a stress
[164] and so exceptional elasticity. The Mayas were among the first to take advantage of this fantastic
material to create bouncing balls. Nowadays, rubber parts are found everywhere, for example in the
automotive industry (tires, gaskets, seals...), in the building sector and in the medical field (disposable
gloves). Such broad range of applications was made possible by the discovery of the vulcanization
process (by Goodyear in 1839) and then, by the development of a variety of elastomers, by the use of
fillers and additives as well as specific processing techniques. The following section deals with the
structure and properties of two main types of rubber which will be addressed in this thesis:
polyisoprene and acrylonitrile-butadiene copolymers (also known as “nitrile rubber”). A last part
briefly introduces the reader with rubber compounding, vulcanization reaction, as well as processing
methods.

2.1. Polyisoprene
Polyisoprene is the only industrial rubber which can be found in nature in addition to its synthetic
counterpart. Both will be introduced hereafter.

2.1.1. Natural polyisoprene
Natural polyisoprene (known as natural rubber, NR) is a polymer containing isoprene units. It is
produced naturally by enzymatic polymerization of isopenthenyl pyrophosphate, leading to a polymer
with a high stereoregularity and a high percentage (> 99.9 %) of 1,4-cis configuration as represented
in Figure 15 [164].

Figure 15: Chemical structure of cis-1,4-polyisoprene.

Molar mass distribution of natural rubber is broad with very high molar masses, ranging typically from
100,000 g/mol to 5,000,000 g/mol. Natural rubber is produced through coagulation of a latex from
hevea brasiliensis tree and contains typically from 30 wt% to 40 wt% of polyisoprene, the rest of the
product being mainly water, proteins, sugars and minerals, as shown in Table 2.

Polyisoprene 27-40 %
Water 52-70 %
Proteins 1.5-2.8%
Acetonic extract 1.0-1.7 %
Sugars 0.5-1.5%
Mineral materials 0.2-0.9 %

Table 2: Composition of natural rubber latex [165].

In natural rubber latex, polymer particles are dispersed in an aqueous serum, as spherically-shaped
drops surrounded by proteins (responsible for “latex” allergies [166]), lipids and phospholipids that act
as latex stabilizers. As a result, natural rubber does not contain only polyisoprene.
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Natural rubber possesses excellent fatigue and crack propagation resistance due to its unique ability
to crystallize under stress. Most common applications include tires, antivibrating systems as well as
gloves and other dip-processed products prepared directly from latex. With over 12 million tons
produced in 2015, NR is the elastomer most used worldwide.

2.1.2. Synthetic polyisoprene

Most attempts to synthesize a polymer that would behave like natural rubber failed. The main reasons
were the lower molar masses and the lack of a controlled microstructure, especially the lack of the
very high cis-1,4 structure found in natural polyisoprene. In the 1950’s, with the development of
Ziegler-Natta’s stereospecific catalysts, a cis-1,4 content of about 90 % could be reached. A decade
later, Shell Chemical Company began to sell synthetic polyisoprene (IR) synthesized in presence of an
alkyl lithium catalyst. However, due to a too low cis-1,4 content (< 97 %), their polyisoprene was not
able to strain-crystallize and then to reach comparable properties to those of natural rubber. A few
years later, Goodyear finally commercialized a 98.5 % cis-1,4 polyisoprene product able to strain-
crystallize [167, 168]. Nowadays, Goodyear, Zeon and Japan Synthetic Rubber are the main producers.
However, due to the high cost of synthetic polyisoprene, natural rubber is still preferred in many
applications.

Besides cis-1,4 configuration, three other polyisoprene configurations exist and are shown in Figure
16.

s _
1 cis-1.4 addition trans-1.4 addition
3 2
g\ — <
isoprene
S 1.2 addition 3.4 addition

Figure 16: Isoprene and polyisoprene structures.

Cis and trans-1,4 configurations are the most common ones but most polyisoprenes include a small
percentage of 1,2- and 3,4-units. As most elastomers, IR exhibits a low glass transition temperature
(-73 °C for 1,4-cis configuration and -53 °C for 1,4-trans configuration) [169, 170].

Industrially, polyisoprene homopolymer and copolymers are prepared mostly through an anionic and
a coordination mechanism. Table 3 gathers the main characteristics of polyisoprene products obtained
through these mechanisms [169].
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Natural Rubber Ziegler-Natta coordination IR  Anionic IR

Catalyst / Titanium / Aluminum catalyst  Alkyl-lithium catalyst
Branching Yes Yes Linear product
Molecular Up to 5 million g/mol  Up to 1 million g/mol Up to 3 million g/mol
weight
Molecular Very wide Wide Narrow
weight
distribution
Cis-1,4 content 99.9% 97 % 90 %
Gel content >20% 10-20 % 0%
Impurities Proteins and other Catalyst residuals Traces

natural products
Reaction Water (emulsion) Organic solvent Organic solvent
medium

Table 3: Comparison of natural polyisoprene and the synthetic products obtained through Ziegler-Natta and anionic
mechanisms [169].

The anionic polymerization process can lead to a linear polymer containing 90 % cis-1,4 product. A high
molecular weight (My,) (3,000,000 g/mol) with a narrow M,, distribution can be reached. Coordination
polymerization of isoprene can lead to a higher cis-1,4 content of up to 97 % but the final product is
often branched and has a lower molecular weight (1,000,000 g/mol) than the anionic-polyisoprene.
The molecular weight distribution is often broad and a gel content of 10-20 % is often present. A main
difference between the products obtained through these two mechanisms is their purity. Ziegler-Natta
polymerization often leaves catalytic residuals, while anionic polymerization leads to a very pure
product. From an environmental point of view, both systems include the use of polluting catalysts and
are performed in toxic organic solvents such as cyclohexane [171, 172].

Radical polymerization of isoprene is not commonly used in the industry as it produces mainly trans-
1,4 polyisoprene with a very low molecular weight. Emulsion radical polymerization, even more seldom
used as it is hard to control, has a low conversion and produces a polymer with a low cis-1,4 content
and high branching and gel contents. Cationic polymerization is not much used industrially either
because only low molecular weight products are reached [169].

However, when no strereoselectivity or high molecular weight is desired, these polymerizations
methods can be used and have been described by several authors [173-181]. Hence, Cheong et al
[181] reported the use of emulsion free radical polymerization to polymerize isoprene at temperatures
from 25 °C to 70 °C during 5 h to 84 h. They obtained mainly in a 1,4 trans configuration (70 %) with
molar masses up to 7,600 g/mol (Mn) at a temperature of 25 °C for 9 h [181]. However, some of their
polyisoprene products contained up to 91 wt% insoluble fraction (gel) (at 70 °C for 2 h) corresponding
to crosslinked polymer [181]. Another simple route to polymerize isoprene has been described by
Vasilenko et al [175]. Through the use of Lewis acid surfactant combined catalysts (LASCs), they
reported the polymerization of isoprene through an emulsion cationic method in a one-pot reaction.
When performing the reaction at 40 °C during 13 h, they obtained 1,4 trans polyisoprene (72 %) with
an average molar mass of 97,000 g/mol and a polydispersity index (PDI) of 3.8. They also report that
their product is fully soluble in dichloromethane, indicating that no crosslinking occurred during the
polymerization reaction [175]. Such methods are not stereoselective enough to have industrial
applications but they anyhow provide fast, simple and environmentally-friendly (use of water) process
that can be safely handled at a laboratory scale.
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2.2. Acrylonitrile-butadiene copolymers
Acrylonitrile-butadiene copolymer, also known as nitrile rubber (NBR), is a synthetic copolymer of
butadiene and acrylonitrile. It was first developed as an oil-repellant rubber in the 1930’s by Konrad
and Tschunkur [182]. It is mostly produced through emulsion polymerization using radical initiators.
The polymer can be linear or branched depending on the polymerization experimental conditions and
molar masses from 3000 g/mol to 1,000,000 g/mol can be achieved. Its structure is shown in Figure
17.

Figure 17: NBR structure with x being the number of butadiene units and y the number of acrylonitrile units.

NBR contains butadiene and acrylonitrile (ACN) units. Its properties are strongly dependent upon its
ACN content (from 15 to 50 %). A high ACN content decreases its flexibility at low temperatures and
thus increases its glass transition temperature (from -30 °Cto 0 °C at 15 wt% and 50 wt% ACN content
respectively) [183, 184]. Swelling resistance to aliphatic hydrocarbons, tensile strength and abrasion
resistance are enhanced and permeability to gases is reduced in high-ACN NBRs [164, 183].

NBR displays an overall good resistance to oil, fuel, solvents and heat and a low resistance to most
aromatic hydrocarbons, esters, ketones, strong oxidizing materials, acids, ozone and UV light [164].

2.3. Elaboration of an elastomeric material

Elastomeric products properties depend upon a great number of parameters including compounding
and process parameters. Hence, elastomer products contain several additives to improve their
properties through the use of reinforcing fillers or stabilizers (such as antioxidants) as well as additives
that allow easier processing of the elastomer compound (processing oils for example). In this section,
only a few aspects of elastomer processing will be described. The major role of crosslinking reactions
will be described. Then, reinforcement of the elastomeric matrix through interaction with filler
particles will be discussed. Finally, a short overview of conventional elastomer processing methods and
parameters will be shown.

2.3.1. Crosslinking
Raw elastomers are prone to creep. They also have poor weather resistance, are sensitive to heat,
cold, chemicals, UV light etc. A major breakthrough in rubber processing was the discovery of
vulcanization (or curing) that is to say the creation of chemical covalent bonds between rubber chains
to form a three-dimensional network. Such crosslinking is necessary to give elastomers true elastic
properties with increased strength and elastic recovery as well as lower sensitivity towards
temperature and solvents.
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2.3.1.1. Method to crosslink elastomers
Sulfur is the oldest and most common crosslinker used in rubber industry. It is used for unsaturated
elastomers such as natural rubber. Upon heating, sulfur bridges can form in between rubber chains
thus creating crosslinks. Various structures are obtained during the crosslinking reaction (Figure 18).

Figure 18: Schematic representation of sulfur crosslinking in a diene elastomer. Various chemical structures are obtained.
(a) sulfur crosslinks (y=1 mono, y=2 di and y> 2 polysulfide crosslinks), (b) carbon-carbon crosslinks, (c) pendant
accelerator sulfides (X stands for the accelerator), (d) cyclic sulfides and (e) vicinal crosslinks that have junction points on
the same olefin chains.

Depending on the nature of the accelerator and of the accelerator to sulfur ratio, mono, bisulphidic
(ratio > 1) or polysulphidic (ratio < 1) crosslinks can be produced. The mechanism will be detailed in
2.3.1.3. Short sulfide crosslinks lead to increased thermal stability whereas polysulfidic crosslinks lead
to improved tensile strength of the vulcanized elastomers [164].

Peroxides such as dicumyl peroxide (DCP) can also crosslink elastomers. They enable curing of both
saturated and unsaturated elastomers. They act through homolytic dissociation of peroxides to
radicals and lead to the formation of carbon-carbon crosslinks. They are mostly used for saturated
polymers or to co-vulcanize elastomers with thermoplastics. They usually lead to quick curing and the
end-products often show good compression set and high temperature resistance. However, peroxides
tend to interact with other compounds, scorch (crosslinking reaction onset) and curing times are less
tunable and the end-product usually shows lower tensile and tear strength properties than with
conventional sulfur curing.

Other curing agents such as phenol-formaldehyde resins (“resols”) can be used but are less common
for diene polymers such as polyisoprene and acrylonitrile-butadiene copolymers. They will thus not be
presented here.

2.3.1.2. Vulcanization agents and co-agents

Crosslinking reaction with sulfur is always performed in presence of many additives named “curing
system”. It consists mainly in activators, accelerators, scorch retarders and the vulcanizing agent. Most
common activators are zinc oxide (ZnO) and stearic acid. The former enables the formation of reactive
complexes during the curing process and the latter ensures good solubility of these complexes in the
rubber matrix. Accelerators mainly increase the reaction rate through addition onto sulfur and addition
onto rubber chains to form crosslinking precursors. They also enable a decrease of the curing
temperature. Besides, they often act as sulfur donors, reducing thus the amount of elementary sulfur
to be added.

Common chemicals for this purpose are sulphenamides (such as N-cyclohexyl-2-benzothiazol
sulfonamide, (CBS)), dithiocarbamates, thiuram sulfides (such as tetrabenzylthiuram disulfide (TBzTD)
and tretraethylthiuram disulfide (TETD)), thiazoles (dibenzothiazyl disulfide (MBTS)) and guanidines.
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Scorch retarders increase the induction period to avoid pre-curing and thus to enable a safe processing.
N-(cyclohexylthio) phthalimide (CTP) is a common retarder in rubber industry. The chemical structures

>t

of these products are shown in Table 4.

Name Role Structure
CBS Accelerator

TBzTD Accelerator
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TETD Accelerator
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MBTS Accelerator

N N
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CTP Retarder
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Table 4: Chemical structures of common accelerators and retarders.

Sulfur crosslinker is often added as elementary sulfur, a cyclic arrangement of 8 sulfur atoms, whose
S-S bond can break upon heating, with an activation energy of 252 kJ/mol [164].

2.3.1.3. Crosslinking reaction mechanisms
Crosslinking of elastomers using sulfur-based systems is very complex. Many reactive species are
involved and the reaction mechanisms are not yet fully understood. However, it is acknowledged that
the following steps successively take place: accelerator dissociation and recombination, complexation
with a co-agent, formation of crosslinking precursors, formation of crosslinks and post-crosslinking

66



reactions [185, 186]. The sulfur crosslinking of NR in presence of CBS and ZnO is detailed in Appendix
2.1.

The exact mechanism is not fully understood yet. Many side-reactions may happen and the large
number of reactive species in the medium may lead to a poor control over the vulcanized elastomer
properties. Besides, mixed accelerator systems are commonly used, increasing therefore the
complexity of the vulcanization process. In addition, rubber formulations usually include many
additives such as antioxidants, plasticizers and fillers that can interact with the curing system. Hence,
Lopez-Manchado et al [187] reported acceleration of NR curing in presence of octadecylamine and
even faster effect upon addition of octadecylamine-modified organoclays.

Besides, Wu et al [188] observed that reduced graphite oxide (rGO) could fasten vulcanization kinetics
of NR compounds. Hence, upon addition of 5 phr of rGO, the induction time (scorch time) was
decreased from 7 min to 4 min, indicating that rGO induces a faster beginning of the crosslinking
reaction. Besides, the curing rate was also reported to decrease from around 13 min to 10 min (ts) at
5 phr loading of rGO, showing that rGO is able to fasten the reaction. To explain these phenomena,
the authors investigated the effect of rGO on the melting temperature of sulfur. Hence, it is well-known
that sulfur needs to melt to be able to diffuse into the rubber and to then react with unsaturated chains
to form crosslinks. Upon addition of rGO (1/2 weight of sulfur), the melting peak of sulfur was reported
to decrease from 97.8 °C to 90.4 °C (DSC). This lower melting temperature of sulfur suggest that the
crosslinking reaction may start earlier, thus leading to a decreased induction time. Besides, they
investigated the influence of rGO on the position of the exothermal peak of the curing system and
observed a decrease from 163.8 °Cto 123.5 °C upon addition of rGO, thus showing that rGO accelerates
the crosslinking reaction [188]. They proposed a mechanism for graphene interaction with the curing
system, as displayed in Scheme 11.

L COOH . CSOR N, ——CS—S—Bt L CS-S—S—Bt
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Scheme 11: Vulcanization reaction of NR in presence of reduced graphene oxide [188].
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Scheme 11 suggests that sulfur may react with oxygen functional groups on rGO and that further
reaction with the accelerator can take place. Then, crosslinks between rGO and polyisoprene chains
may be formed, following the same mechanisms as sulfur crosslinking between two polyisoprene
chains. rGO may thus interact with accelerated sulfur-based curing systems [188].

Accelerators and retarders

Accelerators are mainly used to increase the curing rate. However, they tend to induce a longer “scorch
time”. This delay corresponds to the period before crosslinks start to form. It is believed to be due to
the thermal stability of the accelerator which is related to the time necessary to decompose C-N bonds
from CBS for example [189]. Another explanation, more generally accepted, is that exchange reactions
between accelerator-derived intermediates may happen, thus leading to quenching of crosslinking
precursors. When most of the accelerator is consumed, crosslinking reactions may start. When the
scorch delay induced by accelerators is not long enough to ensure a safe processing, other additives,
known as retarders, are added. They inhibit “pre-vulcanization” but have little effect on vulcanization
rate and crosslinking density [185, 190].

2.3.1.4.  Practical characterization of the crosslinking kinetics
Prior to the processing of an elastomer formulation, the characteristic times of the vulcanization
reactions at the processing temperatures have to be determined to guarantee that the crosslinking of
the material will not occur unexpectedly. The optimum curing time is determined from rheometric
measurements such as the one showed in Figure 19.

vulcanization

Mar

Torque

to tmax Time (min)

Figure 19: Rheometric curve of rubber vulcanization. M, is the lowest torque, Myg the maximum torque and ts; the scorch
time.

Figure 19 is a graph representing the torque, measured during an oscillatory rheological test, as a
function of time. Special rotational rheometers are used, with closed cavities maintaining some
pressure on the elastomer sample. The first part of the curve shows a decrease in torque due to
softening of rubber with temperature. Then, the torque increases to a maximum followed by a plateau
and finally decreases. The point labelled ts; corresponds to the available time to process the compound
before its starts curing at this temperature. Optimum vulcanization time is usually chosen as 90 to 98
% of the time necessary to reach the maximum torque (Mug). After this maximum, rearrangement of
polysulfide crosslinks may happen and may lead to a “reversion” which indicates a decrease in the
crosslinking density (mostly for natural rubber).
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2.3.1.5.  Impact of crosslinking on the elastomer structure and properties

2.3.1.5.1. Crosslinking density
As for all crosslinked systems, elastomeric networks cannot be dissolved in a solvent. They can
however swell and the amount of swelling can be used to determine the density of crosslinks in the
network. Flory-Rehner equation (equation (1)) describes the mixing of a crosslinked polymer and a
liquid.
1

Ly
—[In(1 — v,) + v, + x1v5] = Vin (V23 - 72) 0

vy is the volume fraction of polymer in the swollen mass, X1 is the Flory-Huggins interaction parameter,
V1 is the molar volume of the solvent and n is the number of network chain segments bounded on both
ends by crosslinks. It takes into consideration the heat of mixing, entropy changes due to the mixing
of the polymer and the solvent and entropy changes due to the reduction of possible chain
conformations because of the swelling of the polymer [191]. From this equation, it is possible to
calculate the molecular weight between crosslinks (Mc) as well as the crosslinking density (ve) of the
sample (equation (2)).

1 -1 o In(1 —vy,) + vy, + 10
Ve ToxM, 2xpxV; I v
2 2 (2)

Key parameters affecting rubber properties are the nature and density of crosslinks. Typical values for
M. in sulfur-crosslinked natural rubber are between 5 000 g/mol and 20 000 g/mol, corresponding to
a crosslinking density of 1x10* mol/g and 2.5x10° mol/g, respectively (equivalent to 1.9x10* mol/cm3

and 4.8x10° mol/cm?3, respectively for NR) [192-194].

The following section sums up the main properties of crosslinked polyisoprene and acrylonitrile-
butadiene copolymer.

2.3.1.5.2. Properties of crosslinked IR
Crosslinked IR shows moderate tensile strength (29 MPa) and reaches high elongations at break (up to
850 %). Table 5 lists some cis-1,4-polyisoprene properties.
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Property Value
Density 920-1037 kg/m3
Tensile strength 20-30 MPa
Elongation at break 660-1000 %
Shore A hardness 30-100
Minimum operating temperature range -56 °C
Maximum operating temperature range 82 °C

Glass transition temperature -73 °C
Specific heat capacity 1.830J/(kg.K)
Thermal conductivity 0.15 W/(m.K)
Refractive index 1.52

Electrical resistivity

2.6.10%¥ Q/cm

Table 5: Typical values of physical and mechanical properties of cis-1,4 IR [195, 196].

From Table 5, it appears that polyisoprene has limited thermal conductivity (0.15 W/m.K) and is not
electrically conductive (resistivity reaches 2.6.10% Q/cm).

Synthetic polyisoprene shows rather similar properties to its natural counterpart. They both have good
inherent tack (the ability of two uncured materials to resist separation after bringing their surfaces into
contact for a short time under a light pressure) [197-199]. On the other hand they have poor ail,
sunlight and ozone resistance as well as limited heat resistance [200]. Contrary to its natural
counterpart, isoprene rubber enables better control of both the process and the properties of the final
product since the high purity of IR (no proteins or mineral products) ensures uniform (however slower)
vulcanization of the product as well as little variation between batches. Besides, synthetic polyisoprene
and natural rubber are compatible and can thus be blended.

Polyisoprene main applications include tires, automotive parts, shock absorbers, gaskets, sporting
equipment, adhesives, coatings as well as health care items such as gloves where the presence of
allergens such as proteins can be undesirable.

2.3.1.5.3. Properties of crosslinked NBR
Crosslinked NBR is a common material in automotive industry due to good oil resistance.

Table 6 lists some of NBR properties.

Property Value
Density 1000 kg/m?
Tensile strength 20 MPa
Elongation at break 500 %
Shore A hardness 30-90
Minimum operating temperature range -40 °C
Maximum operating temperature range 121°C
Refractive index 1.52
Relative electric permittivity at 1MHz 2.5
Electrical resistivity 1.10%Q/cm

Table 6: Typical values of physical and mechanical properties of NBR [195, 196].

NBR can operate at rather more elevated temperatures than IR (121 °C and 82 °C, respectively) which
is of significant interest for industrial applications.
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NBR is widely used in automotive industry as gaskets, O-rings and housing in contact with oils. It is also
a major health care rubber with a wide use for disposable gloves production.

2.3.2. Fillers
Most elastomers are reinforced by fillers to improve their performances such as their mechanical
properties. Among these fillers, carbon black and silica are essential.

2.3.2.1. Carbon black
Carbon black is the main filler used in rubber industry. It is a form of amorphous carbon found in soots
and largely produced by petrochemical industry.

Main industrial processes include thermal decomposition of natural gas (thermal black), or acetylene
(acetylene black) and incomplete combustion of natural gas (tunnel black and furnace black) or coal
tars (lamp black). Carbon blacks are mainly made of carbon with traces of oxygen, hydrogen, sulfur
and mineral materials. Their structure is represented in Figure 20.

primary particle (10 — 100 nm)

aggregate (20 nm -1 pm) agglomerate (0.1 pm — 1 mm)

Figure 20: Carbon black structure.

Carbon black structure consists in elementary or primary particles (10 - 100 nm) stacked in unbreakable
aggregates (20 nm - 1 um) that are organized in agglomerates (0.1 - 1000 um) and which can be further
compacted into pellets (1 mm) [165]. The concept of “structure” refers to the extent to which
aggregates form complex 3D arrangements [201-203]. Low structure carbon blacks usually contain
around 30 primary particles per aggregate while high-structure carbon blacks aggregates can be
constituted of up to 200 particles [204, 205].

Blacks are classified according to their preparation process, particle size and surface area as shown in
Table 7.
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Grade ASTM number Particle size range Nitrogen lodine

(nm) specific area absorption
(m?/g) number (g/kg)

Super abrasion N110 11-19 127 145

furnace

Intermediate SAF N220 20-25 119 121

High abrasion N330 26-30 78 82

furnace

Fine furnace 400 series 31-39 - -

Fast extruding N550 40-49 40 43

furnace

High modulus N660 49-60 35 36

furnace

Semi reinforcing N772 60-100 32 30

furnace

Fine thermal 800 series 100-200 - -

Medium thermal N990 200-500 8 -

Table 7: ASTM carbon blacks classification according to their specific surface areas and particle size [206].

Carbon blacks classification is based on their structure as well as their manufacturing process. ASTM
standards provide a classification of carbon blacks through a letter and a number (ASTM D1765). The
first digit is linked to the particle size and the second refers to the structure of the carbon black (the
higher the number, the more structured the carbon black is) [164]. Carbon blacks of “100” series
possess small primary particle sizes and a high specific surface area while carbon blacks from “900”
series possess the largest particle sizes and the smallest specific surface area. Another feature is the
shape of the aggregates that can be spheroidal, linear, ellipsoidal or branched. The reinforcing ability
of carbon blacks is strongly linked to these structural aspects.

After mixing with carbon black (without crosslinking), the elastomeric matrix cannot be fully dissolved
in a good solvent, leaving a highly swollen rubber-filler gel. This solid fraction is referred to as “bound
rubber” and it evidences the presence of strong carbon black-elastomer interactions [204, 207]. It
depends on filler loading, its structure and specific surface area, physico-chemical surface activity as
well as processing parameters [208]. A pictorial description of bound rubber in carbon black-filled
rubber compounds has been drawn by Leblanc [204] (Figure 21).
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Figure 21: Representation of bound rubber in carbon black-elastomer compounds [204].

In this representation, carbon black aggregates are covered by tightly bound rubber (2-3 %), loosely
bound rubber that interconnects filler aggregates (18-30 %) and free elastomer (70-90 %) that can be
extracted with a good solvent, even in the uncured state. Carbon black-elastomer compounds thus
consist in complex filler-elastomer networks in which interparticle interactions occur in different
manners, including bridging by the polymer. This prevents good dispersion of agglomerates and thus
causes poorly dispersed blends [204].

It is generally admitted that spontaneous bonds between carbon black and the elastomer consist in
covalent as well as non-covalent interactions [204, 209]. Carbon black is reported to contain a variety
of functional groups on its surface such as esters, hydroxyls, quinones, ketones, phenols, etc [210].
These groups are believed to be responsible for carbon black-elastomer bonding. Two hypotheses
explain spontaneous generation of these bonds. First, during mixing, free radicals are formed and may
react with carbon black surface to lead to the formation of bound rubber. Then, during heating (for
crosslinking) polysulfide bonds may form between carbon black and the elastomer chains. In addition,
van der Waals bonds are reported to occur. Filler-matrix interactions enable reinforcement of the
matrix while filler-filler interactions lead to the formation of a strong carbon black network [211, 212].
When heated above 3000 °C, graphitization of carbon black occurs and functional groups are removed.
The filler loses its reinforcing ability thus showing the role of strong carbon-black-elastomer
interactions through functional groups on carbon black surface.

2.3.2.2. Silica
Silica (fumed or precipitated) is also a common filler in rubbers. It is used mainly for tire applications.
Silica is made of spherical particles from 5 to 100 nm which arrange themselves into aggregates from
100 to 500 nm, due to physico-chemical interactions. These aggregates spontaneously form
agglomerates from 1 to 40 um because of van der Waals forces and hydrogen bonding. Silica possesses
silanol functional groups on its surface which make it hydrophilic thus leading to poor spontaneous
interaction with the rubber matrix and thus bad dispersion. To overcome this problem, a coupling
agent is often used to favor elastomer-silica interfacial bonding. Bifunctional organosilanes containing
a trialkoxysilane group allow covalent linkages with silica through hydrolysis-condensation reactions
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[213]. Figure 22 shows the chemical structure of a common silane coupling agent used in rubber
industry.
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Figure 22: Chemical structure of 3-mercaptopropyltrialkoxysilane (also known as TEPST, bisTESPT or Si69).

Such molecules enable a decrease of silica surface energy and thus lower filler-filler interactions to
favor filler-matrix interactions.

2.3.2.3. Other fillers

Other fillers such as kaolin, sodium carbonates or inert charges such as talc are often added in rubber
mixes. Their effect on the elastomer depends upon their aspect ratio, surface activity and morphology.
Nanoclays such as montmorillonite also bring interesting properties mainly in terms of permeability
reduction. More recently, carbonaceous nanocharges such as carbon nanotubes (CNTs) have appeared
in rubber mixes to produce high-performance, thermally and electrically conductive elastomers [214].
Nanosized fillers offer the opportunity to have strong impact on the properties of the composites even
at very low loading, which leads to light-weight composites, relatively low costs and easy processing.
They also have a high specific surface area thus creating a large filler-matrix interfacial area which
should promote efficient load transfer from the matrix to the filler [215]. These nanocharges however
tend to aggregate and thus experimental results often do not reach expectations. This new category
of fillers opens the way for new research areas.

2.3.2.4.  Filler dispersion: mechanisms and difficulties

To be efficient, fillers need to be well dispersed in the elastomer and so they require good filler matrix
compatibility. They need to interact with the rubber matrix through physical and or chemical linkages.
Those interactions depend upon various parameters such as filler morphology, size and surface
activity. To be well reinforcing, they need to be of small size to form a colloidal suspension within the
matrix [216]. It is known that large particles (> 5 um) tend to degrade elastomer properties, creating
local heterogeneities that are often the starting points for cracks. Smaller particles (between 1 and 5
pum) are reported to be compatible with elastomers without being able to strongly reinforce the
material. Thus, particle sizes smaller than 1 um are often looked for [209]. A well-dispersed nanosized
filler would be of great interest since it would provide a large interfacial area and would lower the
average distance between particles in a composite. These properties allow for a lower loading and so
enable to reduce weight and keep high elasticity [217].

Elastomers are highly viscous materials that need to be well mixed to be able to obtain an adequate
dispersion of the filler in the matrix, in order to reach the desired properties for the final compound.

This means that through the mixing process large agglomerates (up to 1 mm for carbon black) need to
be broken [209]. Rubber mixing is often reported to occur in three main stages: incorporation of the
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additives, a dispersive mixing step and a distributive mixing step [218, 219]. Figure 23 schematically
shows the difference between a dispersive and a distributive mixing for carbon black filler.
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Figure 23: Dispersive and distributive mixing processes.

During the dispersive step, large components undergo size reduction by separation through erosion
and rupture of the agglomerates in smaller fragments that are then separated in the matrix [220, 221].
The last step distributes the small fragments in the matrix without affecting their physical form [222].
These two last phases however do not necessarily happen one after another but most likely happen
rather simultaneously.

Dispersion mechanisms of carbon black agglomerates are reported to occur through (i) rupture, a
sudden fracture of the pellets into a few fragments and (ii) erosion, a progressive mechanism where
small fragments are continuously detached from the periphery of the agglomerate [220, 221, 223].
Rupture occurs above a critical shear stress where hydrodynamic forces exceed cohesive forces, which
depend on the carbon black pellet size. Erosion, on the contrary, proceeds through the detachment of
a fixed eroded volume per strain unit and is driven by the applied shear stress and strain. It is a local
mechanism which rate depends on the carbon black properties. Hence, faster erosion has been
reported for carbon blacks with high structures [220].

Lamellar nanofillers dispersion occurs through different mechanisms. Ideal dispersion of platelets-like
fillers requires complete exfoliation, which means that all layers should be apart from each other. The
main problem to achieve such dispersion, is the strong interlayer interactions that need to be
overcome in order to separate the layers. Little work on graphite dispersion mechanisms has been
performed, most studies focusing on nanocomposite properties. However, clays such as
Montmorillonite (MMT) have attracted much research attention over the past few years and the
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exfoliation mechanisms of these materials have been studied. A major breakthrough in MMT
dispersion was the development of intercalation techniques to enable a reduction in the interlayer
interactions and thus to facilitate exfoliation. Another main development in MMT exfoliation in a
polymer matrix was the work on MMT surface modification to lower surface energy and to enhance
filer-matrix interactions [224].

Less work has been reported on graphite nanoplatelets dispersion. However, the similarities in
morphology with MMT led many groups to apply similar procedures. The use of intercalated and
expanded compounds has thus been reported. Besides, chemical modification of the surface has been
widely performed and described in the literature to decrease the strong m-m interactions between
layers [225].

Figure 24 shows a schematic representation of stacked, expanded and exfoliated graphite platelets in
an elastomeric matrix.

stacked platelets expanded platelets exfoliated platelets

Figure 24: Representation of the dispersion of several graphite structures in an elastomer matrix.

Exfoliation of graphite nanoplatelets into an elastomer is desired to enhance the properties of the final
material. Most exfoliation processes are performed in suspension rather than during bulk processing,
during which, high shear is reported to break the platelets rather than exfoliate them [225].

2.3.3. Rubber mixing techniques

2.3.3.1.  Solution blending
Solution blending, which consists in dissolving the elastomer in an appropriate solvent and adding all
fillers and additives in the mixture, is very common for research purposes [135, 226—-228]. It is often
observed to lead to homogeneous dispersion of the fillers, added in suspension in a solvent in the
dissolved rubber. However it requires long time (several hours) to dissolve the rubber and the use of
large quantities of toxic organic solvents such as toluene which have to be fully evaporated to recover
the solid compound. This is not desirable in industry. Besides, a less described process is the synthesis
of the elastomer in presence of the fillers [135]. This is however mainly applicable for research studies.
Other techniques such as in situ polymerization have also been reported and will not be detailed here.

2.3.3.2. Bulk mixing
Industrially, rubber is mostly processed through so-called “direct blending”. Compounding is carried
out in an internal mixer consisting in a bi-cylindrical chamber closed by a ram and containing tangential
or interpenetrating rotors. In a second step, the mix is discharged on a two-roll mill for further
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homogenization and cooling. Schematic drawings of the processing equipment are shown in Scheme
12.

Hopper

Casing Channels Rolls

for cooling Frame

Rotor

Discharge door

Scheme 12: Representation of an internal mixer and a two-roll mill.

In an internal mixer, gum and additives are fed from the hopper and the ram comes down to close the
chamber containing the rotors [229]. The mix is then discharged at the bottom of the equipment. In a
two-roll mill, rubber sticks to one roll and forms a bead between the two counter-rotative rolls. A sheet
can be formed, which will then be transformed in bands or preforms to fed the process which will give
its final shape to the product, prior to crosslinking. However, this process is often reported to lead to
less homogeneous dispersion and distribution of graphite nanofillers inside an elastomeric matrix than
solution-blending technique. However, high shear forces usually applied to overcome the high viscosity
of the elastomeric matrix can lead to the breakage of the graphene platelets [225].

2.3.3.3.  Latex compounding

Rubber mixing in latex phase is also commonly used in the industry. Natural rubber exists naturally in
latex form (30-40 wt% solid content) and NBR can be synthesized in latex form. Through the use of
appropriate equipment such as a high-shear mixer, it is possible to disperse fillers and other additives
in an elastomeric matrix in the aqueous phase. At a laboratory scale it is often done by adding an
aqueous suspension of the filler in a latex under mechanical stirring, sonication or the use of a high-
shear mixer. At an industrial scale, high speed units are used and do not always require mechanical
stirring of the latex with the filler, as shown in Figure 25 [230].
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Figure 25: Representation of latex processing.

A Cabot Corporation patent describes a process to mix an elastomer latex with carbon black and
additives [230]. First, an aqueous suspension of carbon black (“slurry”) is prepared and homogenized
in several mixing units. A latex is slowly fed (1.5 m.s?) in the coagulum reactor at about atmospheric
pressure. Additives are discharged in the latex, then the carbon black slurry is pushed into this medium
at high speed (150 m.s?) and under high pressure (70 bars). Spontaneous coagulation of the latex
occurs. In many processes, addition of an aqueous acid or solution salts is often reported to be
necessary to coagulate the latex mix. In a last step, the coagulum is dried in an extruder to remove
water and it is finally compacted into bales.

Other processes involving coagulation of the latex after shaping the product (“dipping process” for
example) are also common in the industry, for gloves manufacturing for example.

2.4. Conclusion

In this section, common rubber processing techniques as well as dispersion challenges of fillers have
been reported. The wide industrial use of carbon black has triggered a lot of research on dispersion
mechanisms and optimization of dispersing equipment. However, with the increasing presence of
nanofillers on the market, new challenges have emerged. Hence, platelet-like materials such as
graphite nanoplatelets offer the opportunity to strongly enhance properties of elastomeric matrices.
However, m-stacking leads to strong interactions and aggregation between fillers, so new means to
reduce these interactions, such as chemical functionalization have to be developed.
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3. Properties of elastomer composites containing graphite /

graphene

Elastomers are materials showing exceptional elasticity and are used for numerous applications.
However, their low tensile strength as well as their insulating behavior can be limiting. The
incorporation of graphitic nanofillers can help and improve drastically several properties. With its high
Young’s modulus, high electrical and thermal conductivities, graphene seems an ideal filler to
effectively tune elastomers properties. With low graphene loadings, most elasticity properties of
rubbers could be preserved while increasing or adding new properties to the composites to enable
new applications. The following section will present some of the effects of graphene incorporation into
elastomers and will highlight the key parameters to effectively monitor the changes.

3.1. Barrier properties

3.1.1. Permeability
Rubber nanocomposites can be of great interest for sealing and tightness applications for example in
tires, buildings and hydraulic systems. Elastomers contain a large free volume and so are highly
permeable to most gases.

Transport properties of small molecules such as gases through elastomers usually occur in three main
steps: (i) adsorption of molecules onto the upstream side of the polymer membrane, (ii) dissolution
and diffusion of the permeant inside the matrix and (iii) desorption of gas molecules from the
downstream side of the membrane (Scheme 13) [231, 232].
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Scheme 13: Steps in molecular transport through a membrane [233].
Transport properties thus depend on the affinity of the diffusion molecule for the elastomer
membrane as well as the mobility of the permeant inside the matrix. Adsorption and desorption of the

gas molecules onto and from the surface are considered very fast and the rate-limiting step in transport
of gas molecules though a matrix is the dissolution-diffusion step [234].

The driving force for the diffusion of gas molecules into an elastomer is the presence of a concentration
gradient in gas molecules between the two surfaces of an elastomer membrane. Gas molecules diffuse
from areas of high concentrations to areas of low concentration until equilibrium is reached. The
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diffusion phenomenon is often described by Fick’s law (3), describing the linear diffusion of a molecule
through a membrane [231, 235].

3)

where J is the flow in diffusing molecules by unit of time and area (cm3stp.cm™.52), ¢ is the local volume
concentration in diffusing molecules (cm3stp) and D is the diffusion coefficient (cm?2.st) with stp standing
for standard temperature and pressure.

In a Fickian diffusion process, the main parameters affecting transport properties of small molecules
through a membrane are related according to equation (4).

P=DXS (4)

where P is the permeability coefficient (cm3srp.cm.cm?.s.cmyg or also expressed in mol.m.m?.s%.Pa?),
D, the diffusion coefficient (cm2.s) and S, the solubility coefficient (cm3sre.cm=.cmyg).

The permeability coefficient P characterizes the ability of the gas molecules to go through an
elastomeric membrane when a pressure gradient is applied (5).

e X ] (5)
(r1—p2)

where e is the thickness (cm, considered constant), p; is the upstream partial pressure (cmyg) and p;
is the downstream partial pressure (cmug).

The diffusion coefficient characterizes the ability of the permeant to go through the matrix and the
solubility coefficient is related to the affinity of the permeant for the matrix.

Several factors influence transport of gas molecules through an elastomeric membrane such as (i)
environmental factors such as temperature, pressure, concentration, (ii) intrinsic properties of the
elastomer such as free volume and glass transition temperature (related to the chain mobility), (iii) the
presence of plasticizers and (iv) the affinity of gas molecules for the elastomer [232-234].

3.1.2. Permeability mechanisms and models in nanocomposites

The addition of impermeable fillers can enhance the barrier properties of the rubber matrix. Defect-
free graphene is impermeable to all gases including helium and it is thus an ideal candidate to
effectively reduce permeability of rubber composites [135, 225, 227, 236—-241]. While graphene
derivatives are not fully impermeable to gases, they however retain elevated barrier properties to
most gases. For example, GO-PDMS barrier properties towards nitrogen, oxygen, hydrogen, methane
and carbon dioxide gases were investigated by Ha et al [242] who reported a 35 % decrease in
permeability of the composites towards these gases at 1 wt% GO content in a PDMS matrix.
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Many parameters such as filler shape, size, orientation and dispersion in the host matrix play a
significant role in barrier properties of the composites. Platelet-like nanofillers are the most promising
since they are able to form a tortuous path to effectively slow down the diffusion of gas molecules
inside the material, as illustrated in Figure 26.

i D’

Diffusion path

Figure 26: Gas diffusion path inside the material [3].

Hence, at 5 phr loading in styrene-butadiene rubber (SBR), Song et al [236] reported a 35 % decrease
in permeability of composites containing low defect graphene (exhibiting a platelet morphology) as
compared to composites with carbon black, whose aspect ratio is much lower [236].

Several models can be used to describe permeability as a function of the filler content [3, 228, 243—
248]. Nielsen’s model [244] is the most common one and it is also referred to as “classic tortuosity
model”. It assumes that impermeable flakes with a certain aspect ratio associated to their cross-section
are uniformly dispersed in a permeable matrix [3]. Nielsen’s equation can be written as follows:

P 1-9 (6)
Py 1+t

where P is the gas permeability of the composite, P, the gas permeability of the pure polymer matrix,
@ the volume fraction of the filler and t the tortuosity factor. P/Po is called the relative permeability.
This model assumes random orientation of the fillers in the matrix, ignoring the significantly different
behavior of aligned platelets.

According to the model used, the tortuosity factor will have a different expression. In Nielsen’s classical
model, it is expressed as follows:

(7)

with a the aspect ratio of the filler [249]. Cussler [248] proposed a model similar to Nielsen’s in which
two different tortuosity factors were added: one for random alignment of the fillers and another one
for perfectly aligned fillers [228, 248]. Another attempt to include filler orientation in the composite
has been done by Bharadwaj [245] who included S’, an orientation parameter equal to a value of -0.5
for parallel orientation (no tortuosity), O for random orientation and 1 for perpendicular alignment of
the platelets in the material, as shown in Figure 27.
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Figure 27: Schematic representation of the orientation parameter.
Bharadwaj’s equation with tortuosity factor can then be expressed as follows:

P 1—-@ (8)

Py

N a .2, . 1
1+ 505 (S +5)

It is very similar to Nielsen’s model but is more versatile as it takes into account more parameters to
fit the system. From Figure 27, it is suggested that alignment of the platelets perpendicular to the flow
will create greater tortuosity and thus will increase the diffusion length of the permeant in the
composite.

Other models such as Gusev-Lusti [246], Fredrickson and Bicerano [247] also exist but they will not be
extensively presented here. It was shown by Dunkerley et al [249] that most models provide similar
results at low filler content (< 10 vol%). With most studies on graphitic fillers being performed at low
loadings (under 10 vol%), any of these models can be used.

3.1.3. Influence of filler size, shape and aspect ratio.
A high aspect ratio of the filler is of significant importance since large fillers will divert more the
diffusion path and so will increase the total path length, as shown in Figure 26. This leads to reduced
permeability of the material. It was shown by Ozbas et al [227] that increased surface area of thermally-
reduced graphene oxide flakes (referred to as “functionalized graphene sheets”, FGS) led to more
efficient barrier properties of PDMS composites as displayed in Figure 28.
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Figure 28: Reduction in air permeability as a function of functionalized graphite flakes (FGS) loading in PDMS (as
compared to neat PDMS). Solid lines represent Nielsen’s model predictions [227]. L/W is the aspect ratio (length/width)
of the filler particles in the sample.

The FGS sample with the highest aspect ratio provides the lowest permeability. These plots show the
decrease in air permeability of PDMS-FGS composites with increasing filler loading, with FGS fillers
exhibiting different specific surface area, associated with different aspect ratios of the particles (L/W)
[227]. 60 % and 80 % decrease in air permeability were reached for FGS exhibiting a specific surface
area of 320 m?/g and 525 m?/g, respectively, at 5 wt% loading in PDMS. This emphasizes the significant
effect of filler aspect ratio on the barrier properties of the corresponding composites. Besides, Ozbas
et al [227] observed a fine fit of Nielsen’s curve with their experimental values.

Moreover, Yoo et al [3] investigated the effect of aspect ratio, orientation and aggregation of graphene
or graphene oxide sheets over the oxygen permeability. The calculations confirmed that a high aspect
ratio is preferred to decrease permeability of the composites, as shown in Figure 29 a. At 1 vol% of
graphene-based filler, by increasing the aspect ratio of the platelets (a) from 30 to 3000, the relative
permeability of the composites with respect to the neat matrix decreased by 10 % and 90 %,
respectively, which shows the major effect of filler aspect ratio over permeation properties.
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Figure 29: a) Effect of graphene nanoplatelets aspect ratio on the O, permeability of a polymer matrix and b) influence of
the graphene nanoplatelets orientation and stacking on O, permeability. Adapted from [3].

Figure 29 b shows the decrease in permeability of the composites as a function of graphene loading
for various numbers of layers. For perpendicular orientation (S’=1), a single layer of graphene will
provide a decrease in permeability greater than 90 % while for a stack of 10 layers (lower aspect ratio),
a value of only 60 % can be reached. While well exfoliated platelets create a very tortuous path, stacks
of nanosheets will significantly reduce the diffusion path. At the same volume fraction, the probability
for a gas molecule to meet a graphene nanoplatelet will be lowered if the stacking parameter (N,
number of layers) is high [3].

3.1.4. Influence of filler orientation
The influence of filler orientation on the permeability of the composites was also computed by Yoo et
al [3]. Perpendicular orientation of the platelets (5'=1) showed superior permeability reduction than
the randomly-oriented ones, as displayed in Figure 29 b. The former configuration led to 60 % decrease
in oxygen permeability whereas the latter only reached 35 % reduction for 10 layer-nanoplatelets at 1
vol% loading, as compared to the pure polymer. The main factor in improving barrier properties is then
tortuosity. For perpendicular orientation (S'=1), tortuosity is maximized and, therefore, this
configuration is the most effective one in increasing the diffusion path of gas molecules inside the

composite.

These studies have shown the effect of filler shape, size and aspect ratio, on permeability. Besides,
filler orientation has proven to be of significant influence on permeability of the composites. This
feature is much related to processing. Several research groups thus investigated the influence of
processing conditions, and composites morphologies, on barrier properties of elastomer composites.

3.1.5. Influence of processing and functionalization
Kim et al [135] showed that the same thermally reduced graphene oxide (TRG) filler, dispersed
according to three different routes, resulted in three distinct behaviors in permeation. The main
permeation results of their study are shown in Figure 30.
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Figure 30 shows a decrease in relative permeability to nitrogen gas as a function of the volume fraction
of several graphitic fillers in TPU composites. The influence of processing can be seen. Hence,
composites with 1.6 vol% of TRG prepared through direct melt mixing led to a 50 % decrease in

nitrogen gas permeability while in situ polymerized composites induced a 70 % decrease. Solution-
blended samples at the same loading were even more efficient (up to 80 % permeability reduction)

[135].

In addition, the effects of surface functionalization and processing route obviously result in variations

of the state of dispersion of the filler, which is a key factor regarding the composite properties. Thus,

morphologies of the composites provide some understanding of the permeability results. Figure 31

shows TEM images of TPU composites containing graphitic fillers.
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Figure 31: TEM micrographs of TPU composites filled with (a) 5 wt% (2.7 vol%) graphite, (b,c) 3 wt% (1.6 vol%) melt-
processed TRG, (d) 3 wt% (1.6 vol%) solution blended TRG (e,f) 3 wt% (1.6 vol%) in situ polymerized TRG, (g) 3 wt%
(1.6 vol%) phenyl isocyanate-modified GO, (h) 3 wt% (1.6 vol%) acetyl phenyl isocyanate-modified GO and (i) 2.8 wt%
(1.5 vol%) in situ polymerized GO.

Figure 31 a shows the morphology of melt-compounded composites containing graphite aggregates of
at least 1.5 um in length while the materials containing TRG (Figure 31 b and c) display a rather
homogeneous distribution. TRG particles incorporated through solution blending (Figure 31 d) or in
situ polymerization (Figure 31 e and f) look slightly more homogeneously distributed in the matrix. The
performance of the composite in permeation seems to be directly related to the state of dispersion.
Indeed, solution-blended TRG (Figure 31 d) are more homogeneously dispersed in the TPU matrix and
lead to better barrier properties of the composites.

In addition, the effect of surface functionalization was investigated by comparing morphologies of
composites containing pristine or modified GO. Images of GO (Figure 31 i) and modified GO composites
(Figure 31 g and h) reveal thinner aggregates than TRG and suggest interconnection between fillers
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Chapter 1: Literature study

[135]. Phenylisocyanate and acetylphenyl isocyanate-functionalized GO appear to be rather
homogeneously dispersed in the matrix. They also display the largest decrease of permeability (-98 %
and -94 %, respectively). Thanks to its effect on dispersion, functionalization can thus be an efficient
way to enhance barrier properties of the composites. Such large decreases in permeability are not
widely reported in the literature for elastomer-based composites but it illustrates anyhow a tendency.

However, surprisingly, homogeneous dispersion of the filler in the matrix does not always lead to the
best performance in permeation. Indeed, Yan et al [237] have reported that a specifically segregated
morphology obtained by the latex compounding method (LCM) could lead to improved barrier
efficiency as compared to homogeneously dispersed and aligned platelets. Thus, Yan et al [237]
prepared natural rubber composites containing 4 phr of reduced graphene oxide through a latex co-
coagulation method. Some samples were obtained directly from compression molding the coagulated
material while others were homogenized on a two-roll mill prior to compression molding. Figure 32
shows the morphologies obtained with the two compounding methods.

Figure 32: Composites containing 4 phr of reduced graphene oxide in natural rubber (NR) matrix prepared through two
methods: a) latex compounding, and b) homogenization in a two-roll mill [237].

While Figure 32 a shows a segregated morphology, with the nanosheets being localized at the
interface, between latex particles, Figure 32 b displays a more homogeneous dispersion in the rubber
matrix. Oxygen permeability of the composites was also investigated (Figure 33).
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Figure 33: Oxygen permeability of NR-rGO composites as a function of rGO loading for the two types of morphologies.

Both morphologies exhibited increased barrier properties of the composites in comparison with
pristine natural rubber but samples with a segregated structure showed greater permeability
reduction as compared to homogenized samples (70 % towards 30 % at 4 phr loading). These results
indicate that the connected network formed by rGO platelets is more efficient in diverting the
permeant path than homogeneously dispersed platelets. The segregated morphology ensures a
smaller inter-particle distance than homogeneous distribution, thus creating barrier zones able to
divert and slow down the permeant diffusion to a greater extent. Optimum dispersion for
improvement of barrier properties is thus very dependent on processing conditions.

Other impermeable fillers with appropriate platelet morphology such as clays have also been used to
increase barrier properties of polymers. However, graphene and its derivatives have a significant
advantage over clays as they usually perform better in permeability reduction while preserving good
mechanical properties of the composites and increased thermal and electrical conductivity [3, 243,

250, 251].

A short literature review regarding permeation properties of graphitic fillers-based elastomer

composites is available in Appendix 2.2.

3.2. Mechanical properties
Single-layer graphene has outstanding mechanical properties. It is stiff, flexible, has a Young’s modulus
of 1 TPa and an ultimate strength of 130 GPa. On the contrary, rubber materials have low stiffness and
break at relatively small stresses around 20 MPa. Due to this important contrast, many attempts have
been made to reinforce rubbers through incorporation of graphene or graphitic fillers in an elastomeric
matrix [17, 225, 252-254].

3.2.1. Tensile properties
Many reports have shown improvement of mechanical properties due to graphitic filler incorporation.
Most studies deal with the incorporation of small content of graphite nanoplatelets into a polymeric
matrix through direct or solution mixing. They mainly report an increase in Young’s modulus, and in
tensile strength and a decrease in elongation at break. However, these results appear to strongly
depend upon the type of filler (lateral size, thickness, surface chemistry) and the mixing procedure.
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3.2.1.1.  Influence of filler size, shape and aspect ratio
Different carbon fillers have been investigated by Schopp et al [255]. They prepared SBR composites
containing 25 phr loading of respectively carbon black (CB), expanded graphite (EG), multilayer
graphene (MLG, < 10 layers), chemically reduced graphene oxide (CRGO) and thermally reduced
graphene oxide (TRGO). They used latex mixing followed by internal mixer and two-roll mill mixing.
Stress-strain plots in Figure 34 clearly indicate that TRGO and MLG lead to the most pronounced
stiffening of the material with stress at 50 % strain up to 14 times higher than pure SBR matrix [255].
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Figure 34: Stress-strain curves of SBR-carbon fillers composites at 25 phr [255].

Tensile strength is also greatly increased (more than 3 times higher than neat SBR) but elongation at
break is strongly impacted and is decreased by a factor 3. CRG and CNT lead to moderate increases in
tensile strength (x2) and stiffness (x3) with a less pronounced loss in strain at break. CB and EG did not
bring much changes compared to neat matrix properties, leading to a slight increase in stiffness and in
tensile strength with no impact on elongation at break. The stiffening effect of these carbon fillers
could be ranked the following way: TRGO>MLG>CRGO>CNT>CB>EG. Hence, platelet-like carbon fillers
with small thickness exhibited the highest reinforcing effect on the matrix. However, a strong reduction
in strain at break is usually not desirable and CRGO filler might be more satisfactory for most common
rubber applications where ability to withstand large deformations is required. Another feature, not
investigated in this study, is the influence of the filler over the crosslinking density of the elastomer.
Hence, the filler may interact with the curing system and lead to differences in crosslinking densities
of the final composites, thus affecting their mechanical properties [188].

Similarly, Mao et al [256] compared the efficiency of carbon black as compared to graphite oxide and
observed that around 13 vol% (~32 phr) of carbon black (N330) were necessary to reach the same
tensile strength as SBR composites containing only 2 vol% of GO [256]. Similar results were reported
by Ozbas et al [227] who showed that 1 wt% of thermally reduced graphite oxide in NR lead to similar
moduli values as composites containing as much as 16 wt% of carbon black. Thus, graphitic fillers show
promising results for reinforcement of elastomers at low loading.

3.2.1.2.  Influence of processing
Mechanical properties of elastomer composites are very dependent upon many parameters linked to
the process. As a matter of fact, filler dispersion is strongly impacted by the processing technique and
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is of significant influence over the behavior of the composite. Besides, the elastomeric matrix may
undergo degradation such as molar mass reduction during mixing. Another key feature is the nature
and the amount of crosslinks formed during the vulcanization process. However, the features of the
vulcanized network in the composites (crosslinking density and nature of crosslinks) compared to the
pristine matrix is seldom studied in the literature. The following section will thus focus on process
parameters affecting filler dispersion without taking into account any modification of the crosslinked
network in the presence of the filler.

Potts et al [257] investigated the preparation of thermally reduced graphene oxide — natural rubber
composites prepared either in bulk by two-roll mill mixing or from latex via a latex mixing phase
preceding twin-roll mill mixing. They observed a slight decrease in modulus at 100 % and 300 % strain
for bulk-compounded composites at 2 phr loading of TRGO as compared to neat NR. On the contrary,
latex-compounded composites with 2 phr showed over 40 % improvement in 100 % modulus, as
compared to the matrix [257]. Moreover, it was observed by transmission electronic microscopy that
the latex pre-mixing step improved the dispersion of reduced graphene oxide in NR, which improves
the moduli of the composites.

Similarly, Yang et al [239] observed better dispersion for expanded graphite — NBR composites
prepared through latex compounding followed by internal mixing than for composites that underwent
no latex precompounding phase. Figure 35 shows SEM pictures of composites with 5 phr loading of
expanded graphite prepared either through direct bulk mixing and including a predispersion in latex
phase [239].
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Figure 35: SEM images of NBR-based composites with 5 phr expanded graphite prepared with (a) direct blending and (b)
latex compounding method [239].

It can be seen clearly that aggregates are much smaller (from 25 pum to less than 1 um) in the composite
prepared through a latex premixing method.

Moreover, tensile properties of composites prepared through latex mixing showed a significant
increase of stresses even at 3 phr loading. The authors achieved 3 times higher tensile strength at
10 phr loading than with unfilled NBR and a strongly reduced elongation at break (110 % vs 410 % for
pure NBR) [239].

The effect of latex compounding was further investigated by Yan et al [237]. They dispersed reduced
graphite oxide (rGO) in natural rubber latex using a latex co-coagulation method with or without
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further homogenization on a twin-roll mill. Morphologies of the composites are shown in Figure 32.
They showed that samples prepared through a one-step latex mixing exhibited a segregated
morphology and performed better in permeability measurements. Figure 36 shows stress-strain curves
of pure NR and composites with 2 phr loading of rGO with a segregated (not homogenized) or
homogeneous dispersion.
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Figure 36: Stress-strain curves of pure NR and of NR composite with 2 phr loading of reduced graphite oxide (rGO),
homogenized or not. Adapted from [237].

In Figure 36, it can be observed that samples prepared through a one-step latex mixing exhibit higher
modulus at 100 % and 300 % elongation, higher tensile strength (27 MPa vs 19 MPa for homogenized
samples) with only a small decrease in elongation at break. These enhanced values for segregated
composites may be related to the formation of a stronger rGO network [237].

3.2.1.3.  Influence of functionalization
Influence of graphite functionalization over mechanical properties was investigated by Zhao et al [258].
First, they functionalized GO using triethoxyvinylsilane (TEVS) and in situ polymerized liquid silicone
rubber (LSR), performed in presence of TEVS-grafted GO. They prepared un-functionalized composites
with the same method and investigated mechanical properties of the composites at different filler
content. Figure 37 shows the tensile properties of the corresponding LSR composites.

91



(a) ®)

2.2 ]
54

20] | —+—TEVS-GO/LSR - 1
-~ X 524
~ —eo— GO/LSR i
& 184 N
2" g 501
-] -=
= 1.6 e
50 = 48
£ 144 S 464
w "; 4
= o0 44 4
z 1.24 £ ] | ——TEVS-GO/LSR
: 1.0 = 424 —o— GO/LSR

404
0.8 ]
L} L) L] T L} T T 38 L] L4 L} .4 L] 4 T ) L) g 1 4 T
0.00 0.05 0.10 015 0.20 0.25 0.30 0.00 005 0.10 0.15 0.20 0.25 0.30
Filler content (wt%) Filler content (wt%)

Figure 37: Mechanical properties of LSR composites (a) tensile strength and (b) elongation at break [258].

Composites containing 0.3 wt% of functionalized GO showed slightly greater tensile strength (2 MPa
vs 1.5 MPa) as well as comparable strain at break (46 % vs 40 %). These changes are anyhow very small
and the functionalization did not bring significant enhancement in tensile properties of LSR
composites.

Wang et al [259] also investigated the effect of GO functionalization on tensile properties. They grafted
octadecylamine onto GO and prepared SBR composites through melt compounding, with the filler
being incorporated as a “paste” with ethanol, and by ensuring subsequent evaporation of the solvent
during mixing on a twin-roll mill. Figure 38 shows stress-strain curves of SBR composites containing 3
wt% of modified and neat GO.

GO/SBR

GO-ODA/SBR

Stress (MPa)

0 100 200 300 400 500
Strain (%)

Figure 38: Stress-strain curves of pure SBR, GO-SBR and GO-ODA composites at 3 phr [259].

The composite containing the modified filler exhibited higher tensile strength but lower stiffness than
pristine GO. Both fillers led to increases in tensile strength, stresses at 100 % and 300 % elongation as
well as strain at break compared to the pure SBR matrix. In this study, functionalization did not bring
much improvement in tensile properties of the composites at low loading (3 phr). Thus,
functionalization can be a means to improve filler dispersion but does not always lead to improved
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mechanical properties. Intrinsic filler parameters such as size, shape and aspect ratio have shown to
be of greater influence over properties of the composites.

A literature review regarding tensile properties of graphite fillers-elastomer composites is available in
Appendix 2.3.

3.2.2. Viscoelastic properties
Studying viscoelastic properties of the composites by dynamic mechanical analysis (DMA) provides
information regarding molecular mobility of the polymer chains and about the composite structure.
The a relaxation temperature, To1 associated with the glass transition temperature is obtained from
tand maximum in a temperature sweep. It is related to molecular mobility which may be affected by
strong interactions between rubber chains and fillers. Reinforcement of the matrix due to filler
incorporation can be observed through an increase in the storage modulus.

Figure 39 shows a typical example of the evolutions of the storage modulus and tand with temperature
for graphite-based NBR composites [260]. The samples referred to as “micro-composites” are prepared
through simple twin-roll mill mixing while “nanocomposites” are prepared with previous latex mixing
dispersion stage.

93



10

10

—a— pure NBR
—O0=— NBR/EG(5phr) micro-composite
—<=— NBR/EG(10phr) micro-composite
—o— NBR/EG(5phr) nanocomposite
—<=— NBR/EG(10phr) nanocomposite

« 10
Ry
S
=
10’
10°
¥ 1 ] I $ I L 1 L I ] 1 L
-40 -20 0 20 40 60 80
T[C
1.6
4 e —=— pure NBR
N »(5phr) micro-composite
1.4 (b) m ! 2- \::z:::.:l(l::h:‘) micro-c p, :

«O= NBR/EG(5phr) nanocomposite
== NBR/EG(10phr) nanocomposite

tand

T/°C

Figure 39: (a) Storage modulus of NBR composites containing 5 phr and 10 phr of expanded graphite (EG) and (b) tané
values [260]. The measurements were recorded under a tension mode at a frequency of 1 Hz with a strain amplitude of
0.1 % in the temperature range from -50 °C to — 80 °C. The heating rate was 3 °C/min.

From Figure 39 a, an increase in the storage modulus (E’) in the rubbery state (above T,) can be
observed for all composites due to some reinforcing effect which is more pronounced for
“nanocomposites” that underwent a latex pre-dispersion step, than for “micro-composites” that were
prepared through direct twin-roll mill mixing. Due to poor dispersion and distribution, “micro-
composites” exhibit a very weak reinforcement, whereas the increase of E’ for “nanocomposites” can
be attributed to a better dispersion state [261, 262]. Rubber-filler and filler-filler interactions (“filler
networks”) lead to a significant increase in E’. Besides, the increase in filler loading from 5 phr to 10 phr
leads to a small increase of the storage modulus, from 1x107 Pa to 2x107 Pa at 60 °C.
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On Figure 39 b, the loss factor (tand) is represented as a function of temperature. Upon incorporation
of expanded graphite filler, no effect is observed for “micro-composites” as compared to neat NBR,
while a broadening and a decrease in tand peaks after T, is observed for “nanocomposites”. According
to the authors, the decreased volume fraction of elastomer in these “nanocomposites” associated with
rubber-filler interactions are responsible for more heterogeneous behavior of NBR molecules
(broadening) and a decrease of intramolecular hysteresis in the T, region. The authors point out a slight
increase of tand beyond T,, which they attribute to enhanced hysteretic mechanisms (friction between
rubber molecules, rubber-filler and filler-filler interactions) when the filler volume fraction increases.
However, it can be noted that this effect is very small (Figure 39 b).

Payne effect

The viscoelastic behavior of filled elastomers typically exhibit enhanced non-linearity, known as the
Payne effect. It is characterized by a drop of the storage modulus and the occurrence of a maximum
of the loss modulus when strain is increased. It occurs at low strain, whereas unfilled elastomers
present non linearity at larger strains without peak on the loss modulus plot. Hence, unfilled rubbers
show a linear behavior up to quite large strains while the elastic modulus of a filled rubber decreases
with strain. It can be explained by adsorption and desorption of polymer chains on the filler surface
under mechanical solicitation, leading to network collapse [263, 264].

Wang et al [259] studied the behavior of SBR composites containing octadecylamine-modified GO.
Figure 40 shows plots of the storage modulus as a function of strain amplitude for various GO-ODA
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Figure 40: Storage modulus as a function of strain amplitude for crosslinked SBR composites with a filler content of (a)
1 phr, (b) 2 phr, (c) 3 phr, and (d) various GO-ODA content [259] recorded at 1 Hz at 60 °C.
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In Figure 40, it can be observed that all compounds exhibit linear viscoelastic behavior at low strain
amplitude and non-linear viscoelastic behavior at high strain rates. At 1 phr and 2 phr loading,
composites containing GO-ODA filler show slightly greater storage modulus than GO-filled samples,
which according to the authors, indicates a small reinforcement effect which may be attributed to a
stronger interface due to ODA grafting onto GO [259]. Figure 40 d shows that increased GO-ODA
loading (5 phr) led to a smaller linear zone which can be attributed to the formation of a weak filler
network which is more strain-sensitive. It can be pointed out though, that the influence of
functionalization on viscoelastic properties of GO/SBR composites is very limited in this study.

The numerous studies on graphene incorporation into elastomers to enhance mechanical properties
reveal the strong potential of this nanofiller that might be used as a partial replacement of the very
common carbon black filler in the future.

3.3. Thermal properties

3.3.1. Thermal stability

Graphene is thermally stable up to more than 1000 °C and can thus increase thermal stability of a
polymer composite. Nevertheless, most studies deal with the introduction of reduced graphene oxide,
graphite nanoplatelets or expanded graphite in elastomers, rather than graphene itself. Kim et al [265]
thus reported increased thermal stability of SBR/multilayer graphene composites at 1 wt% loading. In
addition, some groups also observed an enhanced thermal stability for composites containing GO
which however is itself quite unstable. Hence, Gan et al [238] reported an increase of 44 °Cin the onset
degradation temperature of liquid silicone rubber composites filled with 1 wt% loading of graphite
oxide, as shown in Figure 41.
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Figure 41: TGA data of silicone rubber (SR-H) composites filled with GO at 0.5 and 1 wt% [238].

Therefore, incorporation of graphic fillers can be a good means to enhance thermal stability of
elastomer composites.
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3.3.2. Thermal conductivity
Graphene and its derivatives are very often reported to be efficient in increasing thermal conductivity
of elastomers. Graphene displays a very high thermal conductivity and, if well dispersed in a matrix, it
can lead to strong enhancements in thermal conductivities of rubbers. Its sheet morphology is
moreover well adapted for thermal conduction, providing low interfacial resistance. Typical increase
in thermal conductivity upon addition of graphite nanoplatelets is represented in Figure 42.
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Figure 42: Thermal conductivity of SBR compounds as a function of GNPs loading (using a thermal conductivity tester HC-
110 according to ASTM C 518. The temperatures at the top and bottom molds were set at 50 °C and 30 °C with a sample
size ¢ 51 mm * 6 mm) [266].

As shown in Figure 42, an enhancement in thermal conductivity from 0.17 W/m.K for pristine SBR to
0.27 W/m.K upon addition of 5 vol% of graphite nanoplatelets was achieved by Araby et al [266]. They
used a solution-blending technique followed by two-roll-mill mixing for the preparation of the
composites and a thermal conductivity as high as 0.48 W/m.K was reached at 24 vol% of graphite
nanoplatelets content [266]. However, such a high loading of graphite nanoplatelets may strongly
impact strain at break of the composites and will lead to high costs.

3.3.2.1.  Influence of processing
Good contact between fillers is necessary for thermal conductivity enhancement. The final
conductivity will thus depend on the dispersion quality, which results from filler geometry as well as
the mixing process. To investigate the latter, Mu et al [267] dispersed expanded graphite in silicon
rubber at various loadings according to two methods: solution blending and direct melt mixing. Figure
43 shows the increase in thermal conductivity of these silicon composites as a function of the filler
content.
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Figure 43: Thermal conductivity of expanded graphite-PDMS composites at various expanded graphite loadings [267].

Pure silicon matrix exhibited a 0.17 W/m.K thermal conductivity that was increased to 0.24 W/m.K and
0.32 W/m.K for melt-processed and solution-processed samples, respectively, at 9 phr loading. The
authors observed enhanced thermal conductivities for both composites with a greater effect for
solution-blended samples, which exhibited better dispersion. They reported that the expanded
graphite network was disrupted in the melt-blended composites while the solution process preserved
the graphite network structure. By this method, more exfoliation and intercalation of rubber chains
between graphite layers can be achieved [267]. The authors suggested a structural interpretation for
the origin of the higher thermal conductivity of solution-processed samples, as shown in Figure 44.
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Figure 44: Schematic morphologies of silicon - expanded graphite composites prepared by (a) solution-processing and (b)
melt-processing [267].

Figure 44 a represents large EG particles whose shapes and dimensions were not affected by the
solution mixing. However, Figure 44 b shows particles that are much smaller and whose shape changed
drastically under shear during melt mixing. The surface-to-volume ratio is then largely reduced and so
higher loadings are necessary to achieve elevated thermal conductivity compared to solution-
processed samples containing large EG particles [267].

3.3.2.2. Functionalization
Phonons are known to be responsible for the heat conduction in materials. To maximize their action,
scattering should be minimized. One method is to modify the graphene filler by covalent coupling to
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the matrix to enhance filler-matrix interactions. Zhao et al [258] introduced pristine and modified GO
in liquid silicon rubber and observed that thermal conductivity was enhanced upon addition of fillers
from 0.19 (pristine elastomer) to up to 0.38 W/m.K for composites containing 0.3 wt% of the modified
filler. Figure 45 shows the increase in thermal conductivity as a function of the filler content.
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Figure 45: Thermal conductivity of silicon rubber (LSR) composites containing GO and TEVS-GO [258].

Both fillers increase thermal conductivity but the effect is more pronounced for triethoxyvinyl silane
(TEVS)-modified GO. A relative enhancement of up to 42 % for TEVS-GO as compared to pristine GO /
LSR composites was calculated at around 30 wt% loading.

Graphene derivatives have thus proven to be effective in enhancing thermal stability and conductivity
of elastomeric matrices. However, the increase in thermal conductivity is often limited by high
interfacial thermal resistance between nanosheets and rubber. This phenomenon is known as Kapitza
resistance [268, 269] and is due to poor thermal coupling between graphite nanoplatelets and the
elastomeric matrix [266]. Functionalization can thus be a means to improve this coupling by favouring
the interfacial interaction between the graphitic filler and the elastomeric matrix.

3.4. Electrical properties

Elastomers are insulating materials. However, upon the addition of a conductive filler (carbon black,
carbon fiber, CNT, graphene...) they can become electrically conductive. This electrical conductivity is
dependent on the filler electrical properties, its loading, size and dispersion state in the host matrix.
Carbon black is commonly used to achieve electrical conductivity in elastomers. However, high
loadings are usually necessary, impacting failure properties of the material. Carbon nanofillers are
promising alternatives to carbon blacks in this application since their intrinsic electrical properties are
some orders of magnitude higher, which offers the possibility to produce conductive elastomers at
much lower filler loading [270]. Carbon nanotubes have been reported to be very efficient in increasing
electrical conductivity of polymers at a very low content (less than 1 vol%). Graphene also appears to
be very promising for this application.
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3.4.1. Percolation

A major challenge when dealing with electrical conductivity is to ensure the creation of a conducting
path inside the material. When filler loading is substantially low, the average distance between filler
particles is greater than their size range and the fillers form individual particles rather than a
conducting network. When a critical loading is reached, conduction can take place by a tunneling effect
through the polymer layers surrounding the filler and electrical conductivity increases quickly. This
critical concentration is called “percolation threshold” [271]. It depends upon the filler content, size,
morphology and the state of dispersion and distribution in the material.

The “ideal” dispersion of the filler in the matrix to increase electrical conductivity might not the
homogeneous dispersion needed for good mechanical properties, but rather a partial segregation that
would create conductive paths. Close wrapping of the matrix on fillers would act negatively on
electrical conductivity [225]. Araby et al [266] investigated electrical properties of SBR filled with
graphite nanoplatelets. They measured the electrical volume resistivity of the materials and observed
a slight decrease belox 5 vol% and a pronounced drop from 5 to 7 vol%, as shown on Figure 46.
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Figure 46: Electrical volume resistivity of SBR composites as a function of graphite nanoplatelets volume fraction [266].

They interpreted these results using percolation theory. At low volume fraction, fillers cannot connect
with each other. At a certain concentration (about 5 vol% in this study), the filler volume fraction is
high enough to enable formation of conductive paths and so, to rapidly decrease electrical volume
resistivity.

3.4.2. Influence of processing
The effect of processing on electrical surface resistance of composites filled with thermally reduced
graphene flakes has been studied [135]. Their results are reported in Figure 47.
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Figure 47: Surface resistance of graphite-TPU composites prepared through different methods [135].

It appears that solution-blending is the most effective process in reaching low percolation threshold,
with a value smaller than 0.1 vol%. In situ polymerized and melt-compounded samples show a similar
percolation threshold of 0.25 vol% but the former show a faster decrease in electrical surface
resistance at higher loadings. The lowest resistance value (of around 102 Q) was reached for TRG — TPU
samples prepared from solution blending at around 1.7 vol%. Another interesting feature in this work
is the influence of filler size and specific surface area on the electrical properties. Graphite used in this
study has a specific surface area of 29 m?/g while TRG has a much higher specific surface area of 800
m?/g. Graphite — TPU composites prepared through melt mixing showed a decrease in electrical
surface resistance of about 5 orders of magnitude at more than 10 vol% while TRG - TPU composites
achieved values 8 orders of magnitude lower than the neat matrix at only 2.2 vol%.

Despite these spectacular results, it can be mentioned that surface resistance measurements are very
sensitive to surface defects of the samples, which can be caused by processing. Moreover, the surface
of a sample may not be much representative of the bulk (except for thin films). Therefore, volume
resistivity measurements would have been preferable to draw suitable conclusions on the influence of
processing.

Influence of processing conditions upon the electrical conductivity of reduced graphene oxide — natural
rubber latex composites has also been investigated by Zhan et al [272]. They prepared composites
using several mixing procedures. Some samples were prepared through direct latex coagulation,
others were further homogenized on a twin-roll mill and others were obtained through direct blending.
The results from the electrical conductivity measurements are shown in Figure 48.
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Figure 48: Electrical conductivity of natural rubber - reduced graphene oxide composites prepared according to different
methods. Latex: direct latex blending, TR: twin-roll mill mixing, Latex-TR: latex blending followed by twin-roll mill
homogenization and HM: HAAKE mixing.

From these experiments, it appears clearly that samples prepared by direct melt mixing (HM and TR)
did not again significantly increase electrical conductivity even at 8 vol% content. However, samples
combining a latex mixing step with a twin-roll mill homogenization showed an increase in electrical
conductivity of about 6 orders of magnitude with a percolation threshold lower than 5 vol%. Besides,
samples prepared by latex mixing only performed best with an increase of about 7 orders of magnitude
as compared to direct blended composites. They also showed a very low percolation threshold of less
than 1 vol%. TEM pictures presented in Figure 49 help to understand this phenomenon.

Figure 49: TEM images of NR-rGO composites prepared through (a) latex mixing and (b) latex assembly followed by twin-
roll mixing.

Figure 49 a shows samples prepared through latex assembly. Segregated morphology can be observed
with rGO platelets being arranged in circular shapes at the periphery of rubber latex particles, forming
a network. On the contrary, samples that have been homogenized in a twin-roll mill show rather
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homogeneous dispersion with orientation of the fillers along the milling direction. The formation of a
conductive path in the segregated morphology is responsible for the higer electrical conductivity of
the corresponding composites.

Filler orientation also plays a significant role in reducing the percolation threshold and increasing
electrical conductivity of the resulting material [273-276]. Higher electrical conductivities are achieved
when fillers are interconnected. Random dispersion is thus often preferred to aligned platelets since
there is a greater probability of platelets coming in contact with one another. Functionalization of the
filler may also be a means to increase electrical conductivity through improving dispersion and creating
a stronger filler-matrix interface [277]. Combining different conductive fillers is also sometimes
reported in the literature [278].

Outstanding electrical properties of graphene are thus of great interest in creating electrically-
conductive elastomer composites. Applications are numerous. Coleman et al [279] for example,
reported the use of graphene-rubber composites as strain sensors to monitor body motion.

A short literature review on the electrical properties of graphene-rubber composites is available in
Appendix 2.4.

3.4.3. Dielectric properties
Macromolecular dynamics can be studied through dielectric measurements. Hence, information on
intermolecular motion as well as dipolar rotations can be evidenced from the dielectric relaxation
spectrum.

Most studies report an increase in dielectric permittivity of the composite upon addition of conductive
fillers. Romasanta et al [280] compared CNT and reduced graphene oxide sheets in a PDMS matrix and
observed a 6-fold and 10-fold increase in the dielectric constant for reduced GO sheets and carbon
nanotubes composites respectively. This difference may be due to the presence of some functional
groups on rGO surface that reduce polarization process and thus improve the polymer-matrix
interface. Several other groups performed dielectric studies on graphene based-rubber composites.
Parameters affecting dielectric properties were found to be the loading, morphology, size and
dispersion state of the fillers, as for most of the properties of such composites [127, 281-286].

3.5. Conclusion

This section has given an insight of the effect of graphene-based fillers in elastomers. Decreased
permeability, increased stiffness with or without an impact on elongation at break, increased thermal
conductivity as well as increased electrical conductivity of the composites are often reported. A key
parameter in enhancing the matrix properties is the appropriate dispersion of the filler in the matrix
as well as strong matrix-filler interactions. A way to tune these interactions is to functionalize graphitic
fillers to incorporate new functionalities on their surface. Moreover, enhanced compatibility with the
polymer matrix has a significant impact on the distribution of the filler.
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Conclusion of the literature study

Graphene is a promising nanomaterial that shows outstanding mechanical, thermal, electrical and
barrier properties. It is however hard to obtain perfect, defect-free graphene. Methods such as
chemical vapor deposition have proven to be efficient in growing graphene single layers of high-quality
graphene on very small surfaces limiting thus its applications to nanoelectronics and research. Other
techniques such as oxidation/reduction processes enable the production of much larger quantities at
lower costs. Yet, materials prepared through this way usually present many defects like disruption of
the conjugated 1 system, leading to inferior electrical properties. Such graphene-like material anyhow
retains some interesting features of graphene such as relatively high mechanical and barrier properties
and can thus be of great interest for use as fillers in polymers. Due to differences of several orders of
magnitude in terms of mechanical, thermal and electrical properties, significant effect of these
nanofillers upon incorporation in polymeric materials such as elastomers can be expected.

Several studies have shown the great potential of this filler in several elastomers on mechanical,
thermal, electrical and barrier properties of the composites. Several parameters affecting these
enhancements were highlighted. Intrinsic characteristics of filler as size, shape and aspect ratio were
proven to be of significant impact as well as processing conditions. Morphologies of the composites
were observed to be affected by the process. Filler orientation was shown to be a key issue in
permeability enhancement while the formation of a filler network inside the matrix was evidenced to
be of major importance for electrical conductivity issues. Functionalization of the filler was also proven
to be of significant interest to improve the filler dispersion and exfoliation in the matrix and thus its
mechanical, thermal, electrical and barrier properties. Two main methods were highlighted: weak non-
covalent attachment of modifiers onto graphene or GO without disruption of its conjugated structure,
and strong covalent attachment of a molecule onto the graphitic surface. For the latter, prior oxidation
to provide functional groups is often required. The last section evidenced the possibility to graft
polymers onto graphene or GO through many different mechanisms including in situ polymerization
of the monomer onto the substrate.

The forthcoming chapters will deal mostly with functionalization strategies to enhance dispersion of
graphite into polyisoprene rubber to improve mechanical and barrier properties.
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Introduction

Covalent modification of GO is often reported in the literature to limit aggregation of the nanoplatelets
and to enhance their dispersion in a matrix. Many studies have been performed with thermoplastic
matrices [85, 122, 277, 287, 288], while fewer papers have been published on elastomer composites
containing functionalized GO. In this section, three strategies are reported. First, the use of a
hydrophobic alkyl amine is discussed to decrease GO hydrophilicity and, therefore, to enhance its
dispersion in polyisoprene. Then, a second strategy is based on the use of a common silane coupling
agent, TESPT, to effectively modify GO. Finally, an attempt to anchor polyisoprene chains onto GO
through the use of a bifunctional molecule is reported.

1. Functionalization strategies
Several chemical covalent functionalization reactions can be performed directly on graphite. However,
graphite oxide, a material prepared by oxidation of graphite, that contains oxygen functional groups
on its surface and edges, may be functionalized using a wider range of chemical reactions, as described
in Chapter 1. In the present study, three main functionalization paths are reported and are summarized
in Scheme 14.
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First graphite was oxidized into GO to provide oxygen functional groups which can be used for further
modification steps. One strategy is based on the grafting of ODA, an amine bearing a long, non-polar
alkyl chain onto GO. The reaction was performed by a nucleophilic substitution path, as described by
Liu et al [289]. A second functionalization path was carried out by using TESPT, a common silane
coupling agent used for further vulcanization, and able to react with GO through a hydrolysis-
condensation reaction [127]. Finally, a third reaction path attempted in this study is the covalent
attachment of polyisoprene chains on the surface of GO sheets. From the grafting of
1-azido-undecanol, a bifunctional modifier, onto GO. The reaction was performed in two steps: (i)
esterification of hydroxyl groups of 1l-azido-undecanol with carboxylic acid groups of GO and (ii)
cycloaddition of azide-modified GO on polyisoprene (through the formation of nitrenes). All these
chemical modifications were characterized using common analytical techniques such as FTIR and TGA.
The grafting content and the influence of the grafted molecules over the affinity of the modified
platelets for non-polar solvents were evaluated.

This chapter first details the synthesis and characterization of GO, which is the starting material for
most chemical modifications performed in this study.

2. Preparation of GO

Graphite can be oxidized according to several well-known methods to incorporate oxygen-based
functional groups on its surface and then provide reactive anchor sites for further modification. Brodie
[290] was the first to synthesize GO using a mixture of potassium chlorate and fuming nitric acid.
However, the process was long (over a week) and hazardous due to the formation of explosive chlorine
dioxide gas. In 1958, Hummers [86] introduced an improved process to oxidize graphite using strong
acids and potassium permanganate as the oxidant, as described in Chapter 1. The latter method has
been used in this study (see Appendix 3.1. for the experimental procedure).

Graphite oxide was characterized by FTIR, Raman, XRD, XPS, TGA measurements as well as TEM and
SEM.

First, FTIR analysis evidenced the presence of oxygen functional groups on its surface (Figure 50).
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Figure 50: FTIR spectrum of graphite oxide.

No functional groups could be evidenced on the surface of graphite, its FTIR spectrum being a flat
signal. On the contrary, several functional groups could be evidenced onto the surface of GO. A wide
peak at around 3370 cm™ is attributed to O-H stretching vibration band while C=0 elongation band of
carboxylic acids appears on the spectrum at 1741 cm™. C-O absorption bands are visible at 1223 cm™?,
1164 cm™ and 1051 cm™ and are related to carboxylic acid, epoxide and hydroxyl groups, respectively.
Carbon-hydrogen elongation bands are observed at 2925 cm™ and 2854 cm™ (for asymmetrical and
symmetrical elongations respectively) and C=C elongation band is visible at 1582 cm™. This analysis is
thus consistent with the presence of hydroxyl, carboxylic acids as well as epoxide groups on the surface
of GO [100].

Moreover, Raman spectroscopy is a useful tool to study graphitic structures so both graphite and GO
spectra are displayed in Figure 51.
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Figure 51: Raman spectra of graphite (GE) and GO.

Graphite exhibits a strong G band at 1576 cm™, characteristic of ordered sp? aromatic carbons, a weak
D band at 1345 cm™ related to structure defects such as sp® carbons and a neat 2D band at 2711 cm™.
GO shows a greatly increased D band due to the formation of many sp® carbons and a broad 2D band
as compared to pristine graphite. The intensity ratio of D and G bands (Ip/lg) is found to increase from
0.20 for graphite to 1.02 for GO, which is known to be related to the incorporation of oxygen functional
groups onto GO surface. The widening of the 2D peak can be attributed to the irregular shape
(wrinkles) of GO. Moreover, graphitic structure is preserved as evidenced by the presence of a strong

G band. A more detailed study of GO Raman spectrum has been reported by Kudin et al [291].

XRD measurements were also performed and revealed an increased interlayer spacing in GO compared
to pristine graphite (Figure 52).
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Figure 52: XRD analysis of graphite and graphite oxide.

114



Indeed, while pristine graphite shows an interlayer spacing of around 3.36 A, GO displays an increased
interlayer distance of 7.41 A due to the anchoring of oxygen functional groups on the nanosheets
surface [2, 73, 292].

Moreover, X-ray photoelectron spectroscopy was performed on GO to provide additional proof of the
presence of different oxygen-based groups (Figure 53).
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Figure 53: XPS C 1s spectrum of GO.

Three main types of carbon binding can be evidenced. A first major peak at 284.9 eV is related to
carbon-carbon bonds, a second peak at 286.3 eV is attributed to single carbon-oxygen bonds and a
third peak at 288.9 eV is linked to carbon-oxygen double bonds. This analysis is thus consistent with
the presence of carboxylic acid, epoxide and hydroxyl groups onto GO surface and corroborates the
analysis [100].

In order to get a more quantitative picture of oxygen-based groups in GO, TGA was performed (Figure
54).
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Figure 54: TGA analysis of graphite oxide under helium with a heating rate of 5 °C/min.

115



Chapter 2: Functionalization of graphite oxide by using a “grafting onto” approach

TGA data shows no significant weight loss for graphite up to 600 °C while GO undergoes around 50 %
weight loss before the temperature reaches 600 °C. GO thermogram can be divided into several
domains: at temperatures below 150 °C, the weight loss can be attributed to the release of physisorbed
water while the main weight loss (of around 30 wt%) at temperatures between 150 °C and 250 °C is
attributed to the pyrolysis of oxygen functional groups. At higher temperatures, more stable oxygen
functional groups eventually degrade. GO is thus thermally unstable due to the presence of heat-
sensitive oxygen functional groups on its surface [73, 293].

Then, morphological studies of graphite and graphite oxide have been performed using TEM and SEM
(Figure 55 and Figure 56, respectively).

Figure 55: High-resolution TEM images of a) graphite and b) graphite oxide.

TEM image of graphite shows parallel lines corresponding to stacked graphene layers. An average
interlayer spacing of around 0.34 nm and a number of layers of about 30 per stack were measured
(Figure 55 a). In comparison with graphite, TEM image of GO shows a much more irregular structure
with strongly wrinkled sheets and an irregular interlayer spacing that could be averaged to 0.41 nm.
This is consistent with the incorporation of functional groups onto graphene layers (Figure 55 b).
However, this measure lacks of precision as it is highly sensitive to the orientation of the sample
towards the beam. Hence, the interlayer spacing of 0.74 nm measured by XRD may be more accurate.

At a wider scale, SEM also provides interesting information on GO morphology, as shown in Figure 56.
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Figure 56: SEM image of GO.

Irregularly-shaped stacks of nanosheets can be seen on the SEM picture of GO. A wide size distribution
is observed as well as the presence of small « patches » on the surface of GO nanosheets. These small
graphitic units can be interpreted as strongly-oxidized graphite small flakes that are adsorbed on GO
surface and that may be removed with an appropriate base wash, as described by Rourke et al [108,
110].

Due to the presence of oxygen-based moieties on GO, the hydrophilicity of graphite and GO is expected
to be very different, which can be confirmed by studying the stability of their suspensions in water
(Figure 57).

Figure 57: Suspensions of a) graphite and b) GO in water at 1 mg/mL.

Indeed, when dispersed in water at a concentration of 1 mg/mL, graphite sediments immediately
(Figure 57 a) while GO sheets disperse well and yield a brown suspension which remains stable after
24 h (Figure 57 b).

All these characterizations have allowed to determine the nature of the chemical moieties present on
GO surface and, to a lesser extent, to give an estimate of their weight fraction (from TGA) in the
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modified filler. Then, chemical modification of GO can be performed using these oxygen—based
functions.

3. Grafting of octadecylamine onto GO

To improve dispersion of polar graphite oxide sheets in a non-polar elastomeric matrix, grafting of alkyl
chains onto its surface can be performed. Octadecylamine (ODA) is a primary amine with a 18-carbon
alkyl chain that has been very widely used for clay modification [187, 294-300] and it has been
successfully adapted for GO functionalization [120-122, 130, 226, 259, 301-303]. Amine end-groups
on ODA are able to react with GO epoxy groups through a nucleophilic substitution (NS) reaction and
through an amidation with carboxylic acid groups on GO edges. However, in presence of amino groups,
GO often reacts mainly by nucleophilic substitution. Indeed, amino groups are reported to react
preferentially with epoxide groups of GO rather than with carboxylic acid groups, which often require
the preparation of an acyl halide functionalized GO to enhance reactivity through an amidation
reaction path [120, 130, 304].

For example, Bourlinos et al [120] reacted ODA onto GO and reported an increase in the interlayer
spacing of the modified GO from 6.78 A to 14.8 A by XRD measurements. Using amines with various
alkyl chain lengths, they showed that the interlayer spacing was increasing with increasing alkyl chain
length. Besides, a neat change in solubility of GO upon functionalization with ODA was reported by Li
et al [122]. They prepared immiscible chloroform / water mixtures and they observed that pristine GO
was entirely localized in the water phase while GO-ODA was well dispersed in the organic phase. Upon
a thermal treatment of the modified GO, they reported an increase in electrical conductivities of
polystyrene films by 3 orders of magnitude due to ODA grafting onto GO [122].

In the present study, ODA reacted with GO through a nucleophilic substitution path. It was performed
according to Scheme 15.
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Scheme 15: ODA grafting onto GO through a nucleophilic substitution reaction.

GO was grafted with ODA in a one-step reaction involving the nucleophilic substitution of ODA onto
GO at room temperature in ethanol (see Appendix 3.2. for the experimental procedure).

ODA grafting onto GO is reported to be performed either at room temperature or under reflux for 5 h
to 24 h [121, 122, 259]. Li et al [122], performing NS of ODA under reflux in ethanol, reported
simultaneous partial reduction of GO upon a solvothermal process. Hence, after refluxing ODA with
GO for 20 h in ethanol, they observed a darker color of the suspension from brown to black and
evidenced increased thermal stability of GO-ODA as compared to pristine GO, that they attributed to
reduction of the functionalized GO.

In the present study, octadecylamine was grafted onto GO and it is expected that the compatibility
with non-polar polyisoprene will be improved by the presence of long non-polar alkyl chains.

First, the grafting of octadecylamine onto GO was evidenced through FTIR characterization (Figure 58).
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Figure 58: FTIR spectra of GO and GO-ODA.

From Figure 58, it can be seen that GO-ODA shows a reduced O-H absorption band in the 3500-
3100 cm™ range. Additional bands at 2917 cm™, 2848 cm™, 1466 cm™ and 719 cm?, attributed to the
C-H bands of CH; groups of the octadecyl chain, are also visible. They can be related to C-H asymmetric
stretching, C-H symmetric stretching, C-H asymmetric bending and C-H rocking bands, respectively.
Besides, a new peak at 1567 cm™ attests for the presence of C-N bonds of ODA. Moreover, it is
suggested that no free ODA remains in the sample, as the characteristic band of primary amines in the
3300-3200 cm™ region is not visible. Finally, FTIR analyses suggest that ODA reacted mostly through a
nucleophilic substitution on epoxide groups of GO as the intensities of C-O-C peaks in the 1165-1050
cm™ region are reduced as compared to pristine GO, as discussed by Li et al [122].

A quantitative analysis of the product was also performed through TGA (Figure 59).
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Figure 59: TGA thermogram of GO and GO-ODA under helium at 5 °C/ min.

GO-0DA exhibits a main weight loss at around 200 °C attributed to the degradation of GO functional
groups. A second weight loss between 250 °C and 450 °C can be attributed to ODA degradation. A
grafting content of 10 wt% could be calculated from the thermogram (after subtracting the
contribution of pristine GO). This grafting content (10 wt%) is lower than the value reported by Zhang
et al [301] who obtained a grafting content of 37 wt% after one night at 75 °C. Liu et al [121] reported
a value of 25 wt% after reaction for 2 h at 78 °C. Besides, contrary to several studies, no simultaneous
reduction of GO platelets occurred during the NS reaction [121, 122].

Moreover, the modified platelets exhibited strongly enhanced stability in toluene at a concentration
of 1 mg/mL, as compared to pristine GO (Figure 60).

Figure 60: Suspensions of a) graphite oxide and b) graphite oxide - octadecylamine in toluene at a concentration of
1 mg/mL.

Indeed, the organic octadecyl tail of ODA enables a greatly increased compatibility of GO with non-
polar organic solvents such as toluene which is a good solvent for polyisoprene (Figure 60 b). An
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increased compatibility of GO with polyisoprene rubber is thus expected after functionalization with
ODA.

The morphology of the platelets was observed by SEM (Figure 61).
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Figure 61: SEM pictures of a) GO and b) GO-ODA.

Both GO and GO-ODA platelets exhibit the same morphologies with oxidative debris visible on top of
the platelets. Besides, no decrease in the platelets lateral dimensions was observed (with lateral
dimensions ranging from 2 um to 10 um). Thus, the functionalization did not induce significant changes
in the morphology of the platelets.

In conclusion, grafting of ODA onto GO through a NS has been performed and the corresponding
modified platelets were characterized. The presence of long, non-polar alkyl chains was confirmed by
FTIR and a grafting content of 10 wt% was calculated from TGA measurements. Suspensions of the
grafted GO platelets exhibited enhanced stability in toluene at concentrations up to 1 mg/mL, thus
suggesting increased compatibility with non-polar polyisoprene matrix. In the next section, a second
functionalization path is reported, involving TESPT, a common silane coupling agent.

4. Grafting of TESPT onto GO

Silane coupling agents are very commonly used in elastomer compounds for silica compatibilization
[305—-308]. They react with silica through hydrolysis-condensation of the trimethoxysilane groups onto
the silanol groups of silica to create Si-O-Si covalent bonds. These coupling agents enable a lowering
of silica surface energy and decreased hydrophilicity of the silica particles, thus increasing their
compatibility with elastomers. The use of silane coupling agents leads to better dispersion of silica
particles in the rubber matrix that otherwise tend to aggregate due to strong particle-particle
interactions.

Similar studies were performed with other fillers such as CNTs [309-312]. Hence, Nakaramontri et al
[309, 310] investigated the effect of two common silica coupling agents: aminopropyltriethoxysilane
(APTES) and bis[3-(triethoxysilyl)propyl]tetrasulfide (TESPT) on the properties of epoxidized natural
rubber (ENR) — CNTs composites. They observed enhanced dispersions of the nanotubes treated with
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APTES or TESPT and increases in electrical conductivity and tensile properties. The stress at 100 %
strain was found to increase from 2.2 MPa to 4.7 MPa upon addition of TESPT at a concentration of
0.06 mL/(g of CNTs) in ENR composites containing 5 phr of CNTs. Using Flory-Rehner equation, they
also observed a small increase in crosslinking density from 251 mol/m3 to 264 mol/m3 upon addition
of TEPST in ENR — CNTs composites at 5 phr. They reported chemical bonding of the silica coupling
agent with CNTs and ENR [310].

Similarly to silica, graphite oxide is a hydrophilic material that tends to aggregate when incorporated
into elastomeric matrices. This similarity led some authors to apply traditional silica modifications
techniques to GO [127, 313].

Bis[3-(triethoxysilyl)propyl]tetrasulfide (bisTESPT or TESPT or Si69) is a very common silane coupling
agent used in rubber industry. It combines the ability to bind to silica through hydrolysis-condensation
reactions and the ability to provide sulfur for covalent bonding with diene elastomers, such as
polyisoprene, during vulcanization. Wu et al [127] reported that TESPT could also be used as a GO —
elastomer coupling agent. Hence, they grafted TESPT onto GO through hydrolysis-condensation
reactions and then, in situ reacted sulfur with natural rubber during vulcanization. They observed
increased tensile strength of NR composites from 10 MPa for pristine GO to 15 MPa for GO-TESPT at 1
wt%. Besides, they reported a 55 % decrease in air permeability of GO-TESPT composites at 1 wt%
loading, compared to the neat elastomeric matrix.

In the present study, TESPT has been grafted onto GO through a hydrolysis-condensation reaction, as
shown in Scheme 16.
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Scheme 16: Hydrolysis-condensation of TESPT onto GO.

TESPT is grafted onto GO through hydrolysis-condensation of trimethoxysilane groups onto both
hydroxyl and carboxylic acid groups of GO (see Appendix 3.3. for the experimental procedure). The
resulting modified fillers contain TESPT chains that may then split upon heating to higher temperature
to create sulfur bridges with polyisoprene.

The resulting product was characterized trough FTIR, TGA and SEM.

FTIR spectrum is displayed in Figure 62.
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Figure 62: FTIR spectra of GO and GO-TESPT.

The FTIR spectrum of TESPT is not straightforward. Sulfur-sulfur as well as sulfur — carbon bonds usually
exhibit very weak absorption bands in the 710-550 cm™ region. However, in the 1100-1000 cm™
wavenumber range, a band at 1027 cm™ is observed and may be attributed to Si-O-C stretching of
grafted TEPST grafted onto GO. Wu et al [127] reported similar results upon grafting TESPT onto GO.
Besides, no signal in the 2900-2500 cm™ region is observed thus showing that no thiol (S-H bond) were
formed and suggesting that polysulfide bonds in TESPT were not affected. The FTIR spectrum of GO-
TESPT is thus not inconsistent with the grafting of TESPT onto GO through a hydrolysis-condensation
reaction.

To investigate the amount of TESPT grafted onto GO, TGA analysis was performed (Figure 63).
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Figure 63: TGA thermogram of GO and GO-TESPT under helium at 5 °C/min.

The first weight loss below 100 °C is decreased as compared to pristine GO thus showing decreased
hydrophilicity of GO-TESPT. Two main domains are then observed: one around 200 °C attributed to the
degradation of GO functional groups and the other one in the temperature range 250 °C-450 °C related
to TESPT degradation. The difference between GO-TESPT weight loss in that region and pristine GO
weight loss gives a TESPT grafting content of 6 wt%. This grafting content is consistent with other
results reported in the literature for trimethoxysilane grafting onto GO. Hence, Guimont et al [128]
reported a 5.3 wt% grafting for alkoxy(7-octen-1-yl)silane onto GO using a similar procedure.

Besides, the grafting of TESPT onto GO led to an increase in the stability of its corresponding
suspensions in toluene, as shown in Figure 64.

Figure 64: Digital images of suspensions of a) GO and b) GO-TESPT in toluene, at a concentration of 1 mg/mL.
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GO-TESPT exhibits better dispersibility than pristine GO in toluene at a concentration of 1 mg/mL, thus
indicating better compatibility with non-polar molecules than pristine GO. It can thus be expected that
GO-TESPT will disperse better than GO in non-polar elastomeric matrices such as polyisoprene.

Moreover, the morphology of the modified platelets was investigated by SEM (Figure 65).

Figure 65: SEM pictures of a) pristine GO and b) GO-TESPT.

SEM pictures show no significant difference between GO and GO-TESPT. Platelets with lateral
dimensions ranging from 20 um to less than 2 um were observed for GO-TESPT material. Oxidized
debris are still observed on top of GO-TESPT platelets (Figure 65), due to the oxidation process [108,
110]. The small changes observed indicate that GO morphology was well preserved after the
functionalization reaction.

TESPT could thus be grafted onto GO by a hydrolysis-condensation reaction. A grafting content of
6 wt% was evidenced by TGA, and a significant increase in stability of suspensions of modified GO in
toluene could be achieved up to a concentration of 1 mg/mL. In a further study, the grafting of
polyisoprene on GO-TESPT could be performed. Hence, TESPT bears sulfur atoms that may react with
polyisoprene double bonds to form crosslinks between GO-TESPT and polyisoprene.

In the last section, the covalent attachment of polyisoprene chains on the surface of GO has been
attempted, in two steps, using a bifunctional modifier.

5. Grafting of polyisoprene chains onto GO through nitrene

chemistry
Grafting of polymer chains onto GO has been widely reported in the literature [137, 314-318]. A wide
range of chemical reactions may be used. Hence, Sun et al [318] reported the grafting of polystyrene
chains onto the surface of GO using azide chemistry and they obtained a polystyrene weight content
of 20 % (one chain per 1500 carbons in the graphene lattice). They also reported enhanced
dispersibility of the modified platelets in organic solvents such as DMF [318]. Similarly, Guimont et al
[137] reacted azido-polyethylene onto GO. They achieved a polyethylene grafting content of less than
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1 wt%, but they noticed anyhow a strong increase in affinity of the platelets for heptane as compared
to unfunctionalized reduced GO platelets that sediment immediately in heptane.

In this study, a “grafting to” procedure was applied to anchor polyisoprene chains onto the surface of
GO. This reaction path requires adequate functional groups on GO and the polymer or the use of an
appropriate modifier, able to react with both the graphitic substrate and the elastomer.

Compatibilization of GO sheets with polyisoprene was attempted through the grafting of polyisoprene
chains onto the surface of GO in two steps, using a bifunctional molecule as a modifier, as shown in
Scheme 17.
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Scheme 17: Grafting of polyisoprene onto azide-modified GO.

The reaction involves the use of a bifunctional molecule such as 1-azido-undecanol, able to react with
GO and IR. First, the hydroxyl functionality of the modifier can react with carboxylic acid groups of GO
through an esterification reaction, leading to GO bearing azide functionalities, that can further react
with polyisoprene double bonds through nitrene chemistry (cycloaddition reactions).

5.1. Esterification of 1-azido-undecanol onto GO
Esterification reaction onto GO has been widely described in the literature [66, 319-321]. Many
authors reported the use of either carboxylic or hydroxyl groups on GO to react with a functional
molecule. Hence, Jia et al [129] reacted either polyols and dicarboxylic acids onto GO to create
crosslinked membranes. The membranes were reported to be ion selective and showed a 15.6 times
higher elastic modulus than pristine GO [129]. Similarly, Cano et al [319] prepared modified GO
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membrane through ester bonding between PVA and GO. The resulting modified membranes
containing PVA with molecular weights from 50 to 150 kg/mol exhibited improved Young’s modulus
by 60 % and improved tensile strength by 40 % as compared to pristine GO membranes [319].

In the present study, ester bonds between 1-azido-undecanol and GO were formed (see Appendix
3.4.1. for the experimental procedure). The resulting product was characterized by FTIR, TGA, UV-vis
spectroscopy, GC-MS and XPS.

FTIR is a fast and convenient technique to investigate the structure of a material. Herein, GO-azide was
characterized by FTIR, as shown in Figure 66.
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Figure 66: FTIR spectra of GO and GO-azide.

Characteristic vibration peaks of GO are visible. Besides, two new peaks at 2925 cm™ and 2854 cm™
may be observed and may be attributed to C-H asymmetric and symmetric stretching bands
respectively of the CH, groups of the Ci; alkyl chain of the grafted 1-azido-undecanol. However, these
peaks are in the same region as vibration bands of aromatic carbons of GO and their attribution is not
straightforward. In the 3600-3100 cm™ region, O-H stretching vibration band is almost not observed,
thus showing a strong decrease in the hydrophilicity of the material, due to the grafting of 1-azido-
undecanol. Besides, a peak at 2093 cm™ may be attributed to N=N vibration band of the azide groups
[322]. FTIR spectrum may thus confirms the presence of 1-azido-undecanol onto GO.

To ensure that all 1-azido-undecanol is grafted onto GO, several washing steps were performed and
their efficiency was followed by UV-vis spectroscopy. Figure 67 shows the UV-vis absorption spectra of
the supernatants resulting from the last 4 washing steps (numbered from 8 to 12).
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Figure 67: UV-vis absorption spectra of supernatants n°8 to 12 from GO-azide washing with THF.

In the supernatant n°8, a broad absorption band at 280 nm is observed and can be attributed to the
presence of 1-azido-undecanol [323]. In the supernatant n°11, the intensity of this absorption band is
largely reduced. It can be observed that no further decrease is seen in the supernatant n°12, suggesting

that all extractible 1-azido-undecanol has been removed.

XPS analysis was also performed on GO-azide. The low-resolution spectrum and the high-resolution

C 1s spectrum are displayed in Figure 68.
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Figure 68: XPS spectra of GO-azide. a) low resolution spectrum of GO-azide and b) high resolution C 1s spectrum of GO-

azide.

The appearance of a peak attributed to N 1s at 400 eV can be observed and corresponds to the

presence of azide groups (Figure 68a). Moreover, the C 1s spectrum of GO-azide shows characteristic
C=0, C-0 and C-C peaks o GO suggesting that GO structure was well preserved.

Then, thermogravimetric analysis of azide-modified GO was performed to quantify the amount of 1-
azido-undecanol grafted onto the surface (Figure 69).
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Figure 69: TGA thermogram of GO and GO-azide under helium at 5 °C/min.

As for GO, three main domains are seen. A first mass loss below 100 °C is attributed to the removal of
physisorbed water from the surface. This loss is lower than for pristine GO, suggesting a more
hydrophobic material. At a temperature of around 200 °C, a main mass loss due to the degradation of
oxygen functional groups (pyrolysis) is visible. Finally, at higher temperatures, a greater mass loss than
pristine GO is observed and is attributed to the grafted azide onto GO. The weight loss difference in
the 250 °C-450 °C temperature range is of 9 wt%, corresponding to an “azide” grafting density of
0.435 mmol/g.

In addition, the stability of azide-modified GO platelets in toluene was investigated (Figure 70).

Figure 70 : Suspensions of a) GO and b) GO-azide in toluene at a concentration of 1 mg/mL.

The modified platelets showed slightly enhanced stability as compared to pristine GO dispersions in
toluene at a concentration of 1 mg/mL.

Besides, gas chromatography - mass spectrometry (GC-MS) has been performed to investigate
whether the azide functionality had been degraded during grafting. Even if its FTIR spectrum seems to
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indicate that the N; group is still present, GC-MS is more accurate in determining the presence of azide
functional group onto modified GO. Two different experimental conditions were used (Figure 71).
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Figure 71: GC-MS spectra of GO-azide after heating at a) 180 °C and b) 275 °C.

The first sample was heated at 180 °C for 30 min under argon (no degradation of the azide group to
nitrene radical expected) and the second one was heated at 275 °C for 30 min under argon prior to
analysis. For the sample heated at 180 °C, fragments such as Ci1H2:Ns (153), Ci1Hz1 (196) and CH3Ns
(57) were identified and are consistent with the presence of azide groups onto the surface of GO.
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However, when GO-azide is heated at higher temperatures prior to GC-MS analysis, no such fragments
can be identified, suggesting that the azide groups are degraded [324]. This analysis is thus consistent
with the previous analyses and enables the reaction of azide groups onto modified GO to potentially
react with polyisoprene in a second step, through a cycloaddition reaction. Indeed, it is expected that
azide groups will lead to the formation of nitrene radicals, at temperatures higher than 180 °C, that
are able to react with polyisoprene double bonds through a cycloaddition reaction.

Finally, the morphology of the platelets was investigated by SEM (Figure 72).
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Figure 72: SEM pictures of a) GO and b) GO-azide.

Both materials exhibit similar morphology. GO-azide sample is made of wrinkled platelets of 10 um to
20 um, containing few oxidative debris [108, 110].

In this section, GO-azide has thus been successfully prepared with azide groups available for further
modification steps.

1-azido-undecanol could thus be grafted on GO by an esterification reaction. A grafting content of
9 wt% was achieved, and a significant increase in stability of suspensions of modified GO in toluene
could be achieved up to a concentration of 1 mg/mL. Besides, GC-MS analysis evidenced that azide
groups were not degraded during the grafting of 1-azido-undecanol onto GO, which enables further
functionalization of GO using azide groups of GO-azide.

5.2. Cycloaddition of GO-azide onto polyisoprene
As discussed before, nitrenes are reactive species that are often regarded as carbene analogues and
they are formed from decomposition of azides by removal of nitrogen gas. Thus, the resulting product
contains a nitrogen atom with six electrons available and is therefore an electrophilic species. These
species are however too reactive to be isolated and they can react through cycloaddition reactions
with unsaturated bonds to form aziridines groups [46, 325—-327].

Several groups have reported the use of azide compounds to crosslink elastomers [328-331]. For
example, Damiron et al [328] used 1,12-diazidododecane to crosslink poly(dimethylsiloxane-co-
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methylvinylsiloxane) elastomer. They achieved a fraction of elastically active crosslinks of 160 mol/m3.
They claimed that their system could also be adapted to a wide range of unsaturated polymers [328].

In the present study, nitrene chemistry is performed to graft polyisoprene chains onto azide-
functionalized GO surface (see Appendix 3.4.2. and 3.4.3. for the experimental procedures). Upon
heating at a temperature of 190 °C, azide-grafted GO reacts onto polyisoprene through the addition of
nitrene radicals located on GO with polyisoprene double bonds, as previously shown in Scheme 17.
The product (GO-azide-IR) was characterized by TGA, XPS and SEM.

TGA thermograms of GO, GO-azide, GO-azide-IR and GO heated at 190 °C are presented in Figure 73.
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Figure 73: TGA thermograms of pristine GO, GO-azide, pristine GO heated at 190 °C during 64 h under argon (GO_190 °C)
and GO-azide-IR.

The first observation one can make is that GO underwent reduction during the reaction. Hence, upon
heating pristine GO at 190 °C, a strong decrease in the total mass loss is seen. In the 150-250 °C region,
12 wt% loss is measured for pristine GO heated at 190 °C while pristine GO shows more than 32 wt%
mass loss in the same region. The reduction of GO occurred through a solvothermal process in which
thermal decomposition of oxygen functional groups occurs when heated in a solvent. Hence, Dubin et
al [159] reported the solvothermal reduction of GO in NMP without the use of any reducing agent.
Other groups reported similar observation for solvothermally reduced GO [128, 137, 152]. GO-azide-
IR shows a very similar behavior than solvothermally reduced GO (GO_190 °C). It can thus be guessed
that very low amount of polyisoprene has been grafted onto GO-azide. A difference of 2.5 wt% at
600 °C can be observed between the GO_190 °C sample and the GO-azide-IR one. However it is
questionable whether such a small value is significant.

To further characterize the material, XPS analysis was also performed (Table 8 and Table 9). The
following tables gather atomic compositions as well as the nature of the chemical bondings in pristine
GO, GO-azide and GO-azide-IR samples.
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C 0 N

GO 75.1 24.0 /
GO-azide 69.6 27.8 2.5
GO-azide-IR 84.7 11.8 2.0

Table 8: Atomic compositions of pristine GO, GO-azide and GO-azide-IR samples.

C-C/C-H C-O/C-N 0-C-0 / N-C-O 0-C=0/0-C=N/
N-C=0

GO 69 11 13 6
GO-azide 56 12 22 10
GO-azide-IR 94 2 1 3

Table 9: Chemical bondings in pristine GO, GO-azide and GO-azide-IR samples.

From Table 8, it can be seen that GO contains no nitrogen while GO-azide samples contain 2.5 %. In
GO-azide-IR sample, a small decrease of 0.5 % is observed. This change is however too low to be
considered as significant. However, the decrease in oxygen content from 27.8 % to 11.8 % for GO-azide
and GO-azide-IR respectively, is significant and can be attributed to the reduction of GO during heating
at 190 °C, corresponding to the removal of most oxygen groups from GO surface. Table 9 confirms that
C-C and C-H bonds content increase from 56 % to 94 % from GO-azide to GO-azide-IR, due to the
solvothermal reduction occurring during the reaction. Dubin et al [159] also reported a significant
increase in the intensity of the peak corresponding to C=C bond, while the oxygen content decreased
markedly upon reduction of GO.

Then, the stability of suspensions of GO-azide-IR in toluene was investigated (Figure 74).

Figure 74: Digital images of suspensions of a) GO, b) GO-azide and c) GO-azide-IR in toluene at a concentration of
1 mg/mL.

Increased stability in toluene at a concentration of 1 mg/mL was observed for GO-azide-IR, as
compared to pristine GO and to GO-azide. This difference is expected to be due to the reduction of the
hydrophilicity of GO through removal of most oxygen groups during reduction. Several groups reported
that reduced GO exhibited enhanced dispersibility in organic solvents such as DMF, NMP and DMSO
but little stability in toluene was often reported due to a low polarity of this solvent [159, 332]. It is
thus possible that the modified platelets in this study show a good dispersibility in toluene due to
grafting of a few polyisoprene chains on the surface of GO as well as remaining alkyl chains from 1-
azido-undecanol grafting.

Scanning electron microscopy was also performed on the modified platelets to study the morphology
of GO-azide-IR nanosheets (Figure 75).
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Figure 75: SEM pictures of a) pristine GO and b) GO-azide-IR.

Both materials exhibit platelet morphology with wrinkled surface. On GO-azide-IR sample no oxidative
debris are observed indicating that they have been removed by the reduction process and by the
washing procedure [110]. However, the very low content of polyisoprene chains on the surface of GO
is not able to change its morphology.

In conclusion, GO has been modified with 1-azido-undecanol through an esterification reaction with a
grafting content of 9 wt%. Through GC-MS analysis, it has been shown that azide functionalities were
not degraded during the process. In a second step, GO-azide was reacted onto polyisoprene through a
cycloaddition reaction. However, no significant efficiency of the reaction was observed and it was
concluded that the platelets underwent mainly reduction due to a solvothermal process. Suspensions
of the modified GO exhibited anyhow an increase in the stability of suspensions in toluene at up to a
concentration of 1 mg/mL.

Conclusion

In this chapter, several modification pathways of GO have been investigated. First, the preparation and
characterization of GO, a graphitic material containing oxygen functional groups such as epoxide,
carboxylic acid groups and hydroxyl groups, has been reported. The presence of these reactive sites
was evidenced through FTIR. Besides, TGA showed a degradation profile in three steps: (i) loss of
physisorbed water (~ 10-15 wt%), (ii) pyrolysis of most oxygen-based functional groups (~ 30 wt%) at
a temperature around 200 °C and (iii) pyrolysis of most stable oxygen groups (~ 5wt%). GO platelets
were observed to lead to stable suspensions in water at concentrations of 1 mg/mL. Then, several
functionalization reactions have been performed on GO platelets, involving its oxygen-based
functional groups.

In a first functionalization path, octadecylamine has been grafted onto GO for compatibilization with
polyisoprene. Hence, its long non-polar alkyl chains reduced GO hydrophilicity and increased its affinity
for organic solvents such as toluene at 10 wt% grafting content, thus suggesting enhanced GO-ODA /
polyisoprene compatibility. The reaction was performed through a NS reaction path and, in a further
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study, the use of different experimental conditions could enable amidation reactions to occur and thus,
could increase the ODA grafting density onto GO.

In a second section, the grafting of TESPT, a common silane coupling agent, onto GO was performed.
The reaction led to a 6 wt% grafting content and increased stability of suspensions of the modified
filler in toluene at a concentration of 1 mg/mL. In a further study, GO-TESPT could react with
polyisoprene double bonds to form sulfur crosslinks between GO-TESPT and polyisoprene, to enhance
compatibility of GO-TESPT with a polyisoprene matrix.

In a last section, a functionalization in two steps, involving the grafting of bifunctional molecule onto
GO and IR chains has been performed. 1-azido-undecanol could be grafted onto GO surface through
an esterification reaction at room temperature with a grafting content of 9 wt%. In a second step, the
cycloaddition of GO-azide onto IR chains has been performed. The material was shown to undergo
solvothermal reduction (i.e. removal of most oxygen functional groups present on the surface of GO)
during the heating process. A low grafting content of 2.5 wt% was achieved and was anyhow able to
significantly increase the stability of GO suspensions in toluene at a concentration of 1 mg/mL.

Grafting of short molecules onto GO has thus proven to be of significant interest in enhancing
dispersibility and compatibility of GO-based fillers in a polyisoprene matrix. The covalent attachment
of polyisoprene chains onto the surface of GO has been attempted but did not lead to a high grafting
content. However, other methods such as in situ polymerization can be attempted in order to
incorporate a greater amount of IR chains onto GO. Chapter 3 will thus deal with in situ polymerization
onto GO, through several methods.
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Introduction

To achieve enhanced dispersion and compatibility with various matrices, grafting of polymer chains
onto GO surface has been performed in chapter 2 by addition of short compatibilizing molecules or
polymers. The latter yielded a low grafting content of only 2.5 wt% when prepared using cycloaddition
reaction. Another method to covalently anchor polymers onto GO surface has been reported and
consists in in situ polymerization of a monomer in presence of GO. In situ polymerization strategies are
often complex to perform and it may be difficult to control properly the structure and molecular weight
of the final polymer [314]. Besides, this method often requires modification of the graphitic substrate
prior to the polymerization reaction (chemical modification with an initiator for example). For example,
the grafting of N-(2-aminoethyl)-2-bromo-2-methylpropanamide (OBr) onto GO for styrene ATRP
polymerization has been reported [333]. However, many research groups have achieved interesting
results and a great number of studies have been published in the field of thermoplastics [73-75, 334,
335]. However, little work has been performed with elastomers. Anyhow, Garcia-Valdez et al [336]
have studied the in situ polymerization of isoprene onto GO through nitroxide mediated radical
polymerization. They obtained 68 wt% of polyisoprene grafted on GO surface with an average molar
mass of 760 g/mol. Other groups also reported in situ polymerization of isoprene onto GO or carbon
nanotubes [337, 338].

In the present study, in situ polymerization of isoprene according to two strategies has been carried
out.

1. Functionalization strategies

To increase compatibility between non-polar polyisoprene (IR) and polar GO, covalent
functionalization of GO has been performed through the grafting of IR chains onto the surface of GO.
A “grafting through” method has been chosen, involving in situ polymerization of isoprene monomer
onto functionalized GO sheets. In a first step, GO has been grafted with alkoxysilanes bearing dangling
double bonds that can act as “anchor sites” for polyisoprene chains. Indeed, hydrolysis-condensation
reaction of alkoxysilane reagents with the carboxylic acid and hydroxyl groups of GO is well-known and
has already been widely reported in the literature [28, 123—-125, 128]. In a second step, isoprene has
been in situ polymerized onto previously functionalized GO through a radical or a cationic process. This
reaction is challenging as it has not often been reported in the literature. Moreover, blank experiments
without GO have been performed to show the ability of isoprene to polymerize through a radical and
a cationic method.

Scheme 18 sums up the functionalization strategies developed in this section.
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Scheme 18: Functionalization strategies for the grafting of IR onto GO.

Graphite oxide was first modified by 3-acryloxypropyltrimethoxysilane (APTMS) or
allyltrimethoxysilane (allyl) through a sol-gel process, followed by in situ free radical or cationic
polymerization of isoprene onto the resulting modified GO. Then, polyisoprene-functionalized GO
nanosheets were isolated and characterized [339].

143



2. Grafting of acryloxy and allyl groups onto GO through a
hydrolysis-condensation reaction

2.1. APTMS grafting onto GO
To reduce GO hydrophilicity and to increase its compatibility with a polyisoprene matrix, it has been
chosen in the present study to graft polyisoprene chains onto the surface of GO. A grafting through
procedure, involving in situ free radical polymerization of isoprene on functionalized GO, has been
performed.

To polymerize isoprene in situ on GO, anchor sites are necessary. Hence, GO needs to be modified in
order to bear easily available double bonds for isoprene units attachment in presence of an initiator.
In this study, GO was first modified with 3-acryloxypropyl trimethoxysilane (APTMS) to provide an
acrylic double bond for isoprene polymerization. Indeed, APTMS is a reactive molecule bearing
methoxysilane groups that can react with GO carboxylic acid and hydroxyl groups via a hydrolysis-

condensation reaction (Scheme 19).

Scheme 19: APTMS grafting onto GO.

APTMS is grafted onto GO via a hydrolysis-condensation reaction involving Si-O-C linkages. Anchoring
alkoxysilanes on GO surface has already been reported by several groups such as Matsuo et al [340,
341] who used various aminopropyltriethoxysilanes and reached a grafting density of around
4 mmol/g, as determined by TGA. Guimont et al [128] also grafted trimethoxy(7-octen-1-yl)silane
(TMOS) through a similar procedure and obtained a grafting density of about 0.2 mmol/g. They showed
that the use of increasing quantities of TMOS had no significant effect on the grafting density and they
obtained stable suspensions of GO-TMOS in PDMS oil at a concentration of 0.1 mg/mL. Besides, they
were able to use dangling TMOS double bonds to graft PDMS through a hydrosilylation reaction.

In the present study, APTMS-grafted GO (GO-APTMS) was synthesized according to the method of
Guimont et al [342] and similar results were obtained (the experimental procedure is described in
Appendix 4.1.1.). GO sheets containing 4 wt% of APTMS (0.24 mmol/g) and bearing acrylic double
bonds have been prepared and the APTMS grafting did not affect the morphology of the platelets
observed by SEM, nor the stacking structure, as revealed by XRD and Raman spectroscopy (see
Appendix 4.3.). However, a significant reduction in hydrophilicity of the platelets has been achieved.
GO-APTMS sheets showed good affinity for toluene, thus suggesting potentially good compatibility
with both isoprene and polyisoprene.
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2.2. Allyltrimethoxysilane grafting onto GO
Similarly to APTMS, allyltrimethoxysilane was grafted onto GO through a hydrolysis-condensation
reaction. Allyl group was preferred over acrylic group because allyltrimethoxysilane is less polar than
APTMS. The reaction path is shown in Scheme 20. GO-allyl stands for “allyltrimethoxysilane-grafted
GO”.
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Scheme 20: Grafting of allyltrimethoxysilane onto GO.

The experimental procedure is similar to APTMS grafting onto GO (see Appendix 4.1.4.).

GO-allyl was characterized qualitatively and quantitatively. FTIR analysis provided evidence of
allyltrimethoxysilane presence on GO (Figure 76).
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Figure 76: FTIR spectra of GO (top) and GO-allyl (bottom).

In pristine GO, the hydroxyl region exhibits a wide OH stretching vibration band in the range 3600-
3100 cm™ due to physisorbed water while the GO-allyl spectrum displays a reduced OH stretching
vibration band due to grafting. The peak at 1720 cm™ may stem from the stretching vibrations of C=0
bonds. However, the FTIR analysis did not permit to clearly attest for the presence of both C=C—H
asymmetric and symmetric stretching at 3081 cm™ and 2979 cm™, respectively and C=C bending at
1633 cm™. Moreover, the expected Si-O bonds in the range 1000-1100 cm™ are difficult to distinguish
from the absorption bands of neat GO [343, 344].
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In addition, XPS analysis were performed but no clear evidence of the allyltrimethoxysilane grafting
onto GO could be observed (see Appendix 4.2.).

Then, XRD measurements were performed to investigate the influence of allyltrimethoxysilane grafting
onto the interlayer spacing of GO (Figure 77).
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Figure 77: XRD spectra of GO and GO-allyl.

No significant increase in interlayer spacing of GO-allyl was observed in comparison with pristine GO
(Figure 77). A similar interlayer distance of 7.4 A was measured. This may indicate that
allyltrimethoxysilane molecules are mainly grafted on the edges rather than between GO layers. Other
studies also reported very small effect of the chemical grafting on the interlayer distance [128, 345]

A quantitative approach by thermogravimetric analysis (TGA) allowed accurate determination of the
grafting density of the allyl units on the surface. TGA curves of unmodified GO and GO-allyl were
recorded in helium atmosphere and are displayed in Figure 78.
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Figure 78: TGA thermogram of GO and GO-allyl.
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Allyl-functionalized GO sheets show reduced weight loss below 100°C as compared to pristine GO
because attachment of allyltrimethoxysilane makes the surface of GO more hydrophobic. The amount
of grafted allyltrimethoxysilane on GO can be calculated from the TGA data by measuring the
difference in weight loss observed in the temperature range 250-450 °C (Figure 78). Considering a
weight loss of 4 % after subtracting the contribution of GO decomposition in the same temperature
range, the calculation gives an allyltrimethoxysilane graft density of 0.24 mmol.g™. For comparison,
Guimont et al. [128] reported a weight loss of 5.3 % (0.2 mmol.g™) for the grafting of trimethoxy(7-
octen-1-yl)silane onto the GO surface. The stability of GO-based dispersions in toluene was also
observed directly and the aspect of the suspensions confirms that the hydophilicity of GO is decreased
after allyltrimethoxysilane grafting (Figure 79).

Figure 79: Suspensions of a) GO-allyl and b) GO at a concentration of 1mg/mL in toluene.

Indeed, when placed in toluene, GO sheets sediment almost immediately while GO-allyl sheets, at a
concentration of 1 mg.mL?, disperse well and yield a homogeneous black suspension for at least 24 h.

Then, the morphology of allyl-modified GO was investigated by SEM.

Figure 80: SEM pictures of a) GO and b) GO-allyl.

No significant changes were observed in the morphology of the GO-allyl sample, indicating that the

Ill

structure of GO is preserved. Wrinkled sheets of various sizes with small “oxidized patches” on the

surface of the platelets are seen [108, 110]. Sheet sizes in GO and GO-allyl are similar (< 5 um).

147



Thus, through several characterization methods, it has been shown that allyltrimethoxysilane-grafted
GO sheets have been successfully prepared with a grafting content of 4 wt%, as determined by TGA.
The modified nanoplatelets exhibit enhanced stability in toluene, thus indicating increased
compatibility with non-polar media, and then expectedly with elastomers.

The presence of dangling allyl groups on GO-allyl nanosheets was the prerequisite for polyisoprene
covalent attachment through in situ polymerization.

3. In situ polymerization of isoprene onto modified GO

3.1. Emulsion free radical polymerization of isoprene in the presence
of GO-APTMS

In situ polymerization of isoprene on GO has been reported by Garcia-Valdez et al [336], using nitroxide
mediated radical polymerization (NMRP). Surface modification and functionalization of GO was
achieved by using 2,2,6,6-tetramethyl-piperidine 1-oxyl (TEMPO, T), thus allowing the “grafting from”
polymerization technique. GO-T acted as a multifunctional macroalkoxyamine initiator thus controlling
the polymerization of isoprene [336]. The polymerization reaction was performed at 130 °C during 144
h under 150 psi to obtain polyisoprene-GO. A grafting content of 68 wt% was determined by TGA and
a IR molar mass of 760 g/mol was calculated corresponding to 11 monomer units per polyisoprene
chain [336].

For comparison, radical polymerization of isoprene has also been performed on carbon nanotubes
using ARGET ATRP method to in situ polymerize isoprene from 2-bromoisobutyryl bromide-GO. The
authors gravimetrically calculated a CNT content decreasing from 14.7 wt% to 9.6 wt% with increasing
polymerization time due to a greater polyisoprene content [337].

In this work, emulsion free radical polymerization of isoprene onto the acrylic double bond of GO-
APTMS has been attempted (Scheme 21).
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Scheme 21: Emulsion radical polymerization of isoprene onto GO-APTMS.

In a first step, GO was functionalized with APTMS through a sol-gel reaction, as described in section 2
(see Appendix 4.1.1.). In a second step, isoprene was in situ polymerized onto GO-APTMS according to
a free radical method.

Before achieving in situ polymerization, a blank experiment was carried out to study isoprene radical
polymerization.

3.1.1. Blank experiment
Isoprene polymerization has been reported in the literature. A wide range of polymerization methods
have been described: anionic [346—348], cationic [173, 174, 349-352], coordinate [353—359] and
radical polymerization [177-181, 360-363] methods. In this study, the use of a free radical
polymerization has been chosen. Based on the study of Cheong et al [181], isoprene radical
polymerization has been performed in emulsion. In their work, they investigated several redox couples
to provide polymerization with a high conversion (up to 95 %) and a gel content below 10 wt%.

In emulsion free radical polymerization, radicals are formed in aqueous phase from the thermal
decomposition of an initiator, they then propagate (or recombine) until oligomeric radicals with a
certain critical degree of polymerization are formed so that growing chains become hydrophobic
enough to enter monomer micelles and finally form latex particles [364, 365]. Using this method, there
is no control over the stereochemistry of the resulting polyisoprene and a mixture of 1,2 ; 3,4 and 1,4
cis and trans species are expected. Besides, crosslinking reactions are also prone to occur, leading to
insoluble fractions of the product (gel).

Free radical polymerization of isoprene was not straightforward to achieve. Difficulties due to the very
low boiling point of isoprene (35 °C), the need to work under slight overpressure and the choice of an

149



appropriate solvent for polyisoprene coagulation after reaction thus led to adapt the experimental
procedure: the work of Kongsinlark et al [366], in which isoprene was in situ polymerized through
emulsion free radical polymerization was adapted to this study (see Appendix 4.1.2. for the
experimental procedure).

A conversion of 80 % was determined gravimetrically and FTIR was used to investigate the structure of
the resulting product (Figure 81).
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Figure 81: FTIR spectrum of the product obtained through emulsion radical polymerization of isoprene.

FTIR investigation confirmed the formation of polyisoprene. Peaks at 2961 cm™ and 1376 cm™ can be
attributed to asymmetric elongation and vibration bands of C-H bond from CHsz group. Peaks at
2916 cm™, 2851 cm™ and 1446 cm™ correspond respectively to asymmetric elongation, symmetric
elongation and vibration bands of C-H bond in CH, groups. Peaks at 1665 cm™ and 1643 cm™ are
attributed to C=C elongation bands. Hence, FTIR spectrum is consistent with the formation of
polyisoprene [367-369].

IH NMR in toluene was used to further investigate polyisoprene architecture (Figure 82).
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Figure 82: 'H NMR spectrum of IR.

IH NMR spectrum represented in Figure 82 displays a peak at 5.2 ppm corresponding to ethylenic
hydrogens and peaks at 2.1 ppm and 1.7 ppm that are attributed to hydrogens coming from CH; and
CHs groups, respectively. Moreover, the hydrogen molar ratio of ethylenic hydrogens and hydrogens
coming from CH, and CHs; groups are approximately in agreement with the architecture of the
polyisoprene unit. A magnification of this spectrum in the region of ethylenic hydrogens is displayed

in Figure 83.
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Figure 83: NMR spectrum of polyisoprene at greater magnification.

At around 5 ppm, a main peak corresponding to 1,4 species is observed. Besides, a very small
shouldering at around 5.5 ppm and broad "peaks” at 4.8 ppm are related to the presence of 1,2 and
3,4 isomers, respectively [181, 351]. The product is thus mainly composed of cis and trans 1,4 units.
Cheong et al [181] also reported mainly trans 1,4 configuration (70 %) for free radical polymerization
of isoprene.

The molar mass of the product (Mn) was investigated by GPC in toluene. M, values of around
7 000 g/mol were found (with a PDI of 1.28). Cheong et al [181] reported similar results (molecular
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weight of 6 800 g/mol and PDI of 3.6) for polyisoprene polymerized in emulsion with a free radical
method at 25 °C during 15 h.

Anyhow, the GPC results may not be representative for the whole sample, as only the soluble fraction
could be analyzed. To determine the gel content in the samples, a washing procedure with hot toluene
during 3 hours was performed. The samples were then centrifuged and the supernatant containing the
soluble fraction was pipetted off. The pellet was dried and weighed. A high gel content of 50 wt% was
obtained. The presence of such gel is due to the ability of polyisoprene chains to crosslink during radical
polymerization. Values of 10-80 wt% gel content have been reported in the literature [181, 370]. As a
result, polyisoprene obtained through emulsion free radical polymerization may have higher molar
masses than the one given by GPC measurements as it is likely that long chains are more prone to
crosslinking than short chains.

Then, thermal analyses were performed to study the behavior of polyisoprene. The DSC thermogram
is shown in Figure 84.
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Figure 84: DSC thermogram of polyisoprene obtained through the emulsion radical polymerization of isoprene.

DSC provides interesting information about the relaxation behavior of polymers, evidencing the glass
transition temperature by a neat step in the thermogram. Polyisoprene prepared through free radical
polymerization showed a clear T, of around -60 °C. This value indicates that isoprene units are mostly
in trans configuration [371]. Cis 1,4 polyisoprene (such as natural rubber) usually shows lower Tg
values, around -70 °C [372]. Annunziata et al [358] also obtained mainly the trans product (90 %) and
measured a Tg of -57 °C.

Moreover, the thermal decomposition behavior of the polyisoprene sample was studied by using
thermogravimetric analysis (TGA) (Figure 85).
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Figure 85: TGA thermogram of polyisoprene polymerized through a free radical method.

The thermogram shows full degradation of polyisoprene in one step between 300 °C and 500 °C. Other
groups reported similar values [366, 373]. However, TGA does not provide information about the
architecture of the polymer, which can undergo chain scission or crosslinking before 300 °C [374].

In the present study, free radical polymerization of isoprene was easy to perform and led to mostly
trans 1,4 polyisoprene. This polymer fully degrades at 500 °C and has a T, of -60 °C. A major drawback
using free radical polymerization of isoprene is the lack of precise control over the reaction. As a result,
many crosslinking reactions occur during the polymerization, leading to a polymer containing a high
gel fraction (50 wt%).

In a second approach, emulsion radical polymerization of isoprene in presence of GO-APTMS has been
attempted.

3.1.2. Grafting of polyisoprene onto GO-APTMS
The grafting of IR onto GO was performed accordingly to Scheme 22.
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Scheme 22: In situ emulsion radical polymerization of isoprene in presence of GO-APTMS.

Isoprene radical polymerization was performed in presence of GO-APTMS nanosheets, so grafted and
free polyisoprene chains were expected to be obtained (see Appendix 4.1.3. for the experimental

procedure).

Two loadings of GO-APTMS were used: 1 wt% (GO-APTMS-pl) and 10 wt% (GO-APMS-p10) with
respect to the polymer. The two products will be described separately.

3.1.2.1. GO-APTMS-p1 (1 wt% loading)
After completion of the reaction, two phases are obtained in the reagent flask: a milky white phase

and a black solid one, as shown in Figure 86.

Figure 86: GO-APTMS-p1 a) before coagulation and b) after coagulation, washing and drying.
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The two phases are separated by decantation and analyzed separately. The isolated white product
(Figure 86 b) corresponds to 87 % of the total sample weight and it was evidenced to contain no
graphite sheets. Indeed, FTIR, *H NMR, DSC and TGA measurements confirmed that the whole white
solid product was pure polyisoprene and a T, of -60 °C was determined by DSC. To remove ungrafted
polyisoprene, washing of the black solid phase with hot toluene was performed and the obtained
product was subsequently dried and collected. Only 40 mg (9.2 wt% relative to the black product
before washing) of pure polyisoprene were extracted from the initial product. The remaining is then
the APTMS-grafted GO (GO-APTMS-p1). The washed sample was then characterized using FTIR, DSC
and TGA. The FTIR spectrum is displayed in Figure 87.
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Figure 87: FTIR spectra of polyisoprene (top), GO-APTMS-p1 (middle) and GO-APTMS (bottom).

The FTIR spectrum of GO-APTMS-pl displays the same characteristic peaks as the polyisoprene
structure, with two additional peaks at 1722 cm™ and 1563 cm™ that may be attributed respectively to
C=0 and C=C vibration bands, respectively. This is an evidence of the presence of GO-APTMS in the
sample. Besides, the broad O-H absorption peak in the GO-APTMS spectrum, around 3400 cm
becomes significantly weak for GO-APTMS-p1 suggesting that hydrophobic polyisoprene chains are
attached onto GO-APTMS surface. Using a grafting from procedure to graft IR onto carbon nanotubes
surface, Wang et al [337] also reported a strong decrease in the intensity of the O-H absorption band
at 3470 cm?, which they attributed to the grafting of IR onto the CNTs.

To quantify the GO-APTMS content in the sample, TGA measurement was performed, as shown in

Figure 88.
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Figure 88: TGA thermogram of GO-APTMS, GO-APTMS-p1 and polyisoprene.

GO-APTMS-p1 shows a slight weight loss (2 wt%) before 300 °C followed by a major weight loss
between 300 °C and 450 °C which can be attributed to polyisoprene degradation. A residue of 8 wt%
was found after 450 °C due to the remaining presence of graphite-based filler. We can thus calculate
a GO-APTMS content of 13 wt%. Wang et al [337] reported similar CNT content (9.6-14.7 wt%) for
in situ polymerization of isoprene by using ARGET ATRP method.

Then, differential scanning calorimetry was used to study interactions between GO-APTMS and
polyisoprene and the thermograms are displayed in Figure 89.
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Figure 89: DSC thermogram of GO-APTMS-p1 and polyisoprene.

Studies on thermoplastics have shown that polymer chains grafted on a surface could exhibit higher
glass transition temperature than free polymer chains due to restrained segmental mobility of the
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grafted macromolecules [338, 375-377]. However, no shift in Tg is usually evidenced by DSC
measurements of elastomer composites containing graphene-based nanofillers. Hence, GO-APTMS-p1
sample (Figure 89) showed similar Tg as pure polyisoprene (-60 °C). Zhan et al [378] reported similar
results for rGO-NR composites.

3.1.2.2. GO-APTMS-p10 (10 wt% loading)

The same experimental procedure was applied with 10 wt% GO-APTMS (relative to polyisoprene in the
final composite). However, no polymer could be obtained in these experimental conditions. FTIR, DSC
and TGA measurements evidenced that the product did not contain any polyisoprene chains on its
surface. It suggests that GO-APTMS acts as a radical scavenger and might explain that polymerization
can occur at a low loading (1 wt%) but is inhibited for higher GO-APTMS content in the reaction
medium. Radical scavenging ability of graphene and GO has been reported by several groups [379-
383]. This radical scavenging behavior is believed to be associated to the presence of sp? carbon lattice
that can act through electron-transfer or adduct formation. Graphene and its derivatives could thus
be used as oxidation retarders in a polymeric matrix to limit photochemical degradation for example
[381].

To conclude, in situ polymerization of isoprene onto functionalized GO could thus be carried out at
small GO-APTMS loading (1 wt%). However, at higher loading (10 wt%), GO free radical scavenging
ability did not permit the polymerization to take place. For comparison, another strategy involving a
cationic polymerization method has then been considered and is described in the next section.

3.2. Emulsion cationic polymerization of isoprene in presence of GO-
allyl

In situ emulsion radical polymerization of isoprene onto GO has shown some limitations. Other
polymerization methods of isoprene have been described in the literature including cationic
polymerization of isoprene. Hence, Li et al [338] reported in situ polymerization of styrene-isoprene
onto GO through a cationic polymerization method using GO itself as the initiator. In this section,
attachment of polyisoprene chains onto GO has been performed in two steps. Similarly to the free
radical polymerization, an organic silane coupling agent has been grafted onto GO to provide anchor
sites for isoprene in situ polymerization. The APTMS previously used has been replaced by the less
polar allyltrimethoxysilane.

The catalytic activity of GO towards cationic polymerization of various monomers has already been
reported. Indeed, GO displays acidic functionalities that may initiate cationic polymerization. Hence,
Dreyer et al [269] showed the efficiency of GO as a heterogeneous catalyst in n-butyl vinyl ether
polymerization at only 0.1-5 wt% content. After completion of the reaction, GO catalyst could be
effectively recovered and was shown to retain its catalytic ability.

Moreover, Li et al [338] used GO as a cationic initiator in styrene-isoprene copolymerization. Acidic
functionalities on GO surface were used to enable proton transfer to both styrene and isoprene
monomers to form an ion pair thus initiating the polymerization. Styrene homopolymerization as well
as styrene-isoprene copolymerization were studied. The poly (styrene-isoprene)-grafted GO sheets
could be dispersed in THF at 0.2 mg/mL and displayed enhanced stability compared to pristine GO.
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However, homopolymerization of isoprene could not be achieved due to difficulties in initiating the
reaction.

However, in the present study the cationic polymerization of isoprene has been performed in situ onto
GO-allyl using an emulsion cationic polymerization involving the use of Lewis Acid Surfactants
combined Catalysts has been chosen [175] (Scheme 23).
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Scheme 23: In situ emulsion cationic polymerization of isoprene onto GO-allyl.

In a first step, a blank experiment (without GO) was performed to study the emulsion cationic
polymerization of isoprene.

3.2.1. Blank experiment
Cationic polymerization of isoprene has been studied by several groups [173, 174, 176, 384-386] and
usually requires demanding experimental conditions in terms of inert atmosphere, monomer pressure,
complex catalytic systems, use of organic solvent and low temperatures [387]. Recently, Vasilenko
[175] and Kostjuk [350] demonstrated that sodium dodecyl benzene sulfonate (DBSNa) surfactants,
with a polydisperse and hyperbranched structure, combined with different rare earth metal salts,
generated highly water-dispersible Lewis acid surfactant combined catalysts (LASCs) which promoted
fast and efficient cationic polymerization of industrially relevant monomers in direct emulsion at
moderate temperature (40-60 °C) [175, 350]. Herein, the polymerization reaction was performed at
50 °C using a LASC complex which was prepared by simple mixing of ytterbium chloride hexahydrate
rare earth salt and a highly branched sodium dodecylbenzene sulfonate in slight excess, in water. As
discussed by Vasilenko et al [175], when the milky solution is stirred, it slowly takes a homogeneous
translucent orange coloration and then the added monomer forms small droplets, stabilized by the
LASCs complexes, in which polymerization occurs. A blank experiment (without the use of GO-allyl)
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permitted to reach a 88 % conversion (determined gravimetrically) in 16 h. The molar mass (Mn) of
the resulting polyisoprene was 23 400 g.mol™* with a polydispersity index of 1.66. It was also shown
that after refluxing the obtained product in toluene, no gel was obtained, which suggests that no
crosslinking reactions occurred (see Appendix 4.1.5. for the experimental procedure).

The product obtained through cationic polymerization was studied by FTIR, NMR, GPC, DSC and TGA.
Cationic polyisoprene led to higher molar masses than polyisoprene polymerized through free radical
polymerization, presented previously.

To conclude, isoprene cationic polymerization could thus be performed in a simple and fast one-pot
reaction involving the use of LASCs. Polyisoprene product is mainly in trans 1,4 configuration with a
molar mass around 20,000 g/mol and low branching degree. Indeed, a low glass transition
temperature of -61 °C, typically observed for trans 1,4 polyisoprene, was measured. Besides, no gel
was detected, indicating that no crosslinking occurred during the reaction.

The same protocol was then applied in presence of GO-allyl to attempt in situ emulsion cationic
polymerization of isoprene onto the surface of GO-allyl.

3.2.2. Grafting of polyisoprene in presence of GO-allyl

As mentioned earlier, previous work by Li et al [338] failed in achieving homopolymerization of
isoprene onto GO. In the present study, cationic polymerization of isoprene has been performed
through the use of LASCs, as previously described. The reaction was proven to work on a blank
experiment. Then, using the same experimental conditions, the polymerization of isoprene was
studied in presence of GO-allyl. As illustrated in Scheme 23, both grafted and free polyisoprene chains
were formed after the polymerization reaction in presence of GO-allyl, so the free polyisoprene chains
were removed by extensive washings in hot toluene (see Appendix 4.1.6. for the experimental
procedure).

Analysis of the recovered GO-containing elastomer by FTIR gave clear evidence for polyisoprene
grafting (Figure 90).
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Figure 90: FTIR spectra of polyisoprene, GO-allyl-polyisoprene and GO-allyl.

Indeed, upon grafting of polyisoprene, the so-called GO-allyl-polyisoprene sample exhibits a very
similar spectrum to the one of polyisoprene. Intense peaks from 2851 cm™ to 2960 cm™ can be seen,
characteristic of the stretching vibrations of methyl C-H bonds. Additional peaks that may originate
from C—C and C=C bonding modes are observed at 1666 cm™ and 1643 cm™ while the 1445 cm™ one
can be ascribed to C-H bending vibrations.

Further insight into the grafting reaction was obtained by determining the amount of polymer chains
grafted on GO-allyl. XPS spectra provide additional proof for polyisoprene grafting (Figure 91).
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Figure 91: Low resolution XPS spectrum of GO-allyl and GO-allyl-IR.

As shown in Figure 91, the low-resolution XPS spectra of GO-allyl and GO-allyl-IR indicate an increase
of the C/O ratio which is also consistent with polyisoprene grafting. Moreover, Figure 92 presents a
comparison of TGA thermograms. The typical thermogram for free polyisoprene homopolymer
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exhibits complete decomposition temperature before 450 °C. The major step of degradation of GO-
allyl occurs at around 200 °C (decomposition of oxygen functional groups), then followed by gradual
decomposition of grafted allyltrimethoxysilane. The GO-allyl-IR thermogram posseses different
significant features. First, it exhibits a major degradation step at a temperature close to the one of
pristine IR, thus assessing the presence of a significant amount of polymer.
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Figure 92: TGA thermogram of GO-allyl, GO-allyl-polyisoprene and polyisoprene.

Moreover, the decomposition temperature of polyisoprene increases by about 20 °C — 30 °C after
grafting onto the GO-allyl sheets, as expected (Figure 92). TGA results also show that free polyisoprene
chains can be completely decomposed at a temperature of 450 °C. Therefore, the amount of
polyisoprene that is covalently attached to GO-allyl surface can be estimated by the weight loss of GO-
allyl-IR sample between 250 °C and 450 °C (Figure 92). From Figure 92, the weight of grafted
polyisoprene is around 49 % (0.044 mmol.g™?) in the present polymerization conditions (16 hours) and
considering an allyltrimethoxysilane weight content of 4 %. For comparison, Garcia-Valdez et al [336]
reported a value of 0.9 mmol.g™* (TGA weight loss = 68 %) for a reaction time of 144 h at 130 °C by
using the “grafting from” technique combined to nitroxide mediated polymerization. In the latter case,
it should be noted that the molar mass of the grafted polyisoprene was estimated to be 760 g/mol
instead of 23 400 g/mol in the present study, which explains the large difference in molecular content
of grafted polyisoprene per g of solid [336]. Herein, the molar mass of the non-extractible IR is assumed
to be close to the extractible IR one (i.e. 23 400 g/mol), as discussed by numerous authors. For
exemple, Kim et al [388] have studied the in situ polymerization of isobutylene from silica particles
using a living cationic surface-initiated process and it was shown that the molar masses of both grafted
and non-grafted polyisobutylene chains were similar.

To obtain more understanding of the morphology developed as a result of the grafting of polyisoprene
onto the surface of GO sheets, electron microscopy (SEM) was conducted (Figure 93).
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Figure 93: SEM pictures of a) GO, b) GO-allyl and c) GO-allyl-polyisoprene.

The morphology of GO is known to display a flaky texture, reflecting its layered microstructure and
Figure 93 a demonstrates the structure of stacked GO layers, which results in a large particle size (up
to 50 um) while the grafting of allyltrimethoxysilane onto the surface of GO was not able to ensure a
decrease of the GO particles sizes (Figure 93 b). In contrary, after polyisoprene grafting, randomly
aggregated thin large flakes with wavy wrinkles surrounded by large polyisoprene domains can be
observed (Figure 93 c).

Moreover, to investigate the role of the pendent allyl groups on the grafting of polyisoprene onto the
surface of GO, the cationic polymerization of isoprene was also performed in presence of un-modified
graphite oxide sheets. The TGA analysis of the resulting solid phase (after hot toluene washing) is
illustrated in Figure 94.
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Figure 94: TGA thermogram of GO/IR (in situ polymerization of isoprene onto pristine GO) and GO-allyl-IR (in situ
polymerization of isoprene onto GO-allyl.
From Figure 94, it was possible to evaluate a polyisoprene weight content of 17 % indicating a decrease
by a factor 3 in comparison with the GO-allyl-IR sample.

As for GO-APTMS, DSC measurements have been done on the GO-allyl-IR sample to characterize the
type of interaction between phases, such as covalent bonding, can be evaluated through the relaxation
behavior of polymer chains (Figure 95).
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Figure 95: DSC thermogram of GO-allyl-polyisoprene and free polyisoprene.

Indeed, as discussed previously, it is expected that the glass transition temperature (Tg) of polymer
chains grafted to a substrate will be higher than free or entangled chains [375, 376, 389]. For example,
the Tg of polystyrene was reportedly increased by 15 °C with a GO weight content of 12 wt%, a
phenomenon attributed to a strong particle-polymer interaction [338]. Herein, Figure 95 shows a glass
transition temperature of -61 °C for free polyisoprene which indicates that most double bonds of the
formed polyisoprene are intact, as discussed by Kostjuk et al [350]. As noticed with GO-APTMS, the
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presence of GO-based sheets was not able to increase the Tg of polyisoprene which may be due to the
low grafting density of polyisoprene.

This section has thus highlighted the successful grafting of polyisoprene onto GO. Cationic
polymerization has proven to be easy to carry out and it was not affected by the presence of GO in the
reaction medium (same conversion). A polyisoprene content of 50 wt% was determined by TGA. The
composites exhibited enhanced thermal stability as compared to free polyisoprene chains. Despite
little use of cationic polymerization of isoprene in the literature, this study has shown the great
potential of this procedure to obtain GO-allyl-polyisoprene through an in situ process. Polyisoprene-
functionalized GO has thus been prepared and could be further incorporated in a polyisoprene matrix
to improve the elastomer properties.

Conclusion
In situ polymerization of isoprene onto GO has shown to be challenging, involving several crucial steps
which have been addressed here with different approaches.

In this chapter, GO has been synthesized according to Hummers method and a material containing
hydroxyl, carboxylic acid and epoxide functional groups with a C:0 ratio of 2:1 has been obtained. Such
modification led to increased hydrophilicity of the material. XRD and TEM measurements evidenced
that the incorporation of functional groups induced an increase in the interlayer spacing from 3.34 A
to7.41 A.

Hydrolysis-condensation reactions of APTMS and allyltrimethoxysilane onto GO have been performed
and showed similar results to those commonly reported in the literature with a grafting density of 0.2
mmol/g. The functionalized GO sheets have been characterized using FTIR, TGA, XDR and SEM. No
change in the graphitic structure has been observed during the reaction. However, the hydrophilicity
of GO has been reduced and dispersions of the functionalized platelets exhibited enhanced stability in
toluene.

In a second step, isoprene has been in situ polymerized onto functionalized GO. The free radical
polymerization method performed relatively well in blank experiments leading to mainly 1,4 trans
polyisoprene with a molar mass of around 7,000 g/mol at 80 % conversion. However, 50 wt% of gel
was produced in the reaction due to crosslinking reactions. In presence of GO-APTMS at low loading
(1 wt% relative to the polymer), a similar conversion (80 %) was observed. A weight content of 13 % of
GO in the composite was calculated through TGA. No shift in the glass transition of the resulting
product was observed, which may be due to a low polyisoprene grafting density onto GO-APTMS.
However, at higher GO-APTMS loadings (10 wt% relative to the polymer), polymerization was not able
to proceed due to the radical scavenging ability of GO. This result is anyhow interesting as GO could
be used as an antioxidant filler in a polymer matrix.

Thus, cationic polymerization of isoprene in emulsion was performed using a highly water-dispersible
Lewis acids surfactant combined catalyst (LASC) and allowed the synthesis of polyisoprene in a simple
one-pot reaction. Blank experiment led to 88 % conversion with mainly 1,4 trans configuration and a
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glass transition temperature of - 61 °C. Moreover, a higher molar mass could be obtained
(~20,000 g/mol) and no gel was detected.

The reaction was then able to proceed in presence of GO-allyl leading to a material containing 50 wt%
of polyisoprene. The composite showed enhanced thermal stability (+ 25 °C). Besides, SEM images
evidenced randomly aggregated thin large sheets surrounded by large polyisoprene domains. The role
of allyltrimethoxysilane was then attested by carrying out the polymerization reaction with pristine GO
instead of GO-allyl. A 3-fold lower content of polyisoprene was detected on GO showing thus the
essential role of allyltrimethoxysilane on the grafting of isoprene units onto GO substrate.

In this study, the successful in situ polymerization of isoprene onto functionalized GO has thus been
reported according to two methods. In a further study, other monomers could be in situ polymerized
according to the same protocol.

165



Chapter 4: Properties of polyisoprene
composites containing modified-
graphite oxide

166



Chapter 4: Properties of polyisoprene composites containing modified-graphite oxide

167



Table of contents of Chapter 4

INEFOTUCTION ..ttt sttt e st e s b e e e bt e e sabeesabeeesbseesabeesabe beesabeeenneeesaneenns 170
1. Polyisoprene composites containing thermally-expanded graphite .......cccccceeeiieiiiiiiieeeciiiiins 170
1.1.  Preparation of graphit@ OXIide .......ccueeiiiiiiiiiiiii e e e 170
1.2. Thermal expansion of graphite OXide..........cccueiiiiiiiiiieieee e 171
1.2.1. Temperature dePENUENCE......cuii i e e e e et e e e e e e e ranrrneaeaeeean 172
1.2.2. Influence of the eXPanSioN LIME..........cocciiii i e 173
L6073 ol [ To T o W PO P PP RTSP 173
2. Properties of composites containing graphite-based fillers ........ccoceeevieiieciiicccee e, 173
2.1.  Morphologies of graphite-based polyisoprene composites .......ccccceevvreeeriiieeeriieeeesiieeens 174
2.2.  Thermal conductivity of graphite-based polyisoprene composites........cccocveercrieeeninennnn. 176
2.3.  Barrier properties of graphite-based polyisoprene composites........ccccceeveiveeeciveeeeecneenn. 177
2.4.  Tensile properties of graphite-based polyisoprene composites........cccveeeeveeeecciieeeccneeenn. 179
2.4.1. Effect of graphite CONtENt ...cccvviii e e 180
2.4.2. Effect of commercial GE (expanded graphite) .......ccceeceeeveeeiieeecee e 183
2.4.3. Effect of GO (graphite OXide)......cccueeeciieiiieciee ettt 183
2.4.4. Effect of modified GO on the tensile properties of polyisoprene composites............ 184

2.4.5. Comparison of the effect of different graphite-based fillers on the tensile properties
187

(000] s Lol [V 1 1o Y o IO 188

168



Chapter 4: Properties of polyisoprene composites containing modified-graphite oxide

169



Introduction

In the previous chapters, chemical covalent functionalization of GO has been performed, involving
several modification paths. In the literature, other methods for the modification of GO have been
reported. The use of a thermal process has been widely described in several research papers [21, 22,
134, 390, 391] and patents [392—-395]. For example, Prud’'Homme et al [392] reported the preparation
of a graphite-like material with a porous structure and reduced oxygen content and so, lower polarity
than GO, thus allowing better compatibility with non-polar polyisoprene.

Hence, in this chapter, the expansion of graphite using a thermal process, has been performed. In a
second section, the properties of polyisoprene composites containing the modified graphite-based
fillers described in the previous chapters, have been investigated. As shown in Chapter 1 (section 3),
the addition of a graphitic filler into a polyisoprene matrix can enhance several properties of elastomer
composites such as barrier or tensile properties. For example, Potts et al [396] reported a 5-fold
increase in tensile strength (from 2 MPa to 10 MPa) of NR composites at 5 phr loading of chemically-
reduced GO. The effect of several parameters such as filler dimensions and processing routes have
been highlighted.

In this chapter, the effect of graphite modification on the dispersion of the filler in the matrix has been
observed through microscopy analysis. Besides, the air permeability, mechanical properties as well as
thermal conductivity of the polyisoprene composites have been investigated. The influence of the
functionalization on the performance of the materials has been evaluated and the properties of
modified graphite-based composites have been compared to commercial graphite-based polyisoprene
composites.

1. Polyisoprene composites containing thermally-expanded
graphite

Beside chemical functionalization, other graphite modification methods have been developed. Many
patents [392—395, 397-400] and publications [20-22, 134, 260, 262, 390, 401-407] have reported the
use of thermal processes to produce expanded graphite. This material is often prepared through
intercalation of acidic species between graphite layers followed by quick heating at elevated
temperatures (around 900 °C). The thermal treatment leads to pyrolysis of these acidic compounds
that can induce the formation of carbon dioxide, carbon monoxide as well as water vapor which push
graphite layers apart when escaping from the structure. The resulting material contains highly-
wrinkled sheets and pores ranging from a few nanometers to a few micrometers. This worm-like
material has been used as a filler in many polymers and has led to enhanced mechanical properties as
compared to pristine graphite or graphite oxide.

1.1. Preparation of graphite oxide

The synthesis of graphite oxide from graphite using Hummers’ method was fully described in
Chapter 2. As a reminder, a material containing carboxylic acid, hydroxyl and epoxide groups with a
C:O ratio of 2:1 was obtained. This material thermally degrades above 200 °C, at which temperature
most oxygen functional groups undergo pyrolysis, resulting in a weight loss around 50 % at 600 °C.
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1.2. Thermal expansion of graphite oxide

Graphite oxide can be thermally treated to prepare “expanded graphite”. When heated at elevated
temperatures, oxygen functional groups can vaporize and push graphite layers away from each other,
thus creating a worm-like structure, as described in Chapter 1 (section 1). In this work, the expansion
was performed in a muffle furnace, under air. Figure 96 displays SEM images of pristine graphite,
graphite oxide and expanded graphite morphologies.

kV|ETD |10 00! 10.
Figure 96 : SEM pictures of a) commercially-available graphite, b) commercially-available expanded graphite, c) graphite
oxide prepared from commercially-available expanded graphite and d) expanded product obtained after heating
graphite oxide at 700 °C during 30 s.

Commercially-available graphite (Figure 96 a) is composed of stacked platelets with an average lateral
dimension around 5 um. The platelets appear to be very plain, with a clean surface. On Figure 96 c,
SEM images of graphite oxide platelets are displayed and a wrinkled structure with various lateral
dimensions (from 2 um to 7 um) can be observed. The presence of small fragmented oxidative debris,
which may be removed by an appropriate base wash, as described by Rourke et al [108, 110], is also
evidenced.

From Figure 96 b, it can be observed that commercially-available expanded graphite (GE) also exhibits
a wrinkled structure and spacing between stacks of layers of around 0.1 um. Figure 96 d represents
“home-made” expanded graphite platelets (GOX), which show a highly wrinkled morphology with large
pores up to 2.3 um between stacks of layers. The expanded graphite prepared from graphite oxide
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displays a greater expansion than the commercial product. Several studies, such as the work of Hong
et al [408] reported similar morphologies of graphite (plain, stacked layers) and expanded graphite
(wrinked sheets with pores). It can thus be of significant interest to study the thermal expansion of
graphite oxide to see the effect of the expanded structure on the properties of polyisoprene
composites.

1.2.1. Temperature dependence

To study the influence of the temperature on the expansion, graphite oxide samples were submitted
to temperatures varying from 200 °C to 900 °C during 30 s. The morphologies of the samples were
then observed by SEM (Figure 97).

500 °C 700 °C 900 °C
Figure 97 : SEM pictures of graphite oxide treated 30 seconds at a temperature of a) 200 °C, b) 300 °C, c) 400 °C, d) 500 °C,
e) 700 °C and f) 900 °C.

From Figure 97 a, it can be observed that a similar morphology to pristine GO is retained, thus
suggesting that no significant expansion occurred at 200 °C during 30 s. At higher temperatures, a
worm-like structure is formed with pores of sizes ranging from 0.04 um to 2.37 um. From Figure 97 e
and f, it appears that larger pores up to 2.37 um (only up to 1.29 um at 500 °C) are formed when GO
is heated at temperatures higher than 700 °C. In addition, no significant difference could be observed
between samples treated at 700 °C and 900 °C. It was thus chosen to prepare the expanded products
at a temperature of 700 °C. Inagaki et al [402] also investigated the influence of the temperature over
the morphology of expanded graphite. They reported a quick increase in the exfoliation below 650 °C,
and only a small increase in pore sizes between 650 °C and 800 °C. They reported the preparation of
thermally expanded graphite flakes with an exfoliation volume of 0.06 m3/kg (bulk density of 20 kg/m?3)
and an average pore area of 200 pm? (and up to a few mm? for the largest pores).
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1.2.2. Influence of the expansion time

A similar study to investigate the effect of expansion time over the morphologies of the samples has
been performed. No influence on the morphology (SEM) of the samples was observed between GO
powders treated at 700 °C during 30 s, 1 min and 5 min. As a result, an expansion time of 30 s was
chosen.

The experimental procedure is detailed in Appendix 5.1 and 5.2.

The use of expanded graphite in elastomer composites has been widely reported in the literature.
Hence, Potts et al [257] added 5 phr of expanded graphite in NR through a twin-roll mill mixing
procedure and a 3-fold increase in tensile strength was achieved. Besides, Kim et al [135] reported a
50 % decrease in N, permeability of TPU composites containing 1.6 vol% of thermally expanded
graphite, prepared by a melt-mixing procedure.

Conclusion

In this section, the thermal expansion of home-made graphite oxide has been successfully performed.
An expanded graphite powder was thus prepared, showing highly-wrinkled sheets with pores of
irregular sizes up to 2.3 um between layers which yields a much more expanded morphology compared
to commercially-available expanded graphite in which pores of 0.1 um were observed). It was shown
that an increase in expansion temperature up to 700 °C led to increased pore sizes, whereas expansion
time did not have a significant effect over the morphologies of the expanded products. The conditions
selected for expansion are 700 °C during 30 s in a muffle furnace under air.

2. Properties of composites containing graphite-based fillers

In the previous chapters, several modifications paths of graphite have been studied. These modified
fillers exhibited improved dispersion in a polyisoprene matrix. Surface modification of graphite has
been reported to enable improved properties of elastomer composites [121, 127, 226, 258]. Hence,
the barrier properties, the thermal conductivity as well as the mechanical properties of the modified-
graphite elastomer composites have been investigated and are detailed in this section.

Most published studies deal with the addition of graphite-based fillers in a neat elastomeric matrix
(which does not contain any other fillers) and compare the properties of these composites to those of
the neat matrix. However, in this study, a more industrial point of view has been chosen. Hence, all
materials contain carbon black, and graphite-based fillers have been used as partial substitution for
carbon black. The total filler content thus remains constant. This approach enables a comparison of
the effect of graphite to the one of the same amount of carbon black, in formulations which are close
to industrial formulations.

Hence, polyisoprene composites with a total filler content of 50 phr have been prepared. The reference
sample (named IR on the figures) contains 50 phr (20 vol%) of carbon black. Then, polyisoprene
composites with graphite-based fillers have been prepared with the following loadings: 2 phr (0.6
vol%) and 15 phr (5 vol%) of modified graphite, with 48 phr and 35 phr of carbon black, respectively.
The compounding and curing procedures, as well as the composites formulations are given in Appendix
5.2. These composites will be addressed throughout the present chapter for different properties. They
will be named after the nature and amount of graphite-based filler partially substituted for carbon
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black (for example, GO-ODA 2 phr refers to the composite with 2 phr of ODA-functionalized GO and
48 phr of carbon black).

First, the influence of graphite modification on the dispersion of graphite-based fillers in the
polyisoprene composites has been investigated.

2.1. Morphologies of graphite-based polyisoprene composites
Surface functionalization has been reported to decrease filler-filler interactions (thus decreasing the
size of the aggregates after dispersion in the composites), and to increase filler-matrix interactions. An
overall improved dispersion can be reached, as for example with oleyamine-functionalized graphite
oxide at 7 phr loading in SBR, as compared to pristine GO [121]. Aggregates with a lateral dimension
of 2 um were measured for GO while GO-oleyamine composites did not contain aggregates larger than
1 pum [121].

Herein, the morphologies of the polyisoprene composites have been investigated by SEM. The
morphologies displayed in Figure 98 are those of compounds with 15 phr of modified graphite.

Figure 98: Morphologies of graphite-based polyisoprene composites containing 15 phr of graphite-based filler and 35 phr
of carbon black, a) commercial GE, b) GO, c) GO-ODA, d) GO-TESPT, e) GOX and f) GO-allyl-IR.

From the SEM images displayed in Figure 98, aligned platelets of various sizes can be observed.
Commercial graphite (GE) based composites display platelets whose lateral dimension range from a
few um to around 50 um (Figure 98 a). GO-based composites display a rather heterogeneous
dispersion with large platelets (> 100 um) as well as platelets of a few um (Figure 98 b). All modified-
GO-based composites display enhanced dispersion and decreased thicknesses of stacks, as compared
to pristine GO-based ones. Pristine GO composites contain stacks of platelets up to 10 um thick (Figure
98 b), while the maximum thickness remains less than a few um in all modified-GO composites. From
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the four different modifications, GO-ODA polyisoprene composites seem to exhibit the smallest stacks
(all lateral dimensions are below 20 um).

In addition, in Figure 98 e, GOX platelets are hard to distinguish precisely. A few thin platelets (less
than 1 um thick), with lateral dimensions around 40 um for the largest ones, can be observed.
However, smaller platelets are not observed and may be of small lateral dimension (< 1 um). Wang et
al [260] reported similar expanded graphite platelets dimensions of a few um in NBR composites
containing 10 phr of expanded graphite. It can also be observed that most platelets are well aligned
and parallel to each other due to the twin-roll mill mixing step.

Therefore, from the observation of the morphologies of GO-based composites, GO-ODA polyisoprene
composites seem to display the most homogeneous dispersion with the smallest lateral dimensions.
Besides, it may be pointed out that GO-allyl-IR based composites display enhanced dispersion as
compared to pristine GO, which may thus reveal enhanced compatibility with the polyisoprene matrix.

Similar observations can be made for composites containing 2 phr of graphite-based fillers and their
morphologies are shown in Appendix 5.3.

In addition, to investigate the role of the covalent grafting, composites containing bis[3-
(triethoxysilyl)propyl]tetrasulfide (TESPT), either grafted onto GO or merely blended with GO, were
prepared. Their morphologies are displayed in Figure 99.

Figure 99: Polyisoprene composites containing 48 phr of carbon black and 2 phr of a) GO-TESPT (grafted) and b) GO +
TESPT (just mixed, not grafted).

Composites containing TESPT-grafted-GO seem to show better dispersion and display smaller
agglomerates than simply blended samples. Stacks of platelets with lateral dimension up to 50 um are
visible in Figure 99 b (mixed TESPT) whereas grafted TESPT-GO composites show smaller sizes (no more
than 25 um). The covalent grafting of TESPT on GO appears to promote better dispersion of GO-based
platelets in polyisoprene.

From the morphological study, it could thus be observed that most polyisoprene composites exhibit
aligned platelets along the milling direction. The most homogeneous dispersions were reached for
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modified GO composites, especially for GO-ODA composites, exhibiting the smallest platelet sizes
(lateral dimension of a few um in average).

The enhanced dispersion of modified GO is generally interpreted as a consequence of improved
interfacial compatibility and it is thus expected to lead to better physical properties of the
corresponding polyisoprene-based composites.

2.2.Thermal conductivity of graphite-based polyisoprene composites
Graphite derivatives usually exhibit high thermal conductivity while most elastomers have a poor
thermal conductivity (around 0.17 W/(m.K)). Hence, several studies have shown the ability of graphite-
based fillers to increase thermal conductivity of elastomer composites [258, 266, 267].

In this study, composites were prepared as described in Appendix 5.2. All composites contain a total
filler fraction of 50 phr (carbon black + graphite). It was chosen to incorporate graphite at loadings of
2 phr and 15 phr. The thermal conductivity of the samples was measured using a Hot Disk, following
the method described in Appendix 1.18. In Figure 100, the variation of thermal conductivity with
respect to the reference compound (ie: IR with 50 phr of carbon black, simply named IR), is reported.
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Figure 100: Relative variation of thermal conductivity of graphite-based polyisoprene composites as compared to a
reference polyisoprene sample containing 50 phr of carbon black (“IR” sample with a conductivity of 0.29 W/(m.K)).

The thermal conductivity of the reference polyisoprene vulcanizate, containing 50 phr of carbon black,
is 0.29 W/(m.K). From Figure 100, it can be observed that, by replacing 15 phr of carbon black by 15
phr of commercial GE, the thermal conductivity increases by almost 100 % (up to a value of
0.56 W/(m.K)). It could also be interesting to further increase graphite loading which may lead to
higher thermal conductivities. All other graphitic fillers display changes smaller than 0.05 W/(m.K), i.e.
lower than 20 %. The GOX composite loaded with 15 phr shows a moderate improvement of
0.03 W/(m.K) (around 10 %). GO, GO-ODA, GO-TESPT and GO-allyl-IR composites containing 15 phr of
the modified filler display a decrease in thermal conductivity of around 0.03 W/(m.K). Functionalization
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thus does not seem to promote efficient heat transfer between the graphitic filler and the polyisoprene
matrix.

Gao et al [409] investigated the effect of grafting on the thermal conductivity of graphene platelets
and graphene-polymer nanocomposites. They analyzed the effect of polyamide grafting density and
grafting chain length on the thermal conductivity of graphene platelets as such or compounded with
polyamide. They showed that the interfacial thermal conductivity of the platelets increased with
increasing grafting density whereas the bulk thermal conductivity decreased in the same experimental
conditions. These two competing phenomena led to an overall increase in thermal conductivity of the
nanocomposites at low loading (< 10 vol%) and then a constant decrease at higher volume fractions
[409]. Hence, in the present study, the same tendency is observed for GO-ODA composites: a very
small increase (0.01 W/(m.K)) occurs at 2 phr while a stronger decrease (0.03 W/(m.K)) is observed at
15 phr.

Following a similar approach, Gulotty et al [410] studied the effect of functionalization on thermal
conductivity of carbon nanotubes-epoxy composites. They reported a smaller effect of oxidized CNTs
than pristine CNTs on the thermal conductivity of epoxy composites. Pristine single-wall carbon
nanotubes (SWCNTs) composites displayed a thermal conductivity of 0.22 W/(m.K) at 25 °C while
oxidized SWCNTs only reached a value of 0.18 W/(m.K), close to the neat epoxy matrix (0.17 W/(m.K)).
The authors explained that surface functionalization could increase the interfacial interactions
between CNTs and the matrix but could also lead to the formation of structural defects (such as sp®
carbon atoms), which strongly impede the acoustic phonon transport in the CNTs, leading to a
decreased thermal conductivity of the composites [410].

Functionalization of graphite fillers has thus appeared to be of little use to increase the thermal
conductivity of polyisoprene composites. Materials containing modified fillers exhibit a rather similar
thermal conductivity as those containing only carbon black. It is anyhow interesting to note that
thermal conductivity is not much decreased either. These modified fillers could then be used to
enhance other properties, such as barrier or mechanical properties, without impairing the thermal
conductivity of the composites.

2.3.Barrier properties of graphite-based polyisoprene composites

Elastomers are widely used for tightness and sealing applications. As a result, it is highly desirable that
they exhibit good barrier properties towards most liquids and gases. As described in Chapter 1,
elastomers contain a large free volume and are intrinsically very permeable. However, upon the
addition of fillers, it is possible to effectively reduce permeability of elastomeric materials. Graphite
derivatives, which exhibit a platelet-like morphology, are promising for this application since they are
able to create tortuosity inside the material, thus slowing down the permeant diffusion path [135, 225,
227, 236-239, 242].

Reduction of permeability of NR composites has been reported by Wu et al [127]. First they surface-
functionalized GO platelets with TESPT and then they prepared composites at 1 wt% loading. They
observed a decrease in permeability of 55 % as compared to neat NR. However, comparison between
pristine and functionalized graphite is not often studied in elastomers. Anyhow, in their work
concerning TPU composites, Kim et al [135] reported a 10 % decrease in permeability of TPU
composites containing acetyl-phenyl isocyanate-modified GO as compared to pristine GO.
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Inthe present study, the influence of graphite modification upon the barrier properties of polyisoprene
composites has been investigated via air permeability measurements at room temperature (Figure
101).
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Figure 101: Air permeability coefficient of graphite-based polyisoprene composites (23 °C). The differences with respect
to the “IR” reference are shown as bars.

From Figure 101, it is observed that most composites exhibit decreased air permeability as compared
to polyisoprene containing 50 phr of carbon black. Although the density of filler particles (including
carbon black) is high, the platelet-like morphology of graphite fillers is thus efficient in creating a
tortuous path and thus decreasing permeability of the composites, as expected. However, it can be
noticed that most composites containing only 2 phr of graphite-based filler do not lead to a significant
decrease in permeability. Anyhow, GO-ODA and GO-TESPT show a decrease by 10 % and 13 %,
respectively, which is remarkable. Besides, GOX composites show the highest decrease in permeability
of the composites with a reduction of 27 % at only 2 phr (0.6 vol%) loading. Kim et al [135] also
reported enhanced barrier properties of thermally reduced graphite (TRG) dispersed at low loadings
in TPU composites through melt mixing, as compared to pristine graphite composites. They achieved
a 40 % decrease (with respect to the neat TPU matrix) in nitrogen permeability of TRG — TPU
composites at 0.5 vol% while pristine graphite only reached a decrease of 5 % at the same loading. The
authors attributed this effect to a better dispersion and exfoliation of the platelets in the TPU matrix.

At 15 phr loading, more significant decreases are observed. Strongest effects occur for GO-ODA (62 %),
GOX (70 %) and commercial GE (72 %). These results may be explained by a better exfoliation and
dispersion in the matrix than for the other composites, as observed in the morphological study (section
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2.1). Scherillo et al [411] reported similar values with 50 % decrease in oxygen and nitrogen
permeability of NR composites containing 5 vol% of chemically-reduced graphite oxide.

Herein, in comparison with the polyisoprene — carbon black reference sample (IR), pristine GO led to a
35 % decrease in air permeability at 15 phr, while GO-TESPT composites only showed a 22 % decrease
in air permeability despite a better dispersion (observed by SEM). GO-allyl-IR composites also showed
a moderate decrease of 28 % with respect to the permeability of the reference sample, and did not
achieve the same permeability reduction as pristine GO composites (- 35 %). This may be due to the
presence of polyisoprene chains on the surface of GO, shorter than those in the bulk, which increase
the free volume around the filler and thus enable a faster diffusion of the permeant inside the
composite.

Besides, a comparison of the crosslinking density of the composites could be of significant interest to
be able to conclude whether the high performance of these composites is only related to the type of
modification of graphite or is also affected by the crosslinking density. Hence, an increase in the
crosslinking density of the polyisoprene composite may reduce more or less both chain mobility and
free volume in the material, thus slowing down the permeant diffusion [412]. A change in the
crosslinking density should then affect barrier properties of elastomer composites. For example, Barrer
et al [413] reported a 10-fold decrease in the nitrogen permeability of neat NR upon increasing the
sulfur concentration from 1.7 % to 11.3 %. However, such an increase in sulfur content is huge and the
change of crosslinking density is much larger than what could possibly be expected between the
samples of the present study (same sulfur content), where only the interaction between the modified
filler and the curing system can influence the network density. Moreover, the presence of 50 phr of
fillers in the polyisoprene composites of the present study may limit the impact of a small variation of
the crosslinking density on the permeability of the composites. This parameter anyhow, has not been
often studied in the literature.

To sum up, GOX and GO-0ODA led to the most pronounced decreases in air permeability of polyisoprene
composites when substituted to 15 phr of carbon black. The morphological study (section 2.1.)
suggested a more homogeneous dispersion of these platelets, as compared to other graphite-based
composites prepared in this study, however, no clear parameter affecting the barrier properties could
be evidenced. The study of the mechanical properties of the composites could provide further
information. Hence, tensile properties of graphite-based polyisoprene composites were investigated
and are detailed in the following section.

2.4. Tensile properties of graphite-based polyisoprene composites
Graphite-based materials usually exhibit very high moduli compared to elastomers which are generally
soft materials. Due to this important contrast, many studies have been performed on graphite
incorporation into elastomers to improve their mechanical properties [237, 239, 255-259]. The
influence of graphitic filler size, shape and surface functionalization has been discussed in Chapter 1.
In the present study, the graphite modifications have been performed to evaluate the possibilities of
achieving satisfactory dispersion of the filler in the matrix and possibly improved interfacial
interactions, which are the key parameter for better mechanical properties. All composites have been
prepared the same way as already mentioned (see Appendix 5.2).

This section compares the tensile properties of polyisoprene composites containing different graphite-
based fillers.
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2.4.1. Effect of graphite content
The tensile properties were measured for polyisoprene composites at 2 phr and 15 phr loadings of
graphite-based fillers, in substitution for carbon black. The results are reported in Figure 102 and Figure
103.
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From Figure 102, it is difficult to take any conclusion on the effect of 2 phr of graphite-based fillers on
tensile properties, because little difference between the samples is visible at such a low loading.
Anyhow, GE seems to induce a change in tensile strength for example, while most other fillers show
similar values as the reference sample. No clear tendency could be evidenced from the results. The
functionalization of the filler seems to induce small changes but they are not straightforward to
predict.

At 15 phr loading (Figure 103), the modified-graphite fillers have stronger influence (either positive or
negative) on the tensile properties of the polyisoprene composites, than at 2 phr loading. However no
clear correlation with the results at 2 phr could be drawn: while some fillers tended to induce positive
changes at 2 phr loading, most of them led to a decrease in tensile properties at 15 phr loading.

In the following section, the effect of the different fillers on the tensile properties of polyisoprene
composites is discussed in more detail in order to analyze the effect of the chemical nature of the
modification.

2.4.2. Effect of commercial GE (expanded graphite)
With a content of 2 phr of commercial graphite “GE”, and 48 phr of carbon black, the composite
displays rather similar properties to the reference IR sample (containing 50 phr of carbon black). Only
the stress at break increases from 10.2 MPa to 14.9 MPa due to the presence of graphite, which may
provide stronger mechanical reinforcement that carbon black.

Besides, composites containing 15 phr of commercial GE tend to show improved stresses at 100 % and
300 % strain from 1 MPa to 1.9 MPa and from 4.9 MPa to 5.5 MPa, respectively, as compared to the
reference sample. In addition, rupture properties are well preserved, with only a small decrease in
tensile strength (from 10.2 MPa to 9.7 MPa). So, substitution of carbon black by graphite globally
maintains the same tensile strength as samples filled with carbon black only, without impacting much
strain at break of the composites. Beckert et al [414] also reported enhanced mechanical properties of
SBR composites at 25 phr loading of graphite. They reported a 220 % increase in stress at 50 % strain
with anyhow a 48 % increase in tensile strength and a 44 % decrease in strain at break, as compared
to unfilled SBR matrix [414]. Although the composition and filler loading of these composites are quite
different from those of the present study, the trend observed with graphitic fillers is similar.

2.4.3. Effect of GO (graphite oxide)

When 2 phr of carbon black are substituted by 2 phr of GO, tensile properties of polyisoprene
composites tend to decrease. Stress at 300 % strain decreases from 4.9 MPa for the IR reference
sample to 3.3 MPa for the GO-polyisoprene composite, and tensile strength decreases from 10.2 MPa
to 8.9 MPa. This may be due to poor interfacial strength between GO and polyisoprene, which could
be attributed to the polarity of GO and perhaps also to remaining physisorbed water on the surface,
thus explaining the decrease in stresses as well as the increase in strain at break of GO composites as
compared to the reference sample. Besides, the morphological study (section 2.1.) evidenced a
heterogeneous dispersion with the presence of large platelets (> 100 um), most likely to impact
mechanical properties of the composites. A decrease in tensile strength was also reported by Bai et al
[415] from 14.4 MPa to 10.3 MPa, upon addition of 1.3 vol% of GO in a XNBR matrix. However, other
studies reported a reverse trend with enhanced mechanical properties upon addition of GO in SBR, NR
and silicon matrices [238, 242, 256, 416].
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At 15 phr loading, graphite oxide tends again to have a negative impact on tensile properties of
polyisoprene composites, decreasing stresses at 100 % and 300 % strain, tensile strength and strain at
break. With 15 phr loading of GO, composites display a tensile strength of 3.2 MPa while the reference
sample reaches a value of 10.2 MPa. These low tensile properties may again be attributed to a poor
compatibility between polar GO and non-polar polyisoprene. This filler could anyhow be of significant
interest for a use in polar elastomers as well as in water-soluble polymers such as PVA [417].

2.4.4. Effect of modified GO on the tensile properties of polyisoprene composites

2.4.4.1. Effect of GO-ODA

Upon functionalization with ODA, stresses at 100 % and 300 % strain increase from 0.78 MPa to
1.15 MPa and from 3.29 MPa to 5.16 MPa for GO and GO-ODA composites, respectively. Liu et al [121]
reported as well enhanced tensile properties for GO-ODA / SBR composites as compared to pristine
GO / SBR composites, at 2 phr loading. They obtained increases in stresses at 100 % and 300 % strain
from 1 MPa to 1.5 MPa and from 3 MPa to 4 MPa, respectively, upon functionalization of GO. The
grafting of ODA seems able to decrease polarity of GO and to increase its affinity for non-polar organic
media, thus creating a stronger interface between polyisoprene and the filler. The morphological study
also evidenced improved dispersion and distribution of GO-ODA as compared to pristine GO
polyisoprene composites. Besides, it can be noticed that GO-ODA filler provides slightly increased
reinforcement at small strains, as compared to carbon black and to commercial graphite filler (GE).
Indeed, a small increase (around 8 %) in stress at 300 % strain was observed (from 4.8 MPa for GE -
polyisoprene composites to 5.2 MPa for GO-ODA composites), then suggesting stronger interactions
of polyisoprene with GO-ODA than with GE.

At 15 phr loading, GO-ODA is able to increase tensile properties of the composites. A very high
reinforcement is observed and a stress at 300 % strain as high as 8.73 MPa is achieved (compared to
5.5 MPa for commercial GE). ODA is believed to strengthen the interface between GO and
polyisoprene. A high tensile strength (10.2 MPa) is also achieved, similar to the reference sample
(containing 50 phr of carbon black). A small decrease in strain at break from 440 % for the reference
sample to 358 % for GO-ODA composites, is observed. Such effect is often reported when fillers are
incorporated into an elastomeric matrix for which elevated stresses at small strains and rupture
properties often have to be balanced. As in most elastomeric materials, a compromise between
reinforcement and large extension at break has to be achieved.

Besides, possible interaction of ODA with the curing system could be investigated. The crosslinking
density of the composites should be compared in order to separate the effect of the surface
modification and the effect of crosslinking density. Among additives used in the “curing system”,
accelerators often contain amino groups that play a significant role in the vulcanization kinetics as well
as on the nature of the final crosslinks. Lopez-Manchado et al [187] reported an increase in the curing
rate of NR composites containing ODA-modified organoclays. They also reported synergistic effect of
clays and ODA, leading to an increase in both the curing rate as well as the maximum torque. They
explained that the amino groups of ODA could combine with benzothiazole accelerators to increase
the reaction rate [187]. They also measured an increase in the crosslinking density of these composites
as compared to neat NR [300]. In addition, Liu et al [121] observed an effect on crosslinking density of
SBR composites measured through equilibrium swelling in toluene and using Flory-Rehner equation.
At low loadings (1 phr of GO and GO-ODA) they observed a strong increase from 2.5x10° mol/cm? to
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7.5x10° mol/cm? in the respective composites. On the contrary, at 7 phr, they observed a reversed
effect with a strongly decreased crosslinking density from 8x10”° mol/cm3 to 4.5x10"° mol/cm? for GO
and GO-ODA composites respectively. Furthermore, they reported faster crosslinking kinetics for all
GO-0ODA composites with curing time differences ranging from 300 s at 1 phr to only 50 s at 5 phr. ODA
has thus a complex effect on the crosslinking density of elastomer composites. The variations are not
always straightforward to predict and monitor. Upon functionalization with ODA, it can thus be
expected that a combination of better interfacial strength and increased crosslinking density, due to
interaction with the curing system, may be responsible for the enhanced tensile properties of GO-ODA
composites.

2.4.4.2.  Effect of GO-TESPT

At 2 phr, GO-TESPT (grafted) composites exhibit slightly higher stresses as compared to pristine GO.
Stress at 300 % strain is for example increased from 3.29 MPa to 4.63 MPa. Wu et al [127] also reported
enhanced tensile properties of NR / GO-TESPT composites at 1 wt% loading. They observed enhanced
tensile strength from 10 MPa to 14 MPa upon functionalization of GO with TESPT. The values obtained
in the present study are very similar to commercial graphite composites, with anyhow a decreased
strength at break for functionalized GO-TESPT composites. Besides, the effect of grafting can be
evaluated from the comparison of GO-TESPT (grafted) and GO+TESPT (just mixed, not grafted)
composites. While GO-TESPT composites contain grafted TESPT on the surface of GO, GO+TESPT
composites are prepared by simple blending of GO and TESPT directly into the HAAKE mixing unit. The
two samples exhibit similar properties at break but grafted TESPT-GO composite achieves higher
stresses at 100 % and 300 % strain from 0.88 MPa to 0.98 MPa and from 3.62 MPa to 4.63 MPa,
respectively. This effect may be attributed to better compatibility and interactions between the matrix
and the filler when TESPT modifier is grafted on the surface.

Besides, TESPT may be able to react with rubber chains during vulcanization. Indeed, TESPT possesses
S-S bonds that may break upon heating and then be involved in crosslinks between polyisoprene chains
and GO-TESPT filler. Such covalent bonding of polyisoprene onto GO was described for example by Wu
et al [127]. In addition, these authors reported a decrease in the swelling ratio from 4.4 to 4.1 at 2 phr
loading of GO-TESPT in NR, thus suggesting an increase in the crosslinking density of the NR samples
filled with GO-TESPT. This hypothesis is supported by the higher torque values reported for GO-TESPT
composites. This increase in crosslinking density also affects the tensile properties of GO-TESPT
composites [127]. In the present study, the crosslinking density of the composites should also be
investigated to draw clear conclusions from the tensile testing results.

At 15 phr, GO-TESPT composites show higher stresses at 100 %, 300 % and at break, than pristine GO.
However, these composites do not perform as well as commercial graphite (GE) composites. A stress
at break of 5.29 MPa is achieved after functionalization while commercial graphite composites reach
9.69 MPa. Despite a more homogeneous dispersion (observed in section 2.1.), tensile properties of
GO-TESPT composites are not as interesting as those of commercial graphite composites. This may be
due to the possible interaction of TESPT with the curing system, as previously exposed. This reaction
competes with the crosslinking reaction between polyisoprene chains and may thus affect mechanical
properties of the composites. Thongsang et al [418] for example reported that TESPT was able to react
either through creating filler-TESPT-rubber bondings or crosslinks between NR chains, but also could
lead to the formation of polysiloxane layers by self-condensation. These reactions led mostly to
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decreases in the crosslinking density of the composites, thus impairing the mechanical properties of
the materials.

2.4.4.3. Effect of GOX (expanded GO)

Polyisoprene composites containing 2 phr of GOX filler exhibit increases in stresses at 100 % and 300 %
strain of 35 % and 20 %, respectively, with respect to the reference sample containing 50 phr of carbon
black. However, the composites break at lower strain (428 % vs 566 %) and exhibit a tensile strength
reduced by around 30 %. It is anyhow of significant interest to reach a better level of reinforcement at
low strains with a very low GOX loading (2 phr). Potts et al [257] also reported a 25 % increase in stress
at 300 %, as compared to the neat NR matrix at 5 phr loading of thermally expanded graphite. They
observed a decrease in strain at break from 900 % to 600 % but enhanced tensile strength (3-fold
increase) compared to the unfilled matrix.

In addition, when a higher amount of carbon black (15 phr) was substituted by GOX, a very high
increase in stress at small strain was observed for GOX composites. Hence, an increase in stress at 100
% strain from 1.9 MPa for GE composites to 5.5 MPa for GOX composites is observed. This very strong
reinforcement may be induced by a better dispersion of the filler in the matrix due to the small size of
the platelets (Figure 98). Nevertheless, it can be noticed that these composites break at very small
strain (164 %) which is often not desirable for most applications where the ability to withstand large
stains is often required. Schopp et al [255] reported similar enhancement in stresses at small strains
upon addition of 25 phr of thermally-reduced graphite sheets into a SBR matrix. Their composites
containing 25 phr of carbon black reached a strain at break of 350 % while composites containing
thermally-expanded graphite at the same loading displayed less than 100 % strain at break. However,
they reported a very strong increase in stress at 50 % strain from around 2 MPa for carbon black
composites to 12 MPa for thermally-reduced graphite composites. Yang et al [16] observed a smaller
increase is stress at 100 % strain from 1.0 MPa to 1.8 MPa at 20 phr loading of thermally-expanded
graphite in NBR (as compared to pure NBR), with no significant decrease in tensile strength and strain
at break, though.

As for previous modifications, it could be of significant interest to investigate the interaction of GOX
filler with the curing additives. The better exfoliation of GOX (cf section 2.1.) as compared to
commercial GE perhaps provides more available surfaces for curing additives to adsorb/react and so,
could affect the crosslinking density of the final composites.

Such a high reinforcement using typical rubber processing techniques is seldom reported and could be
valuable for applications that require withstanding elevated stresses [16, 255].

2.4.4.4. Effect of GO-allyl-IR
Substituting 2 phr of carbon black by polyisoprene-grafted-GO-allyl (GO-allyl-IR, see Chapter 2) induces
a decrease in tensile strength from 10.2 MPa for the reference sample to 7.6 MPa for the composite
containing the functionalized filler. A small decrease of the stress at 300 % strain from 4.9 MPa for the
reference sample, to 4.0 MPa for the GO-allyl-IR composite is observed, which suggests a lower
reinforcing effect for GO-allyl-IR filler than for carbon black. However, no significant changes in strain
at break are observed.

Besides, similar tensile properties to pristine GO composites have been obtained at 15 phr loading. A
3-fold lower value than for the reference sample in tensile strength (3.1 MPa), comparable to pristine
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GO composites, was obtained. Moreover, stresses at 100 % and 300 % strain were also decreased in
comparison to the reference sample. Indeed, the stress at 300 % strain was reduced from 4.9 MPa to
1.5 MPa for GO-allyl-IR sample. These weak tensile properties may be attributed to weak interfacial
strength between the GO-based filler and the polyisoprene matrix. However, a high strain at break
(528 %) is achieved, as compared to 440 % for the reference sample containing only carbon black.

These behaviors are surprising since the presence of polyisoprene chains on the surface of GO was
expected to improve compatibility and interfacial interactions between the filler and the matrix, and
consequently to lead to more efficient load transfer. One explanation for these poor mechanical
performances is that the polyisoprene chains polymerized on the surface of GO may be of very low
molecular weight, then preventing entanglements with polyisoprene chains of the matrix. They could
then fail at creating a strong interface between GO and the IR matrix in spite of supposedly better
compatibility. The presence of many chain ends brings increased polymer mobility at the vicinity of the
filler, which is detrimental to mechanical reinforcement and can be confronted to the results obtained
for air permeability (see section 2.3.). However, no similar description could be found in the literature
to support this hypothesis.

2.4.5. Comparison of the effect of different graphite-based fillers on the tensile
properties
From the study of the tensile properties of graphite-based polyisoprene composites, it was shown that
some modifications of the filler could lead to better properties of the polyisoprene composites.

With only 2 phr of carbon black (over 50 phr) being substituted by graphite-based filler, little effect
was observed on the tensile properties of the composites. However, at 15 phr loading, GO appeared
to have a strongly detrimental effect on the tensile properties of the composite, compared to the
reference. Upon chemical functionalization of GO, tensile properties were improved as compared to
GO-polyisoprene composites. The most pronounced effects were observed for GO-ODA and GOX
composites. Indeed, GO-ODA composites exhibited increased stresses, for example stress at 300 %
strain increased by almost 80 % and 50 % with respect to the reference sample and to the commercial
GE composites, respectively. Besides, only a small decrease in strain at break was observed as
compared these composites (around - 18 %).

In addition, GOX composites exhibited a 3-fold and almost 6-fold increase in stress at 100 % strain as
compared to commercial GE composite and the reference sample, respectively. However,
simultaneously the strain at break was observed to be divided by almost 3, thus limiting the potential
applications of such a material. It is nevertheless interesting to be able to reinforce polyisoprene to
such an extent.

From the tensile testing study, it was thus shown that GO-ODA and GOX led to the most significant
improvement in tensile properties of IR composites. Most of these results are well supported by the
literature, however most studies deal with the mere addition of graphite-based fillers in elastomeric
matrices (which may or not contain any carbon black), but not as a partial substitution of carbon black
by the same amount of graphite-based fillers.

From these results, it can also be concluded that the highest levels of reinforcement are obtained for
modified-graphite polyisoprene composites at 15 phr loading. GOX filler provides the most effective
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reinforcement at low strains while GO-ODA shows a significant increase in stresses at small strains with
little impact on failure properties.

Conclusion

In this chapter, the influence of graphite modification on the thermal conductivity as well as barrier
and mechanical properties of polyisoprene composites has been evaluated. The use of these modified
fillers as partial substitution for the same amount of carbon black allows comparison of composites
containing the same, relatively high, total filler loading (50 phr).

At 2 phr loading, most graphite-based fillers induced little difference in properties as compared to the
reference sample, containing carbon black only. At 15 phr loading anyhow, the use of commercially-
available expanded graphite (GE) led to a more than 3-fold increase in thermal conductivity, which is
the highest value achieved in this study. Besides, this filler also led to the best performance in air
permeability reduction (- 72 %) and to interesting mechanical properties. This behavior may be
explained by a relatively uniform dispersion, as observed in the morphological study. The rather low
cost of this product (~10 €/kg) suggests that an industrial use of this filler may be possible.

However, the interaction between graphite platelets and the elastomeric matrix are not well-known
and the aim of the present study was to increase those interactions by the means of chemical
modification. The use of modified graphite fillers led to complex effects on the polyisoprene
composites properties. Hence, GO and GO-allyl-IR led to the poorest mechanical properties and did
not perform as well as commercial GE in permeability reduction. These low properties could be related
to a poor dispersion of these fillers inside the elastomer composite. However, some modifications of
GO (GO-ODA and GOX mostly) enabled enhanced properties as compared to the reference sample.
These fillers displayed more uniform dispersion and smaller aggregates in the composites than most
other fillers. This confirms that dispersion is a key issue with graphite-based fillers.

Anyhow, these conclusions have to be balanced by the fact that ODA, and other modifiers such as
TESPT, have been reported to interact with the sulfur curing system. This can influence the crosslinking
density, and then affect both barrier and mechanical properties. This parameter should be taken into
consideration in a further study, and measured by swelling measurements for example, to fully
understand the effect of the functionalization on the properties of the composites.

In addition, materials without carbon black could also be studied to investigate the effect of graphite-
based fillers on polyisoprene matrix. Indeed, interactions of carbon black with the elastomer, and
perhaps also with the graphite-based filler, may influence the composite behavior. Besides, a lower
total filler loading could enable an easier observation of the changes in properties, for example when
only 2 phr of graphite-based filler are incorporated in the elastomeric matrix. This is anyhow less
relevant industrially, as most elastomer products contain carbon black at a relatively high loading.

From a practical point of view, at 15 phr loading, GO-ODA and GOX fillers led to the most advantageous
effect on polyisoprene composites properties. The choice of the appropriate filler should always be
application-driven and while GOX showed the most enhanced reinforcement and the most
pronounced air permeability decrease, GO-ODA composites exhibited better rupture properties and
may thus be more suitable when the ability of the material to perform well at elevated strains is
required.
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It is essential to consider the compromise between the complexity of the filler treatment process and
the benefit on the final properties of the composites. Therefore it is interesting to study and compare
other routes of non-covalent functionalization of graphite by several modifiers such as surfactants or
ionic liquids. The use of the latter will be described in the next chapter.
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Introduction

In the previous chapters, chemical covalent functionalization of GO has been performed, involving
several modification paths. Most of these modifications require to work in toxic organic solvents with
many steps, sometimes long or critical. However, other graphite modification methods have been
reported in the literature, involving simple strategies. Among these, non-covalent modification of
graphite using surfactants has been widely performed. For example, Lomeda et al [419] adsorbed
sodium dodecyl benzene sulfonate surfactant on reduced graphite oxide to enhance its dispersion in
water and obtained stable suspensions at up to a concentration of 1 mg/mL.

In this section, a compatibilization strategy using several ionic liquids as dispersing agents is reported.
The properties of NR and NBR composites containing graphite-based fillers and a compatibilizer have
been investigated. The effect of the dispersing agent on the dispersion of the filler in the matrix has
been observed through microscopy analysis. Besides, mechanical properties as well as air permeability
measurements of the elastomer composites have been investigated. The influence of the ionic liquid
addition on the performance of the materials has been evaluated.

1. Ionic liquids as dispersing agents

Elastomers and graphite-based nanofillers can interact in various ways such as non-covalent
interactions through adsorption of elastomer chains onto the surface of graphite, ionic interactions
through cation-mt interactions and covalent bonding or mechanical entanglement of polymer chains in
the case of fillers grafted with polymers. These interactions strongly affect the properties of the
composites. Moreover, elastomers are highly viscous materials and thus, obtaining uniform dispersion
and distribution of particles is challenging. Most elastomer nanocomposites exhibit poor properties
when such features cannot be achieved. Besides, the absence of active sites on graphite-based
materials is often responsible for low compatibility between these fillers and most elastomeric
matrices. Some of the main challenges are therefore to be able to achieve a uniform distribution of
well-dispersed nanofillers in the elastomeric matrix, to limit filler-filler aggregation as well as to
increase filler-matrix interactions.

The chemical functionalization of graphite has been reported as a means to tune the hydrophilicity of
this material and thus to improve its dispersion in various polymer matrices. Several modification paths
have been studied in this work (Chapters 2 and 3) and one of the main limits to these methods is the
difficulty to scale-up the modification process for industrial use.

Therefore, this section deals with another method commonly used to improve the dispersion of
inorganic fillers in polymers: the use of dispersing agents. The use of surfactants has been widely
reported in the literature [239, 265, 420, 421]. In this chapter, the focus will be put on an emerging
class of dispersing agents: ionic liquids. These components are widely investigated nowadays because
of their potential to bring new properties with possible industrial transpositions. Hence, Yang et al
[239] prepared NBR — expanded graphite composites through latex blending, using sodium dodecyl
sulfate (SDS) as a surfactant to enhance dispersion of expanded graphite platelets into the aqueous
phase of the NBR latex. They observed that the surfactant prevented exfoliated expanded graphite
from restacking [239].
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1.1. Ionicliquids in polymer materials: background

A new class of dispersing agents has attracted much research interest over the last few years: ionic
liquids (ILs). They are organic salts with a melting point below 100 °C. They exhibit low vapor pressure,
they are non-flammable as well as thermally and chemically stable. Besides, due to their high ionic
conductivities they may be used as electrolytes for lithium-ion batteries and actuators. The first
generation of ILs showed air and moisture sensitivity. However, most recent generations of ILs such as
imidazolium-based ILs are very stable chemically and thermally and have already shown promising
results in the field of nanostructured materials, polymer blends, plasticized polymers and polymer
nanocomposites [422]. The chemical structures of the cations of the main ILs families are displayed in
Table 10.

Cation name Cation structure
Imidazolium Ra Rs

R1/N /%9\&1

Rs

Pyridinium R

Phosphonium Ry

Ammonium

Triazolium R4\( 7/;;1

N N

R3/ \R2
Thiazolium Ry SY&
y N
Rj3 Ry

Table 10: Chemical structures of the main ILs families.

From Table 10, it can be observed that several cation types are used in ionic liquids. They differ by their
aromatic structure, the atom carring the charge (nitrogen or phosphorous), the bulkiness etc. Besides,
they may have various substituents such as short alkyl chains (ethyl for example), long alkyl chains
(dodecyl for example) and may also include insaturations. They may then be associated with various
organic or inorganic anions such as tetrafluoroborate, dicyanimide, chloride or bromide. It is thus
possible to find a very wide variety of ionic liquids.
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Many studies have dealt with the use of ILs as dispersing agents for MMT in polymers [422—-425]. For
example, Livi et al [425] reported a 50 % increase in the Young’s modulus of a high density polyethylene
matrix with 2 wt% of MMT - ILs. Recently, studies on CNT dispersion in elastomeric matrices through
the use of ILs were reported by Heinrich et al [426-428]. They achieved the formation of a gel [429]
with CNTs and several ILs and observed enhanced dispersion of the CNTs in presence of ILs in several
elastomeric matrices such as styrene-butadiene copolymer (SBR) and polychloroprene (CR). Then, they
investigated the effect of several ILs on the mechanical and electrical properties of CNT-SBR
composites [428]. Upon addition of 1-allyl-3-methyl imidazolium chloride (AMIC) IL (1 mmol per g of
CNTs), they reported an increase in tensile strength from 2.67 MPa to 4.12 MPa at 3 wt% CNTs content
as well as an increase in the electrical conductivity from 4.5x10° S/cm to 7.7x10* S/cm [428].
Interactions between AMIC and SBR are reported to be cation-nt interactions, as well as chemical
covalent linkages through either an electrophilic addition of the imidazolium cation on SBR double
bounds or via a sulfur crosslinking reaction of the double bond in the allylic group of AMIC and the
double bonds on the SBR rubber matrix [430]. Similar positive effect of ILs on the mechanical
properties of carbon black filled-elastomers have been reported [430].

Few studies have reported the use of ILs as dispersing agents to improve the dispersion of graphite-
based fillers in elastomers. Xiong et al [431] prepared bromobutyl rubber (BIIR) composites with 1-
butyl-3-methyl imidazolium hexafluorophosphate IL - modified GO. They reported an increased degree
of exfoliation of GO (by XRD), and a slight increase (about 2 °C) in the glass transition temperature of
the GO-IL composites at 4 wt% loading of GO and 0.2 phr of the IL (as compared to neat BIIR). They
attributed this increase to enhanced interfacial adhesion between the filler and the matrix, but they
did not characterize the nature of these interactions. They also observed a 3-fold increase in the
thermal conductivity of BIIR composites containing 4 wt% of GO-IL, as compared to neat BIIR [431].
Besides, Yaragalla et al [432] prepared elastomer composites using ILs as dispersing agents. They
reported that upon modification of CNT-graphene hybrid fillers with ILs, increased mechanical
properties of NR composites were observed. Hence, stress at 300 % strain increased from 1.6 MPa to
2.8 MPa for IL-modified CNT-graphene hybrid fillers at 0.5 wt% loading [432].

ILs are believed to interact with graphene and CNT fillers through either interactions of the cations of
the ILs with delocalized m-electrons from the fillers or, in the case of imidazolium-based ILs, through mt-
Tt interactions between imidazolium rings and graphene lattice. This results in increased distance
between particles and thus in a better dispersion of the filler aggregates in the matrix [428].

1.2. Scope of the study
In this study, the influence of the addition of ionic liquids on the dispersion of commercially-available
graphite in non-polar NR and polar NBR matrices has been investigated, as well as the mechanical and
barrier properties of these composites. As in the previous chapters, graphite was incorporated in the
elastomer as partial replacement of carbon black.

Two main IL types were used: imidazolium-based ILs and phosphonium-based ILs. The effect of these
two cations on the dispersion of graphite and the properties of NR and NBR composites has been
investigated. In addition, three different anions were used: bromide (Br), chloride (Cl) and
bis(trifluoromethylsulfonyl)imide (TFSI). While Br and Cl anions are often reported to give a hydrophilic
character to the IL, TFSI anion-based ILs exhibit increased hydrophobicity. Table 11 gathers the
chemical structures of the seven ILs used in this study.
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Name Chemical structure
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Table 11: Chemical structures of the 7 ionic liquids used in this study.

From Table 11, it can be noticed that two structures of imidazolium cations were used: one containing
an allyl substituent (AMIC) and three other ones containing a C12 linear chain (DMIC, DMIB and DMIT).
Phosphonium-based ILs all contain the same trihexyl(tetradecyl)phosphonium cation with the same
counter-anions as imidazolium-based ILs (Cl, Br and TFSI).

NR and NBR composites were prepared with conventional rubber processing techniques (“bulk
mixing”) and the IL was added directly into the HAAKE mixer (see Appendix 6.1. and 6.2.). The effect
of the IL structure on the properties of NR and NBR — graphite composites was investigated.

2. NR composites
Due to its exceptional properties, natural rubber is the elastomer most used worldwide. In the present
chapter a more industrial approach has been developed compared to other chapters, since no
modifications of the filler have been carried out prior to mixing. It was then chosen to use NR instead
of IR, as it is more common in the industry and has a similar chemical structure to the polyisoprene.
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In this section, the use of ILs as compatibilizing agents is investigated. Contrary to the previous
approaches, no chemical bond is formed between the ILs and the filler and/or the elastomer. The IL is
expected to adsorb on the surface of the filler, to decrease filler-filler interactions, and thus to promote
its exfoliation within the matrix. In this study, the dispersing agents were added to the rubber mix
directly during the bulk processing, no pre-modification was performed. This method was chosen to
evaluate the ability of ILs to be used as efficient compatibilizing and dispersing agents for graphite, in
an industrial process. Then the influence of the IL on several properties of the corresponding elastomer
composites was evaluated.

2.1. Influence of ILs on the vulcanization Kinetics of NR - graphite

composites

lonic liquids have been reported to affect processing of elastomer composites. Hence, Das et al [428]
reported shorter curing times for CNT - SBR composites containing a few wt% of ILs. Besides,
Przybyszewska et al [433] studied the effect of several imidazolium and ammonium-based ionic liquids
on sulfur vulcanization of NBR. They observed that alkylammonium and alkylimidazolium salts were
able to catalyze the crosslinking reactions, thus decreasing curing time. They also reported that ILs
containing bromide and chloride anions led to a stronger decrease in the curing time than
hexafluorophosphates. However, no mechanisms were put forward to explain this behavior [433].
Pernak et al [434] explained the increase in curing rate induced by ILs by a better dispersion of zinc
oxide (Zn0), thus promoting a faster formation of accelerator-ZnO complexes and thus leading to an
overall faster curing reaction. In the present study, the influence of the IL type on the curing times of
NR — graphite composites was investigated.

NR composites containing variable loading of graphite (x =0, 2, 15 phr) and carbon black (50-x phr)
were prepared through conventional rubber processing techniques (bulk mixing). The sample names
are built with the following code: “Name of the rubber_amount of graphite in phr_amount of ionic
liquid in wt%_name of the ionic liquid”. For example, NR_O_1_TTPT is natural rubber filled with no
graphite (and so, 50 phr of carbon black) and 1 wt% of TTPT ionic liquid.

Upon addition of 1 wt% of IL, curing times were found to decrease significantly for the reference NR
compounds containing 50 phr of carbon black and no graphite (Figure 104).
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Figure 104: Curing time of NR samples filled with 50 phr of carbon black and 1 wt% of ionic liquids Curing times
represents the optimum cure time (t98) determined from rheological measurements as described in Appendix 1.14.2.1.

All ILs were found to effectively reduce curing times by at least 30 % and up to 60 % in the case of TTPC
and TTPT. A greater effect was observed with ILs containing chloride and bromide anions (AMIC, DMIC,
DMIB, TTPC, TTPB) than for ILs containing TFSI anion (DMIT and TTPT). Similar results were reported
by Przybyszewska et al [433] who measured higher curing rates for rubber compounds containing
alkylimidazolium chlorides and bromides than compounds containing alkylimidazolium
hexafluorophosphates.

According to the results of the present study, upon addition of 1 wt% of AMIC, NR curing time
decreases from 10 min to 6 min (and to as low as 4 min for TTPC and TTPB compounds). This is
comparable to the results of Das et al [428] who reported a decrease of the curing time from 6.7 min
to 3.2 min upon addition of AMIC in SBR/BR blends (without carbon black). The faster curing may be
due to ionic interaction between the ionic liquid and the curing system, as suggested in 1.1., based on
the work of Heinrich’s group [428, 430, 435]. However, the exact mechanism is not known.

Next, the effect of ILs on the curing times of NR — graphite- carbon black composites was also addressed
(Figure 105).
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Figure 105: a) Curing time for NR and NR - graphite composites with 1 wt% ionic liquid and b) curing time of NR - graphite
composites as a function of DMIT loading.

Upon addition of 15 phr of graphite in the reference NR-carbon black (50 phr) sample, curing time was
found to increase from 10 min to 14 min, thus showing that inert graphite surface does not promote
sulfur-curing activity, contrary to carbon black [436]. Upon addition of 1 wt% of ionic liquids, this curing
time decreased significantly, down to 3 min for TTPC-containing NR composite. Das et al [428] reported
similar results for SBR/BR blends filled with CNTs and ionic liquids. Upon addition of 5 phr of CNTs,
curing time increased from 6.7 min to 10.2 min but was decreased to 3.7 min upon addition of 1 mmol
of AMIC per gram of CNTs. However, no explanation was given by the authors. When comparing curing
times of NR compounds containing 1 wt% ionic liquids, with or without graphite (Figure 104 and Figure
105), no significant difference was observed. The presence of graphite did not seem to affect the ionic
liquid ability to increase reactions rates of CBS-accelerated sulfur vulcanization of NR.

However, at 10 wt% loading, most ILs prevented the vulcanization process to take place. For example,
after 2 h at 160 °C, no increase in torque was observed for DMIB — NR — graphite composites
(NR_15_10_DMIB) upon rheological testing. It may thus be expected that DMIB IL interacts with the
curing system, thus inhibiting the reaction. DMIT was found to be the only imidazolium-based ionic
liquid to be able to promote vulcanization at high loadings (10 wt%). The mechanism of IL interaction
with the curing system is not known but the anion may be responsible for the inhibition since DMIC
and DMIB prevented the NR composites to cure when loaded at 10 wt%, while DMIT did not seem to
affect curing.

Besides, it should be taken into consideration (see section 1.), that AMIC IL may chemically react with
the double bonds of the elastomeric matrix via an electrophilic addition of the imidazolium cation or
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via sulfur crosslinking reaction of the double bond in the allylic group with the double bond of the
rubber matrix [430]. Therefore, this reaction can compete favorably with the sulfur crosslinking
reaction if the number of double bonds is limited. The effect is less prominent for elastomers such as
NR that contain a large number of double bonds [430].

Another important feature when studying the vulcanization kinetics of elastomers, is the evolution of
the maximum torque. In this work, the maximum torque was measured using a laboratory rheometer,
which differs from common rubber rheometers using a closed oscillating cavity under controlled high
pressure. The evolution of the reaction could thus be followed; however the maximum torque was not
taken into account because the experimental setup did not allow the samples to cure under pressure.
No conclusions on the crosslinking density were thus drawn from these measurements. Anyhow, to
characterize the network density, three samples were additionally analyzed using a closed cavity
rheometer: NR_O_0, NR_15 0 and NR_15_1 DMIT (see Appendix 1.14.2.2. and Appendix 6.4). No
significant changes in the maximum torque were observed. The maximum torque of the reference
sample reached avalue of 11.1 dN.m while NR — graphite (with or without DMIT) reached a comparable
value of 10.6 dN.m.

From rheological measurements, it has been evidenced that ILs interacted with the curing system.
Shorter curing times were obtained when 1 wt% of the IL was added in the matrix, with TTPC having
the strongest effect (3 min as compared to 10 min without IL). Besides, it was shown that the
replacement of 15 phr of carbon black by 15 phr of graphite tended to increase curing times (14 min
instead of 10 min), but did not modify the effect of the ILs. Indeed, similar curing times were obtained
for NR composites containing ILs, whether graphite was present or not. In addition, it was shown that
at higher loading (5 wt% to 10 wt%), some ILs inhibited the crosslinking reaction, due to interaction of
the ILs with the curing system. However, as in most papers on this topic, no clear mechanism to explain
this behavior could be found. Of course, it could be of significant interest to study the effect of the IL
on the maximum torque, revealing the effect of the IL on the crosslinking density of the elastomer.

2.2. Thermal degradation of ILs and IL-based NR - graphite composites
lonic liquids are known to exhibit a “high thermal stability” (> 400 °C) [422, 437]. For example,
ethylmethylimidazolium bis(pentafluoroethylsulfonyl)imide IL was reported to have an onset
degradation temperature of 462 °C, as determined by TGA under nitrogen at 10 °C/min [438].

Herein, the influence of the cation and the anion type on the thermal degradation of the ionic liquid
was investigated using TGA (Figure 106). It must be noted that TGA measurements reveal the weight
loss, which is associated with the degradation of the chemical component being studied. However, the
absence of weight loss is not the guarantee that the material does not degrade in some way, via
chemical modification. Therefore, the term “thermal degradation” will be used to refer to the
occurrence of a weight loss in a sample, but no conclusion about the “thermal stability” (in the sense
of no chemical modification occurring at lower temperature) will be possible.
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Figure 106: TGA thermograms of imidazolium ionic liquids DMIT, DMIB, DMIC and AMIC (weight loss recorded under
helium with a heating rate of 10 °C/min).

First, the influence of the anion in the four imidazolium-based ILs of this study was examined. These
imidazolium-based ILs show a main degradation stage at a temperature greater than 250 °C. A
previous small mass loss (14 wt%, 12 wt% and 6 wt%, respectively) is observed for AMIC, DMIC and
DMIB around 100 °C, showing their hydrophilic character, while hydrophobic DMIT does not exhibit
any significant weight loss prior to 350 °C. The anion is thus responsible for the hydrophilicity of the
ionic liquid. Besides, the cation chain length also affects significantly the hydrophilicity of the IL. Hence,
while DMIC, containing a 12 carbon alkyl chain, and AMIC, containing an allylic group, undergo their
main degradation at the same temperature (250 °C), AMIC shows a slightly greater weight loss (14
wt%) below 250 °C than DMIC (12 %). The imidazolium cation substituents thus affect the
hydrophilicity of the IL but do not have any effect on the maximum degradation temperature of the IL.
In addition, the anion seems to be of great influence on the thermal degradation of the ILs. While
chloride-containing AMIC and DMIC degrade at 250 °C and bromide-containing DMIB degrades mainly
at 270 °C, DMIT shows no weight loss up to 350-400 °C. It can thus be concluded that TFSI is the most
stable anion and leads to a shifted temperature of degradation of the IL.

Then, the influence of the cation on the thermal degradation of the ionic liquid can be observed by
comparing Figure 106 and Figure 107, where the thermograms of phosphonium-based ILs are shown.
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Figure 107: TGA thermograms of phosphonium ionic liquids TTPT, TTPB and TTPC.

As observed previously, chloride and bromide-containing ILs (TTPC and TTPB), show increased
hydrophilicity as compared to TTPT. Besides, thermal stabilities of the ILs range in the same order as
previously observed. Chloride-containing TTPC is the least stable with an onset degradation around
300 °C, bromide-containing TTPB shows slightly higher degradation temperature up to 325 °C and TFSI-
containing TTPT shows delayed weight loss with a maximum degradation occurring at around 425 °C.

From the comparison of Figure 106 and Figure 107, the nature of the cation is shown to be of significant
influence on the thermal degradation of the ILs. Hence, while imidazolium-based ILs degrade mainly
between 250 °C and 300 °C, phosphonium-based ones show better stability with degradation
temperature shifted upwards by up to 80 °C.

As a summary, the ranking of the degradation temperatures of the seven ILs of this study is the
following: AMIC < DMIC < DMIB < TTPC < TTPB < DMIT < TTPT. In addition, the anion is responsible for
the hydrophilic or hydrophobic character of the IL, with chloride and bromide anions having a
hydrophilic character and TFSI hydrophobic. The hydrophilicity of the IL is of significant importance as
it will drive the interactions between graphite and the elastomer. No study could be found on the
hydrophilicity of the IL in elastomer composites with graphite filler. However, Laskowska et al [439]
reported improved dispersion of silica and hydrotalcite in NBR and carboxylated NBR upon addition of
5 phr of hydrophobic 1-ethyl-3-methylimidazolium bis (trifluoromethylsulfonyl)imide IL (EMIM TFSI)
whereas hydrophilic 1-ethyl-3-methylimidazolium thiocyanate IL (EMIM SCN) was not efficient in
promoting dispersion of the particles. EMIM TFSI may adsorb onto filler particles and decrease the
polarity of their surface, thus enhancing filler-elastomer compatibility [439].

It may thus be concluded from the results of the present study that the cation type, the anion type as
well as the cation substituent chain length have an impact on the thermal stability of the IL. This is
confirmed by the conclusions of Cao et al [440], who investigated the thermal degradation of sixty-six
ionic liquids. Moreover, they observed that the anion type played a major role (with the main
parameters being the anion coordination nature, its nucleophilicity and its hydrophilicity), while the
cation type had a less significant effect on the thermal degradation of the IL. Besides, cation
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modification (such as the substituent chain length) had less influence on the thermal degradation of
ILs [440].

In addition, due to their high thermal stability, ILs have been reported in the literature to increase the
temperature of thermal degradation of thermoplastic composites. However, in the present
investigation no significant difference on the thermal degradation of NR composites could be observed
upon addition of 1 wt% of an ionic liquid. All composites showed similar behavior. Likozar et al [441]
also reported no significant changes in the thermal degradation of HNBR — CNTs (30 phr) composites
upon addition of 3 wt% of 1-butyl-3-methylimidazolium tetrafluoroborate.

Besides, it is well-known that the glass transition temperature is related to the mobility of polymer
chains. Upon addition of well-dispersed fillers showing strong interactions with the matrix, this
mobility may decease and the Tg may thus increase. The addition of an IL to improve the dispersion of
a filler may lead to this effect. However, a neat Tg of — 61 °C was measured whatever the composite.
No significant shift was observed upon addition of graphite and TTPT ionic liquid. Similar results were
obtained with all ionic liquids tested in this study. Subramaniam et al [426] also reported no change in
the glass transition temperature (- 39 °C) of polychloroprene elastomers filled with 3 phr of CNTs upon
addition of 5 phr of 1-butyl 3-methyl imidazolium bis (trifluoromethylsulfonyl)imide. Therefore no
detectable variation of chain mobility is observed but no conclusion can be drawn regarding filler-
matrix interactions.

2.3. Effect of ILs addition on the dispersion of graphite into NR
The use of ILs as dispersing agents in elastomers has been reported to enhance dispersion of carbon-
based fillers such as carbon black and CNTs [426, 428, 430, 435]. In this study, the effect of the ionic
liquid on the dispersion of graphite in NR was investigated by SEM (Figure 108).
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Figure 108: SEM images of NR composites wit 35 phr of carbon black and 15 phr of graphite with a) no ionic liquid, 1 wt%
of b) AMIC, c) DMIC, d) DMIB, e) DMIT, f) TTPC, g) TTPB and h) TTPT.

In Figure 108, SEM images of the morphologies of NR composites with 15 phr of graphite and the
different ILs can be compared to the morphology of the neat composite which exhibits large
aggregates up to 20 um (Figure 108 a). Upon addition of 1 wt% of an ionic liquid, the size of the
aggregates is either similar or reduced. The smallest aggregates are observed for the composite with
TTPB, around 5 um (Figure 108 g), suggesting that a more homogeneous dispersion is achieved.
Phosphonium-based ILs seem to be more efficient in dispersing graphite than imidazolium-based ILs,
since smaller aggregates are observed. Using TTPT ionic liquid, the morphology consists in graphite
flakes of around 10 pm, coated with elastomer, thus suggesting a strong adhesion of the elastomer on
the graphitic filler (Figure 108 h). Laskowska et al [439] reported similar results with enhanced
dispersion of layered fillers in an elastomeric matrix (XNBR) upon addition of 5 phr of 1-ethyl-3-
methylimidazolium bis(trifluoromethylsulfonyl)imide (comparable with TTPT).
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The state of dispersion of fillers and the polymer-filler interactions are known to impact the mechanical
properties. The composites were thus submitted to tensile testing.

2.4. Effect of ILs addition on the tensile properties of NR - graphite

composites

lonic liquids have been reported to have an influence on the mechanical properties of elastomer
composites. According to several research papers, some ILs can induce enhancements in tensile
properties of elastomer composites [422, 428]. For instance, Kreyenschulte et al [430] reported an
increase in tensile strength (from 13 MPa to 15 MPa) and in strain at break (from 320 % to 400 %) by
adding 0.8 phr of AMIC IL in carbon black — SBR/BR composites. In this study, tensile testing was used
for mechanical characterization, but also as a means to reveal indirectly the state of dispersion of
graphite in NR. As a consequence, only the first tensile solicitation was recorded. No cycle testing for
Mullins effect was made.

2.4.1. Effect of the addition of ILs in NR / carbon black composites
The effect of some ionic liquids and on the tensile properties of NR (containing 50 phr of carbon black)
has been investigated (see Appendix 6.7.1.).

Adding AMIC IL leads to very similar properties to the reference sample NR_0_0. However, DMIC and
DMIT induce increased tensile strength (up to 21.9 MPa to be compared to 17 MPa for the reference
material). The DMIC composite exhibits a slight increase in strain at break. Some authors attributed
such an increase to a plasticizing effect of the IL on the NR matrix [435]. The term plasticization can be
discussed since the other properties do not reveal the decrease of rigidity associated with the
incorporation of a plasticizer and the glass transition is unchanged. More probably, the increase in
stress at 100 % strain, stress at 300 % strain and strain at break may suggest a better dispersion of
carbon black in the NR matrix, limiting the number of agglomerates in the composite, and thus leading
to a better reinforcement and an increase in strain at break.

Furthermore, it appears that no significant effect can be noted on tensile properties with increasing
ionic liquid content. This again questions some authors’ conclusion about IL plasticization effect in the
composites.

From this section, it was evidenced that ILs may have a dispersing effect on carbon black in elastomer
composites. In the next section, the effect of ILs on composites containing graphite (in addition to
carbon black) is investigated.

2.4.2. Effect of the addition of ILs in NR / graphite / carbon black composites
A similar study was performed in presence of graphite. The effect of the addition of ILin NR — graphite
composites was then investigated.

First, the influence of the addition of IL and its loading in the composite were investigated. Hence, the
effect of DMIT amount on the tensile properties of NR — graphite composites was investigated (Figure
109).
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Figure 109: Effect of the amount of DMIT ionic liquid on the tensile properties of NR — graphite composites.

From Figure 109, it can be observed that NR composites containing 15 phr of graphite and 35 phr of
carbon black (NR_15_0) exhibit increased stresses at 100 % and 300 % strain (from 1.3 MPa to 2.9 MPa
and from 4.5 MPa to 7.9 MPa, respectively) and decreased stress and strain at break as compared to
NR_0_0 containing carbon black only (50 phr). The increase in stresses at moderate strains indicates a
greater reinforcing effect of graphite than carbon black. However, the noticeable decrease in tensile
strength and strain at break may be attributed to a poor dispersion of graphite in the NR matrix.

Upon addition of 1 wt% of ionic liquid, no effect on stresses at small strains is observed as compared
to NR_15_0 composite. However, the stress and strain at break are increased and reach similar values
as NR_0_0. Besides, it is of significant interest that no decrease in stresses at moderate strains was
observed with DMIT, which cannot be explained clearly on the basis of morphological observations.

Besides, it can be observed that the amount of IL does not seem to have any influence on the tensile
properties of NR — graphite composites. Hence, when DMIT ionic liquid is incorporated in presence of
15 phr of graphite, similar values of stresses at small strains as well as tensile strength and strain at
break are obtained, whatever the IL loading. Due to high costs of ILs (3.42 €/g for DMIT), it is thus of
significant interest to limit to 1 wt% the IL loading into the NR composite.

In a second step, the influence of several ionic liquids, at 1 wt% loading, on the tensile properties of
graphite-based polyisoprene composites was investigated (Figure 110).
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For all composites containing 1 wt% of an IL, stresses at small strains are relatively well preserved while
stress and strain at break increased in comparison to NR_15_0 sample. Compared to the composites
containing DMIT, TTPT composites displays lower stress at 300 % (6.8 MPa as compared to 7.9 MPa for
DMIT) but stress at break increased by 2.2 MPa and similar strain at break (568 % and 580 %,
respectively). The TTPC composite exhibits the highest tensile strength and strain at break (superior to
NR_0_0 sample). A value of 19.8 MPa is reached for tensile strength and a value of 770 % is obtained
for strain at break. From morphological studies anyhow, TTPC did not appear as the best dispersing
agent (Figure 108). Again, a complex influence of ILs is evidenced, with probably modifications of the
dispersion and interactions.

Besides, a possible plasticizing effect was investigated through rheological measurements on uncured
NR. However, the addition of 1 wt% of DMIT IL induced no significant change in the complex viscosity
of NR — graphite composites, suggesting that the IL does not act as a plasticizer at 1 wt% loading in NR
— graphite composites (Appendix 6.6).

In addition, the influence of the IL on the crosslinking density should be investigated. Hence, an
increase in the crosslinking density of the composites would lead to an increase in stresses and would
lower strain at break. Swelling experiments of NR composites, performed in cyclohexane, showed no
significant change in the swelling ratio, thus suggesting no significant change in the crosslinking density
of the composites (see Appendix 6.5.1).

A similar mechanical study was performed at 2 phr loading of graphite. However, no significant effect
has been observed at such a low loading on tensile properties.

2.4.3. Conclusion on the influence of the addition of IL on tensile properties of NR -
graphite composites

From the study of tensile properties of NR composites, it has been observed that ILs were efficient in
increasing tensile strength and strain at break of NR composites containing 15 phr of graphite (and 35
phr of carbon black). These increases reached comparable values as NR vulcanizates with 50 phr
loading of carbon black. Besides, no decrease in stresses at 100 % and 300 % strain were observed, as
compared to pristine NR — graphite vulcanizates, thus preserving the reinforcement induced by
graphite fillers. This result is of significant interest since reinforcement and rupture properties often
have to be balanced.

Some selected results from the tensile testing study are gathered in Table 12.
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Stress at 100 % Stress at 300 % Tensile strength Strain at break

strain (MPa) strain (MPa) (MPa) (%)
NR_0 0 1.3 4.5 17.0 679
NR_0_1_DMIT 1.7 5.9 18.6 639
NR_15_0 2.9 7.9 9.7 372
NR_15_1_TTPC 3.2 7.0 19.8 770
NR_15_1_DMIT 3.0 7.9 16.1 568

Table 12: Selected results from the tensile properties of some NR composites.

From these data, a dispersing effect of the IL on the NR composites could be evidenced, leading to a
reinforcement of the composite, and thus to an increase in stresses at moderate strains.

Upon addition of 1 wt% of an IL, such as DMIT, in a NR — carbon black composite (NR_0_0 and
NR_O_1 DMIT), it can be noticed that stresses increase, thus suggesting a better dispersion or
improved compatibility of carbon black within the NR matrix. The IL may be able to decrease the size
of carbon black agglomerates, thus leading to a more efficient reinforcement of the matrix.

The substitution of 15 phr of carbon black by 15 phr of graphite (NR_15_0), leads to a noticeable
increase in stresses at 100 % strain (from 1.3 MPa to 2.9 MPa) and at 300 % strain (from 4.5 MPa to
7.9 MPa), thus evidencing a greater reinforcing effect of graphite than carbon black. However, these
composites break at lower strains (372 % instead of 679 %), which may be explained by the presence
of large aggregates that create “defects” in the composites, initiating rupture.

The addition of 1 wt% on an IL in NR — graphite composites, enabled an increase in tensile strength
and strain at break, while preserving the elevated stresses at moderate strains. This may be due to a
dispersing effect of the IL in the composite. Hence, TTPC IL enables an increase in tensile strength from
9.7 MPato 19.8 MPa and an increase in strain at break from 372 % to 770 %, due to a better dispersion
of graphite in the elastomer matrix. Besides, it may be noticed that the nature of the IL influences the
tensile properties of the NR composites. Hence, while DMIT well preserves the stress at 300 % strain
(7.9 MPa), it induces a more moderate increase in strain at break than TTPC (568 % and 770 %,
respectively). The nature of the interactions between the elastomer and the IL are not known but the
polarity as well as the size of the cation and anions may be the main parameters.

In addition, it could be of significant interest to study Mullins effect in the NR composites. Hence, while
the first tensile test gives an estimate of the state of dispersion, the study of Mullins effect would
provide information on the stability of mechanical properties of the composites.

2.5. Influence of IL addition on the air permeability of NR - graphite

composites
As mentioned in Chapter 1, good barrier properties can theoretically be expected for composites
containing well-dispersed lamellar nanofillers. For instance, Das et al [435] reported a 64 % reduction
in the oxygen permeability of bromobutyl rubber composites containing 5 phr of GNPs, as compared
to the neat rubber matrix.

Herein, the dispersion in presence of ILs seemed improved with respect to the neat composite. Other
results, such as changes in the tensile properties upon addition of ILs, tend to support the hypothesis
of better dispersion. Therefore, a comparison of barrier properties with or without IL was undertaken.
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The enhanced dispersion observed in SEM as well as elevated tensile properties may suggest that these
composites could be efficient in gas barrier applications.

Air permeability of the NR — graphite composites in the present study, containing 15 phr of graphite
and 35 phr of carbon black have thus been analyzed (Figure 111).
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Figure 111: Air permeability coefficient of several NR composites.

From Figure 111, it can be observed that the substitution of 15 phr of carbon black by graphite enables
a strong decrease in air permeability of NR composites (-65 %). This is supposedly due to the creation
of a tortuous path, slowing down the permeant diffusion through the material. Upon addition of 1 wt%
or 10 wt% of DMIT ionic liquid, no improvement of the barrier performance of the composite occurs.
While SEM images (Figure 108) suggested a more homogeneous dispersion for NR_15_1 DMIT than
NR_15_ 0 composite, the air permeability increases. It may be explained by an accumulation of the IL
on the surface of the filler, leading to a faster diffusion of the permeant molecules at the interface
[442]. Although with different filler and IL content, Das et al [435] reported similar behavior upon
addition of 15 phr of IL into bromobutyl rubber filled with 5 phr of GNPs. Therefore, a possible
hypothesis would be the creation of a diffusive interface, due to poor interactions of the elastomer
with the filler and / or adsorption of IL on graphite, thus facilitating the diffusion of gas molecules at
the vicinity of graphite platelets.

As already observed in Chapter 4, the addition of graphite-based impermeable filler into a rubber
matrix is efficient in decreasing the air permeability of the composite. The addition of an IL has shown
to improve the dispersion of graphite in NR but without decreasing permeability further. On the
contrary, air permeability in presence of IL is larger than without IL and the amount of the IL in the
composite has no influence on the air permeability of the material. An interaction of IL at the surface
of the platelets can be suspected.
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In the next section, the influence of several ILs on the properties on composites based on acrylonitrile-
butadiene copolymer (NBR) is reported, in order to study the influence of the IL type on a polar
elastomer matrix.

3. NBR composites
Acrylonitrile-butadiene copolymers (NBR) are polar elastomers that are commonly used in the
automotive industry due to their good oil resistance. To study the effect of the polarity of the matrix
on interactions between ILs and elastomer — graphite composites, it was chosen to work with the same
ILs as described in the previous section.

Similarly to NR composites, NBR — carbon black and NBR — graphite — carbon black composites have
been prepared and characterized. As for NR composites, some tests were carried out to assess the
influence of ILs on the thermal stability and Tg of the NBR composites. No significant effect of the ionic
liquid could be observed, either on the degradation temperature nor on the glass transition
temperature of the NBR composites. Therefore, the following sections will focus on morphologies and
mechanical properties.

3.1. Influence of ILs on the vulcanization Kkinetics of NBR - graphite

composites
As for NR composites, the influence of the ILs in the vulcanization step of the composites was
investigated. It was shown that partial substitution of carbon black by graphite increases curing time
(from 6.5 min, for the carbon black reference, to 8.5 min) and the addition of an ionic liquid decreases
this curing time. DMIC leads to the strongest reduction with 4 min curing time. However, DMIB IL has
a reverse behavior and increases curing times (10 min). These observations are detailed in Appendix
6.3.

3.2. Effect of ILs addition on the dispersion of graphite into NBR
The influence of the addition of 1 wt% of an ionic liquid on the dispersion of the filler has been
investigated through SEM (Figure 112).
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Figure 112: SEM images of NBR composites wit 55 phr of carbon black and 15 phr of graphite with a) no ionic liquid,
1 wt% of b) AMIC, c) DMIC, d) DMIB, €) DMIT, f) TTPC, g) TTPB and h) TTPT.

From SEM images (Figure 112), the graphite sheets sizes seem to be reduced in composites containing
AMIC, DMIC and TTPC (Figure 112 b, c and f, respectively) with the largest particles having a lateral
dimension around 10 pum (as compared to 20 um for graphite without IL in Figure 112 a). On Figure
112 e, small “filaments” are observed between graphite aggregates and the NBR matrix, thus
suggesting that DMIT ionic liquid may provide good interfacial adhesion of the rubber onto the
graphite platelets. However, the dispersion observed on Figure 112 h does not seem to be uniform.
From these SEM images, a small improvement of the dispersion state seems to occur in chloride-based
IL composites containing AMIC, DMIC and TTPC ionic liquids (Figure 112 b, c and f). It is however hard
to precisely relate the nature of the anion and cation of the IL to the state of dispersion of graphite in
NBR composites.
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3.3. Effect of ILs addition on tensile properties of NBR - graphite
composites

3.3.1. Effect of the addition of ILs in NBR / carbon black composites
The effect of ILs onto the tensile properties of NBR vulcanizates containing no graphite has been
investigated (see Appendix 6.7.2).

An overall decrease in tensile strength and stresses at 100 % and 300 % strain is observed in
comparison with the reference composite (NBR_0_0). AMIC induces high strains at break of 990 %.
This effect may be explained by a decrease in the crosslinking density due to possible interactions of
the IL with the curing additives. It might also be linked to a possible decrease of the aggregate sizes,
due to the adsorption of the IL on the surface of the filler.

Besides, the effect of the amount of IL has been investigated and no significant difference between
samples containing 1 wt%, 5 wt% and 10 wt% were observed.

3.3.2. Effect of the addition of ILs in NBR / graphite / carbon black composites
As for NR composites, tensile properties of NBR — graphite composites have been investigated (Figure

113).
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Figure 113: Effect of imidazolium ionic liquids on the tensile properties of NBR — graphite composites.

Contrary to NR-based similar composites, NBR-graphite composites do not exhibit a strong decrease
in tensile strength and strain at break. A tensile strength of 13.4 MPa is reached at the maximum as
compared to 14.3 MPa for NBR_0_0 vulcanizates. Upon addition of 1 wt% of ionic liquid, a decrease in
stresses at small strains and at break is observed for AMIC - NBR samples. On the contrary, DMIT shows
no effect on tensile properties of NBR — graphite composites at this loading. It may be noticed anyhow,
that AMIC largely increases strain at break of the NBR — graphite composites (+ 40 %). This increase

214

Strain at break



may be due to improvements of graphite dispersion and platelet size decrease but also to a decrease
in crosslinking density. Hence, swelling experiments suggest that AMIC - NBR composites have a
significantly lower crosslinking density than NBR_15_0 (see Appendix 6.5.2.). TTPT showed degraded
tensile properties compared to NBR_15_0, since stresses at 100 % and 300 % strain were decreased,
as well as tensile strength. Strain at break is also reduced to around 460 %.

Contrary to NR — graphite composites, the neat NBR — graphite composite (NBR_15_0) shows well-
preserved rupture properties as well as an increase in stress at 100 % and 300 % strains compared to
the reference sample NBR_0_0. The addition of an IL anyhow, mostly modified the tensile properties
of NBR — graphite composites through a decrease in most stresses as compared to NBR_15_0.

The tensile testing study of NBR composites thus showed that ILs were not efficient in improving
mechanical properties of NBR — graphite composites. Some selected results from the tensile testing
study are gathered in Table 13.

Stress at 100 % Stress at 300 % Tensile strength Strain at break

strain (MPa) strain (MPa) (MPa) (%)
NBR_0_0 2.6 6.9 14.3 716
NBR_0_1_DMIT 2.5 6.6 13.5 761
NBR_15_0 4.3 7.4 13.4 705
NBR_15_1_DMIT 4.0 7.2 13.4 749
NBR_15_1_AMIC 3.4 53 9.0 982

Table 13: Some selected tensile properties of NBR composites.

From Table 13, upon addition of 1 wt% of DMIT IL in NBR — carbon black composites, no significant
changes could be observed. Similar trends were observed with other ILs. When 15 phr of carbon black
are substituted by graphite, an increase in stress at 100 % strain from 2.6 MPa to 4.3 MPa and in stress
at 300 % strain from 6.9 MPa to 7.4 MPa is observed, thus showing effective reinforcement of NBR by
graphite. Besides, similar rupture properties to NBR_0_0 are reached.

It can also be noticed that AMIC leads to decreases in all stresses, thus suggesting that complex
interactions occur between the IL and the composite components. The curing system used for NBR
composites comprises different accelerators than NR composites. Hence, while CBS was used for NR,
MBTS, TETD and TBzTD are used in NBR composites. These different components may thus have
different interactions with the ILs. The choice of a different plasticizer (DOS instead of a paraffinic oil)
as well as the addition of two antioxidants (6PPD and TMQ) may also have an influence on the
interactions between the IL and the rubber.

From this study, it can be concluded that NBR — graphite composites show interesting tensile
properties with increased stresses at small strains as compared to NBR_O_O vulcanizates, without
impacting much rupture properties of the material. The addition of ILs into NBR — graphite composite
did not lead to better tensile properties. AMIC increased strain at break to a large extent, without
preserving elevated stresses at small strain, due to a supposedly lower crosslinking density.

As for NR, it could thus be of significant interest to study the interaction of the IL with the curing system
of NBR to fully attest the effect of the IL on the tensile properties of NBR — graphite composites.
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4. Brief comparison of the changes in tensile properties of NR of

NBR induced by the addition of graphite and ionic liquids
In this study, two matrices have been studied (NR and NBR) and the effect of the substitution of 15 phr
of carbon black by 15 phr of graphite led to a different response depending on the matrix. The changes
in tensile properties induced by the substitution of 15 phr of carbon black by 15 phr of graphite are
gathered in Table 14.

Stress at 100 % Stress at 300 % Tensile strength Strain at break

strain (MPa) strain (MPa) (MPa) (%)
NR_15_0 +123% +75% 45 % 45 %
NBR_15_0 +65% +7% -6% 2%

Table 14: Relative changes in tensile properties of NR and NBR composites upon substitution of 15 phr of carbon black by
graphite. The results are given as comparison to NR_0_0 and NBR_0_0 reference samples, respectively.

From Table 14, it can be observed that the substitution of 15 phr of carbon black by 15 phr of graphite
leads to a stronger impact on NR composites properties than on NBR composites. Indeed, NR —
graphite composites display a strong increase in stresses at 100 % and 300 % strain (+ 123 % and + 75
%, respectively) while the stress at 300 % strain is hardly impacted by the substitution of 15 phr of
carbon black by graphite in NBR. Besides, rupture properties are decreased by 45 % for NR composites
while they remain identical for NBR composites.

Furthermore, the changes in tensile properties induced by the addition of 1 wt% of DMIT ionic liquid
in NR and NBR — graphite composites (as compared to NR and NBR — graphite composites without IL)
are gathered in Table 15.

Stress at 100 % Stress at 300 % Tensile strength Strain at break

strain (MPa) strain (MPa) (MPa) (%)
NR_15_1_DMIT +3% = +66% +53%
NBR_15_1_DMIT -7% -3% = +6%

Table 15: Table 9: Relative changes in tensile properties of NR and NBR composites upon substitution of 15 phr of carbon
black by graphite. The results are given as comparison to NR_0_0 and NBR_0_0 reference samples, respectively.

It can be observed that the addition of 1 wt% of DMIT ionic liquid has little impact on the tensile
properties of NBR — graphite composites. However, the addition of 1 wt% of ionic liquid in NR —graphite
composites leads to significant increases in stress and strain at break (+ 66 % and + 53 %, respectively).

It may thus be concluded that most significant effects on the tensile properties of NR and NBR were
observed for NR composites. It is however unclear which mechanisms drive these changes. The polarity
of the matrix may be one parameter but a more detailed study would be necessary to fully attest the
effects of graphite and ionic liquids on NR and NBR composites.

Conclusion

In this study, the effect of addition of ionic liquids into NR and NBR — graphite composites has been
investigated. Imidazolium and phosphonium-based ILs were used with chloride and bromide counter-
ions, providing a hydrophilic character, as well as TFSI, more hydrophobic.

The main goal of this study was to investigate the use of ionic liquids as commercially-available
compatibilizing agents between graphite and common elastomer matrices (NR and NBR). Similarly to
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chapter 4, all composites contained carbon black, as in most industrial composites formulations. In the
literature, several studies have reported contradictory results with anyhow the IL leading, in some
cases, to enhanced mechanical properties of elastomer composites, by promoting a better dispersion
of graphite-based fillers in the elastomer. In the present study anyhow, while some ILs led to
apparently improved dispersion of graphite, no significant enhancements in mechanical properties
were observed.

The ILs are believed to interact with both the filler and the matrix through physical interactions, which
are dependent upon their hydrophilicity (anion type), the nature of the cation as well as the organic
cation substituents (chain length and insaturations). However, no trends could be evidenced from this
study. Hence, phosphonium-based TTPC led to the most prominent enhancement in mechanical
properties of NR composites, while imidazolium-based DMIT was the best choice for NBR composites.
Besides, only little differences between the ILs were observed and it is thus not possible to conclude
on the effect of the nature of the IL on the dispersion of graphite in elastomer-based composites.

Another important parameter highlighted in this study, is the possible interaction of the IL with the
curing systems of NR and NBR, which may also affect mechanical properties. Hence, a detailed study
of the interactions (chemical and physical) between the IL and the vulcanization components could be
interesting to perform.

From this study, it can thus be concluded that the IL did not bring the expected enhancements in
mechanical and barrier properties of NR and NBR — graphite composites. Besides, due to the high cost
of ILs, they may not be suitable for industrial use, as dispersing agents. In a further study, other
compatibilizing agents could be investigated such as common surfactants (SDS etc).
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Chapter 5: Use of ionic liquids as dispersing agents in NR and NBR - graphite composites
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Chapter 5: Use of ionic liquids as dispersing agents in NR and NBR - graphite composites
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Main conclusion

In this study, several modifications of graphite-based fillers have been investigated and their effects
on the mechanical and barrier properties of polyisoprene-based composites have been characterized.
The use of defect-free graphene as a filler in polymer matrices does not seem to be industrially possible
yet. However, the use of graphite-based derivatives offers interesting opportunities. The literature
review highlighted that graphite-based derivatives could lead to enhanced barrier and mechanical
properties of elastomer composites. Besides, several studies evidenced the possibility to functionalize
graphite derivatives to enhance filler-matrix interactions. This study thus focused on the enhancement
of graphite — elastomer interactions through chemical modification.

In the next chapter, several functionalization strategies have been developed. While the grafting of
compatibilizing molecules such as octadecylamine (ODA) has already been reported in the literature,
the grafting of polymer chains was more challenging. Most research papers focused on the grafting of
thermoplastic polymers chains onto the surface of graphite derivatives. However, anchoring elastomer
chains had seldom been reported. In this work, an in situ polymerization technique has been
developed, involving emulsion cationic polymerization of isoprene in the presence of graphite oxide
(GO). Through this fast, one-pot technique, a high content of grafted polyisoprene, around 50 wt%
could be achieved, which is not often reported in the literature.

In addition, new industrial materials with improved properties have been developed. The addition of
the previously prepared graphite derivatives in elastomer composites has been performed and the
properties of the corresponding composites have been investigated. While most studies reported the
effect of the addition of graphite-based derivatives in a neat elastomer matrix, this work was carried
out in a more industrially-relevant approach based on carbon black-filled elastomers. Then the
modified fillers were added as partial substitution to carbon black. Complex effects on the barrier and
mechanical properties were observed. Indeed, ODA-modified graphite oxide (GO-ODA) and thermally
expanded graphite oxide (GOX) fillers, when loaded at 15 phr, led to prominent decreases in air
permeability (~ 60-70 %) and to significant reinforcement of the polyisoprene composites.

Besides, while most studies focus on one modification path, several strategies have been investigated
and compared in this work: (i) the grafting of short molecules on the surface of graphite oxide, (ii) the
grafting of coupling agents between graphite oxide and the elastomer, (iii) the in situ polymerization
of the monomer onto graphite oxide, (iv) the thermal treatment of graphite oxide and (v) the use of
ionic liquids as dispersing agents. A wide variety of fillers has thus been prepared and in a second step,
the properties of the corresponding composites have been investigated and compared. Such a global
approach is seldom reported in the literature. Hence, most studies often describe one type of
modification and, if a composite is prepared, its properties are usually not compared to other
composites containing graphite derivatives. Besides, these materials are often compared to a
reference matrix which does not contain any fillers. This is interesting to get a fundamental
understanding of the effect of the modified filler on the neat elastomer matrix. In the present study, a
direct comparison of the composites containing fillers with various modifications has enabled to
separate the effect of the filler and the effect of the nature of the grafted molecule. Consequently, it
was evidenced for example that the grafting of ODA on GO was more efficient than bis[3-
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(triethoxysilyl)propylltetrasulfide (TESPT) in decreasing air permeability of polyisoprene-based
composites.

Besides, in the present work, all the composites containing home-made modified fillers were
compared to composites containing commercially-available graphite fillers, to evaluate the need for
complex and time-consuming modification steps. For example, it was observed, that at 15 phr loading,
commercially-available expanded graphite (GE) was as efficient as home-made GOX in reducing the air
permeability of polyisoprene composites, thus suggesting that the commercial product could be used,
to reduce costs. However, GOX composites displayed strongly enhanced reinforcement at small
strains, compared to GE composites, which shows that for certain applications, the functionalization
brings valuable changes. In addition, to further increase the barrier and mechanical properties of
graphite-based elastomer composites, other modifications could be investigated in the future. For
example, GO-ODA filler could be reduced, by a chemical or solvothermal process, to decrease its
hydrophilicity while preserving the covalent grafting of ODA. This treatment would add an additional
step to the preparation of the filler but should be valuable if it leads to a strong enhancement in barrier
and mechanical properties of the polyisoprene composite. Besides, the reduction process would lead
to partial recovery of the aromatic structure of the graphite-based filler and could thus induce an
increase in the thermal conductivity of the composites.

This work highlighted the need for further research to fully understand and master the dispersion of
platelet-like fillers in elastomer matrices. A greater understanding of exfoliation mechanisms for
example could be valuable. Furthermore, another interesting feature in this study is that all composites
were prepared using conventional rubber processing techniques, which are close to industrial
processes. Anyhow, to attest whether these results may be industrially-relevant, a scale-up of the
process should be performed as it would enable to evaluate whether the tendencies observed in this
study at a laboratory scale, are confirmed.

In a further study, the dispersion of graphite-based derivatives could also be performed using a
different industrial process, such as latex processing technique for example, to investigate the
influence of the process on the dispersion and distribution of the filler in the elastomeric matrix. The
latex processing could enable the addition of graphite derivatives as aqueous suspensions, which
should limit their aggregation. Some preliminary research work on latex compounding method has
already evidenced the formation of complex, segregated morphologies, which may lead to enhanced
barrier properties of polymer composites. Since all the elastomers used in this study can be supplied
in latex form, industrial applications of latex-compounded elastomers and graphite-based fillers can
be considered.
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1. Characterization methods

1.1. Sonication
Sonication was accomplished using an Elma S40 Ultrasonic apparatus (Sheller, 37 kHz, 140 W).

1.2. Fourier-Transform Infra-Red Spectroscopy (FTIR)

FTIR spectra were recorded on a Nicolet FTIR 460 spectrometer using powder-pressed KBr pellets.
Specimens for the measurements were prepared by mixing 1 mg of the sample powder with 150 mg
of KBr and by pressing the mixture into pellets. FTIR spectra were obtained at a resolution of 6.0 cm™®
at room temperature in a wavenumber range between 4000 and 400 cm™ and averaged over 70 scans.

Some samples were also analyzed using attenuated total reflectance (ATR) diamond apparatus.

1.3. Raman Spectroscopy

Raman spectroscopy was performed on a ThermoFisher Scientific DXR Smart Raman spectrometer
using a green laser with a wavelength of 532 nm, at a power of 7 mW, in the 500-3500 cm™ range and
with a resolution of 4 cm™. The measure was performed at room temperature on powders.

1.4. X-Ray Photoelectron Spectroscopy (XPS)

The X-ray photoelectron spectroscopy (XPS) analyses were performed with a PHI Quantera SXM
instrument equipped with a 180° hemispherical electron energy analyzer and a monochromatized Al
Ka (1486.6 eV) source operated at 15 eV and 4 mA. The analysis spot had a diameter of 200 um and
the detection angle relative to the substrate surface was 45°.

1.5. X-Ray Diffraction (XRD)

X-ray diffraction was performed on a Bragg-Brentano Brucker D8 Advance diffractometer (Ni-filtered
Cu Ka radiation, 1.5405 A) at a voltage of 40 kV with an intensity of 40 mA using a Bruker LynxeyeXE
detector. d(002) basal spacings were calculated from 26 values using Bragg’s law.

1.6. Nuclear Magnetic Resonance (NMR)
'H Liquid Nuclear Magnetic Resonance (NMR) spectra were recorded using a 5 mm BBFO + probe on a
Bruker AVANCE Il spectrometer at 400MHz. Deuterated toluene was used as a solvent.

1.7. Gel Permeation Chromatography (GPC)

Molar mass of polyisoprene samples was determined using a Viscotek 270 max Size Exclusion
Chromatography (SEC) apparatus from Malvern. A high-mass column maintained at 35 °C was used
with a volume flow rate of 1 mL.min? and a resulting pressure of 2.8 MPa. Pure toluene purchased
from Carlo Erba was used as the eluent with diethyl ether as the flow marker. A differential
refractometer (RI VE3580 with a tungsten lamp) and a viscosimeter (4 capillaries in Wheatstone bridge
configuration) were used for detection. 5 mg/mL solutions of the samples were prepared in toluene
with a drop of the flow marker, then filtered on 0.20 um filter. An injection volume of 100 uL was used.
Calibration was done with standard polystyrene. Molar mass data given in this study are calculated
with a universal calibration method.

1.8. Gas Chromatography in line with Mass Spectrometry (GC-MS)
Gas chromatography in line with mass spectrometry was performed on a 6890N-GC with a MS Agilent
Instruments 5973N mass detector. Gas chromatography with HP-5MS column (20 m x 0.18 mm x 0.18
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um), was performed using helium as a vector gas. Mass spectra were obtained as a function of elution
time with a mass range of 10 to 700 u.

1.9. UV-vis spectroscopy

UV-vis experiments were recorded on a Perkin Elmer UV/VIS Spectrometer Lambda 35 with a slit width
of 2 nm. The samples were put in a 0.2 mL cuvette with 1 cm path length and the spectrum was
recorded in the 200-900 nm range with a scan speed of 240 nm/min.

1.10. Thermogravimetric Analysis (TGA)
Thermogravimetric analysis (TGA) was carried out with a TA SDT Q600 (TA Instruments). Samples were
heated at 5 °C.min* under helium flow (25 mL.min™).

1.11. Differential Scanning Calorimetry (DSC)

Differential Scanning Calorimetry analysis was performed with a DSC 2920 apparatus (TA Instruments).
The initial temperature was set at -100 °C, the sample was then heated at 10 °C.min up to 100 °C,
cooled down to -100 °C at the same rate and finally heated to 100 °C at 10 °C.min%. The last heating
stage was used to determine the glass transition temperature of the product.

1.12. Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM) images were taken by a commercial FEI Quanta 250 FEG. The
powder was deposited onto carbon tape and observed with an accelerating voltage of 15 kV.
Composites were fractured in liquid nitrogen and deposited on carbon tape. The observation was
made at 15 kV. GO-allyl-IR sample was cut in 1 mm thick band, cooled in liquid nitrogen and fractured
inside a cryotransfer GATAN Alto 2500 at -150 °C using a scalpel. The observation was done in cryo
mode at -150 °C with an accelerating voltage of 2 kV.

1.13. Transmission Electron Microscopy (TEM)

Transmission electronic microscopy (TEM) analysis was performed on a Philips CM120 electron
microscope operating at 80 kV. In a typical experiment, one drop of the colloidal dispersion was
deposited on a carbon film supported by a copper grid and allowed to air-dry before observation.

1.14. Rheology analysis

1.14.1. Evolution of the complex viscosity and the shear moduli of uncured elastomer
composites

Evolution of the complex viscosity, storage modulus and loss modulus of uncured elastomer
composites were recorded on a TA ARES 4800 rheometer with parallel plates geometry, at a
temperature of 100 °C, and at 1 % strain over a frequency range of 0.01 rad/s to 100 rad/s. The
measurements were performed with a fixed gap, under a nitrogen flow and the samples were allowed
to relax during 5 minutes before starting the measurement. The samples were 3 mm thick disks with a
diameter of 25 mm.

1.14.2. Vulcanization kinetics

1.14.2.1. Using an ARES rheometer
Cure times were measured on a TA ARES 4800 rheometer with parallel plates geometry, at a
temperature of 160 °C, at a frequency of 10rad/s and at 7 % strain. The measurements were
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performed with a fixed gap, under a nitrogen flow and the increase in torque was recorded as a
function of time. The samples were 3 mm thick disks with a diameter of 25 mm.

1.14.2.2. Using a closed cavity rheometer

Curing data of NR_0_0, NR_15_0 and NR_15_1 DMIT were additionally recorded using a Moving Die
Rheometer (MDR) MDR2000 according to ISO 6502 standard. The chamber temperature was set at
160 °C and the oscillation was performed at a frequency of 1.66 Hz with an amplitude of £ 0.5°. Each
sample was a cut as a disk of 5 g.

1.15. Equilibrium swelling

Equilibrium swelling measurements were performed on crosslinked elastomer composites. Each
sample was cut in three pieces and they were soaked in cyclohexane for NR composites and butanone
for NBR composites at room temperature, until a constant weight was reached. They were then dried
in a vacuum oven at 80 °C until a constant weight was reached. The swelling ratio (S;) was then
calculated according to the following equation.

Mswollen — mdry

Sy =
mdry

Where Mgwolien is the mass of the swollen sample and mqr, is the mass after drying.

1.16. Tensile testing

Tensile testing was performed according to ISO standard 37:2011 on an Alpha T2000 on type 2
dumbbells (2 mm thick). A pre-load of 1 MPa was applied prior to the measurement. The analysis was
then performed at 500 mm/min speed and the strain was recorded using an extensometer.

1.17. Permeability measurements

Permeability measurements were performed on a home-made equipment. The sample was attached
between two chambers against a microporous steel plate. The upper cell (volume > 25 cm?) was
maintained at 5 bars and the lower cell pressure was set at 1 bar at the beginning of the experiment.
The volume of the measuring cell was 3.3 cm? and the surface of the sample in contact with the
permeant was 15.2 cm? The samples were cut in circular shape with a diameter of 700 mm and a
thickness of 1 mm. Air was used as the permeant and the experimental device was maintained at 23 °C
during the measurement. Permeability coefficients were calculated according to ISO 2782: 2007
standard in mol.m.m2.s2.Pa! using equation (1).

Vo Xe dpP (1)

X — X 10?2

Q:AxPuxTxR dt

Where:
- Vo is the volume of the measurement chamber (m?3)
- e is the thickness of the membrane (m)
- A is the diffusion surface (m?)
- Py is the relative pressure in the upper chamber (Pa)

- Tis the temperature (K)

254



- Ris the gas constant (8.31 Pa.m®.K1.mol?)

- dP is the increase in pressure during a certain time dt (Pa.s)

1.18. Thermal conductivity measurements

Thermal conductivity was measured using a Hot Disk TPS 500S with a diameter 3.189 mm probe. Each
sample was cut in 2 pieces of 125 mm x 125 mm x 6 mm. The measure was performed at room
temperature, with a power of 60 mW and during a time of 10 s to 40 s, in accordance with 1SO 2207-2
standard. A minimum time of 2 minutes was left between two measures and for each sample, the
measure was repeated three times.
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2. Appendix to Chapter 1

2.1. A possible mechanism of CBS-accelerated sulfur vulcanization

Accelerator chemistry
In a first step, upon heating, CBS is reported to homolytically cleave to form
2-mercaptobenzothiazole (MBT) and a free amine as shown on Scheme 24.

OO0 —— O~ O
CBS MBT

free amine
Scheme 24: CBS homolytic dissociation.

CBS dissociates into MBT molecule and a free amine is formed (supplementary hydrogen atoms are
believed to come from surrounding molecules such as stearic acid). The resulting MBT can then react
with CBS, to form MBTS (Scheme 25) [443].

CO~—O- Co —— 010 - -0
CBS MBT MBTS free amine

Scheme 25: Formation of MBTS from CBS and MBT.

The nature of the reaction is postulated to be either ionic or radical [190, 444]. It can be noted that
MBT and MBTS are activators that are commercially available and that could be used directly, instead
of CBS. However, the use of CBS induces a delay in the onset of the vulcanization reaction (scorch time)
that is often desirable in the industry.

In a next step, an activator such as ZnO may catalyze the formation of macromolecular complexes with
MBTS (Scheme 26).

MBTS-Zn complexes

Scheme 26: MBTS-zinc complexes.

These complexes have low solubility in most elastomeric matrices and low reactivity towards sulfur.
However, they may coordinate with amines and carboxylate ligands to increase solubility and reactivity
(Scheme 27).
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R

R—N—R

-

R—N—R

R
complex of MBTS, Zn and amine ligands

Scheme 27: MBTS-zinc complexes with amine ligands.

Amines can be released from the CBS cleavage and carboxylic ligands can be provided by stearic co-
agent incorporation [185].

In a following step, elemental sulfur is added in the MBTS complex as shown in Scheme 28.

ST
s /"zﬁ\ s

/N\ N
&I e
R R
complex of MBTS, sulfur, Zn and amine ligands

Scheme 28: Sulfur insertion into MBTS-zinc complexes with amine ligands.

Several studies have shown that sulfur addition in MBTS structures is sequential however the exact
mechanism of this reaction is not fully understood yet [445, 446].

Crosslinking chemistry
Crosslinking reactions occur in two main steps: first precursors are formed, then crosslinks between

elastomer chains are formed [447]. In the first step, polysulfide complexes react with elastomer chains
through abstraction of an allylic hydrogen, to form crosslink precursors or “pre-crosslinks” [185].
Scheme 29 shows the reaction paths.

e/ e O 0 e e e

i
\ Sx
!

N N
R/|\R R/l\R /k
R R
A

S N

O

polyisoprene chain MBTS complex pre-crosslink MBT

Scheme 29: Pre-crosslinks formation.

Crosslinking precursors are formed when the polysulfidic bonds of the accelerator complex react with
rubber chains. Accelerator-terminated polysulfidic pendant group are attached to a rubber molecule,
forming reactive “pre-crosslinks”. In a second step, these highly reactive species can react with
elastomer chains again (through abstraction of an allylic hydrogen) to create crosslinks (Scheme 30).
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o S \ - . N . 4@

N

polyisoprene chain pre-crosslink crosslink MBT

Scheme 30: Formation of crosslinks from pre-crosslinks.

Polysulfide crosslinks between rubber chains are thus formed. From Scheme 30, it seems that MBT is
regenerated after the crosslink is formed and may react again to form new crosslinking precursors.
Besides, crosslinking precursors may also rearrange to form polysulfide cyclic structures on elastomer
chains (Scheme 31) [185].

Sx—8§

cyclic structure

Scheme 31: Formation of a polysulfide cyclic structure onto an elastomer chain.

These cyclic structures are « elastically ineffective » as they do not enable covalent bonding of two
elastomer chains together, and thus do not participate in the creation of a three-dimensional network.

Post-cure chemistry

As detailed above, crosslinks that are formed are mainly polysulfidic. They can then undergo
modification through two main mechanisms: desulfuration and decomposition. In the former,
polysulfidic crosslinks rearrange into more stable mono and disulfide crosslinks. In the latter,
polysulfidic crosslinks degrade to elastically ineffective cyclic sulfides, inactive pendant groups and
other main chain modifications (Figure 18 ¢ and d). Besides, the sulfur released during those
rearrangements may react to form new crosslinks [185].
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2.2. Shortliterature review of barrier properties of graphitic fillers -

elastomers composites

Many studies investigated graphitic fillers-elastomer barrier properties [135, 227, 236—239]. Table 14

provides a short review of the literature regarding barrier properties of elastomers filled with graphitic

fillers.
Filler Loading Matrix Processing Permeant  Relative Reference
reduction
(/ pristine
polymer)
GO 1 wt% PDMS Solution (THF) N -45 % [238]
(=0.43 (0]} -45 %
vol%) Ha -45 %
CHa -45 %
CO; -45 %
Low defect 5 phr SBR Latex 0, -35% [236]
graphene
flakes
rGO 4 phr NR Latex 0, -70 % [237]
rGO 4 phr NR Latex + two- 0, -30 % [237]
roll mill
TRG (aspect 5 wt% PDMS Solution Air -80 % [227]
ratio L/W=
1000)
TRG (aspect 5 wt% PDMS Solution Air -60 % [227]
ratio L/W=
400)
Graphite 1.6 vol% TPU Solution N> -5% [135]
Melt in situ
polymerization
TRG 1.6 vol% TPU Melt mixing N> -50 % [135]
TRG 1.6 vol% TPU In situ N, -70% [135]
polymerization
TRG 1.6 vol% TPU Solution N> -80 % [135]
GO 1.6 vol% TPU In situ N> -60 % [135]
polymerization
Phenyl 1.6 vol% TPU Solution N, -98 % [135]
isocyanate -
GO
Acetyl 1.6 vol% TPU Solution N2 -94 % [135]
phenyl
isocyanate -
GO
Exfoliated 10 phr Latex + HAAKE N, -38% [239]
graphite + two-roll-mill
(using

microwaves)

Table 16: Gas permeability of graphene/graphite - elastomer composites.
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2.3.

elastomers composites
Some tensile properties of graphene-rubber composites found in the literature are reported in Table

Short literature review of tensile properties of graphitic fillers -

15. The values in parenthesis refer to the increase / decrease in properties as compared to the neat

matrix.
Filler Loadi Mat Processing Strain Tensile 50% 100% 300% Refere
ng rix at strengt modu modul modul nce
break h lus us us
Thermally 5phr NR Pre-mixing 950 % 6 MPa 1 MPa 5 MPa [257]
reduced latex in latex (x 1.1 (x 1.5 (x 2 as (x 6 as
GO phase as as compa compa
followed compa compa red to red to
by two-roll red to red to neat neat
mill neat neat NR) NR)
NR) NR)
Thermally 5phr NR two-roll 600% 11 0.5 1 MPa [257]
reduced latex mill (/1.5) MPa (x MPa (x (x
GO 2.8) 1) 1.25)
Chemically 5phr NR Pre-mixing 500 % 9 MPa 1 MPa 4 MPa [261]
reduced latex in latex (/2) (x2) (x2) (x4)
GO phase
followed
by two-roll
mill
Chemically 5phr NR Pre-mixing < 100 10 - - [261]
reduced latex in latex % (/8) MPa (x
GO phase 5)
followed
by solution
mixing
Graphite 25 SBR  Solution 66 % 148% 320 % [448]
phr (THF), (of the
HAAKE value
and two- obtain
roll mill ed for
the
neat
matrix)
Graphite 25 SBR  Solution 118% 561% 680% [448]
milled with phr (THF),
THF HAAKE
and two-
roll mill
Graphite 25 SBR  Solution 123% 550% 260 % [448]
milled phr (THF),
under HAAKE
argon and two-
roll mill
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Graphite
milled
under CO;
pressure

TRG

TRG

Chemically
reduced
graphite
(using
vitamin C)

Multilayer

graphene
(<10 layers)

Expanded
graphite

CNT

CB

GO-
octadecyla
mine

25
phr

25
phr

25
phr

25
phr

25
phr

25
phr

25
phr

25
phr

wt%

SBR

SBR

SBR

SBR

SBR

SBR

SBR

SBR

TPU

Solution
(THF),
HAAKE
and two-
roll mill
Solution
(THF),
HAAKE
and two-
roll mill
Latex
mixing,
internal
mixer and
two-roll
mill

Latex
mixing,
internal
mixer and
two-roll
mill

Latex
mixing,
internal
mixer and
two-roll
mill

Latex
mixing,
internal
mixer and
two-roll
mill

Latex
mixing,
internal
mixer and
two-roll
mill

Latex
mixing,
internal
mixer and
two-roll
mill
Solution
(THF)

240 %

37 %

88 % (/
3.7)

295 %
(/1.1)

91 % (/
3.6)

334 %
(x1)

260 %
(/1.2)

365 %
(x1.1)

850 %
(/1.1)

380 %

991 %

35
MPa (x
1.3)

180 %

1520
%

17.5
MPa
(x3)

12.6
MPa
(x 2.5)

9.9
MPa
(x2)

4.6
MPa
(x1)

9.2
MPa
(x2)

8.2
MPa
(x 1.6)

10.9
MPa (x
14)

2.8
MPa (x
3.5)

6.5
MPa (x
8)

1.1
MPa (x
1.4)

2.1
MPa (x
2.6)

1.2
MPa (x
1.5)

4 MPa
(x1.6)

12.4
MPa (x
2.6)

4.2
MPa (/
1.1)

6.7
MPa (x
1.4)

10
MPa (x
1.4)

[448]

[448]

[255]

[255]

[255]

[255]

[255]

[255]

[226]
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GO-
octadecyla
mine

GO-
octadecyla
mine
subMicro
graphite

Micro
graphite

Expanded
graphite

Spherical
graphite

subMicro
graphite

Micro
graphite

Expanded
graphite

Spherical
graphite

Reduced

graphite
oxide

Reduced
graphite
oxide

GO

GO-TEVS

10
wt%

50
wt%

10
phr

10
phr

10
phr

10
phr

60
phr

60
phr

60
phr

60
phr

2 phr

2 phr

0.3
wt%

0.3
wt%

TPU

TPU

NBR

NBR

NBR

NBR

NBR

NBR

NBR

NBR

NR
latex

NR
latex

LSR

LSR

Solution
(THF)

Solution
(THF)

Two-roll
mill

Two-roll
mill

Two-roll
mill

Two-roll
mill

Two-roll
mill

Two-roll
mill

Two-roll
mill

Two-roll
mill

Latex co-
coagulatio
n followed
by twin-
roll mill
Latex co-
coagulatio
n
(segregate
d
morpholo
gy of the
composite
s)

In situ
polymeriz
ation

In situ
polymeriz
ation

600 %
(/1.6)

10 % (/
9.5)

511 %
(x1.1)

539 %
(x1.1)

4838 %
(x1)

512 %
(x1.1)

563 %
(x1.2)

647 %
(x1.3)

529 %
(x1.1)

610 %
(x 1.3)

550 %
(/1.6)

600 %
(/1.5)

40 % (/
1.3)

46 % (/
1.5)

17

MPa (/
1.6)

9 MPa

(/3)

3.9
MPa (x
1.3)
3.8
MPa (x
1.3)
3.3
MPa (x
1.1)
2.8
MPa (/
1.1)
10.2
MPa (x
3.4)
9.8
MPa (x
3.3)
3.6
MPa (x
1.2)
5.1
MPa (x
1.7)

27
MPa (x
2.7)

18
MPa (x
1.8)

1.5
MPa (x
1.8)
2 MPa
(x2.3)

4 MPa
(x1.6)

1.2
MPa (x
1.2)
1.2
MPa (x
1.2)
1.5
MPa (x
1.5)
1.1
MPa (x
1.1)
4.3
MPa (x
4.3)
4.6
MPa (x
4.6)
2.7
MPa (x
2.7)
2.8
MPa (x
2.8)

7 MPa
(x2)

2.1
MPa (x
1.3)
1.9
MPa (x
1.2)
2.0
MPa (x
1.2)
1.7
MPa (x
1.1)
7.1
MPa (x
4.4)
5.4
MPa (x
3.4)
2.8
MPa (x
1.7)
3.5
MPa (x
2.2)

[226]

[226]

[16]

[16]

[16]

[16]

[16]

[16]

[16]

[16]

[237]

[237]

[258]

[258]
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Expanded
graphite

Expanded
graphite

Carbon
black

CNT

rGO

rGO

Expanded
graphite

Expanded
graphite

GO

10
phr

10
phr

wt%

wt%

wt%

wt%

10
phr

10
phr

1.3
vol%

NBR
latex

NBR
latex

latex

NR
latex

NR
latex

NR
latex

NBR
latex

NBR
latex

XNB
R

Latex
compound
ing
method
followed
by internal
mixer
Internal
mixer

Ultrasonic
ally-
assisted
latex
mixing and
two-roll
mill
Ultrasonic
ally-
assisted
latex
mixing and
two-roll
mill
Ultrasonic
ally-
assisted
latex
mixing and
two-roll
mill
Two-roll
mill

Latex
compound
ing + two-
roll mill
two-roll
mill

Solution
(THF) and
two-roll
mill

110 %
(/3.7)

610 %
(x1.5)

586 %
(x1)

534 %
(/1.1)

564 %
(/1.1)

600 %
(x1)

225 %
(/1.3)
260 %

(/1.2)

248 %
(/2.2)

11.8
MPa (x
3)

5.8
MPa (x
1.5)
18.2
MPa (x
1.1)

18.6
MPa (x
1.1)

25.2
MPa (x
1.5)

18.8
MPa (x
1.1)
9.5
MPa (x
1.7)

6.5
MPa (x
1.2)
10.3
MPa (/
1.4)

11.5
MPa (x
10.5)

1.8
MPa (x
1.6)
0.96
MPa (x
1)

1.13
MPa (x
1.1)

1.7
MPa (x
1.7)

0.99
MPa (x
1)

6 MPa
(x 4)

2.5
MPa (x
1.7)

2.6
MPa (x
1.1)

3.3
MPa (x
1.4)

6.6
MPa (x
2.8)

2.47
MPa (x
1)

M200
6.5
MPa (x
3.8)

[239]

[239]

[378]

[378]

[378]

[378]

[260]

[260]

Table 17: Literature review of tensile properties of some elastomer-graphene composites.
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2.4. Shortliterature review of electrical properties of graphitic fillers -

elastomers composites
Table 16 gives an insight of the performance of graphene-rubber composites on electrical properties.

Filler Loadin Matri  Process Percolatio  Electrical Electrical Referenc
g X n resistivit  conductivit e
threshold y y
GNPs 17 vol% SBR Solution and 5vol% 5.10° Q / [266]
twin-roll mill cm
GNPs 25vol% SBR Twin-roll mill  16.5 vol% 10Y7 Q / [276]
cm
Graphit 13vol% TPU melt 3 vol% 100 Q / [135]
e cm
TRG 2.2 TPU melt 0.25 vol% 102 Q / [135]
vol% cm
TRG 1.5 TPU In situ  0.25 vol% 102 Q / [135]
vol% polymerizatio cm
n
TRG 1.7 TPU solution <0.1vol% 102 Q / [135]
vol% cm
rGO 1.78 NR Latex mixing 0.62 vol% 0.03Q/cm [272]
vol%
rGO 5vol% NR Latex mixing 4.62vol% 0.04Q/cm [272]

and twin-roll
milling

Table 18: Short literature review of graphene-rubber electrical properties.
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3. Appendix to Chapter 2

3.1. Preparation of graphite oxide (GO) through Hummers’ method

7.51 g of expanded graphite were introduced into an Optimax glass reactor with 177 mL of sulfuric acid
and 3.77 g (0.044 mol) of sodium nitrate. The mixture was maintained at 0 °C for 1 h under mechanical
stirring (with a glass stirrer). Then, 22.53 g (0.143 mol) of potassium permanganate were added slowly.
The solution was then heated to 35 °C for 30 min and 188 mL of distilled water were added dropwise.
After heating at 90 °C for 15 min the reaction was quenched by a quick addition of 750 mL of distilled
water and 66.23 mL of hydrogen peroxide. The brown suspension was then repeatedly washed with 5
% hydrochloric acid solution and distilled water until a neutral pH was reached. The dark brown
product was then dried under vacuum at 80 °C for 16 h. Figure 114 shows the product obtained before
and after drying.

a)

Figure 114: Digital images of graphite oxide a) before drying, b) after drying under vacuum. Product b) is sometimes
reported as “GO paper” in the literature [106, 107].

The dried product was subsequently grinded using a cryo-grinder.

3.2. Preparation of GO-ODA

100 mg of graphite oxide prepared according to Hummers’ method were added in a 250 mL round-
bottom flask with 100 mL ethanol. 1 g of ODA (3.71 mmol) was added and the mixture was stirred for
5 min with a magnetic stirrer. The black suspension was then sonicated for 5 h at room temperature.

The product was then collected by centrifugation and washed 6 times with ethanol. It was then dried
under vacuum at 60 °C for 16 h.

3.3. Preparation of GO-TESPT

0.5 g of GO introduced in a Schlenk flask and were sonicated in NMP for 30 min. 5.5 g (0.34 mmol) of
TESPT were then added. Three freeze-pump-thaw cycles were then performed to remove oxygen from
the Schlenk that was then filled with argon. The reaction was allowed to perform at 70 °C for 24 h. The
resultant product was then washed several times with methanol, distilled water and acetone to
remove ungrafted TESPT. Finally, the product was dried under vacuum at 60 °C during 16 h.
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3.4. Preparation of GO-azide-IR

3.4.1. Esterification of GO with 1-azido-undecanol

200 mg of GO were dispersed in 40 mL of dimethylformamide (DMF) during 7 h in a sonication bath.
400 mg (1.94 mmol) of N-N’-dicyclohexylcarbodiimide (DCC) and 20 mg (0.164 mmol) of 4-
dimethylaminopyridine (DMAP) were added and the mixture was sonicated during 4 h. 200 mg
(0.938 mmol) of 1-azido-undecanol were then added with 40 mL DMF and the flask was protected
from light and sonicated for 24 h followed by 24 h magnetic stirring at room temperature.

The product was subsequently isolated with centrifugation and washed several times (12) with
tetrahydrofuran (THF). The black powder was then dried under vacuum at 60 °C during 16 h.

3.4.2. Cycloaddition of GO-azide onto polyisoprene

100 mg of polyisoprene were solubilized in 4.3 mL of 1,2,4-trichlorobenzene at 70 °C during 2.5 hin a
Schlenk flask. 100 mg of GO-azide powder were added and dispersed in the solution under sonication
for 2 h. Four freeze-pump-thaw cycles were then performed to remove oxygen from the flask. Then
the Schlenk flask was backfilled with argon and heated at 190 °C during 64 h.

The product was then filtered on 0.45 um Millipore Teflon filter and washed with 100 mL of boiling
toluene. The powder was finally dried in vacuum oven at 80 °C during 16 h.

3.4.3. Blank experiment
A blank experiment was carried out with pristine GO to investigate the effect of the heating process
on GO structure.

100 mg of GO powder were added and dispersed in 4.3 mL of 1,2,4-trichlorobenzene under sonication
for 2 h. Four freeze-pump-thaw cycles were then performed and the Schlenk was filled with argon. The
suspension was allowed to heat at 190 °C during 64 h. It was then filtered on 0.45 um Millipore Teflon
filter and washed with 100 mL of boiling toluene. The powder was finally dried in vacuum oven at 80
°C during 16 h.
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4. Appendix to Chapter 3

4.1. Experimental procedures

4.1.1. APTMS grafting onto GO

1.0 g of graphite oxide was dispersed in 20 mL of N-methylpyrrolidone (NMP) using an ultrasonication
bath for 30 min. 6.9 g (0.029 mol) of 3-acryloxypropyltrimethoxysilane (APTMS) were then added to
the Schlenk flask. Four freeze-pump-thaw cycles were performed and the Schlenk was then filled with
argon and heated at 110 °C for 24 h. The black suspension was then centrifuged nine times with
methanol, distilled water and acetone to remove ungrafted APTMS and dried under vacuum at 80 °C
for 10 h.

4.1.2. Isoprene emulsion free radical polymerization

In a typical experiment, 40 mg (0.15 mmol) of potassium peroxodisulfate (KPS, initiator, > 99.9 %) were
added in a 50 mL glass Schott reagent bottle with 140 mg (1.67 mmol) of sodium hydrogenocarbonate
and 14 mL of distilled water. Argon inert gas was bubbled into the mixture for 20 min. Then, sodium
dodecyl sulfonate (120 mg, 0.42 mmol) was added under argon flow in the flask. Isoprene monomer
(5.9 mL, 58.94 mmol) was first slowly distilled over argon and immediately collected with a syringe
under argon. It was then quickly added in the Schott reagent flask under a light argon flow. The bottle
was well sealed and heated at 75 °C in an oil bath, during 16 h under vigorous magnetic stirring.

The vessel was then removed from the oil bath and cooled in an ice bath. 20 mL of butanone were
added for isoprene coagulation, forming a white elastic product. The mixture was then centrifuged
several times with butanone, methanol and distilled water to fully precipitate the polymer and remove
the remaining surfactant. Eventually, the product was dried in a vacuum oven at 50 °C during 16 h.

4.1.3. In situ emulsion free radical polymerization of isoprene in presence of GO-APTMS
Similarly to the procedure previously described, NaHCO3 (140 mg, 1.67 mmol), KPS (40 mg, 0.15 mmol)
and water (14 mL) were introduced in a Schlenk flask. 32 mg (GO-APTMS-p1) or 322 mg (GO-APTMS-
p10) of GO-APTMS were added and the flask was sonicated for 20 min to disperse GO-APTMS in water.
Then, argon was bubbled for 20 min. SDS (120 mg, 0.42 mmol) was added under argon flow and finally
freshly distilled isoprene (5.9 mL, 58.94 mmol) was introduced in the flask under a light argon flow.
The mixture was heated at 75 °C for 16 h under vigorous magnetic stirring.

After completion of the reaction, the flask was cooled in an ice bath and 20 mL of butanone were
added. The product was then centrifuged with butanone, methanol and distilled water. It was finally
dried at 50 °C under vacuum for 16 h.

4.1.4. Allyltrimethoxysilane grafting onto GO

1.0 g of graphite oxide was dispersed in 20 mL of N-methylpyrrolidone (NMP) using an ultrasonication
bath for 30 min. 6.9 g (0.043 mol) of allyltrimethoxysilane (allyl) were then added to the Schlenk flask.
Four freeze-pump-thaw cycles were performed and the Schlenk was then filled with argon and heated
at 110 °C for 24 h. The black suspension was then centrifuged several times with methanol, distilled
water and acetone to remove ungrafted allyltrimethoxysilane and dried under vacuum at 80 °C for 10
h.
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4.1.5. Isoprene cationic polymerization

Cationic polymerization of isoprene was performed using a Lewis acid surfactant-combined catalyst
(LASC). The LASC was prepared by stirring 0.21 g of ytterbium chloride hexahydrate (YbCls, 6H,0) and
0.78 g of highly-branched sodium dodecyl benzenesulfonate (hbDBSNa) in purified water (3.5 g). After
a few minutes the solution aspect turned from milky-white to a translucent orange coloration. Finally,
1.5 mL of distilled isoprene was added and the Schlenk reactor was heated at 50 °C for 16 h. The
polymer was collected by coagulation with cold methanol and centrifugation. It was dried at 50 °C for
16 h under vacuum.

4.1.6. In situ emulsion cationic polymerization of isoprene onto GO-allyl

In situ polymerization of isoprene onto GO-allyl was performed following the same procedure as
previously described. The LASC was prepared by stirring 0.21 g of ytterbium chloride hexahydrate
(YbCls, 6H,0) and 0.78 g of highly-branched sodium dodecyl benzenesulfonate (hbDBSNa) in purified
water (3.5 g). After a few minutes the solution aspect turned from milky-white to a translucent orange
coloration. 80 mg of graphite oxide were then added in the mixture and sonicated 1 h. Finally, 1.5 mL
of distilled isoprene were added and the Schlenk reactor was heated at 50 °C for 16 h. The polymer
was collected by coagulation with cold methanol and centrifugation. It was dried at 50 °C for 16 h
under vacuum. To remove ungrafted polymer, washing with hot toluene was performed and the
obtained product was subsequently dried under vacuum at 50 °C for 16 h.

4.2. Characterization of allyltrimethoxysilane grafting onto GO
High resolution XPS spectra of GO and GO-allyl are displayed in Figure 115.
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Figure 115: XPS spectra of GO-allyl. a) C 1s spectrum and b) O 1s spectrum.
From Figure 87, no clear evidence of allyltrimethoxysilane onto GO could be observed.

4.3. Characterization of APTMS grafting onto GO

4.3.1. FTIR spectra of GO and GO-APTMS
The FTIR spectra of GO and GO-APTMS are displayed in Figure 116.
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Figure 116: FTIR spectra of GO and GO-APTMS.

Similar observations as for GO-allyl could be made, the main difference between the two spectra being
the reduction of the intensity and width of the O-H vibration band around 3400 cm™.

4.3.2. Raman spectra of GO and GO-APTMS
The Raman spectra of GO and GO-APTMS are displayed in Figure 117.
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Figure 117: Raman spectra of GO and GO-APTMS.

No significant differences could be observed between the two Raman spectra. The structure of GO is
well preserved after grafting of APTMS.
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4.3.3. XRD analysis of GO and GO-APTMS
XRD spectra of GO and GO-APTMS are displayed in Figure 118.
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Figure 118: XRD spectra of GO and GO-APTMS.

A small increase from 7.41 A to 7.58 A could be observed upon grafting of APTMS onto GO.

4.3.4. TGA thermogram of GO and GO-APTMS
TGA analysis was performed to quantify the amount of APTMS on GO (Figure 119).
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Figure 119: TGA thermogram of GO-ATMS and GO.

A 4 wt% grafting content was calculated from the thermogram, which is similar to the value obtained
for GO-allyl.
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4.3.5. Stability of suspensions of GO-APTMS
The stability of suspensions of GO-APTMS in an organic solvent has been evaluated (Figure 120).

- e
‘n%

Figure 120: Suspensions of GO (left) and GO-APTMS (right) in toluene at a concentration of 0.1 mg/mL.

As for GO-allyl, when placed in toluene, GO-APTMS sheets, at a concentration of 0.1 mg.mL?, disperse
well and yield a homogeneous black suspension for at least 24 h, while GO sheets sediment almost

immediately.

4.3.6. Morphology of GO-APTMS
The morphology of APTMS-modified GO was investigated by SEM (Figure 121).

Figure 121: SEM image of a) GO and b) GO-APTMS.

No significant changes were observed in the morphology of the GO-APTMS sample, indicating that the
structure of GO is preserved. Wrinkled sheets of various sizes with small “oxidized patches” on the
surface of the platelets are seen. Sheet sizes in GO and GO-allyl are similar (from 5 to 10 um).
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5. Appendix to Chapter 4

5.1. Thermal expansion of graphite oxide

200 mg of GO were introduced in a nickel crucible and then placed into a muffle furnace and heated
at the desired temperature (200 °C, 300 °C, 400 °C, 500 °C, 700 °C or 900 °C) during the desired time
(30's, 1 min, 5 min). The optimal parameters were 700 °C and 30 s. When removed from the furnace,
the crucible was allowed to cool down for 1 min and then the fluffy powder was collected.

5.2. Preparation of graphite-based polyisoprene composites
Nanocomposites were prepared through conventional rubber processing. The formulations are given
in Table 19.

Constituent Loading (phr = parts per hundred rubber)
Polyisoprene (Nipol, ZEON) 100

Carbon black N550 50-x

Graphite-based filler x=0;2;15

SUNPAR paraffinic oil 5

Zinc oxide 3

Stearic acid 1
N-Cyclohexylbenzothiazole-2-sulphenamide 80 % 0.75

(CBS)

Sulfur 1

Table 19: Formulation of the nanocomposites. Graphite-based fillers were incorporated in the composites as a
replacement for the same amount of carbon black.

In a first step, polyisoprene was introduced into an internal mixer (Thermo Scientific, HAAKE rheomix)
equipped with Banbury rotors. The capacity of the mixer is 50 cm?, temperature was set at 80 °C and
a 40 rpm rotor speed was chosen. After 2 minutes, zinc oxide, stearic acid, oil, carbon black, and the
graphite-based filler were added and mixed for 3 more minutes. The blend was then discharged and
sheared on a twin-roll mill regulated at 40 °C for 8 min to incorporate CBS and sulfur. It was then taken
out of the cylinder in the form of a 3 mm-thick sheet. The optimum curing time was measured on an
ARES (TA) rheometer at 160 °C with a frequency of 1 Hz and at 7 % strain. Finally the compounds were
compression molded into 2 mm-thick sheets, in a press at 160 °C, under 150 bars, during the optimum
curing time.
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5.3. Morphologies of graphite-based polyisoprene composites

Figure 122: SEM images of graphite-based polyisoprene composites at 2 phr loading (and 48 phr of carbon black).

The same tendencies as composites at 15 phr loading can be observed. While GO leads to less uniform
dispersions in polyisoprene composites, its functionalization seems to improve the dispersion and
distribution of the platelets.
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6. Appendix to Chapter 5

6.1. Experimental procedure for the preparation of NR composites
Nanocomposites were prepared through conventional rubber processing. The formulations are given
in Table 20.

Constituent Loading (phr = parts per hundred rubber)
Natural rubber (SMR 10CV60) 100

Carbon black N550 50-x

Graphite (TIMCAL, C-THERM 002) x=0;2;15

SUNPAR paraffinic oil 2280 5

lonic liquid 1.95 (1 wt%) ; 10 (5 wt%) ; 19.5 (10 wt%)
Zinc oxide 3

Stearic acid 1
N-Cyclohexylbenzothiazole-2-sulphenamide (CBS) 0.75

Sulfur 1

Table 20: Formulation of the nanocomposites. Graphite was added in substitution for the same amount of carbon black.

In a first step, NR was introduced into an internal mixer (Thermo Scientific, HAAKE rheomix) equipped
with Banbury rotors. The capacity of the mixer is 50 cm?3, temperature was set at 80 °C and a 40 rpm
rotor speed was chosen. After 2 minutes, zinc oxide, stearic acid, oil, carbon black, graphite and the
ionic liquid were added and mixed for 3 more minutes. The blend was then discharged and sheared on
a twin-roll mill regulated at 40 °C for 8 min to incorporate CBS and sulfur. It was finally put into a 3
mm-thick sheet when taken from the cylinders. The optimum curing time was measured on an ARES
(TA) rheometer at 160 °C with a frequency of 1 Hz and at 7 % strain. Finally the compounds were
compression molded in a press at 160 °C under 150 bars during the optimum curing time into 1 mm
and 2 mm sheets.
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6.2. Experimental procedure for the preparation of NBR composites
Nanocomposites were prepared through conventional rubber processing. The formulations are given
in Table 21.

Constituent Loading (phr = parts per hundred rubber)
NBR (Krynac 4450F, 43.5 % ACN) 100

Carbon black N550 70-x

Graphite (TIMCAL, C-THERM 002) x=0;2;15

DOS 10

lonic liquid 1.95 (1 wt%) ; 10 (5 wt%) ; 19.5 (10 wt%)
Zinc oxide 3

Stearic acid 1

Antioxidant (N-1,3-Dimethylbutyl-N'-phenyl-p- 2

phenylendiamine, 6PPD)
Antioxidant (2,2,4-trimethyl-1,2-dihydroquinoline) 1

Tetrabenzylthiuram disulfide (TBzTD, 70 %) 4.3
Tetraethylthiuram disulfide (TETD) 2.5
Dibenzothiazyl disulfide (MBTS) 2

Sulfur 0.2

Table 21: Formulation of the nanocomposites. Graphite was added in substitution for the same amount of carbon black.

In a first step, NBR was introduced into an internal mixer (Thermo Scientific, HAAKE rheomix) equipped
with Banbury rotors. The capacity of the mixer is 50 cm?, temperature was set at 25 °C and a 40 rpm
rotor speed was chosen. After 1 minute, zinc oxide, stearic acid, DOS, 6PPD, TMQ, carbon black,
graphite and the ionic liquid were added and mixed for 3 more minutes. The blend was then discharged
and sheared on a twin-roll mill regulated at 40 °C for 8 min to incorporate CBS and sulfur. It was finally
put into a 3 mm-thick sheet when taken from the cylinders. The optimum curing time was measured
on an ARES (TA) rheometer at 170 °C with a frequency of 1 Hz and at 7 % strain. Finally the compounds
were compression molded in a press at 170 °C under 150 bars during the optimum curing time into
2 mm sheets.
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6.3. Effect of the ILs on the curing times of NBR composites
The influence of the ILs on the curing time of NBR composites is displayed in Figure 123 and Figure
124,

6.3.1. Effect of the ILs on the curing times of NBR - carbon black composites

—_ =
o O N O
I I \ \

Curing time (min)

Figure 123: Curing time of NBR samples filled with 50 phr of carbon black and 1 wt% of ionic liquids.

For NBR composites containing only carbon black, DMIT, TTPC and TTPB induce no change in the curing
times (6.5 min), while DMIB and TTPT increase the curing time (7 min and 9 min, respectively) and
AMIC and DMIC decrease curing times (5.5 min and 3.5 min). It may thus be suggested that both the
anion and the cation play a complex role on the vulcanization kinetics of NBR — carbon black
composites.
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6.3.2. Effect of the ILs on the curing times of NBR - graphite composites
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Figure 124: a) Curing time for NBR and NBR - graphite composites with 1 wt% ionic liquid and b) curing time of NBR -
graphite composites as a function of DMIT loading.

As for NR composites, the substitution of 15 phr of carbon black by graphite leads to an increase in the
curing time (from 6.5 min to 8.5 min). Upon addition of 1 wt% of IL, the same trend as for NBR — carbon
black composites is observed. AMIC and DMIC decrease curing times, while DMIB and TTPT increase
the curing times. The amount of IL in the composite does not seem to have an influence on the curing
time, with no significant change observed for DMIT composites between 1 wt% and 10 wt% loading in
NBR — graphite composites.

6.4. Evolution of torque during vulcanization of NR composites
NR composites were prepared and investigated with a closed cavity rheometer (Moving Die
Rheometer, MDR).

My Mur Mur-My
NR_0_0 1.5 dN.m 11.1dN.m 9.6 dN.m
NR_15_0 1.4 dN.m 10.6 dN.m 9.3 dN.m
NR_15_1_DMIT 1.3 dN.m 10.6 dN.m 9.3 dN.m

Table 22: Minimum and maximum torque of NR composites.

No significant changes in the minimum and maximum torque were observed upon addition of 15 phr
of graphite and 1 wt% of DMIt IL in NR composites.
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6.5. Swelling ratio of NR and NBR composites

6.5.1. Swelling ratio of NR composites
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Figure 125: Swelling ratio of NR composites in cyclohexane.

Figure 125 displays the swelling ratio of NR composites in cyclohexane. All composites show a swelling
ratio around 2, thus suggesting no significant differences between the crosslinking densities.

6.5.2. Swelling ratio of NBR composites
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Figure 126: Swelling ratio of NBR composites in MEK.

Figure 126 displays the swelling ratio of NR composites in cyclohexane. Most composites show a
swelling ratio around 1.7-1.8. The addition of 1 wt% of AMIC IL induces anyhow an increase in the
swelling ratio up to 2.8, thus suggesting a decrease in the crosslinking density of the composite. DMIC
IL also displays a small increase in the swelling ratio up to 2.1.
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6.6. Rheometric curves of uncured NR composites
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Figure 127: Evolution of the complex viscosity as a function of frequency for uncured NR composites.

Figure 127 displays the evolution of the complex viscosity as a function of the frequency. Upon
substitution of 15 phr of carbon black by graphite, the complex viscosity increases from 5.9x10° Pa.s
to 9.0x10° Pa.s at 0.01 rad/s (+ 52 %). The addition of 1 wt% of DMIT IL only leads to a small decrease
of 1x10° Pa.s at 0.01 rad/s (- 10 %).
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Appendices

6.7. Tensile testing results for NR and NBR - carbon black composites

6.7.1. Effect of the addition of ILs in NR carbon black composites
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Figure 128: Effect of ionic liquids on the tensile properties of NR — carbon black composites.

From Figure 128, it may be observed that the addition of 1 wt% of IL on the tensile properties of NR —
carbon black composites has little effect. DMIC and TTPC anyhow tend to increase strain at break (up
to 900 % or TTPC - based composites). Besides, DMIT and TTPC display a small increase in stress at 300
% strain, thus suggesting a dispersing effect on carbon black, which may lead to enhanced
reinforcement of the NR composite.

281

Strain at break



Appendices

6.7.2. Effect of the addition of ILs in NBR carbon black composites
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Figure 129: Effect of ionic liquids on the tensile properties of NBR — carbon black composites.

AMIC ionic liquid leads an increase in strain at break from 716 % to 990 % with reduced stresses at 100
% and 300 %. TTPT has a comparable effect, less pronounced anyhow. However, DMIT ionic liquid does
not seem to induce any significant changes in tensile properties of carbon black — NBR composites.
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