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Résumé

Titre : Le dioxyde de carbone comme réactif dans la carbonatation de polymeéres et

copolvmeéres époxvdés : du procédé en batch a l'extrusion réactive

La fonctionnalisation de polymeres en utilisant le dioxyde de carbone comme réactif est une
approche innovante et éco-congue pour moduler la réactivité et les propriétés physico-
chimiques des polymeres. La méthodologie de fonctionnalisation développée dans cette these
permet l'introduction de groupements carbonates cycliques sur des polyméres amorphes et
semi-cristallins comportant des fonctions époxydes ou des insaturations. Des polymeres
semi-cristallins et relativement apolaires a base de [éthylene - méthacrylate de glycidyle]
contenant des groupements époxydes pendants ont d'abord été fonctionnalisés avec succes
en utilisant le CO2 en réacteur batch grace a des sels d'ammonium commerciaux comme
organocatalyseurs, et la fonctionnalisation a été transposée pour la premiere fois a un
procédé d'extrusion réactive continu et sans solvant, produisant des polymeéres

fonctionnalisés préts a I'emploi a I'échelle du kilogramme.

Cette fonctionnalisation au CO; a été étendue aux polymeres contenant des insaturations, tels
que des polybutadiénes, polyisoprénes et copolymeéres contenant des monomeres diéniques.
Une fonctionnalisation en deux étapes a été étudiée. La premiere étape (réaction
d'époxydation) a été réalisée avec succes avec des peracides (y compris des peracides
« verts » formés par le mélange H,0;/acide carboxylique) pour tous les différents polymeres
utilisés. Ensuite, la deuxiéme étape (réaction de carbonatation) a été optimisée et réalisée sur
les différents polymeres époxydés, et des polybutadienes, polyisoprénes et copolymeéres

[styréne-bloc-butadiene-bloc-styrene] carbonatés ont été obtenus avec succes.

Ensuite, les polymeéres carbonatés ont été utilisés comme intermédiaires pour la synthese de
polyhydroxyuréthanes a 1'aide d'amines. Plus précisément, la réactivité orthogonale des
fonctions carbonates cycliques et époxydes résiduelles avec les amines a été démontrée avec
succes, les carbonates cycliques étant nettement plus réactifs que les époxydes vis-a-vis de
'attaque nucléophile d’amines. L'utilisation des polymeéres carbonatés a base de [éthylene -
méthacrylate de glycidyle] en tant que nouveaux compatibilisants réactifs efficaces pour un
mélange HDPE/PC (80/20) (p/p) a également été mise en évidence, avec une réduction
significative de la taille de la phase dispersée et une amélioration de I'allongement a la rupture
et de la résistance a l'impact Charpy du mélange. Ainsi, les polymeres carbonatés pourraient

étre utilisés comme précurseurs pour la production de matériaux hybrides réticulés avec
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différents nceuds de réticulation, et comme un nouveau type de compatibilisants réactifs pour

le mélange de polyoléfines avec des polycarbonates, polyamides, polyesters et polyacides.

Mots clés: carbonatation, dioxyde de carbone, carbonate cyclique, époxyde, extrusion

réactive, fonctionnalisation, polymere

IX



Abstract

Title: Carbon dioxide as reagent for the carbonatation of epoxidized polymers and
copolymers: from batch process to reactive extrusion

The functionalization of polymers using carbon dioxide as reagent is an innovative and eco-
designed approach to modulate the polymers’ reactivity and physico-chemical properties.
The functionalization methodology developed in this thesis allows the introduction of cyclic
carbonate moieties on amorphous and semi-crystalline polymers. Semi-crystalline and
relatively apolar [ethylene - glycidyl methacrylate] based polymers containing pendant
epoxides moieties were first successfully functionalized by CO; in batch using commercial
ammonium salts as organocatalysts, and the functionalization was transposed for the first
time to a solvent-free and continuous reactive extrusion process, producing ready-to-use

functionalized polymers at kilogram scale.

This functionalization with CO; was extended to polymers containing unsaturations, such as
polybutadienes, polyisoprenes, and copolymers containing diene monomers. A two-steps
functionalization was investigated. The first step (epoxidation reaction) was successfully
achieved with peracids (including “green ones” from H202/carboxylic acid mixture) for all the
different polymers used. Then, the second step (carbonatation reaction) was optimized and
performed on the different epoxidized polymers, and carbonated polybutadienes,
polyisoprene and [styrene-block-butadiene-block-styrene] copolymer were successfully

obtained.

Afterwards, the carbonated polymers were used as intermediates for the synthesis of
polyhydroxyurethanes using amines. More specifically, the orthogonal reactivity of the cyclic
carbonates and residual epoxides moieties with amines was successfully demonstrated, the
cyclic carbonates being significantly more susceptible to amine nucleophilic attack than the
epoxides. The use of the carbonated [ethylene - glycidyl methacrylate] based polymers as new
and efficient reactive compatibilizers for a HDPE/PC (80/20) (w/w) blend was also
highlighted, with a significant reduction of the dispersed phase size, and improvement of the
elongation at break and notched Charpy impact strength of the blend. Thus, the carbonated
polymers could be used as precursors for the production of hybrid cross-linked materials
with different cross-linking knots, and as a new type of reactive compatibilizers for blending

of polyolefins with polycarbonates, polyamides, polyesters and polyacids.



Keywords: carbonatation, carbon dioxide, cyclic carbonate, epoxide, reactive extrusion,

fonctionalization, polymer
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General Introduction







Nowadays, human activities strongly affect the environment through various aspects. Climate
change, loss of biodiversity, chemical pollution, ocean acidification, life cycle deregulation of
water, nitrogen and phosphorus among others, with a considerable intensification of all these

phenomena since the Industrial Revolution.!*?

In this context, the design of new industrial processes, products or services with low
environmental impact, called eco-design, is necessary but represents a major challenge. In
eco-design, each step must be considered to determine the impact of a process, from the

extraction of the raw materials used to the disposal of the final products.

In chemistry, the reduction of chemical waste production (atom economy, solvent-free
processes), CO2 emissions and energy consumption as well as the use of renewable feedstock
are one of the fundamental principles of green chemistry and a pillar in the logic of eco-design.
Catalysis is a key tool for the development of synthetic routes with high atom economy and
energy efficiency. Catalysis, by lowering the energy barrier, makes possible chemicals
transformations from reagents that have a high activation energy. These routes could provide
sustainable alternatives for the production of compounds or materials that are usually

produced from highly reactive and toxic reagents and under harsh conditions.

The synthesis of ethylene carbonate at an industrial scale from ethylene oxide is a perfect
example that illustrates the advantages of catalysis. Two main routes have been developed
for this synthesis (Scheme 1).34 Route 1 is a multi-step pathway that uses the highly toxic
phosgene and produces hydrochloric acid as by-product. Conversely, Route 2 is a single step
route using CO; as green reagent and a non-toxic organocatalyst supported on an anion

exchange resin," with a theoretical atom economy of 100 %.

On the other hand, in the polymer industry, reactive extrusion has emerged as an innovative
process for the solvent-free continuous production of specialty polymers ready for use via
controlled chemical modifications. Twin-screw extrusion can homogenize viscous melted
substrates (polymers for post-functionalization, or monomers in the case of polymerization)
with reactive additives under solvent-free conditions. The functionalization of polymer by
reactive extrusion becomes even more interesting in a logic of eco-design when no chemical
waste is produced (neither solvent nor by-product), and if it is used for the valorization of

polymer waste.



Route 1: phosgenation of ethylene glycol

0
0
hydrolysis Cl)I\CI PN
A ———— HO OH g Q0
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CO,, catalyst

Route 2: cycloaddition of CO,

Scheme 1. Synthesis of ethylene carbonate from ethylene oxide.

In this thesis work, the use of CO2, a greenhouse gas, to functionalize polymers harnessing
batch and reactive extrusion processes is described. This thesis takes place in the frame of the
DICARBOREX project, founded by Institut Carnot Ingénierie@Lyon, and is a collaboration
between IMP and CP2M laboratories. The aim of this project is to develop polymer materials
using reactive extrusion with modular functionalities by implementing a sustainable
chemistry based on the use of carbon dioxide as a carbon source. The core of the study is to
introduce cyclic carbonate functions from CO, via carbonatation reactions, on industrial
relevant polymers to modify their physicochemical characteristics such as their polarity,
crystallinity, and reactivity without limiting their recyclability. The great challenge of the
projectis to apply such chemical modifications on polyolefins in a one-step reactive extrusion

by processing the reactive system under high pressure of carbon dioxide.

This thesis is divided in five chapters. Chapter 1 is a literature study of the reactivity of
epoxides and alkenes with CO2 to synthesize cyclic carbonates. An overview of the common
catalytic systems used for the carbonatation of molecular epoxides and the oxidative
carbonatation of molecular alkenes will be presented, as well as the main strategies for the

synthesis of carbonated polymers (i.e. polymers containing cyclic carbonate moieties).

Chapter 2 focuses on the carbonatation of industrial non-polar semi-crystalline polymers
containing epoxide pendant groups to obtained modified polymers with both epoxide and
cyclic carbonate functions (Scheme 2 (a)). The reaction will be first studied in batch for a
better understanding of the influence of the different reaction parameters, and then
transposed to a solvent-free reactive extrusion process to develop an original continuous
process for the modification of epoxidized polymers with CO>. This chapter is based on our

first article published in 2023 in Green Chemistry,? with additional results and discussions.



In Chapter 3, the functionalization with CO; will be extended to polydienes and polymers
containing unsaturations (Scheme 2 (b)). A two-step synthesis (epoxidation and
carbonatation) will be presented using peracids and organocatalysts to form cyclic carbonate
functions on unsaturated polymers. The epoxidation step will first be studied in a batch
process, then transposed to a reactive extrusion process. The carbonatation step will be

optimized in a batch process using ammonium salts as organocatalysts.
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Scheme 2. Carbonatation of polymers with CO:.

Finally, two different applications will be explored for the synthetized carbonated polymers.
In Chapter 4, the generation of hydroxyurethane functions on carbonated polymers using
amines will be investigated. Here, controlling the regioselective and stereoselective
aminolysis of cyclic carbonates relative to residual epoxides will be essential to develop
further orthogonal functionalizations exploiting both epoxide and cyclic carbonate moieties
on polymers in order to produce hybrid-cross-linked polymers with different crosslinking

knots.

In Chapter 5, the carbonated [ethylene - glycidyl methacrylate] based copolymers will be
studied as compatibilizers for polyethylene/polycarbonate blends. The compabilization of
incompatible polymers is necessary for the mechanical recycling of plastic wastes, as well as
for the production of low cost engineering polymers. The effect of the compatibilizer structure

on the morphologies, the mechanical and thermal properties of the blends will be studied.
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Experimental Section

I. Materials and methods

[.1. Commercial polymers

In Chapter 2 and Chapter 5, the ethylene glycidyl methacrylate based polymers used are
Lotader® AX8900 ([ethylene-glycidyl methacrylate-methyl acrylate] terpolymer) AX8700
([ethylene-glycidyl methacrylate-butyl acrylate] terpolymer) and AX8840 ([ethylene-glycidyl

methacrylate] copolymer) and were purchased from Arkema.

In Chapter 3, the polybutadienes used in batch reactions (PBU-1, PBU-2, PBU-3), the natural
rubber (NR-1) and the [styrene-block-butadiene-block-styrene] copolymer (SBS) were
purchased from Sigma Aldrich. The 1,2-polybutadiene B-1000 (PBU-4) used in reactive
extrusion and the epoxidized polybutadiene JP-100 (36 mol% of epoxide) (E-PBU-3) were
furnished by Nippon Soda. The [styrene-block-isoprene-block-styrene] copolymer used is
KRATON® D1161PT (SIS). The [ethylene-propylene-dicyclopentadiene] terpolymer used is
Trilene® 65 (EPDM-DCPD) and was purchased from Lion Elastomers. The [ethylene-
propylene-ethylidene norbornene] terpolymer used is MITSUI® EPT 3092PM (EPDM-ENB)
and was purchased from Mitsui Chemicals. Finally, the epoxidized natural rubber used is
DYNATHAI® Epoxyprene 50 (E-NR-1) and was purchased from Muang Mai Guthrie Company
Limited.

In Chapter 5, The polyethylene used is a high density polyethylene (HDPE) produced by
TotalEnergies and commercialized under the name Lumicene® Supertough 22ST05 and
32STO05, the polycarbonate (PC) used is produced by Shenzhen Plastic Trading Co. (China)

and commercialized under the name Makrolon® 24.05.

[.2. Commercial reagents and catalysts.

In Chapter 2 and Chapter 3, CO; was purchased from Air Liquide and the purity was
99.995 %, For the batch study, 1-butyl-3-methylimidazolium acetate (C1C4ImOAc) was

purchased from Strem Chemicals. Toluene and all the other catalysts were supplied by Sigma

Aldrich.

In Chapter 2, for the reactive extrusion optimization, tetrabutylammonium bromide (TBAB)

and tetrabutylammonium iodide (TBAI) were purchased from TCI Chemicals and

13



tetrahexylammonium bromide (THAB) was purchased from Sigma Aldrich. All the chemicals

were used without further purification.

In Chapter 3, peroxide hydrogen in water (30 wt%), formic acid, acetic acid and meta-

chloroperoxybenzoic acid (mCPBA) were purchased from Sigma Aldrich.

In Chapter 4, hexylamine, hexamethylene diamine (HMDA) and 1,5,7-triazabicyclo[4.4.0]dec-
5-ene (TBD) were purchased from Sigma Aldrich.

[.3. Equipment

In Chapter 2 and Chapter 3, all batch reactions with CO; were performed in a 0.16 L stainless
steel reactor from "PARR INSTRUMENT COMPANY", connected to a ballast used for
condensation of CO; to get high pressures up to 340 bar; the temperature varies in the ballast
via oil circulation, using an oil bath functioning from -60 °C to 80 °C. The reactor temperature

was also regulated via oil circulation, using an oil bath functioning from 30 °C to 200 °C.

In Chapter 2, The reactive extrusion experiments were conducted in a twin-screw extruder,
aBC 21 (L/D = 36, screw diameter = 25 mm) from Clextral, using a co-rotative configuration.
The extruder had 9 barrels, numbered consecutively from 1 to 9 from the feed port to the die.
The die had a diameter of 3 mm and a length of 10 mm. The extruder had 9 heating zones. The
process is presented in Figure 1. The screw profile is not disclosed due to IP issues.

Introduction of the pellets
and the catalyst

l Part of the extruder containing
pressurized CO,
: 2 Extruded
§[i— carbonated
¢ polymer

Introduction of a Die
continuous flow of
CO, (P =4.0 MPa)

Figure 1. Flowchart of the reactive extrusion process with CO>.

14



Experimental Section

In Chapter 3 (for the epoxidation by reactive extrusion) the experiments were performed in

in a co-rotating twin-screw extruder Leistriz ZSE18HPe-60D model (diameter 18 mm, L/D

60) at 50 -70 °C, with a total mass flow of 350 g/h of polymer, a flow a oxidant of 7.5-

15 mL/min and a screw speed of 100 rpm. The screw and temperature profiles are described

in Figure 2.
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Figure 2. Screw and temperature profiles of the extruder used for epoxidation.

In Chapter 5, The blend experiments were also performed in the co-rotating twin-screw

extruder Leistriz ZSE18HPe-60D model (diameter 18 mm, L/D

60) at 250 °C, a total mass

flow of 3.0 kg/h of polymer blend and screw speed of 400 rpm. The screw and temperature

profiles are described in Figure 3.
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Figure 3. Screw and temperature profiles of the extruder used for HPDE/PC/compatibilizer

blending.
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[.4. Analytical methods

Infrared Attenuated Total Reflectance (IR-ATR) were performed at room temperature on

Nicolet i550 FT-IR apparatus from ThermoFischer with 32 scans and a resolution of 4.

In Chapter 2, Chapter 4 and Chapter 5, H Nuclear Magnetic Resonance (NMR) analyses
were recorded using a Bruker 400 Avance III operating at 400 MHz. The probe was a 5 mm
BBFO+ with a z-gradient coil. 13C NMR spectra were recorded using a Bruker Avance Il
operating at 100 MHz with a 10 mm SEX probe, 13C selective with a z-gradient coil. The pulse
sequence includes a decoupling proton with NOE effects, and a 70° spin excitation. The
method is "semi-quantitative". A tretrachloroethylene/benzene-ds (2/1) (v/v) mixture or
CDCI3 were used as deuterated solvents. NMR analyses were performed at 363 K or 298 K.
Chemical shifts are given in parts per million (ppm) and were measured relative to residual

1H or 13C resonance of the deuterated solvent.

In Chapter 3, 'H and 13C NMR analyses were performed on a Bruker Avance 300
spectrometer operating at 300 MHz for 'H and 75 MHz for 13C using a 5 mm BBO probe with
a z-gradient coil, in CDClz at room temperature, or in tretrachloroethylene/benzene-des (2/1)
(v/v) mixture at 363 K. A “zg30” pulse sequence was used. Chemical shifts are given in parts
per million (ppm) and were measured relative to residual 'H or 13C resonance of the

deuterated solvent.

Cross Polarization/Magic Angle Spinning (CP/MAS) NMR (13C, 15N) analyses were
performed on a Bruker Avance Il 500 MHz spectrometer at 125 MHz for 13C and 50 MHz for
I5N. The sample was packed into a 4-mm ZrO; rotor and rotated at magic angle spinning
(MAS) rates of 10 kHz, using a conventional 4 mm HX probe. The sample was grinded into
smaller pieces in order to achieve stable spinning of the NMR rotor. For CP MAS spectrum,
transverse magnetization was obtained from 'H using contact pulse duration of 2 ms, recycle
delay of 5 s. SPINAL 64 'H decoupling was applied during acquisition. The chemical shifts
were referenced to the TMS using adamantane as an external standard. All results shown have

been recorded at room temperature at 10 kHz MAS spinning frequency.
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Experimental Section

Differential Scanning Calorimetry (DSC) experiments were conducted with a Mettler
Toledo DSC 3+, calibrated with Indium and Zinc standards for temperature, heat flow and tau-
lag. For all the experiments, aluminum capsules with a volume of 40 pL and a sample weight
of 5-10 mg were used. Measurements were carried out by two successive heating cycles

(10 °C/min). Melting and glass transition temperatures were recorded on the second cycle.

Thermogravimetric analyses (TGA) were performed on a Mettler Toledo TGA 2 between
20 and 700 °C under a stream of nitrogen at a constant heating rate of 10 °C/min. Samples of

about 1-7 mg were weighed into 70 uL alumina crucibles.

Size-Exclusion Chromatography (SEC) analyses in THF were performed using a Viscotek
system (Malvern Instruments) including a four-capillary differential viscometer, a differential
refractive index (RI) detector and a UV detector. THF was used as the mobile phase at a flow
rate of 1 mL min-1 at 35 °C. All samples were injected at a concentration of 3 mg/mL after
filtration through a 0.45 pm PTFE membrane. The separation was carried out on three
Polymer Standard Service columns (SDVB, 5 um, 300 x 7.5 mm) and a guard column. The
average molar masses (number-average molar mass, M, and weight-average molar mass, My)
and the dispersity, b = Mw/M,, were calculated from the RI signal with a calibration curve

based on polystyrene standards (Polymer Standards Service).

SEC analyses in 1,2,4-trichlorobenzene (1,2,4-TCB) were performed using a Viscotek
High-Temperature Triple Detection SEC (HT-SEC) system (Malvern Instruments). 1,2,4-
Trichlorobenzene (TCB) was used as the mobile phase at a flow rate of 1 mL/min. TCB was
stabilized with 2,6-di(tert-butyl)-4-methylphenol. The separation was carried out on three
mixed bed columns (PLgel Olexis 300 x 7.8 mm from Malvern Instrument) and a guard
column (75 x 7.5 mm). Columns and detectors were maintained at 150 °C. Sample volumes of
200 pL were analyzed at concentrations of 1 mg/mL. The Omnisec software was used for data
acquisition and data analysis. The molar mass distributions were calculated by means of a
conventional calibration curve on the basis of linear polyethylene standards from 300 to 130

000 g mol-! (Polymer Standards Service).
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Tensile tests were performed on a Shimadzu Autograph AGS at 23 °C using dumbbell
specimens (section size: 5.4x2.0 mm). Crosshead speed was 10 mm/min. All the reported

results for tensile determination are the average of five measurements at least.

Charpy impact tests were performed at 23 °C on a CEAST Resil Impactor Junior using
notched specimens (75x10x4 mm, notch depth of 2 mm). All the reported results for Charpy

impact strength determination are the average of five measurements at least.

Scanning Electron Microscopy (SEM) were performed with a FEI Quanta 250 electron
microscope, the phase morphology was observed under high vacuum, the acceleration
voltage was 10 kV. A flat surface of specimens was obtained with an ultramicrotome UC7 Leica
at room temperature using an ultra-sonic diamond knife (Diatome). In order to contrast the
two phases, the samples were soaked for 48 hours in a 50:50 water:sodium hypochlorite
solution with 2 wt% of ruthenium tetroxide. The radius of the dispersed phase and its

distribution was analyzed by the Image] software.

I1. General procedures

[1.1.Chapter 2

[I.1.a. Carbonatation of [ethylene - glycidyl methacrylate] based copolymers in batch

2.0 g of a [ethylene-glycidyl methacrylate] based polymer (1.1 mmol of glycidyl methacrylate),
18 mg of TBAB (0.056 mmol, 5 mol%) and 2.0 mL of toluene were added in a 0.16 L stainless
steel reactor. The reactor was sealed, and then the mixture was stirred at 300 rpm and heated
up to 110 °C. When the desired temperature was reached, 4.0 MPa of CO; was introduced. The
mixture was stirred at 300 rpm and 110 °C for 5 hours. Finally, CO2 was degassed, the medium
was dried under vacuum and the resultant polymer was recovered without further
purification. A cyclic carbonate moiety was obtained with a yield of 99 % according to 'TH NMR

analysis (Chapter 2, Table 1, entry 1).
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Experimental Section

[I.1.b. Carbonatation of [ethylene - glycidyl methacrylate] based copolymers in

extruder

The [ethylene-glycidyl methacrylate] based polymer and the catalyst were fed at a throughput
of 2 kg/h (1.1 mol/h of glycidyl methacrylate) and 0.083 mol/h (7.5 mol%) respectively in
the first barrel. Under optimal conditions, the temperatures were 60, 120, 150, 150, 150, 150,
150, 150 and 150 °C, respectively. The die was also heated to 150 °C. The screw speed was
150 rpm. When the flow of the extruded polymer was stabilized, CO; was continuously
injected into the third barrel using a Linde pump (DSD 500). The pressure and the throughput
were regulated by the pump. The resulting modified polymer had a stable composition after
a time equal to twice the residence time, and thus it was collected from this moment, cooled

with compressed air and pelletized by a pelletizer.

[1.2.Chapter 3

[I.2.a. Epoxidation of polydienes in batch

In a typical procedure for the epoxidation of polybutadiene PBU-1, 5.0 g of PBU-1 and 5.0 mL
of toluene were heated to 50 °C and stirred at 600 rpm in a round bottom flask. When the
temperature reached 50°C and the reaction medium was homogenous, formic acid (10 mol%
according to butadiene units) and hydrogen peroxide 30 % (10 mol% according to butadiene
units) were added. The reaction medium was stirred at 50 °C for 6 hours and the polymer was
dried at 50 °C under vacuum overnight. The epoxide content was determined by 'H NMR

analysis.

In the case of epoxidation of high molar mass polybutadiene or copolymers containing dienes
units, similar conditions were used, but the polymer concentration was reduced to decrease
the solution viscosity, and the amount of oxidant was adapted to the diene contents. At the
end of the reaction, acetone was added to make precipitated the polymer, and it was filtered,

washed with acetone and dried under vacuum at 50°C overnight.
[1.2.b. Epoxidation of polybutadiene in reactive extrusion

Polybutadiene E-PBU-4 was fed at a throughput of 350 g/h in the 5% barrel. The temperature
was 60 °C and the screw speed was 100 rpm. When the flow of the extruded polymer was
stabilized, A stoichiometric mixture of peroxide hydrogen 30 %/ formic acid was injected into

the 7t barrel using a pump at a flow of 1.5 mL/min (10 mol% according to butadiene units).
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After 10 min, the polymer was recovered and analyzed by 'H NMR to determine epoxide

content.
[I.2.c. Carbonatation of epoxidized polydienes in batch

In a typical procedure, 1.0 g of epoxidized polydiene, tetraoctylammonium bromide (TOAB,
5 mol% according to epoxide content) and 1.0-5.0 mL of toluene were added in a 0.16 L
stainless steel reactor. The reactor was sealed, and then the mixture was stirred at 300 rpm
and heated up to 110 °C. When the desired temperature was reached, 4.0 MPa of CO; was
introduced. The mixture was stirred at 300 rpm and 110 °C for 6 hours. Finally, CO; was
degassed, the medium was dried under vacuum and the resultant polymer was recovered
without further purification. The cyclic carbonate moiety yield was determined by 'TH NMR

analysis.

[1.3.Chapter 4

[I.3.a. Aminolysis of carbonated ethylene-glycidyl methacrylate-methyl acrylate

terpolymer

In a typical procedure, 5.0 g of carbonated [ethylene-glycidyl methacrylate-methyl acrylate
terpolymer], 30 mL of toluene and TBD (5 mol% according to cyclic carbonate units) were
stirred and heated to 90 °C in a round bottom flask. Then, 5 equivalents (according to cyclic
carbonate units) of hexylamine were added. Samples were taken every hour, the samples
were precipitated with acetone, filtered, washed with acetone and dried under ambient
conditions, and the decreased of the cyclic carbonate contents was followed by IR-ATR. The
reaction was stopped after complete disappearance of the cyclic carbonate band (1821 cm1)
on the IR-ATR spectra. At the end of the reaction, the polymer was precipitated with acetone,

filtered, washed with acetone and dried under vacuum at 50 °C overnight.
[1.3.b. Kinetic study of aminolysis reaction monitored by 'H NMR

In a 5 mm NMR tube, 58.8 mg of carbonated polybutadiene (3 mol% of cyclic carbonate,
7 mol% of epoxide) 0.5 mL of tetrachloroethylene/benzene-ds (2/1) (v/v) mixture, 7.0 pL of
mesitylene, and 1.4 mg of TBD (30 mol% according to cyclic carbonate content) were added.
Then, 20 pL of hexylamine (5 equiv. according to cyclic carbonate units) were added. The NMR
tube was introduced into the NMR spectrometer and heated to 90 °C. When the temperature

was stabilized, 'TH NMR spectra were recorded (16 scans) every 30 min for 16 hours.
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Experimental Section

[I.3.c. Cross-linking of carbonated polybutadiene with hexamethylene diamine

500 mg of carbonated polybutadiene (24 mol% of cyclic carbonate, 12 mol% of epoxide) and
105 mg of hexamethylene diamine (1 equiv of amine function according to cyclic carbonate
and epoxide units) were mixed at room temperature in chloroform. The solvent was

evaporated at room temperature and the mixture was cured at 90 °C for 16 hours.

[1.4.Chapter 5

[I.4.a. Preparation of HDPE/PC/compatibilizer (72/18/10) (w/w/w) blends by twin-

screw extrusion

The PC resin was dried prior blending with a polymer dryer at 80 °C overnight. The different
blends were formulated by melt-blending in a co-rotating twin-screw extruder (Leistriz
ZSE18HPe-60D model, diameter 18 mm, L /D = 60). The HDPE, PC and compatibilizer were
feed at a total throughput of 3.0 kg/h in a weight proportion of 72/18/10 or 18/72/10 in the
first barrel. The blends were extruded at 250 °C with a screw speed of 400 rpm. The extruded
blends were cooled down in a water bath at room temperature, pelletized and dried under

vacuum at 80 °C overnight.
[1.4.b. Extraction of the PC phase from the HDPE/PC/compatibilizer blends

The PC phases were extracted from the pellet blends with dichloromethane using a Soxhlet
extractor for 24 hours at reflux temperature. The solvent was evaporated with a rotary

evaporator, and the polymer obtained was dried under vacuum for at least 6 hours.
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Chapter 1:
Literature review on the
carbonatation reaction, from
molecular synthesis to polymers

functionalization

Chapter 1 is a literature review on the reactivity of epoxides and alkenes with CO; to
synthesize cyclic carbonates. An overview of the common catalytic systems used for the
carbonatation of molecular epoxides and the oxidative carbonatation of molecular alkenes
will be presented, as well as the main strategies for the synthesis of carbonated polymers (i.e.

polymers containing cyclic carbonate moieties).
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Chapter 1: Literature review on the carbonatation reaction

I. Introduction

The anthropogenic carbon dioxide emission are following an exponential growth since the
First Industrial Revolution starting at the end of the XVIIIt century, which has a significant
impact on climate change.[l In 2019, the production of energy was the sector that emitted the
most of COz (15.83 GtCO2), followed by the transport (8.43 GtCOz), manufacturing &
construction (6.30 GtCO2) and agriculture sectors (5.79 GtCO).[2! The industry sector emitted
3.06 GtCO2,[?I mainly from the production of mineral (e.g. cement, lime, glass), chemical (e.g.
ammonia, nitric acid, adipic acid) and metal products.[3] In this context, the valorization of CO-
into molecules and materials platforms has been a subject of great interest over the last
decades. Since 1980, the number of publications for the chemical conversion of CO2 has
increased exponentially (Figure 1). Indeed, CO: is recognized as environmentally benign,
inexpensive, and an abundant renewable C1 building block, which could be beneficially
utilized in the development of organic synthetic transformations to produce value-added

molecules.

5000
4500
4000
3500
3000
2500
2000
1500
1000

50

1ons

Number of publicat

o o
-
-
-
—
—

2010
2012
2014
2016
2018
2020
2022

”

Figure 1. Number of publications obtained with the keywords “conversion” and “carbon dioxide

on SciFinderm.

However, carbon dioxide is the carbon source with one of the lowest formation enthalpy
(- 395 kJ/mol) and the highest oxidation state, thus it has a high thermodynamic stability.[*
Therefore, four main strategies have been developed to activate the CO; molecule for use as

reagent(l:
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- Using high-energy co-reactants such as epoxides, Hz, NHs, unsatured molecules,

organometallic complexes or small cyclic compounds.

- The synthesis of oxidized compounds with low formation energy could be targeted
(e.g. organic and inorganic carbonates). As shown in Figure 2, at a constant carbon oxidation
state, the addition of an oxygen atom significantly reduces the enthalpy of formation, thus

carbonate compounds have lower formation enthalpy than CO».[+¢]
- Shifting the equilibrium with the release of a by-product.

- Supplying physical energy such as electricity or light to overcome the energy barrier.
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Figure 2. Formation enthalpy depending on the carbon oxidation state and the number of oxygen

atoms in the molecules.[*6]

By using these strategies, different valorizable molecules and materials can be synthetized
from CO: (Scheme 1). Currently, urea, methanol, ethylene carbonate and polycarbonate are
produced industrially from CO2,[5] but other compounds of interest such as carboxylic acids,

isocyanates, linear carbonates, cyclic carbamates and polyurethanes could also be obtained.
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Scheme 1. Main reactions involving CO; as reagent.[>]

Particularly, cyclic carbonates are subject of a great interest due to their reactivity and
physico-chemical properties. Cyclic carbonates are precursors for a wide range of
compounds: hydroxyurethanes, cyclic carbamates, ureas, linear carbonates, ethers and esters
derivatives (Scheme 2).I’! Thanks to their polarity, they are also used as solventl® and

electrolytes for batteries.[°]
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Scheme 2. Main reactions using cyclic carbonates as reagents.’]

In this chapter, we will focus on the synthesis of cyclic carbonates, in a first part on molecular
compounds (from epoxides and alkenes), in order to understand the influence of the substrate
and catalyst structural features, as well as on the different reaction parameters at play in this
type of transformation. Then the carbonatation of polymers will be discussed, in order to
understand how the chemical use of CO2 as a C1 block could be transposed to the modification

of macromolecules.

29



II. Carbonatation of molecular compounds

The synthesis of cyclic carbonates via the cycloaddition of CO; with epoxides requires the use
of a nucleophilic catalyst, which either opens the epoxide ring (unhindered nucleophiles,
typically halide anions I, Br- and CI), or activates the CO2 molecule to form a carboxylate
(hindered nucleophiles with a delocalized negative charge: 1,5,7-triazabicyclo[4.4.0]dec-5-
ene (TBD), 1,8-Diazabicyclo[5.4.0]Jundec-7-ene (DBU), BF4, PF¢). The reactivity of epoxides
is usually enhanced by the introduction of a Lewis acid (metal complexes such as metal halide,
metal - salen and metal - porphyrin complexes) or a Brgnsted acid (polyphenols, fluorinated

alcohols, guanidines, carboxylic acids).

II.1. Onium salts as nucleophilic catalysts for the carbonatation of epoxides

The use of onium salts such as ammonium salts (RsN*X, X = Cl, Br or I), phosphonium (R4PX)
and imidazolium (CxCyImX) is widely reported in the literature as catalyst allowing the
opening of the oxirane ring (Scheme 3).[71011] The hindrance of the RsN*, R4P* and CxCyIm*
cations makes it possible to decrease the electrostatic interactions with the X- anion and thus
increase its nucleophilicity. The X- anion must also be a good leaving group to promote the

formation of the cyclic carbonate.

Rl
S) x© [
X ©)]
goe
R/ \R R/ \R IR

tetraalkylammonium tetraalkylphosphonium Imidazolium halide
halide halide

Scheme 3. Structure of onium salts.

[I.1.a. Catalytic cycle mechanism

In this route, the nucleophile attacks the less hindered carbon atom of the epoxide, to form
the alkoxide anion (Scheme 4, step a), which subsequently activates the CO> molecule to form
the corresponding linear carbonate (Scheme 4, step b). Finally, the cyclic carbonate is formed
by an intramolecular ring-closure, leading to the regeneration of the halide based catalyst

(Scheme 4, step c).[12]
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Scheme 4. Catalytic cycle for the carbonatation of epoxides with halides.!3!

As mentioned before, a selected Lewis acid (designed metal-based complexes),[14-26] Brgnsted
acid (hydrogen bond organic donor)[27-31] or bifunctional activator A* could be used in

conjunction with the nucleophilic catalyst to synergistically activate the epoxide and stabilize

the different intermediates.

[I.1.b. Reactivity with terminal epoxides

Ammonium halide salts are among the first catalysts used for the production of cyclic
carbonates from CO2 and epoxides (Scheme 5). In 1956, Lichtenwalter and Cooper showed
that tetrabutylammonium bromide (TBAB) and tetraethylammonium bromide (TEAB) could
catalyze the carbonatation of ethylene oxide,[32] and were more active than the catalyst
previously used (sodium hydroxide on activated charcoal), and were commercially
available.[33] The influence of the structure of these salts (nature of the anion and alkyl chain,

steric hindrance, and addition of acidic functions) have since been widely studied in the

literature.

R X@ TEAX: R=Et,X =1I,Br, ClorF

R@},{,:FF; TPAX: R="Pr, X =1,Br, Clor F
TBAX: R="Bu, X =1,Br, ClorF

THAX: R ="Hexyl, X = I, Br, Clor F

TOAX: R="Octyl, X =1,Br, ClorF

tetraalkylammonium
halide

Scheme 5. Structure of tetraalkylammonium halides.
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The halide with the best catalytic activity for the formation of cyclic carbonates depends on
the nature of the epoxide. The following order of catalytic activity has been commonly
observed: I-> Br-> ClI- > F- when the reaction is carried out on terminal, low sterically hindered
epoxides under neat conditions (Table 1). This order of activity is not altered by the addition
of an electron donor or withdrawing substituent and by the change of the reaction conditions,
i.e. change of pressure, temperature or nature of the co-catalyst. This order coincides with the
order of nucleophilicity and size of the halides. In this case, I-is the most nucleophilic anion

and the best leaving group, thus it is the most active halide.[12.16,22,30,31,34-36]

However, the electronic effect of the substituent impacts the reactivity of the epoxide.
Electron withdrawing groups activate the epoxide via inductive effect, whereas electron
donor groups decrease the electrophilicity of the epoxide. In Table 1, the reaction conditions
tend to be harsher with epoxides containing electron donor substituents. Under the same
conditions (Table 1, entries 4, 5, 12, 13, 17, 18), a decrease of the cyclic carbonate yield was

observed by increasing the electron donor ability of the substituent.
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Chapter 1: Literature review on the carbonatation reaction

Table 1. Effect of the halide on the carbonatation of terminal epoxides under neat conditions.

o]

/& €0 > o)ko
R TBAX/co-catalyst !
R
Entry Epoxide Catalyst (mol%) Lewis acid / Brgnsted acid (mol%) T (°C) P (MPa) t(h) Selectivity (%) Yield (%) Ref.
1 TBAI (5) 92
2 al \/& TBAB (5) 2-pyridinemethanol (5) 25 0.1 24 Not reported 67 (34]
3 TBAC (5) 52
4 . TBAI (5) >99 83
oA [Fe(TPhOA)]z (0.5) 25 0.2 18 [36]
5 TBAB (5) >99 76
6 TBAI (5) 98 76
7 oA TBAB (5) 3-BTFP (5) 35 05 24 99 61 [31]
8 TBAC (5) 99 47
9 TBAI (2) >99 83
10 A TBAB (2) Zn4(0OCOCF3)60 (1.0) 25 0.1 6 99 73 [22]
11 TBAC (2) 90 27
12 . TBAI (5) >99 74
A [Fe(TPhOA)] (0.5) 25 0.2 18 [36]
13 TBAB (5) >99 65

33



Entry Epoxide Catalyst (mol%) Lewis acid / Brgnsted acid (mol%)

T(°C) P(MPa) t(h) Selectivity (%) Yield (%) Ref.

14 TBAI (5) 95

15 "Bu/& TBAB (5) 3-hydroxypyridine (5.0) 40 0.1 24 Not reported 82 35]
16 TBAC (5) 36

Y AN TBAI (2) [Fe(TPhOA)]: (0.5) 25 0.2 18 > 70 [36]
18 TBAB (5) >99 62

19 TBAI (2) >99 92

20 ©/& TBAB (2) :pr—N>H= ) ON =H<N-:pr 2o 01 o4 >99 69 0
21 TBAC (2) Pr—NH HN~"Pr >99 40

22 TBAF (2) >99 3

23 5 TBAI (0.3) >99 54

24 (j/u TBAB (0.3) ZnBr; (0.3) 80 8 0.5 > 99 34 [16]
25 TBAC (0.3) > 99 26
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Chapter 1: Literature review on the carbonatation reaction

However, under certain conditions, the physico-chemical properties of the catalyst can play
an essential role. For example, in the case of the carbonatation of styrene oxide with
tetrabutylammonium halides (TBAX), the homogeneity of the system will depend on the
solubility of the catalyst, which itself depends on the nature of the anion. In this case, Shim et
al. observed the following order of activity: Br- >Cl- > [- because TBAB exhibited a greater
solubility than TBAC and TBAI under the reaction conditions (2 mol% of catalyst, 120 °C,
3.9 MPa, neat, 2 h).[37]

The stability of the ammonium salt obviously plays a role on its catalytic activity and varies
according to the nature of the anion. For example, J.-Q. Wang et al. obtained the following
order of activity: Br-> I- = Cl-> F-for the carbonation of propylene oxide with TBAX. This partly
respects the order of nucleophilicity and size of the halides, except for I-, which showed a
lower activity than Br- because of its lower stability under the reaction conditions according

to the authors (150 °C, 8 MPa, 10 h).[38!

In the case where the epoxide is more sterically hindered, the halide must have a limited steric
hindrance to access the electrophilic site. In this case, the effect of steric hindrance
predominates over the nucleophilicity of the anion, which explains why Br- or Cl- are more
active catalysts than I- for the carbonatation of 3,3-dimethyl-1,2-epoxybutane (terminal
epoxide with a ter-butyl group) and butyl glycidyl ether.[3639 In all cases, F- was found the

least active due to its poor leaving group ability.[3840-42]

The length of the alkyl chains of the ammonium salt also has an influence on its catalytic
performance (Table 2). Sun et al. have shown that increasing the length of the alkyl chains
makes the ammonium cation bulkier, and thus decreases the interaction strength between
the cation and the halide anion rendering the halide more nucleophilic. This explains the
following order of activity : THAB > TBAB > TEAB obtained for the carbonatation of styrene

oxide with ZnBr; as co-catalyst (Table 2, entries 1-3).[16]

The same THAC > TBAC > TPAC trend was obtained for the carboxylation of glycidyl butyl
ether (Table 2, entries 4-6). On the other hand, TOAC showed a slightly lower catalytic activity
because of the instability of the intermediate formed after the opening of the epoxide ring by
Cl-(Table 2, entry 7). Indeed, the steric hindrance of the TOA* cation is too important for the

formation/stabilization of this intermediate.[3°]
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Table 2. Effect of the ammonium alkyl chains on the carbonatation of terminal epoxides.2

Lewis T P t Selectivity Conv.
Entry Epoxide Catalyst Ref.
acid (°C) (MPa) (h) (%) (%)
1 TEAB >99 0.4
0
2 ©/u TBAB ZnBr; 80 08 05 >99 37 b
3 THAB >99 41
4 TPAC 78.5
5 . TBAC Not 79.6
P A - 100 092 6 (39
6 THAC reported gy 4
7 TOAC 77.9

aCO2 pressure at 25 °C, neat. E = ethyl, P = propyl, B = butyl, H = hexyl and O = octyl.

Phosphonium salts (Scheme 6) are analogue to ammonium salts. The main advantage of their

use is their very good thermal stability, better than that of ammonium salts.[43]

Ry, X° PBu,X: R, =R, =Ry =R,="Bu, X =1, Br, C|
hiRs PPh,EtX: R, = R, = R, = Ph, R, = Et, X =1, Br, C|
1 4

PPhyBuX: R, = R, = R; = Ph, R, = "Bu, X =1, Br, C|
PPhyCgH,3X: Ry = R, = Ry = Ph, R, = "Hexyl, X =1, Br, C|
PPhyCgH,,X: R, = R, = Ry = Ph, R, = "Octyl, X =1, Br, C|
PPhyC;oH,;X: Ry = R, = Ry = Ph, R, = "Decyl, X =1, Br, C|
PPh,X:R; =R, =Ry =R, = Ph,X =1, Br, Cl

tetraalkylphosphonium
halide

Scheme 6. Structure of tetra(alkyl/phenyl)phosphonium halides.

As seen previously with ammonium salts, the order of activity of the phosphonium salt halide
is as follows for weakly hindered terminal epoxides: I- > Br-> Cl-.[*445] For the carbonatation
of propylene oxide using PPhsBuX/ZnCl; catalytic system, yields of 95.1 %, 95.0 % and 67 %
were achieved with I, Br- and Cl- as counter-anions, respectively (Table 3, entries 1-3). With
the PPh4X/ZnBr; system, a similar trend was observed with yield of 89.6 %, 82.4 % and
48.4 % respectively for I, Br- and Cl- anions (Table 3, entries 8-10). A drop in yield was
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observed with Cl- with both catalyst systems due to the lower dissociation of Cl- with the

cation according to the authors.

As seen previously, the increase in the bulkiness of the cation makes it possible to reduce the
electrostatic interactions between the cation and the halide and, in turn, to improve the
nucleophilicity of the halide.[*445] This can be done either by increasing the length of the alkyl
chains,[*4 or by replacing the alkyl chains with bulkier groups such as the phenyl group.4>!

For the PPh3RX/ZnCl; catalytic system, the yield increased when the alkyl chain length
increased, and reached 98.5 % with decyl chains (Table 3, entries 1, 4-7). Finally, with PPha.
yRyX/ZnBr; system, the presence of phenyl groups increased the activity of the catalyst, and
the highest yield (82.4 %) was obtained with PPh4Br, (Table 3, entries 9, 11, 12).
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Table 3. Carbonatation of propylene oxide using phosphonium halides under neat conditions.

Entry Catalyst Lewis acid T P t Selectivity  Yield Ref

(mol%)  (°C) (MPa) (h) (%) (%)

1a PPh3zBul >99 95.1

22 PPh3BuBr >99 95.0

3a PPh3zBuCl >99 67.0

4a PPh3EtBr ZnCl2 (0.02) 120 1.5 1 >99 93.0 [*4]

52 PPh3CeH13Br >99 96.0

62 PPh3CgH17Br >99 97.1

72 PPh3C1oH21Br >99 98.5

8b PPhyl >99 89.6

9b PPh4Br >99 82.4

100 PPh4(l ZnBr; (0.09) 120 2.5 1 >99 48.4  [45]

11b "BusPBr >99 56.6

12> PPh3CeH13Br >99 77.4

0.1 mol% of catalyst. 0.01 mol% of catalyst.
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Ionic liquids such as imidazolium halides were also investigated as organocatalysts for the

carbonatation of epoxides (Scheme 7).

,Ré o  CiCImX:R=Bu,X=1,BrorCl
mOAc: R =Bu, X = OAc
X C,C4ImOAc: R = Bu, X = OA

N
& C,CglmBF,: R = Octyl, X = BF,

imidazolium halides

R
@@OH

G

Scheme 7. Structure of common imidazolium salts used as catalysts.

These ionic liquids are known to be good solvent for CO; and therefore appeared as a good
medium for epoxide carbonatation. In most of the studies, imidazolium salts are
functionalized, supported or used with metal halide co-catalysts, to enhance their
reactivity.[1046] As seen before, the catalytic activity depends on the nature of the halide and
of the cation. For terminal epoxides, the catalytic activity is still following the nucleophilicity
and the leaving group ability of the halide under neat conditions: I- =2 Br- > CI-.[47-50] Girard et
al.l*8] showed that CiC4Iml and C;C4lmBr were the best imidazolium catalysts for the
conversion of styrene oxide, a 99 % yield was obtained with both catalysts under the
following conditions : 5 bar of CO2, 10 mol% of catalyst at 150 °C under neat conditions for 4
hours. The use of C1C4ImCl led to a lower selectivity of 46 % due to the poor leaving group

ability of the chloride anion.

The alkyl chains R and R’ length also has a strong influence on reactivity. As seen before, an
optimum has to be determined for the length of the alkyl chains. Denizalt1*°] studied the
influence of alkyl groups on imidazolium bromide bearing hydroxyl group. The catalytic
activity increased in the following order: ethyl < hexyl = octyl = decyl < butyl for the
conversion of propylene oxide with 2 mol% of catalyst at 60 °C under 1.0 MPa of CO; and neat
conditions after 3 hours. From ethyl to butyl, the yield increased from 46 to 70 %, but then
decreased from butyl to hexyl to 60 %. Similar yield was obtained with hexyl, octyl and decyl
alkyl groups. The introduction of hydrogen bond donor groups such as hydroxyl and carboxyl
improved significantly the reactivity, compared to non-functionalized imidazolium
halides[4751]. For example, Sun et al.l51] showed for the carbonatation of propylene oxide (1.6
mol% of catalyst, 125 °C, 2.0 MPa, 1 h, neat) that the addition of hydroxyl group on C1C2ImBr
increased the yield from 83 to 99 %.
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Imidazolium cations are also hydrogen bond donors, the introduction of electron-
withdrawing substituents such as pentafluorobenzyl groups increases the protons acidity and
thus improves the hydrogen bond donor ability of the imidazolium cation (Scheme 8).5%11]
For the carbonatation of propylene oxide, the yield increased from 73 to 91 % when the
benzyl group was replaced by the fluorinated derivative (Conditions: 10 mol% of catalyst,

4 bar, 70 °C, 22 h, neat).[52!

F

F
F
o Lk
C8H17/NN
H

F

R‘\’@

Br

Scheme 8. Activation of the epoxide with imidazolium bromide bearing pentafluorobenzyl group.

[I.1.c. Reactivity with disubstituted epoxides

The carbonatation of internal disubstituted epoxides requires the use of harsher conditions,
or more active co-catalysts, because of their lower reactivity. Days-long reaction time, high
temperature (more than 120 °C), elevated CO2 pressure or large catalyst content are needed
to obtained satisfying yields.[*853-55] The common systems used are onium salts in
combination with an acidic co-catalyst (metal halides, metallic complexes, polyoxometalates).
More specific systems such as the multicomponent Calz/crown ether/PhsP catalytic system
that provides stereochemical selectivity under mild conditions (45 °C, 0.5 MPa) can be used.
In the following paragraphs, a focus will be done on ammonium halides catalysts for their
good reactivity and solubility in both polar and poorly polar media, and on the carbonatation
of epoxidized oils, as they are convenient molecular model for further carbonatation of

epoxidized polymers.

Unlike the carbonatation of terminal epoxides that is optimal with TBAI in most of the cases
under neat conditions, disubstituted epoxides are usually carbonated with TBAB.[55-611 when
no co-catalyst is used. TBAC and PPNCI also showed good activity when used with acid co-

catalysts such as ascorbic acid[®2! or aluminium complexes.[24]

Fei Chen et all58] compared the influence of the halide for the carbonatation of different

epoxidized oils with TBAX/iron complex catalytic sytems. TBAB was the best nucleophilic
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catalyst (Table 4), with a yield range of 66-92 %, except for the carbonatation of methyl
linoleate (Table 4, entries 17-19), where TBAI and TBAC showed a better activity.

Table 4. Effect of the halides on the carbonatation of epoxidized oils.® [5¢]

Entry Epoxidized oils Catalyst Yield (%) Cis:trans ratio

1b TBAI 75 <1:99
0 (0]

2b Me N owe TBAB 85 15:85

3b TBAC 72 76:24

5¢ TBAI 83 <1:99
0 (0]

6° Me N ot TBAB 92 <1:99

7¢ TBAC 85 96:4

8¢ TBAI 73 15:85
0 (0]

9c MQNOME TBAB 88 <1:99

10¢ TBAC 87 >99:1

11¢ TBAI 43 <1:99

OH o O

12¢ MeMOMe TBAB 66 <1:99

13¢ TBAC 60 >99:1

14¢ TBAI 78 17:83
0 0

15 MeM{—\( %J\OME TBAB 81 11:89

16¢ TBAC 79 7:93

17¢ TBAI 84 16:84

0 o O
18¢ Me 4CiS cis ] OMe TBAB 70 25:75
19¢ TBAC 77 85:15

a100 °C, 0.5 MPa, 24 h, neat. "6 mol% of catalyst and 0.6 mol% of co-catalyst. <10 mol% of

catalyst and 1 mol% of co-catalyst.

Moreover, the nature of the halide has an influence on the cis/trans ratio of the cyclic product.
With large halides (I and Br), the formation of the trans cyclic carbonate was favored,

whereas with the small halide Cl-, the product kept the initial configuration of the epoxide.
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This difference of stereoselectivity could be explained by considering the mechanism of the
intramolecular nucleophilic substitution during the formation of the cyclic carbonate
(Scheme 9). With Br-and I, a Sx! pathway occurs during the intramolecular attack. During this
step, a change of the configuration is possible, and the trans formation product is favoured
because of its higher thermodynamic stability. Conversely, a Sy pathway occurs with Cl-, no
change of the configuration is possible, thus cis epoxides are mainly converted to cis cyclic

carbonates, and trans epoxides are mainly converted to trans cyclic carbonates.

change of
configuration

o
=4

+ X

R R
O
Sy2 pathway R'§ "R' Sy1 pathway
X
0
0
O_/< SN2 ROG_)/<O
) 5~
Ry & %

Scheme 9. Catalytic cycle for the carbonation of epoxidized oils.

For the carbonatation of cis-epoxidized methyl oleate with PE-supported imidazolium
bromide, It was also observed that an increase in temperature promoted the formation of the

trans carbonates up to 70 %.[63!

Finally, in addition to the cyclic products, the undesirable formation of ketone functions via
Meinwald rearrangement was reported several time in the literature, especially for the
carbonatation of epoxidized oils.[62-65] This reaction is catalyzed by a Brgnsted or Lewis acid
A*. The selectivity for cyclic carbonate vs the ketone by-product follows the trend: Cl-> Br->

[. This shows that the formation of the ketone depends on the leaving group ability of the
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halide, which is coherent with the Meinwald rearrangement mechanism, where the ketone is

formed via intramolecular nucleophilic substitution of the halide by the hydride (Scheme 10).

©)]
© (/? A
©) . x (0~ H O
OH A X O H C . A
R'” ;R R'/@% ;R R' H R R' R

X

Scheme 10. Mechanism of Meinwald rearrangement.

[1.1.d. Reactivity of trisubstituted and tetrasubstituted epoxides

Bio-based trisubstituted epoxides such as limonene oxide are interesting substrates for the
synthesis of bio-based platform molecules and polymers. However, they are much more
stable than terminal and disubstituted epoxides. The use of single component catalytic system
is not efficient enough to obtain satisfactory yields. Moreover, ammonium chloride showed
better activity compared to bromide and iodide derivatives. TBAC, in combination with a co-
catalyst (Scheme 11), was used for the carbonatation of limonene oxide, and moderate yields

were obtained (Table 5, entries 1-3).166-68]

Bis(triphenylphosphoranylidene)ammonium chloride (PPNCI) also showed interesting
activity. Navarro et all®°! used PPNCI with an organoaluminum complex co-catalyst for the
carbonatation of cis and trans mixture of limonene oxide in methyl ethyl ketone (MEK) with
ayield up to 52 %. Interestingly, when the catalytic system was used on pure trans limonene

oxide, the yield increased to 76 % (Table 5, entries 4, 5).

Similar results were shown by Fiorani et al.,[7%! higher yields were obtained with pure trans
limonene oxide than with cis and trans mixtures, whereas a very poor yield of 4 % was

obtained with pure cis limonene oxide (Table 5, entries 6-8).
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Scheme 11. Catalysts used for the carbonatation of limonene oxide.
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Table 5. Carbonatation of limonene oxide using chloride as catalyst and metallic complexes as co-catalysts.

3

cis and trans mixture
of imonene oxide

(6]
o<
(6]

5

E Epoxide Catalyst Lewis acid co-catalyst Pcoz t Yield Cyclic carbonate Ref
ntry ef.
cis:trans ratio (mol%) (mol%) (°C) (MPa) (h) (%) cis:trans ratio
Lanthanum
1a 40:60 TBAC (4) 100 1 16 43 8:92 [66]
heteroscorpionate (1)
trimetallic cobalt complexe

24 Not reported TBAC (5) (0.1) 2 24 33 Not reported (67]
3a Not reported TBAC (3) Al complexe (1) 1 66 48 Not reported (68]

4b 43:57 . 52 1:99

Organoaluminium

PPNCI (3) 1 66 [69]

5be 0:100 complexe (1) 76 0:100
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Hatry Epoxide cis:trans Catalyst Lewis acid co-catalyst T Pcoz t Yield Cyclic carbonate Ref.
ratio (mol%) (mol%) (°C) (MPa) (h) (%) cis:trans ratio
6P 40:60 43 1:99
7bc 0:100 PPNCI (3) Al complexe (1) 85 1 66 57 99:1 (70]
8bd 100:0 4 4:96

aNeat. PMMEK as solvent. cPure trans limonene oxide. 4Pure cis limonene oxide.
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Concerning the carbonatation of tetrasubstituted epoxides, no catalytic systems have been
developed for now with a good activity. Maeda et al.[’!] tested a bifunctional catalyst
composed of ammonium bromide and a zinc porphyrin complex, on a range of different
epoxides, and no reaction was observed with a tetrasubstituted epoxide after 96 h. Moreover,
the following trend for the reactivity of epoxides with CO; was observed: terminal >

disubstituted >> trisubstitued >> tetrasubstituted.

[1.2. Carbonatation of epoxides with hindered nucleophilic catalysts

[1.2.a. Catalytic cycle mechanism

The second route for the carbonatation of epoxides involves the use of hindered bases or
anions with a delocalized negative charge as catalyst. A variety of organic bases were used
such as 1,8-diazabicyclo[5.4.0]-undec-7-ene (DBU), 1,5,7-triazabicyclo[4.4.0]dec-5-ene
(TBD), 7-methyl-1,5,7-triazabicyclo[4.4.0]dec-5-ene (MTBD), 1,4-diazabicyclo[2.2.2]octane
(DABCO), N-methylimidazole (MIm), imidazole (Im), N,Ndimethylaminopyridine (DMAP),
pyridine (Py), monoethanolamine (MEOA), diethanolamine (DEOA), triethanolamine (TEOA),
trimethylamine (TEA), and diethylamine (DEA) (Scheme 12).721 The most hindered anions

used are tetrafluoroborate (BF4) and hexafluorophosphate (PF¢).[73]

N N n N lll
SN GOENGO I~
DBU TBD

MTBD DABCO

/ H N
) % > ®
Mim Im DMAP Py
OH
OH J
< SNH
HO/\/NH2 Ho/\/N AN
Ho >N \L ~
OH
MEOA DEOA TEOA TEA DEA

Scheme 12. Structure of organic nitrogen bases used as catalysts.

In this route, CO: is first activated by the catalyst, leading to the formation of the carboxylate

intermediate (Scheme 13, step a’). The less hindered carbon atom of the epoxide is then



attacked by the carboxylate (Scheme 13, step b’) and an intramolecular ring-closure forms the
cyclic carbonate and regenerates the catalyst (Scheme 13, step ¢’).[747375] The carboxylate

intermediate formed with TBD was isolated and characterized.[7¢]

(0]
3)50 e
R ¥
y ©)
c 5~ o2 2@

A R ©
K(O\A(B
\_/ R
Scheme 13. Catalytic mechanism for the carbonatation of epoxides using hindered nucleophilic

catalyst.[13]

[1.2.b. Influence of the base structure

Sun et al. compared several organic bases as catalysts, in combination with cellulose as co-
catalyst, for the carbonatation of propylene oxide (PO) under the following conditions: PO (1
mL), base (225 mg), cellulose (15 mg), 120 °C, 2.0MPa, 2h (Table 6).1721 The catalytic activity
did not exactly followed the basicity of the base. The steric hindrance and the presence of
alcohol groups also had a strong impact on the epoxide conversion. The best catalyst was DBU
with a conversion of 93 % (, entry 1). TBD and MTBD showed much lower activity (Table 6,
entries 2 and 3), owing to their too high steric hindrance. The presence of alcohol group
enhanced the activity via the epoxide activation with hydrogen bonding, as much higher
conversions were obtained with TEOA and DEOA compared to TEA and DEA (Table 6, entries
10-13). Good conversions were also obtained with DABCO, MIm and DMAP (Table 6, entries
4,5 and 7).
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Table 6. Carbonatation of propylene oxide with organic bases.% (72|

Entry Base pKab Conversion¢ Selectivity®
(%) (%)
1 DBU 24.3 93 99
2 TBD 26.0 8 96
3 MTBD 25.5 15 99
4 DABCO (8.7) 80 98
> MIm (7.1) 74 99
6 Im (7.0) 10 93
7 DMAP 18.0 87 99
8 Py 12.5 30 92
K MEOA (95) 64 88
10 DEOA (8.9) 74 94
1 TEOA (7:8) 81 93
12 TEA 18.8 41 95
13 DEA (11.0) 34 95

aReaction conditions: PO (1 mL), base (225 mg), cellulose (15 mg), 120 °C, 2.0 MPa, 2 h. "pK,
value of the conjugated acid in acetonitrile or water (brackets). ‘Determined by GC/GC-MS,

main by-product is 1,2-propylene glycol.

MTBD and TBD supported on silica were used as catalysts for the conversion of various
terminal and internal epoxides into cyclic carbonates under the following conditions: 4 mol%
of catalyst, 140 °C, 5 MPa of CO; and acetonitrile as solvent.l’””l The homogeneous catalyst
MTBD showed a better activity than the heterogeneous derivatives due to mass transfer
limitation. High yields (from 82 to 98 %) were obtained for the carbonatation of terminal

epoxides such as styrene oxide (2,3-epoxypropyl)benzene, 1,2-epoxydecane and glycidyl
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methyl ether after 20 hours with MTBD. In the case of heterogeneous catalysts, a longer time
(70 h) was needed to achieve similar yields (from 77 to 95 %). Good and moderate yields
were obtained with internal epoxides such as cyclohexene oxide and 1,2-epoxy-1,2,3,4-
tetrahydronaphthalene with MTBD after 20 hours (70 % and 60 % respectively) and with the
heterogeneous catalyst after 70 hours (67 % and 55 % respectively) (Table 7).

Table 7. Carbonatation of epoxides using MTBD and supported TBD as catalysts.% [77]

Yield [selectivity] (%)
Entry Substrate
MTBD, 20 h Supported TBD, 70 h

1 ©/u 95 [97] 90 [92]2
2 ©/\Z 98 [99] 95 [97]

3 chn/& 82 [95] 77 [90]

4 oA 88 [90] 79 [90]
(0]

5 @ 88 [90] 79 [90]

6 @ 70 [97] 67 [94]

a4 mol% of catalyst, 140 °C, 5 MPa of CO, acetonitrile. The by-products recovered were

carbonyl compounds, mainly ketone.

50



Chapter 1: Literature review on the carbonatation reaction

I1.3. Acidic co-catalysts

I1.3.a. Lewis acids

Acidic co-catalysts have been widely used in order to perform the carbonatation reaction
under milder conditions (ambient temperature and atmospheric pressure of COz). In the
following paragraphs, several metallic salts and complexes (metal halides, metal - porphyrin
and metal - salen complexes) will be studied to understand the influence of the metallic center

and the ligands on the catalytic activity.

Mr+Y-, type salts (where M+ is a metal center and Y- a halide), especially ZnY>, in combination
with ammonium, phosphonium, or imidazolium salts were found to be particularly effective
to promote the carbonatation of epoxides. Sun et al. investigated the influence of the metal
center and obtained the following order of activity for the carbonatation of styrene oxide with
TBAI (0.3 mol% of catalyst,0.3 mol% of Lewis acid, 80 °C, 8 MPa, 30 min) and C1C4ImCl
(2 mol% of catalyst, 1 mol% of Lewis acid, 80 °C, 14 MPa, 1 h) as catalysts: Zn2*> Fe3+> Fe2*>

Mg2+>Li*> Na*, in agreement with the order of Lewis acidity of the metal centers. [16.78]

The nature of the anion Y also plays an important role, the order of activity being ZnBrz > Znl>
> ZnCl; with an optimal molar ratio of 2 for both ZnBr;/TBAI and ZnBr;/C1C4ImCl catalytic
systems. To account for these results, the authors proposed the in situ formation of a zinc
complex bearing two epoxides coordinated to the zinc atom (Scheme 14). The better activity
of ZnBr; compared to ZnCl; and Znl; could be explained by the fact that the Y- anion also
coordinates to the CO2 carbon, and this interaction would be favored by good nucleophilicity

but also a low steric hindrance of Br-.[16.78]
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Scheme 14. Catalytic cycle for the carbonatation of styrene oxide with halide as catalyst and

ZnBr; as co-catalyst.[1678]

Kim et al. have shown that (1-butyl-3-methylimidazolium),ZnX>Y, (X = Cl or Br, Y = Cl or Br)
complexes were formed in situ during the carbonatation of ethylene oxide and propylene
oxide with the initial catalytic system 1-butyl-3-methylimidazoliumX/ZnY>. (1-butyl-3-
methylimidazolium)2ZnX;Y> complexes were isolated and had the same activity than the 1-
butyl-3-methylimidazoliumX/ZnY> catalytic system. The following order of activity was
obtained for the anion : [ZnBr4]?- > [ZnBr2Clz]%- > [ZnCl4]? in accordance with the results of

Sun et al.[*4]

Finally, Wu et al. showed that ZnBr; can be used with the phosphonium Ph4PI for the
carbonatation of propylene oxide (0.9 mol% of catalyst, 0.01 mol% of Lewis acid, 2.5 MPa as
initial pressure, 120 °C, 1h), and the activity of the zinc salts followed the order: ZnBr> > Znl;

> 7ZnCl; > ZnS0O4 >>7Zn0.145]
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Metal-porphyrin complexes (M(porphyrin)) present a great interest due to their robustness
and the highly Lewis acidity of the metallic center. Transitions metal - tetraphenylporphyrin
complexes (M(TPP)Y2) containing Cr!I,[791 Mn!iL[80] Felll (801 Colll [5380] Cull[81] and Ru!!80]
showed catalytic activity when used in combination with phenyltrimethylammonium
tribromide (TPAT) or DMAP (Scheme 15), but it is also possible to use non transition metal

centers such as Sn!l, Sn!V, Mgl and Al!!,[40]

QA

M = Cr, Mn, Fe, Co, Cu, Sn, Mg or Al
X =Clor none [

Y = Cl or none g< B@
O O Br” " Br

Metal - tetraphenylporphyrin complex (M(TPP)XY) Phenyltrimethylammonium tribromide (TPAT)

Scheme 15. Structure of metal - tetraphenylporphyrin complexes and TPAT.

Lili Jin et al.[89] compared the influence of the transition metal center of M!(TPP)Cl complexes
activity with PTAT for the carbonatation of propylene oxide at 25 °C, under 0.7 MPa and neat
conditions. After 3 hours of reactions, the following order of activity was observed: Co'' > Mn!!!

> Rulll > Felll (Table 8).

Table 8. Carbonatation of propylene oxide with metal - porphyrin complexes as co-catalyst.[8%]

Entry M(TPP)CI Yield (%) TON TOF (h?)

1 Col(TPP)Cl 88 880 293
2 Mn!(TPP)Cl 27 270 90
3 Felll(TPP)Cl 10 98 33
4 Rull(TPP)(PPhs)Cl 14 140 46

Reaction conditions: M(TPP)CI (0.1 mol%), PTAT (0.2 mol%), 0.7 MPa of COz, 25 °C, 3 h.

Metal - tetraphenylporphyrin complexes showed also high activity with non-transition
metals such as Sn'l, Sn!V, Mgl and Al for the carbonatation of propylene oxide using different
nucleophilic catalysts such as DMAP, TBAI or phenyltrimethylammonium tribromide
(TPAT).l#01 According to Table 9, the following order of activity was observed: Al > Mgl > SnlV
> Sn!l, which follows the order of Lewis acidity. With DMAP as catalyst, at 150 °C under
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1.4 MPa of CO2 and neat conditions, a yield of 51 % was obtained with Sn!(TPP) after 10 hours,
whereas Sn'V(TPP)Cl; afforded an almost quantitative yield (99 %) after only 5 hours
(Table 9, entries 1-2), which demonstrates the better catalytic efficiency of Sn!V metallic
center. By using Mg!!(TPP) with TBAI, a quantitative yield was reached at ambient
temperature (25 °C) but with a longer reaction time (24 h) (Table 9, entry 3). Finally, with
AI'I(TPP)Cl in combination with TPAP, a quantitative yield was obtained at ambient

temperature, lower pressure (1.0 MPa) and shorter reaction time (5 h) (Table 9, entry 4).

Table 9. Carbonatation of propylene oxide using non-transition metal - tetraphenylporphyrin

complexes under neat conditions.31

. Catalyst M(porphyrin) Temperature Pressure Reaction Yield
ntry

(mol%) (mol%) (°C) (MPa) time(h) (%)
DMAP Sn!(TPP)
1 150 1.4 10 51
(0.125) (0.025)
DMAP Sn!V(TPP)Cl,
2 150 1.4 5 99
(0.125) (0.025)
Mg!/(TPP)
3 TBAI (0.1) 25 1.4 24 99
(0.05)
AIN(TPP)CI
4 PTAT (0.2) 25 1.0 5 99
(0.1)

The coordination complexes with N,N'-bis(salicylidene)ethylenediamine derivative ligands,
also called salen complexes (Scheme 16), have been extensively studied as co-catalysts for the
cycloaddition of CO2 onto epoxides. Their synthesis is easier than with the porphyrin
complexes, which makes them more suitable for industrial applications. The salen ligands can
be coordinated to a wide variety of metal cations, and their structure could also be easily
modified with bulky, electro-donor or electro-withdrawing groups, in order to control the

approach of the substrates and to tune the acidity of the metal center.

54



Chapter 1: Literature review on the carbonatation reaction

Scheme 16. Structure of metal - salen complexes.

Different Chromium III - salen complexes (Scheme 17) were tested as co-catalysts for the
carbonatation of propylene oxide with DMAP as nucleophilic catalyst in dichloromethane
(DCM).[8283] The complex 1d was the most active catalyst because of its more accessible metal
center (Table 10). Moreover, an increase in temperature from 75 °C to 100 °C significantly

improved the turnover frequency (TOF) from 254 to 916 h-1.

Ri R, la: R; =R, =trans -(CH,) -
_N\Cr/N_ 1b :R; =CH;, R, =H
tsudo/d\obtgu 1c: trans R, =R, = Ph
gy gy 1d: meso R;=R,= Ph

Scheme 17. Structure of Cr(salen) complexes used as co-catalysts with DMAP for the

carbonatation of propylene oxide.

Table 10. Carbonatation of propylene oxide with DMAP/ Cr(salen) complexes system.[62]

Temperature Reaction

Entry Cr(salen) - time (h) TON TOF (h?)
1 la 75 2 323 162
2 1b 75 2 338 169
3 1c 75 2 253 127
4 1d 75 2 507 254
5 1d 100 1 916 916

Reaction conditions: PO (4 mL, 3.32 g, 5.72x10-2 mol), CH2Cl> (0.5 mL), Cr(salen)
(0.075 mol %), DMAP (0.075 mol%), 0.8 MPa of CO2. TON = turnover number, TOF = turnover

frequency.
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Bifunctional catalysts based on Cr(salen) complexes and 7-methyl-1,5,7-
triazabicyclo[4.4.0]dec-5-ene (MTBD) (Scheme 18) have been tested in order to improve the
catalytic activity. The bifunctional catalyst showed a higher activity than the binary systems
Cr(salen)/MTBD and Cr(salen)/DMAP, with a TOF up to 2120 h-1 under 2 MPa at 80 °C under

neat conditions.

N
N NG
_N\Cr/N_
'Bu O/é|\0 ‘Bu
'Bu 'Bu

Scheme 18. Structure of bifunctional Cr(salen)/MTBD co-catalyst.

Cobalt Il salen complexes (Scheme 19) also showed catalytic activity for the carbonatation of
propylene oxide. A TOF of 1200 h'! was obtained with the system Co(salen)
(0.066 mol%)/DMAP (0.132 mol%) (100 °C, 2.2 MPa of CO2, DCM), which was higher than
with the Cr(salen) /DMAP system.[84]

Scheme 19. Structure of Co(salen) co-catalysts.

Aluminium salen complexes (Scheme 20), in combination with nucleophilic catalyst such as
TBAB, were used for the carbonatation of ethylene oxide under supercritical conditions. A
TOF of 3070 h-1 was obtained under the following conditions: Al(salen) (0.02 mol%), TBAB
(0.02 mol%), 120 °C, 1 h, 15-16 MPa of CO2. The high activity was attributed to the high

miscibility of ethylene oxide with supercritical CO-.[8!

N_ _N
el
Tote D
Scheme 20. Structure of Al(salen) co-catalyst.

Bimetallic Al(salen) complexes (Scheme 21), in combination with TBAB, was one of the first

systems to show a high activity under mild conditions (2.5 mol% of catalyst, 25 °C, 1 atm of
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CO2) for the conversion of styrene oxide, a conversion up to 62 % was obtained after 3

ﬁﬁk
f?

hours.[8¢]

| I}
I A%

/ \

ﬁ

Scheme 21. Structure of bimetallic Al(salen) complex.

Finally, zinc and copper salen complexes were used as co-catalysts and compared to cobalt
counterparts. Under similar conditions (100 °C, DCM, M(salen) (0.1 mol%), DMAP (0.2 mol%),
3.4 MPa of CO»), the following order of activity was observed: Co'! > Zn!! > Cu'l, according to

the TOF obtained : 800, 702 and 397 h-1, respectively.[87]

I1.3.b. Brgnsted acids

The use of hydrogen-bond donor compounds to activate the epoxide by improving its
electrophilicity, in a similar way that metallic complexes do has also been investigated. The
main advantages of using commercial organic co-catalysts instead of metallic complexes are
the reduction of the costs, their high availability, the simplification of the process as there is
no need to synthesize the co-catalyst, and the reduction of the co-catalyst toxicity. However,
their catalytic efficiency was found to be much lower than that of metallic complexes,
requiring higher concentration of co-catalysts and harsher conditions. Different classes of
hydrogen bond donors have shown catalytic activity for the cycloaddition of CO2 with

epoxides.

Various functionalized phenolic compounds (Scheme 22) were used as co-catalysts with TBAI
for the carbonatation of 1,2-epoxyhexane under mild conditions (45 °C, 1 MPa of CO, TBAI
(5 mol%), co-catalyst (5 mol%), MEK, 18 h).[88]

OH OH OH

Phenol Pyrocatechol Pyrogallol

Scheme 22. Structure of phenolic compounds used as co-catalysts.
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The presence of adjacent alcohols groups appeared to be crucial to obtain high yields. With
phenol, a 15 % yield was obtained. When it was replaced with pyrocatechol, the yield reached
75 %. Finally, by using pyrogallol, the yield was quantitative. The use of isomeric derivatives
1,2,4-trihydroxybenzene and 1,3,5-trihydroxybenzene led to a decrease of the yield to 74 %
and 30 % respectively, which highlights the importance and the synergic effect of the adjacent
hydroxy groups. A mechanism was proposed where the polyphenol synergistically stabilized

the alkoxide and carboxylate intermediates (Scheme 23).

QQO % 3
= TSNP o SN

O, .-O<,.-0
H

H-0 H >_\
|
£

Scheme 23. Structure of the intermediates stabilized by pyrogallol during carbonatation of

propylene oxide.[88]

Fluorinated alcohols are also another class of hydrogen bond donor compounds that show
interesting activity. A variety of aliphatic and aromatic fluorinated and non-fluorinated
alcohols (Scheme 24) were compared by Sandro Gennen et all?8] as co-catalysts for the
carbonatation of 1,2-epoxydodecane under the following conditions: 80 °C, 8 MPa of CO»,
TBAI (2.5 mol%), co-catalyst (2.5 mol%).

;\ E Cﬁ\ CFs CFs
F,G F,G
OH 3 OH 3 ﬁ\OH F3 ﬂ\

57 OH

HO OH O e, cron

Scheme 24. Structure of ter-butanol, a,a’-dihydroxy-1,3-diisopropylbenzene and their

fluorinated derivatives used as co-catalysts.

The reactions were followed by Raman spectroscopy to determine the reaction time
necessary for quantitative yield. The presence of CF3 groups improved the activity of the co-
catalyst. When 1, 2 and 3 methyl groups of terbutanol were substituted by CF3z groups, the
reaction rate constant increased from 0.0014 min? to 0.0034, 0.0290 and 0.0826 min-!
respectively. The hydrogen bonding interactions between 1,3-bis(2-
hydroxyhexafluoroisopropyl)benzene and propylene oxide were investigated by DFT

calculations, showing the occurrence of hydrogen bonding between the epoxide and the two
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alcohol groups, but also with the aromatic hydrogen in ortho position of the two fluorinated

F5C 2.40 Al “CF 4

o H/ O

\H\ IE ,H/

N "
2.09 A N\ 1.91A

/Q

Scheme 25. Structure of the 1,3-bis(2-hydroxyhexafluoroisopropyl)benzene-propylene oxide
adduct.28]

substituents (Scheme 25).

A similar trend was observed when a,a'-dihydroxy-1,3-diisopropylbenzene and its
fluorinated derivative 1,3-bis(2-hydroxyhexafluoroisopropyl)benzene were used. Reaction
rate constants of 0.0020 and 0.1200 min-! were obtained respectively, showing the significant

effect of the CF3 electron-withdrawing groups.

1,3-bis(2-hydroxyhexafluoroisopropyl)benzene = was also compared to 1,2,3-
trihydroxybenzene under the following conditions: 60 °C, 2 MPa of CO2, TBAB (3 mol%), co-
catalyst (3 mol%). The fluorinated compound was more active than the phenolic co-catalyst,
with reaction rate constants of 0,027 and 0.0162 min-! respectively. This higher activity was

attributed to the higher proton acidity due to the presence of the electron-withdrawing group.

[I1.4. Oxydative carbonatation of alkenes in one-pot

The synthesis of cyclic carbonates from olefins appeared to be a good synthesis strategy to
avoid the use of toxic and relatively expensive epoxide and to eliminate possibly a reaction
step in the case of a one-pot reaction, or at least to eliminate the isolation step of the epoxide
in the case of a two-step reaction. The two-step synthesis involves first an epoxidation of the
double bond followed by a carbonatation step, whereas the one-pot synthesis converts
directly the alkenes into the cyclic carbonate derivatives without isolation of the epoxide

generated in situ. The following parts will focus on the one-pot synthesis of cyclic carbonates.

There are two pathways for the one-pot synthesis of cyclic carbonates from olefins, using
metal organic frameworks (MOF) and functionalized ammonium salts as catalysts
(Scheme 26). The first one is the two-step synthesis with the epoxidation directly followed by
the carbonatation, without isolation and purification of the epoxide (Scheme 27).189901 This

strategy is used when the catalytic system for carbonatation is not compatible with the
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epoxidation conditions, thus the catalyst for carbonatation is added in the reaction medium

after completion of the epoxidation step.

For example, the oxidative carbonatation of 1-octene in one-pot using TPHP/ Mo0O2(acac)2 as
oxidant system and TBAB as catalyst for carbonatation was only possible with a two-step

synthesis and a yield up to 83 % of cyclic carbonate was obtained (Table 11, entry 1).[8°]

For the oxidative carbonatation of methyl oleate, the tungstate salt [Nggs,1]2WO4 appeared as
a good catalyst for the epoxidation step with H202 under acid-free conditions. The W042- anion
also exhibited catalytic activity for the carbonatation of the epoxidized methyl oleate, the
cyclic carbonate was obtained via the formation of the W042-/CO2 adduct, but with a low
conversion (28 %) and selectivity (64 %). Thus, a halide salt QX (Q* = TBA*, Na*, K*and X" =T
, Br-or CI) was used as co-catalyst for the carbonatation step and was added in the medium
directly after completion of the epoxidation. A counter-anion exchange in situ led to the
formation of [Ngzgg 1]X which was the active catalyst for the carbonatation. A quantitavie yield

in the cyclic product was obtained with QX = KBr (Table 11, entry 2).

Xie et al. also developed a different route where olefins were converted to hydroxybromo
derivatives instead of epoxides, using a hydroxybromination system (K»S20s + NaBr + H20),
followed by the carbonatation using K>CO3/PEG1000 as catalyst. A yield up to 79 % was

obtained for the oxidative carbonatation of styrene (Table 11, entry 3).91]
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Fe-IPOP1

ImBr-MOF-545(Mn)
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Scheme 26. Structure of catalysts for the one-pot synthesis of cyclic carbonates from olefins.
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Scheme 27. One-pot synthesis of cyclic carbonates from olefins in two steps.

The second pathway for the one-pot synthesis is the combination of the epoxidation and
carbonatation reactions using a tandem catalyst for both epoxidation and carbonatation

reactions (Scheme 28).[92-95]

0
R;l (RS Tandem catalyst - o)ko
%, PO O ot synthesis > ® R
R, R, ne-pot synthesis 1?—%}23
2 4

Scheme 28. One-pot synthesis of cyclic carbonates from olefins with a tandem catalyst.

The use of a tandem catalyst could improve the feasibility of the one-pot synthesis, by
excluding the chemical interactions between two different catalytic systems, and reducing the

cost and side reactions.

Different oxidant/catalyst systems were used for the oxidative carbonatation of styrene. With
the PhIO/ Fe(Ill)-porphyrin frameworks and Oz/ImBr-MOF-545(Mn) (with addition of
isobutyraldehyde as dihydrogen acceptor) systems, very high yields were obtained (96 % and
94 % respectively) (Table 11, entries 4 and 5). The TBHP/[C1C4Im][HCO3] and TBHP/TBA-

TBD-P/ZnBr; systems were less active and selective (Table 11, entries 6 and 7).
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Table 11. One-pot synthesis of cyclic carbonates from olefins.
Two- Catalytic system
Pco2 Yield Selectivity
Entry substrate oxidant step or T(CC) t(h) Ref.
Epoxidati . (MPa) (%) (%)
tandem EPoxidation Carbonatation
1BHP Mo02(acac) TBAB
_ Two- 002(acac):
1 L (1.1 3 100/140 1/1 83 : [99)
step (0.1 mol%) (5 mol%)
equiv.)
[Nggsg,1]2WO4
0 H20: Two- [Nsg8,1]2WO04
2 M=t one (5 mol%) 5.0 100  4/16 >99 >99 [90]
7 7 (2 equiv.) step (5 mol%)
KBr (5 mol%)
KzSzOg
(1.2
equiv) + K2COs3 (1 equiv.)
= Two-
3 d H,0 (28 None + PEG1000 (0.5 3 60 5/5 79 85 (1]
step
equiv.) + equiv)
NaBr (1.2
equiv.)
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PhIO (1.5

Fe(IlI)-porphyrin frameworks

d tandem 0.1 80 24 96 96 [92]
equiv.) (10 mg/mmol of olefins)
0 ImBr-MOF-545(Mn) (10
— 2
d tandem mg/mmol of olefins) + 0.5 60 10 94 95 (93]
(0.5 MPa) isobutyraldehyde (2 equiv.)
= TBHP
d tandem [C1C4Im][HCO3] 2.0 65 30 75 82 [94]
(2 equiv.)
TBA-TBD-P
= TBHP
d tandem (3.3 mol%) 0.1 80 10 70 70 [95]
(1 equiv.)

+ ZnBr2 (1.6 mol%)
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III.Carbonatation of polymers

[II.1.Carbonatation of glycidvl methacrylate based copolymers

The transposition of the carbonatation reaction from molecular compounds to
macromolecules containing epoxy groups required several adaptations. Polymers are more
difficult to solubilize, the epoxide functions are less accessible and the solution viscosity could
limit the mass transfer (CO: diffusion into the liquid phase and approach of the catalyst to the
active site). Moreover, the reaction selectivity is crucial, as potential polyethers formation as
by-product could lead to insoluble polymers.[?6-101] The functionalization of polymers with
COz has been mainly performed on polar glycidyl methacrylate (GMA) based copolymers to
obtain (2-oxo-1,3-dioxolane-4-yl methyl methacrylate (DOMMA) units (Scheme 29).

{\/L} Catalyst, CO, J(\/L

0 0
\Do \[ -
GMA unit DOMMA unit

Scheme 29. Carbonatation of polymers containing GMA monomer.

GMA can easily polymerize to form homo or copolymers, and the epoxide is activated by the
presence of the withdrawing-electron ester group. Thus, simple catalytic system can be used,
such inorganic or ammonium salts. This route to obtain carbonated poly(glycidyl
methacrylate) (PGMA) was more preferred than the route where GMA is carbonated to obtain
DOMMA before homopolymerisation, due to instability of the carbonated monomer. Indeed,
DOMMA could not be purified by distillation, due to its spontaneous polymerization during
the purification, and the purified monomer by chromatography column was not stable even
at room temperature and also undergone radical polymerization.[102-105] Non-purified

DOMMA (94 % of purity) was stable until 100 °C.[103]

In the following paragraphs, the influence of the catalyst, temperature and co-monomer on
the cyclic carbonate yield and on the selectivity will be discussed for the carbonatation of GMA

based copolymers.



[11.1.a. Effect of the reaction conditions

In 1992, PGMA have been carbonated for the first time with a quantitative yield with Nal +
PPhs (1.5 mol%) as catalyst in DMF at 100 °C under atmospheric pressure of CO; after 24
hours (Table 12, entry 1).1196] Good solubility of the catalyst in the reaction medium is essential
to obtain satisfying yields. Similar yields were obtained with dimethylacetamide (DMAc), and
2-methylpyrrolidinone (NMP) as solvents (Table 12, entries 2-4), where poor yield was
obtained with dimethyl sulfoxide (DMSO) due to oxidation of the catalyst and with
chlorobenzene due to insolubility of the catalyst (Table 12, entries 5, 6). Crosslinking reaction

of the polymer was observed when the temperature was increased to 120 °C.

Table 12. Influence of the solvent for the carbonatation of p(GMA) with Nal/Ph3.% [106]

Entry solvent Yield (%)
1b DMF 99
2 DMF 89
3 DMAc 84
4 NMP 84
5 DMSO 59
6 chlorobenzene 34

aReaction conditions: concentration of GMA unit of 1 mol/L, Nal (1.5 mol%), PPhz (1.5 mol%),
1 atm of CO2, 100 °C, 24 h. bConcentration of GMA unit of 2 mol/L.

Other salts were also studied as catalysts: LiX, NaX, KX and PhCH,NMe3X (X = I, Br, Cl or F)
(Table 13). Quantitative yields were obtained with LiCl, LiBr and PhCH;NMesCl after 2 hours
of reaction at 100 °C (Table 13, entries 2, 3 and 14). The lithium salts globally showed the best
activity due to the good Lewis acidity of Li*, and the bromide and chloride anions were the
most active due to their good nucleophilicity in polar solvent, leaving group ability and

relatively small size.[104]
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Table 13. Effect of the anion and cation on the carbonatation of PGMA in NMP.2 [104]

Entry Anion Cation Yield® (%)
1c F- 0
2 Cl- 99

Lit
3 Br- 98
4 I 8
5¢ F- 0
6¢ Cl- 74
Na*
7 Br- 74
8 I 8
9 F- 4
10 Cl- 47
K+
11 Br- 55
12 I- 14
13 F- 63
14 Cl- 100
PhCH2NMes*
15 Br- 41
16 I- 10

aReaction conditions: NMP (GMA unit concentration of 0.2 mol/L), 10 mol% of catalyst,

atmospheric pressure of CO2, 100 °C, 2 h. PEstimated by 'H NMR. cHeterogenous system.

Park et al.l'97] reported the use of ammonium salts as catalysts for the functionalization of
poly(glycidyl methacrylate-co-ethyl acrylate) (p(GMA-co-EA)) in DMSO at 100 °C. For the
cation effect, they observed the following activity trend: TOAC > THAC > TBAC. As explained
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in the previous parts on the carbonatation of molecular epoxides, the pair ions dissociation
was favored when the alkyl chains length of the ammonium cation increased, thus enhancing
anion nucleophilicity. An optimal length was generally observed, i.e. too long alkyl chains
disfavored the stabilization of the alkoxide intermediate, but it depends on the reaction
conditions and on the substrate structure. Moreover, the effect of the anion was studied, and
the following activity order was observed Cl- > Br- > I, which follows the nucleophilicity order

in polar solvent.

Ochiai et al.[°¢ reported the carbonatation of poly(glycidyl methacrylate-co-methyl acrylate)
(poly(GMA-co-MA)) using ammonium salts in solid-gas phases reactions. The reactions were
performed under solvent-free conditions in TGA instrument, where polymeric films
containing the catalyst (6 mol%) were functionalized under an atmospheric pressure and
continuous flow of CO2 (200 mL/min) and isothermal conditions (110 °C or 120 °C) for 500
minutes. The increase of the sample mass during the reaction was directly related to the CO>
incorporation, and thus to the GMA conversion to DOMMA. BnBu3NCI exhibited both high
activity and high selectivity, compared to other ammonium salts. More specifically, the effect
of the cation was studied in detail for the carbonatation of poly(GMA-co-MMA). It was
observed, at 110 °C, the following trend with Cl: (C7H15)4N * > (CsH13)aN* > TBA* > (CsH11)4N
* > BnBusN* > BnEtsN* > BnMe3sN* >TEA* (Table 14, entries 1, 3,5, 7, 9, 11, 13, 15). Longer
alkyl chains tend to improve the catalytic activity. However, at 120 °C, crosslinking reaction
of the polymer was observed with tetraalkylammonium chloride salts (Table 14, entries 10,
12, 14 and 16), the copolymerization of the cyclic carbonate via decarboxylation reaction has
been proposed to account for the decrease in cyclic carbonate yield. They also reported that
BnMesNCl was more active than BnMesNBr for reactions at 100-130 °C under similar
conditions. The stronger interactions between Br-and the polar p(GMA-co-MMA) copolymers
compared to Cl- could decrease the activity of the bromide anion, as it occurs in polar

solvent.[97]

In another study, Ochai et al. showed that DBU-BnCl catalyst could prevent crosslinking side
reaction for the carbonatation of poly(GMA-co-BMA) under similar conditions at 120 °C, and

quantitative yield was reached.8!
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Table 14. Carbonatation of poly(GMA-co-MMA) polymer films using ammonium chlorides as

catalysts.[?¢]
Entry Catalyst Temperature (°C) Yield¢ (%)®

1 110 62
BnMe3NCl

2 120 71

3 110 66
BnEt;NCI

4 120 72

5 110 76
BnBusNCI

6 120 79

7 110 53

TEAC
8 120 63
9 110 77
TBAC

10 120 66

11 110 73
(CsH11)aNCI

12 120 63

13 110 78
(CeH13)4NCI

14 120 63

15 110 80
(C7H15)aNCI

16 120 63

aReaction conditions: catalyst (6 mol%), CO; flow rate 200 mL/min, 500 min. "Estimated by

weight increase measured by TGA.
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[11.1.b. Effect of the polymer structure

The effect of the monomer structure on the carbonatation of homopolymers was investigated.
Macromolecular epoxides such as PGMA, poly(glycidyl acrylate) (PGA) and poly(vinylbenzyl
glycidyl ether) (PVBGE) (Scheme 30) were carbonated with LiBr (10 mol%) under the
following conditions: 100 °C, 1 atm of COz, NMP (Table 15).[104 Whereas quantitative yield of
cyclic carbonate was obtained for the functionalization of PGMA and PGA after 2 hours, a 95 %
yield was obtained for the functionalization of PVBGE after 3 hours under similar conditions.
The replacement of the ester groups by aryl ether groups into the polymer structure slightly
reduce the reactivity of the epoxide monomer, which could be explained by the better affinity

of CO; with esters than with aryl ether groups.

(0]

PGMA PGA PVBGE

Scheme 30. Structure of PGMA, PGA and PVBGE.

Table 15. influence of the homopolymer structure on the carbonatation reaction.® [104]

Entry polymer M, (g/mol) b Reaction time (h) Yield® (%)
1 PGMA 29 000 2.23 2 98
2 PGA 260 000 1.36 2 99
3 PVBGE 5400 2.35 3 95

aReaction conditions: NMP (epoxide monomer concentration of 0.2 mol/L), 10 mol% of LiBr,

atmospheric pressure of CO2, 100 °C. "Estimated by 'H NMR.

Moreover, the introduction of co-monomers into PGMA modifies its polarity, solubility and
steric hindrance, and thus has an impact on the GMA units reactivity. When methyl
methacrylate (MMA) co-monomer was introduced into PGMA, the catalytic activity of LiBr did
not change no matter the composition of the polymer for the carbonatation reaction at 100 °C
in NMP (Table 16, entries 1-3), whereas introduction of acrylonitrile (ACN) or styrene co-
monomers tended to decrease the activity of the catalyst (Table 16, entries 4-9). The proton

acidity of ACN may inhibit the catalyst, and the steric hindrance induced by the interaction of
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the styrene monomers may decrease the epoxide activity.[194 The ester groups of MMA may

also interact with CO-, and favor the reaction.

Table 16. Influence of the comonomer on the carbonatation of GMA copolymers.[104]

Mol% of Mol% of
Entry comonomer CMA comonomer Yield (%)
1 26 74 75
2 MMA 49 51 72
3 74 26 75
4 24 76 37
5 ACN 45 55 74
6 70 30 70
7 27 73 46
8 Styrene 50 50 54
9 74 26 62

Reaction conditions: NMP (0.2 mol/L of GMA unit), 100 °C, 30 min, LiBr (10 mol%), 1 atm of
COo.

Ochiai et al. also investigated the influence of the co-monomer structure for the solid-gas
phase reaction of GMA based copolymers monitored by TGA.[°®] Films of GMA copolymers
containing ethyl methacrylate (EMA), butyl methacrylate (BMA), hexyl methacrylate (HMA)
and diethylene glycol methyl ether methacrylate (DGMMA) were carbonated with BnBusNCI
(6 mol%) at 100 and 110°C for 500 minutes. At 100 °C, the incorporation of CO2 increased
when the alkyl chains of the methacrylate monomers increased from ethyl to butyl but
decreased with hexyl group (Table 17, entries 1-4). The yield depends on the polymer T, and
alkyl chains hindrance. Lower the Ty and better the catalyst and CO; mobility in the polymer
matrix, but too high hindrance also decreased the epoxide reactivity. Low yield was also
obtained with DGMMA due to its high polarity that decreased the affinity of CO2 with the

polymer, according to the authors (Table 17, entry 5). At 110 °C, the cross-linking reaction
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was favored, leading to a decrease in the solubility of the polymers a and consumption of
cyclic carbonate, and therefore a reduction in the carbonate yield in the case of the

carbonatation of poly(BMA-co-GMA) and poly(HMA-co-GMA).

Table 17. Influence of the comonomer for the carbonatation of GMA copolymers films using

BnBusCl as catalyst.[?¢]

Yield® (%) after

Solubility in DMF after
Entry copolymer Ty (°C) reaction at
reaction at 100/110 °C
100/110°C
Poly(MMA-co-
1 105 51/76 Insoluble/insoluble
GMA)
Poly(EMA-co-
2 74 71/73 Soluble/partially soluble
GMA)
Poly(BMA-co-
3 48 82/77 Soluble/partially soluble
GMA)
Poly(HMA-co-
4 25 54/50 Soluble/soluble
GMA)
Poly(DGMMA-
5¢ -23 59 Insoluble
co-GMA)

aReaction conditions: BnBuzCl (6 mol%), CO: flow rate 200 mL/min, 500 min. PEstimated by

weight increase measured by TGA. cReaction at 100 °C.

[II.1.c. Polymerisation and carbonatation of GMA in one-pot

Free radical polymerization and carbonatation reactions of GMA have also been carried out
in one-pot to convert directly GMA to polymers containing both cyclic carbonate and epoxide

moieties.[9:100,108]
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Scheme 31. Homopolymerization of GMA and carbonatation reaction in one-pot.

Ochiai et al.[19% produced poly(GMA-co-DOMMA) polymer particles using AIBN as radical
initiator and ammonium salts as carbonatation catalyst, by precipitation polymerization of
GMA with concomitant carbonatation reaction under atmospheric pressure of CO2 at 80 °C in
dioxane. Whereas LiBr and BnMe3NBr showed no activity because of their insolubility in
dioxane (Table 18, entries 2 and 3), cyclic carbonate moieties were formed during the
polymerization of GMA with TBAB and TBAC. TBAC showed higher activity than TBAB after 5
hours of reaction (Table 18, entries 1 and 4), but an insoluble polymer was obtained with
TBAC because of cross-linking reaction after 24 hours, while GMA units were converted to

DOMMA units at 93 % with TBAB, and a soluble polymer was obtained.

In another study, [°°! the GMA units of the polymer particles stabilized by cellulose acetate
were selectively hydrolysis by HCI (1N) via an heterogeneous reaction at room temperature

in methanol without any hydrolysis of the DOMMA units.

Table 18. Precipitation polymerization of GMA with concomitant carbonatation reaction.[100]

Entry Catalyst Reaction time Co-polymer composition M, (g/mol)
(h) (x/y)be ®)!

1 LiBr 5 0/100 14 600 (2.05)
2 BnMesNBr 5 0/100 15 600 (5.46)
3 TBAB 5 40/60 14 800 (2.34)
4 TBAC 5 66/34 34 000 (3.36)
5 TBAB 24 93/7 16 800 (2.75)
6 TBAC 24 - insoluble

aReactions conditions: GMA (1.00 mmol), CO2 (1 atm), AIBN and catalyst: 3 mol%, dioxane
(0.50 mL), 80 °C. Determined by 'H NMR. ¢x and y indicate the composition of the carbonate
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and oxirane units, respectively. dEstimated by SEC (DMF containing 10 mM LiBr, polystyrene

standard).
/r\/@\ij; 1IN HCl aqg. W
0 00 0 000 0
0 MeOH, 25°C,8 h HO 0
o] o =0
0 HO ©
x/y =27/63 Yield = 85.7 %

Scheme 32. Selective hydrolysis of GMA units in particles of poly(GMA-co-DOMMA) with HCL?]

Bin Lu et al.[1%8] used a cetrimonium bromide (CTAB)/zinc-cobalt complex as catalytic system
for the carbonatation reaction, and polymerization of the double bond was achieved with and
without radical initiator (AIBN or dicumyl peroxide (DCP)). Full conversion of epoxide and
alkene moieties was observed under the following conditions: 7.5 mol/L of GMA, DCP as
initiator (1.5 mol%), CTAB (0.65 mol%)/Zn-Co(III) complex (0.3 mol%), 2.0 MPa of CO2, DMF,
120°C, 12 h.

[II.1.d.Self-catalyzed carbonatation of GMA based copolymers containing

ammonium salts moieties

Another route for the carbonatation of GMA based polymers was to introduce ammonium
bromide monomers into the polymer structure followed by the functionalization with CO>
(Scheme 33).[109,101]

Kihara et al.[1%9] synthetized GMA based copolymers containing 6 mol% of N-benzyl-N-[2-
(methacryrolroxy)ethyl]-N,N-dimethylammonium bromide units and showed that this
system was more active for the carbonatation reaction than the usual BnMe3NBr catalyst
(6 mol%) in the case of a solid state reaction under atmospheric pressure of CO2 at 140 °C,
contrary to the reaction in solution (0.48 mol/L of GMA units, 1 atm of CO2 NMP, 100 °C, 24 h).
However cross-linking reaction was still observed and was favored by the increase of
temperature. Ochiai et al. made similar observations for the self-catalyzed reaction of

poly(GMA-CO-MA) containing ammonium bromide units.[101]
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Scheme 33. Self-catalyzed carbonatation reaction.[10%101]

[II.1.e. Use of the carbonated GMA based polymers in polymer blends

Park et al. synthesized different DOMMA based copolymers and investigated their behaviour
in polymer blends.[105107.110] [t was found that poly(DOMMA-co-EA) was miscible with
poly(vinyl chloride) (PVC) and poly(methyl methacrylate) (PMMA) in the whole composition
ranges, according to DSC, as the blends exhibit unique Ty. Hydrogen bonding between the
carbonyl groups and the hydrogen on the polymers backbone, according to FT-IR, could

account for the greater miscibility of the polymers.[107]

Similar studies were carried out for the miscibility of PDOMMA/poly(MMA-EA),
poly(DOMMA-co-acrylonitrile) / poly(MMA-EA) and poly(DOMMA-co-
acrylonitrile) /poly(styrene-co-acrylonitrile) and it was also found that the polymers blends
exhibit a single Ty and were miscible in the whole composition ranges, contrary to PGMA

based polymers blends that showed two different T, by DSC analyses. [105.110]

[II.1.f. Influence of DOMMA content on the thermal properties

Various poly(DOMMA-MMA), poly(DOMMA-BA) and poly(DOMMA-styrene) with different
contents of DOMMA (from 30 to 83 mol%) were synthetized with the concomitant
polymerization and carbonatation reactions of GMA, and their thermal properties were
analyzed by DMA and TGA (Table 19).1111] The increase of the DOMMA content leaded to an
increase of the polymer polarity and inter-chains Van der Waals interactions, which
decreased the chains mobility and thus increased the polymers’ T,. The effect of the DOMMA
content on the thermal stability was also investigated. For poly(DOMMA-MMA) and
poly(DOMMA-styrene), a two-steps degradation was observed with high content of DOMMA
(higher than 75 mol%) in TGA. The first step is the degradation of the DOMMA units with the
elimination of CO2 from the cyclic carbonate moieties, starting at 213 and 220 °C for

poly(DOMMA-MMA) and poly(DOMMA-styrene) (Table 19, entries 1 and 7) respectively, and
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the second step is the degradation of the polymer backbones, starting at 240 and 280 °C,

respectively.

Table 19. Influence of the DOMMA content on the polymers’ thermal properties.[111]

Entry Polymer Composition (mol%) T, (°C) T# (°C) Tsb(°C)
1 83 156 213 460
2 DOMMA-GMA-MMA 55 153 231 444
3 30 148 242 439
4 77 127 225 522
5 DOMMA-GMA-MMA 50 97 246 450
6 30 1 252 460
7 73 149 220 460
8 DOMMA-GMA-MMA 50 136 251 448
9 32 127 283 448

aDetermined by DMA. PDetermined by TGA.

[11.2.Carbonatation of epoxidized polydienes

[11.2.a. Two-steps oxidative carbonatation of polybutadienes

The synthesis of carbonated polybutadienes (i.e. polybutadienes containing cyclic carbonates
functions) was first reported by Dechent et al.[112] on four different PBU in two successive
steps (epoxidation and carbonatation) (Scheme 34). The epoxidation step was performed with
0.64 wt% of H202/HCOOH at 60 °C in toluene for 3.5 hours, and epoxide contents between 10-

14 mol% were obtained depending on the PBU.
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Scheme 34. Oxidative carbonatation of polybutadiene in two successive steps.[112]

For the carbonatation step, Bis(triphenylphosphoranylidene)ammonium halides (PPNX) and
TBAX (X =1, Br or Cl) were used as catalysts. The solvent showed to have a high influence on
the yield. Much higher conversion were obtained in MEK than in toluene, due to the better
solubility of CO2 in MEK. Cl- and Br- proved to be better catalysts than I- as it has been already
reported for hindered epoxides. TBAB and PPNCI were the most efficient catalysts under the
the following conditions: 10 mol% of catalyst, 110 °C, 2.0 MPa of CO2 at room temperature,
110 °C, MEK, 24 hours, depending on the molar mass of the polybutadienes. PPNCI was the
most active catalyst with low masses epoxidized polybutadienes (Table 20, entries 1-4). The
increase in M, negatively impacted the reactivity of PPNCl and higher conversion were

obtained with TBAB (Table 20, entries 5-8).

The carbonated polybutadienes were then used as intermediates for the synthesis of cross
linked polyhydroxyurethanes with diamines. The cross-linking reaction with 1,8-octane
diamine (2 equiv.) with the carbonated polybutadiene at 70 °C for 16 hours led to the

complete conversion of the cyclic carbonate, with no ring-opening of the residual epoxides.
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Table 20. Carbonatation of epoxidized polybutadienes with TBAB and PPNCI in MEK.[112]

Double bond units (mol%) Epoxide units (mol%)
Entry M, (kg/mol) catalyst Cyclic carbonate yield (%)
1,4 cis/trans  Vinyl/cyclic 1,4 cis/trans  Vinyl/cyclic

1 TBAB 58
1.25 28.4 59.7 5.95/6.50 1.47

2 PPNCI 60

3 TBAB 32
3.00 72.1 19.6 4.02/3.85 0.39

4 PPNCI 80

5 TBAB 60
13.2 74.41 13.8 5.95/5.74 0.07

6 PPNCI 49

7 TBAB 50
45.8 79.3 10.2 5.32/5.13 0.20

8 PPNCI 31

Reaction conditions: 10 mol% of catalyst, 110 °C, 2.0 MPa of CO; at room temperature, MEK, 24 h.
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[11.2.b. Carbonatation of epoxidized natural rubbers

Very few studies present the carbonatation of epoxidized natural rubbers (ENR) (i.e

epoxidized cis polyisoprene) (Scheme 35).

(0]

0 co, o] o)ko
— > —
catalyst

Scheme 35. Carbonatation of ENR using halide catalyst.

Kawahara and Saitol'13] reported for the first time the carbonatation of ENR containing
33.5 mol% of epoxide (prepared with peracetic acid) with LiBr (10 mol%) as catalyst. A film
of the ENR with LiBr was prepared and carbonated in a high-pressure reactor. A maximum
cyclic carbonate content of 7.2 % was obtained under harsh conditions: 20 MPa of CO2, 130 °C,

6 h.

More recently, Jiang et al. synthesized partially carbonated ENR using TBAI (10 mol%) as
catalyst in toluene and obtained a maximum epoxide conversion of 51 % under the following
conditions: 0.3 g/mL of ENR, 1 MPa of CO2, 130 °C, 30 h.[114] The carbonated ENR was then
used as intermediate for the synthesis of a cross-linked materials containing disulfide and

boronic ester dynamic bonds.
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IV. Conclusions of the review and objectives of this thesis

The reactivity of CO; could be enhanced using several strategies. In particular, the
carbonatation of molecular epoxides and alkenes with CO2 could be achieved using metallic
and organocatalysts. The catalyst structure has to be designed in accordance to the epoxide
structure. While terminal epoxides exhibit relatively high reactivity, and thus simple catalyst
systems such ammonium salts are sufficient for their conversion to cyclic carbonates
(addition of co-catalysts is possible to reduce the reaction temperature and CO; pressure),
internal epoxides are more stable and therefore more difficult to convert to carbonates. The
use of harsher conditions and highly active catalyst/co-catalyst systems are essential to

obtain satisfactory yields in a relatively short reaction time.

Moreover, the functionalization of polymers with CO2, which was mostly studied in the
literature on poly(glycidyl methacrylate), adds more limitation due to the high viscosity of the
medium and the high steric hindrance of the macromolecules. The presence of polar co-
monomers in the glycidyl methacrylate copolymers may interact and inhibit the reaction, and

cross-linking could occur with the formation of ether linkages.

Very few studies report on the functionalization of polymers with CO2 under solvent free
conditions, which have been carried out only with low quantity of polymers using a TGA
apparatus for hours-long reaction time. The large-scale production of carbonated polymers
has so far never been reported, as well as the carbonatation of more apolar semi-crystalline
epoxidized polymers containing e.g. a high amount of ethylene as comonomer (instead or in

addition to polar comonomer), and represent a true challenge.

In this thesis, the carbonatation of more apolar semi-cristalline epoxidized polymers, and the
transposition to a solvent free-reactive extrusion process will be investigated (Chapter 2).
The effect of the catalyst and reaction conditions on the carbonatation reaction needed to be
fully understood, in order to obtain high selectivity and high catalytic activity. The extend of
the carbonatation reaction starting from polymers containing unsaturation will also be

explored, as very few studies report these functionalization on polydienes (Chapter 3).

Moreover, the potential applications of polymers containing cyclic carbonate moieties will be
investigated. As polymer containing both epoxide and cyclic carbonate functions will be
obtained in the case of no quantitative carbonatation, the reactivity of these two functions has

to be studied, in order to potentially target orthogonal functionalization. Especially, the
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reaction of these functions with amines will be studied, in order to selectively convert the

cyclic carbonates to hydroxyurethanes (Chapter 4).

Finally, partially carbonated ethylene copolymers present an interesting polarity, with an
apolar carbon backbone and polar pendant groups, that could act as compatibilizers for
polar/apolar polymers blends such as high density polyethylene/polycarbonate blends. The
new reactivity brought by the cyclic carbonate functions could also be beneficial for targeting
reactive compatibilisation, thus the compatibility and mechanical properties of high density
polyethylene/polycarbonate blends compatibilized by carbonated polymers will be explored
(Chapter 5).
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Chapter 2:
Carbonatation of [ethylene-
glycidyl methacrylate]-based
copolymers with carbon dioxide
as a reagent: from batch to

solvent-free reactive extrusion

Chapter 2 focus on the carbonatation of industrial non-polar semi-crystalline polymers
containing epoxide pendant groups to obtained modified polymers with both epoxides and
cyclic carbonate functions. The reaction will be first studied in batch for a better
understanding of the influence of the different reaction parameters, and then transposed to a
solvent-free reactive extrusion process to develop an original continuous process for the
modification of epoxidized polymers with COz. This chapter is based on an article published
in Green Chemistry (Guerdener et al, Green Chem., 2023,25, 6355-6364), with additional
results and discussion. All the characterizations (1H, 13C NMR, IR-ATR, DSC, SEC and TGA) are

reported in Appendices.
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I. Résumé

La carbonatation de polymeres semi-cristallins a base de monomeres [éthyléne-méthacrylate
de glycidyle] a été réalisée en utilisant le dioxyde de carbone comme réactif et des sels
d'ammonium quaternaires comme organocatalyseurs pour convertir les groupes pendants
époxyde des polymeres en groupements carbonate cyclique. Un réacteur batch nous a permis
d'évaluer la cinétique, I'effet de la structure du catalyseur et le potentiel global de cette
réaction. L'influence de la composition du sel d'ammonium (anion/cation) a été étudiée dans
le toluene a 110 °C pour contourner les températures de fusion élevées de ces copolymeres
riches en unités éthyléne et obtenir un milieu homogeéne. La quantité de catalyseur, la
pression de CO2 et la température ont également été optimisées (TBAB, 5 mol% par rapport

a la teneur en époxy, 4,0 MPa, 110 °C) pour permettre une conversion quantitative des

époxydes en carbonates cycliques.

Par la suite, la réaction a été transposée, pour la premiere fois, vers un procédé d’extrusion
réactive sous CO; a l'aide d'une extrudeuse bi-vis co-rotative dédiée pour permettre le
confinement du CO; dans le polymeére fondu. Ce procédé réactif sans solvant est parfaitement
adapté aux polymeres semi-cristallins et/ou a haute Ty. Apres optimisation, un rendement
allantjusqu'a 78 % de carbonate cyclique, en plus de 1'époxyde résiduel, a pu étre obtenu avec
THAB (7.5 mol% par rapport au taux en époxyde, ~30 g/h de catalyseur) a 150 °C avec un
débit de polymere de 2 kg/h.

Les réactivités respectives des polymeres [éthylene-méthacrylate de glycidyle-acrylate de
méthyle] (E-GMA-MA), [éthyléene-méthacrylate de glycidyle-acrylate de butyle] (E-GMA-BA)
et [éthylene-méthacrylate de glycidyle] (E-GMA) ont été comparées en batch et en extrudeuse,
révélant cette tendance a la carbonatation : E-GMA < E-GMA-BA < E-GMA-MA. La durabilité et
la productivité accrue de la méthodologie de carbonatation développée ici reposent sur
l'utilisation du CO2 comme réactif pour la fonctionnalisation des polyméres époxydés en
exploitant un procédé d'extrusion réactif continu et propre permettant, en une seule
opération et en quelques minutes, la production de polymeres fonctionnels a I'échelle du

kilogramme dans des conditions sans solvant.
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II. Abstract

The carbonatation of semi-crystalline [ethylene-glycidyl methacrylate]-based polymers was
achieved using carbon dioxide as a reagent and quaternary ammonium salts as
organocatalysts to transform the polymers’ epoxide pendant groups into cyclic carbonate
moieties. A batch reactor allowed us to assess the kinetics, dependence on a catalyst and
overall potential of this carbonatation. The influence of the ammonium salt composition
(anion/cation) was studied in toluene at 110 °C to circumvent the high melting temperatures
of these ethylene unit-rich copolymers and obtain a homogeneous medium. The amount of
catalyst, CO; pressure and temperature were also optimized (TBAB, 5 mol% vs. epoxy
content, 4.0 MPa, 110 °C) to allow for quantitative conversion of epoxides into cyclic

carbonates.

Subsequently, the reaction was transposed, for the 1sttime, to reactive extrusion under
COz using a dedicated co-rotating twin-screw extruder to allow for CO; containment within
the polymer melt. This solvent-free reactive process is perfectly adapted to semi-crystalline
and/or high-T; polymers. After optimization, a yield of up to 78 % of cyclic carbonate, in
addition to orthogonal epoxide, could be obtained with THAB (7.5 mol% vs. epoxy content,
~30 g/h of cat.) at 150 °C with an industry-compliant polymer flow rate of 2 kg/h.

The respective reactivities of [ethylene-glycidyl methacrylate-methyl acrylate]-(E-GMA-MA),
[ethylene-glycidyl methacrylate-butyl acrylate]-(E-GMA-BA) and [ethylene-glycidyl
methacrylate]-(E-GMA) polymers were compared in batch and in an extruder, unveiling this
trend towards carbonatation: E-GMA < E-GMA-BA < E-GMA-MA. Sustainability and enhanced
productivity of the carbonatation methodology developed herein relies on the use of CO; as a
C1 reagent for the functionalization of epoxide-bearing polymers harnessing a continuous
and clean reactive extrusion process allowing, in a single operation and a few minutes, the

production of functional polymers at the kilogram scale under solvent-free conditions.
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III.Introduction

The chemical valorization of CO; into valuable products has been extensively studied in recent
years.l1-3] More specifically, the synthesis of organic carbonates via the coupling reaction
between inert COz and energy-rich epoxides has been the subject of great interest, due to the
multiple industrial applications of cyclic carbonatesl®-8! and the high atom efficiency of this
transformation.’! By focusing on COzupgrading for the advantageous derivatization of
epoxides into cyclic carbonates (cycloaddition) or carbonate linkages (e.g. polymerization),
one can indeed manufacture useful industrial platform molecules or benefit from the direct
incorporation of COzas a C1 building block in high-tonnage materials.[°-21] When post-
modification of substrates more complex than simple epoxides is considered, i.e., biosourced
fatty acids,[22-271 bio-based epoxides(?228-311 or synthetic polymers featuring epoxide
moieties,32-39] this transformation may be relevant to improve the usability prospects of
(macro)molecules while utilizing abundant CO;. There are two possible routes for the
cycloaddition of CO2 to epoxides depending on the nature of the catalyst used. As catalysis is
well reported and exemplified in the literature,[0-66] it is very easy to select and tune the
solubility/reactivity/selectivity of the catalyst system to the needs for specific carbonatation
(physical steric and electronic properties of the substrates in particular).Very interestingly,
when CO: is used in post-polymerization as a derivatization agent, novel polymers bearing
cyclic carbonate functional groups can be created. They have found applications in different
sectors. They can be used as solid electrolytes thanks to their good lithium ion conductivity,[¢7]
they can also be mixed with other polymers to create homogeneous films,[34 or can play the

role of reactive compatibilizers.[68]

Moreover, cyclic carbonates and epoxides may show orthogonal reactivity: cyclic carbonates
are more prone to react with amines than epoxides to produce, for example, hydroxyurethane
functions,[1013141967] and epoxides are more susceptible to hydrolysis than cyclic

carbonates.[38]

However, in most cases, functionalization with CO: is carried out on polar polymers, highly
soluble in polar solvents, in a batch reactor.[32-3%1 The chemical fixation of CO; to an apolar and
semi-crystalline polymer bearing epoxide moieties is much more challenging (Scheme 1)
because of the difficulties in obtaining an intimate and homogeneous mixture of the polymer,

the COz reactant and the catalyst.
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Scheme 1.Transposition of carbonatation from batch to reactive extrusion.

In this work, we report on the development and optimization of the conditions for converting
the epoxide groups of three different ethylene-containing copolymers, thus mostly apolar
copolymers - [ethylene-gylcidyl methacrylate-methyl acrylate] terpolymer (E-GMA-MA),
[ethylene-gylcidyl methacrylate-butyl acrylate] terpolymer (E-GMA-BA) and [ethylene-
gylcidyl methacrylate] copolymer (E-GMA) (structure in Scheme 2) - into the corresponding
cyclic carbonates via the organocatalyzed cycloaddition of CO; in batch and by reactive
extrusion processes. The reaction conditions were first investigated in batch for a better
understanding of the influence of the different reaction parameters, and then transposed to a
solvent-free reactive extrusion process in order to develop an original sustainable continuous

process for the modification of epoxidized polymers with CO-.

This strategy allows for the introduction of a cyclic carbonate moiety in addition to and
orthogonal to the remaining epoxides, which could prove valuable for a wide variety of

material applications.[19:69.70]

We chose to pursue metal-free mediated CO: fixation methodologies for sustainability and
material compatibility considerations and to avoid problematic metallic residues in the final

polymer products. Among the organocatalysts developed so far to enable the efficient
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transformation of molecular epoxides, one can cite onium salts with ammonium or

phosphonium halides, ionic liquids and organic bases. Their catalytic behavior towards

glycidyl-methacrylate based polymers will be explored in the present work (Scheme 2).
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Scheme 2. Polymers and catalysts studied in this work.
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IV.Results and discussion

[V.1.0ptimisation of the conditions in batch

[V.1.a. Screening of the catalysts

First, commercially available organic salts such as tetrabutylammonium bromide (TBAB),
butyltriphenylphosphonium bromide (PPh3zBuBr), 1-butyl-3-methylimidazolium bromide
(C1C4ImBr), 1-butyl-3-methylimidazolium acetate (Ci1C4ImOAc) and 1-methyl-3-
octylimidazolium tetrafluoroborate (C1CslmBF4), and organic bases such as 1,5,7-
triazabicyclo[4.4.0]dec-5-ene (TBD) and 1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU) were
tested as catalysts for the cycloaddition of CO2 to E-GMA-MA under the following conditions:
110 °C, 5 h, 4.0 MPa of CO2 and 5 mol% of catalyst. Toluene was used to solubilize the E-GMA-
MA. We did attempt to realize the transformation under “solvent-free” conditions in our batch
reaction; however, very heterogeneous reaction media were obtained, even after 5 hours of
reaction, and inconsistent and low conversions in carbonates were achieved. Toluene is a
good solvent for [ethylene-gylcidyl methacrylate] based polymers and is easily accessible to
most research teams. As shown in Table 1, epoxide activation with halide anions proved to be
the best route to achieve satisfactory conversion (Table 1, entries 1-3), whereas only traces
of cyclic carbonates were observed when using sterically hindered nucleophiles and bases
(Table 1, entries 4-7). TBAB showed the best performance for the carbonatation of E-GMA-
MA with a quantitative yield of cyclic carbonate (Table 1, entry 1). It should be noted that the
imidazolium and phosphonium salts were only partially soluble in toluene at 110 °C unlike
TBAB (completely soluble, even at room temperature), which may explain their low reactivity.
The formation of the cyclic carbonate product was confirmed by IR-ATR (Figure 1) and 'H
NMR (Figure 2). After 5 hours of reaction of E-GMA-MA with CO: catalyzed by TBAB, the
characteristic band of epoxide at 911 cm~! disappeared with the concomitant appearance of
the band at 1820 cm-!typical of the C=0 stretching vibration of cyclic carbonates
(Figure 1).On the other hand, the TH NMR signals g, h and i related to the glycidyl methacrylate
monomers almost disappeared and new signals h’, g’ and i’ corresponding to the carbonate

product appeared.

Since tetrabutylammonium bromide proved to be the best performing catalyst, other key

parameters such as the structural catalyst features and reaction conditions were assessed in
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the following studies using tetraalkylammonium halide salts with different substituents and

counteranions.

Table 1. Screening of catalysts.®

W catalyst (5 mol%) W
0 o) » 0

o) 0 0 oodo

Me 4 MPa of CO,, 110 °C, Me
o toluene, 5 h 0,
o[ >0
(]

Entry catalyst Yield® (%)

1 TBAB 99c

2 PPhzBuBr 6

3 C1C4ImBr 24

4 C1CsImBF4 0

5 C1C4ImOACc 2

6 TBD 1

7 DBU 10

aConditions: 2.0 g of E-GMA-MA (1.1 mmol of glycidyl methacrylate), 0.057 mmol of catalyst
(5 mol%), 2.0 mL of toluene, 110 °C, 4.0 MPa of CO>, 5 h. bYield determined by IR-ATR using a
calibration curve (see Figure S12 in appendices). <Yield determined by 'H NMR (see

Figure S15 in appendices).
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Figure 1. IR-ATR spectra of E-GMA-MA and modified E-GMA-MA with CO; (Table 1, entry 1).
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Figure 2. 'TH NMR (TCE/CsDs, 400MHz) spectra of E-GMA-MA and modified E-GMA-MA with CO;
(Table 1, entry 1) (see also Figure S3 and Figure S15 in appendices).
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[V.1.b. Influence of the halides

The influence of the halide anion on the reaction kinetics is a crucial parameter to take into
account as it is involved in epoxide ring-opening, the first step of the catalytic cycle. The
pseudo-first order kinetics of the reaction was assessed with tetrabutylammonium iodide
(TBAI) and TBAB (Figure 3). Assuming that the concentrations of COz and catalyst are

constant in the liquid phase over time, the reaction rate could be written as:

dCepoxide _ a
- dt - kobs- epoxide (1)

_ b c
where k,ps = k. Cco,- Ceatatyst

If the reaction follows a pseudo-first order kinetic, the differential equations can be
integrated, and Kobs can be estimated:

In (Cwoxide,o) — kobs- t (2)

Cepoxide

As no side-reaction was observed with TBAI and TBAB, the yield of the cyclic carbonate

product is equal to the conversion of the epoxide moiety and can be expressed as followes:
Yield = 1 — e Fobst (3)

Figure 3 shows the plots of equation (2) and (3). From these data the rate constant Kops was
estimated to be 0.76 h-1and 0.91 h-! for the reaction catalyzed with respectively TBAI and
TBAB, suggesting that Br-has a higher catalytic activity than I-. In the case of the
carbonatation of terminal molecular epoxides under neat conditions or in apolar solvents
such as toluene, the order of activity follows the order of halide nucleophilicity and leaving
group ability: I- > Br- > Cl- > F-[404452,63,6472-74] But in the case of the carbonatation of sterically
hindered terminal epoxides, a good balance between the halide size and its leaving group
ability is required.l”174] A too voluminous and polarizable halide would not favor the attack of

the halide on the epoxide, which could explain why I- is less active than Br-.

In the case of tetrabutylammonium chloride (TBAC), the consumption of the formed cyclic
carbonates was observed after 1 hour of reaction at 110 °C (Figure 3 (a)), which could be due
to a secondary reaction, leading to a polymer less or even non-soluble in toluene, likely due
to crosslinking, compared to the modified polymers obtained with TBAI and TBAB. Ochiai et
al. observed a similar behaviour with CO: fixation to poly(glycidyl methacrylate-co-methyl
methacrylate) catalyzed by tetrabutylammonium fluoride (TBAF) and suggested that

polymerization of the sole epoxide to polyethers was favored due to the weak leaving group
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ability of the fluoride anion.® Once enough cyclic carbonate species are generated, a direct

nucleophilic attack of the alkoxide on the carbonate ring with subsequent decarboxylation

could yield several polyether repeating units leading to some insoluble material, which was

also observed in our case (see Scheme 3 and the CPMAS-NMR spectrum in Figure S19 in

appendices).
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Figure 3. Influence of the halide anion on the reaction kinetics in the cycloaddition of CO; to E-
GMA-MA: (a) plot of equation (3) and (b) plot of equation (2). Conditions: 2.0 g of E-GMA-MA
(1.1mmol of glycidyl methacrylate), 0.057 mmol of catalyst (5 mol%), 2.0 mL of toluene, 110 °C,

4.0 MPa of CO2. Yield was determined by IR-ATR using a calibration curve (see Figure S12 in

appendices).
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Scheme 3. Potential side-reaction of epoxide with CO;.(see also ref [35]).

[V.1.c. Influence of the alkyl chains

Ammonium bromide salts such as tetraethylammonium bromide (TEAB), TBAB,
tetrahexylammonium bromide (THAB) and tetraoctylammonium bromide (TOAB) were
chosen to study the influence of the alkyl chains’ length. As shown in Figure 4, one can observe
that the length does influence the catalytic activity. After 1 hour of reaction at 110 °C, the
following catalytic reactivity order was obtained: TEAB « TOAB ~ TBAB < THAB. These
results showed that increasing the length of the alkyl chains, while improving solubility in the
apolar medium, makes the ammonium cation bulkier and thus decreases the electrostatic
interactions between the ion pairs. This results in greater nucleophilicity of the anion and
hence enhanced reactivity.[*4l While the larger ammonium cation showed satisfactory activity
at a short reaction time (more than 50 % yield after 1 hour), TEAB was completely inactive
due to its insolubility in toluene. It has also been shown that a too bulky cation should disfavor
the formation of the alkoxide intermediate,[”!] explaining why TOAB was less active than

THAB.
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Figure 4. Influence of the alkyl chains on the tetraalkylammonium bromide activity. Conditions:
2.0 g of E-GMA-MA (1.1 mmol of glycidyl methacrylate), 0.057 mmol of catalyst (5 mol%), 2.0
mL of toluene, 110 °C, 4.0 MPa of CO. Yield determined by IR-ATR using a calibration curve (see
Figure $12 in appendices).

However, after 5 hour at 110 °C, the catalytic reactivity order changed as follows: TEAB «
TOAB < THAB < TBAB. This could be explained by the fact that the bulkier the ammonium, the
less stabilized the alkoxide intermediate, because of the decrease of the electrostatic
interactions between the ion pairs. It would favor parallel side reactions between the
alkoxides and the cyclic carbonates to produce polyether units via decarboxylation reactions,
as reported before (see Scheme 3).5% The overall enhanced solubility of the cation and ion
pair dissociation could thus be a determining factor for improved kinetics at early stages, but
a trade-off in terms of cation size would be ideal when it comes to selectivity over longer

reaction times (see Figure 4).

Ammonium salts used as surfactants such as dodecyltrimethylammonium bromide (DTAB),
cetyltrimethylammonium bromide (CTAB), didodecyldimethylammonium bromide (DDAB)
and dioctadecyldimethylammonium bromide (DODAB) (Scheme 4) were also tested as
catalysts under the following conditions: 5 mol% of catalyst, 110 °C, 4 MPa of CO, toluene, 1
h. Very low yields were obtained with DTAB and CTAB (1 % and 2 % respectively), whereas
higher yields were obtained with DDAB and DODAB (28 % and 31 % respectively) (Figure 5).
These results showed that alkyltrimethylammonium bromide based catalysts (DTAB and
CTAB) were very poor catalysts, likely due to weak ion pair dissociation. Indeed, the
ammonium cation is not enough hindered because of the presence of only one long alkyl chain.
Conversely, dialkyldimethylammonium catalysts showed better activity because of the better

ion pair dissociation, caused by the presence of a second long alkyl chains that brought more
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hindrance on the ammonium cation. The presence of long alkyl chains may also increase the
affinity with the relative non-polar polymer. However, TBAB remains a better catalyst than
DDAB and DODARB (yield of 56 % after 1 h) due to the presence of the four butyl chains, which

dissociate the ammonium and the bromide halide more efficiently.
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Scheme 4. Structure of the surfactants used as catalysts.
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Figure 5. Influence of the surfactant structure on the catalytic activity. Conditions: 2.0 g of E-
GMA-MA (1.1 mmol of glycidyl methacrylate), 0.057 mmol of catalyst (5 mol%), 2.0 mL of
toluene, 110 °C, 4.0 MPa of CO;, 1 h. Yield determined by IR-ATR using a calibration curve (see
Figure S12 in appendices).

[V.1.d. Influence of the reaction parameters

The dependence of the cyclic carbonate yield on the CO; pressure was investigated at 110 °C
for a period of 1 hour using TBAI as a catalyst. As shown in Figure 6 (a), increasing the
pressure from 2 to 4 MPa led to an increase of the yield from 15 % to 45 %. This could be due
to a higher concentration of CO; in the liquid phase, which may both increase the kinetic rate

and reduce the viscosity of the reaction mixture via plasticization of the polymer, as already
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reported for other polymers.’>’®! Beyond 4 MPa, the yield reaches a plateau and starts to
slightly decrease from 10 MPa. This decrease in the yield with an increase of CO; pressure has
previously been observed in the case of molecular epoxides, [*>* with the supercritical state
of CO2 affecting the solubility of each component in the continuous phase through dilution or
even forcing precipitation in our case. Some experiments were conducted using a sapphire-
windowed reactor and for pressures slightly above 10 MPa (~12 MPa), the entire mixture of
toluene and CO; became supercritical, which triggered the precipitation of the E-GMA
copolymers. This could explain the best compromise of 40-80 bar to achieve both good
solubility and enhanced availability of CO; in the liquid toluene phase.l””] Thus, a pressure of
4 MPa seems ideal for TBAI to operate efficiently. The influence of the amount of TBAI on
catalytic performance was also studied (4.0 MPa of CO2 110 °C, 1 h). The results in
Figure 6 (b) show that increasing the concentration of of TBAI from 1 to 5 mol% led to a
marked improvement of the yield from 13 to 45 %. A further increase of the quantity of TBAI
up to 15mol% did not lead to further activity improvement. Thus, the TBAI catalyst

concentration was set at 5 mol%.

Finally, the influence of the temperature on the carbonatation reaction of E-GMA-MA was
studied (4.0 MPa of COz, 5 mol% TBAI) as it could greatly impact both the reaction rate and
the solubility/viscosity of the reaction medium particularly when polymers are at stake. The
results shown in Figure 6 (c) reveal that the reaction temperature strongly affects catalyst
reactivity as very low yields were obtained after 1 hour of reaction below 100 °C. Increasing
the temperature further from 100 to 120 °C led to a significant improvement in the yield of
the cyclic carbonate product from 5 to 65 %. A further increase of the temperature up to
130 °C did not lead to significant activity improvement. As stated above, the temperature may
influence the kinetic rate and improve the gas-liquid transfer but partial or total degradation
of the catalyst may also occur with the temperature increase. However, after 5 hours, an
increase of the temperature from 110 °C to 130 °C led to a decrease of the yield from 99 % to
45 %. It could be explained by the formation of polyether repeating units and thus the
consumption of the cyclic carbonate moiety via decarboxylation, as reported
previously.[35] Therefore, the influence of the acrylate comonomer in the polymer structure
on the reaction efficiency was assessed under the following optimal conditions: TBAB

(5 mol%), 4 MPa of CO2, 110 °C, 5 h.
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Figure 6. Influence of the CO; pressure (a), amount of TBAI (b) and temperature (c) on catalytic
performance. Unless otherwise mentioned, reaction conditions: 2.0 g of E-GMA-MA (1.1 mmol of
glycidyl methacrylate), 0.057 mmol of TBAI (5 mol%), 4.0 MPa of CO2, 2.0 mL of toluene, 110 °C,
1 h. Yield determined by IR-ATR using a calibration curve. (see Figure S12 in appendices)

[V.1.e. Influence of the acrylate comonomer

E-GMA-MA, E-GMA-BA and E-GMA were functionalized with CO; under optimal conditions to
study the influence of the acrylate comonomer (type or presence) on the reaction efficiency.
It is notable that the three polymers are soluble in toluene at 110 °C at a concentration of 1 g

of polymer per mL of toluene.

Under these conditions, the factors that could influence the reaction outcome are the polarity
of the polymer, the molar mass of the polymer, the CO2 solubility in the liquid phase and the
viscosity of the liquid phase. The results presented in Table 2 show that the reactivity of the
polymer increases in the following order: E-GMA < E-GMA-BA < E-GMA-MA, which also
mirrors the polarity order. E-GMA-BA is more apolar than E-GMA-MA because of the presence
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of butyl groups instead of methyl groups, and E-GMA is even more apolar because of the
absence of the acrylate comonomer. This change of polarity may affect the CO; solubility in
the liquid phase. It is well known that CO2 is more soluble in relative polar media, due to its
significant quadrupole moment.[’8] The ester groups of the acrylate comonomer may interact

with CO; and favor its solubility, thus favoring the reaction with the epoxide moieties.

Table 2. Influence of the alkyl acrylate monomer.

0 0 >(I)
R

0O 0000

R 4 MPa of CO,, 110 °C,
o toluene, 5 h (0]
o] )»o
(6]

(@)

Entry R Polymer Yield (%)
1 Me E-GMA-MA 99
2 Bu E-GMA-BA 82
3 - E-GMA 62

Reaction conditions: 2.0 g of polymer (1.1 mmol of glycidyl methacrylate), 18 mg of TBAB
(0.057 mmol, 5 mol%), 4.0 MPa of CO2, 2.0 mL of toluene, 110 °C, 5 h. Yield determined by 'H
NMR (see Figure S15, Figure S16, Figure S17 in appendices).

[V.2.Methodology transposition to reactive extrusion

The aforementioned autoclave results showed that ammonium halides were the most active
catalysts for the carbonatation of [ethylene-gylcidyl methacrylate] based polymers in toluene
solution. Specifically, the use of TBAB, THAB and TBAI as catalysts provided the highest yields
of cyclic carbonates, up to 99 % after 5 hours of reaction at 110 °C in the case of TBAB. These
catalysts were therefore chosen for the carbonatation of ethylene-gylcidyl methacrylate]
based polymers by reactive extrusion. Due to its flexibility in screw design and easily
adjustable temperature profiles, the extrusion process provides remarkable mixing and
homogenization capabilities for viscous systems in the molten state. Thus, the use of an

extruder as a continuous reactor makes it possible to avoid resorting to hazardous solvents,
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which are always difficult to extract industrially (costly devolatilization step). The reactive
extrusion process is thus often considered as a promising green process, allowing for the

continuous production of large quantities of modified polymers.

The use of CO.7°! as a reagent for the carbonatation of polymers by a reactive extrusion
processi808llhas never been reported before. In contrast to radical processes, catalytic
processes within reactive extruders are also extremely rare to the best of our knowledge, in

particular in the realm of polymer functionalization.[82:83]

This constitutes a significant step forward since it both offers a solvent-free alternative and a
scalable process amenable to industrial eco-design requirements. The transposition of the
batch process to reactive extrusion was possible thanks to the adjustments of the batch
reaction conditions. A co-rotating twin-screw extruder fed with the polymer, the catalyst and
CO2 was used to perform the experiments, at a flow rate of 2 kg/h and a rotational speed of
150 rpm. The overall design of this process is depicted in the Experimental Section, it

provides containment of CO pressure within the polymer melt for carbonatation to proceed.

The minimal temperature for the extrusion of the different ethylene-gylcidyl methacrylate]
based polymers was determined experimentally to be 120 °C (over the melting points of the

E-GMA-MA, E-GMA-BA and E-GMA, which are respectively 65 °C, 72 °C and 104 °C).

In the next paragraphs, the effect of the extrusion parameters on the average residence time
is described, as the residence time has to enter into consideration for further results
interpretation. Moreover, optimization of the different twin-screw extruder parameters to

obtain good yields in these very short residence times is described.

[V.2.a. Effect of the extrusion parameters on the mean residence time

The mean residence time (t,,) was precisely determined by colorimetric measurements
through the time of the extruded E-GMA-MA using a magenta pigment as a tracer. A
colorimeter measured the red, green and blue light intensities radiated from the extruded
polymer. The green light intensity was the most sensible, compared to the blue and red
intensities, thus it was correlated to the tracer concentration and used for the determination

of the mean residence time.

For the determination of t,,, the residence time distribution function E(t) was first

determined as follows:
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Ci
T Cilt

E(t) = (3)

Where Ci is the concentration of the tracer in the extruded polymer at the time t, and At is the
time between each measurement, which was equal to 1 second in our case. Then, the mean

residence time t,, was calculated as follows:

b = S0 tE(DAL (4)
The standard deviation o: of the residence time can also be determined with the following
equation:

of = [Pt - TR E@).dt = T2t — T2 E(D). At (5)
E(t) was plotted and t,, was calculated for different screw rotational speeds, mass flows of
polymer and temperatures.

First of all, the influence of the temperature was investigated for two different screw
rotational speeds (150 and 600 rpm) with a mass flow rate of 2.0 kg/h (Figure 7). For each
rotational speed, similar mean residence times were determined at 120 and 150 °C. This
observation verified that viscosity did not affect the residence time during the extrusion

process.
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3 120 197 417 153
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Figure 7. Residence time distribution E(t), delay time and mean residence time at different

temperatures and screw speeds. Mass flow: 2.0 kg/h of E-GMA-MA.

Afterwards, the influence of the screw rotational speed at 120 °C with a mass flow rate of
2.0 kg/h was investigated (Figure 8). A decrease of the delay time and of the mean residence
time was observed when the rotational speed was increased, but they might tend to a limit,
as their decrease were less and less important. Between 100 and 150 rpm, a difference of 143
seconds was observed for the mean residence time, whereas there was only a difference of 20

seconds between 450 and 600 rpm.
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Entry Rotational speed (rpm) Delay time (s) ty (s) o:(s)
1 100 401 682 178
2 150 259 539 200
3 300 219 508 213
4 450 199 497 219
5 600 197 417 153

Figure 8. Residence time distribution E(t), delay time and average residence time at different

screw speeds. Conditions: 2.0 kg/h of E-GMA-MA, 120 °C.

Finally, the effect of the polymer mass flow was studied at 120 °C with a screw speed of 150
rpm (Figure 9). The decrease of the mass flow led to longer delay time and average residence

time and broader residence time distribution.
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Figure 9. Residence time distribution E(t), delay time and average residence time at different

mass flow rates. Conditions: 1.3-2.9 kg/h of E-GMA-MA, 120 °C, 150 rpm.

In summary, this study showed that the mass flow rate and the screw speed had a significant

influence on the residence time distribution E (t), delay time and average residence time. An

increase of these parameters led to a decrease of the delay time and average residence time,

while the temperature variation in the study resulted in little modifications. Concerning the

effect of the CO; pressure, it has been qualitatively observed that an increase of the pressure

led to a decrease of the residence time, but it was not possible to quantitatively determine the

average residence time due to foaming of the extruded polymer.
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IV.2.b. Optimisation of the reactive extrusion process

First, the influence of extrusion temperature and CO; pressure was studied on the
carbonatation of E-GMA-MA (Scheme 5). As shown in Figure 10 (a), an increase in
temperature led to an increase in carbonate yield. The optimum pressure was 4.0 MPa, which
is probably a good compromise between maximal CO; solubilization/availability for reaction
and the avoidance of phase separation in the melt. At this pressure, an increase of 10 °C led to
an average yield increase of 15 %. As seen previously, the reaction temperature studied in
this work had no effect on the residence time, thus the increase of yield is only related to an
improvement of the catalytic activity. The temperature was not increased above 150 °C to
avoid catalyst degradation that starts from 160 °C according to TGA analyses (see

appendices).

Moreover, the amount of catalyst was optimized (Figure 10 (b)) with 4.0 MPa of CO2. An
increase from 5.0 to 7.5 mol% led to a significant increase in yield from 53 % to 72 %. A

further increase to 10 mol% did not lead to a significant improvement in the yield.

W Catalyst (5-10 mol%) W
O O P 0

0 (6] 0 0 00O

R K[; 1-8 MPa of CO,, 120-150 °C, R
1 (0]
(0] 150 rpm, 2 kg h K[;O >=O
(0]

Scheme 5. Carbonatation of E-GMA-MA in extruder.
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Figure 10. Influence of temperature and amount of catalyst. Unless otherwise mentioned,
reaction conditions: 2 kg/h of E-GMA-MA, 18 g/h of TBAB (5 mol%), 150 °C, 150 rpm. Yield
determined by IR-ATR using a calibration curve (see Figure S12 in appendices).
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Furthermore, the rotational speed of the twin-screw and the polymer mass flow were
investigated under the following conditions: TBAB (7.5 mol%), 4.0 MPa, 150 °C. According to
Figure 11 (a), the optimal rotational speed is 150 rpm (yield of 72 %). A lower yield of 67 %
was obtained at 100 rpm, possibly because of a slower mass transfer between components.
However, above 150 rpm, a decrease in the carbonate yield was also observed when the speed
increased. As seen before, the increase of the speed tends to decrease the average residence
time, butit could also lead to a higher self-heating of the polymer matrix, observed by increase
of temperature from 150 to more than 160 °C when the speed was change from A50 rpm to
600 rpm, depending on the extruder zone. This could result in catalyst degradation, and
therefore in a decrease of the carbonate yield. At 600 rpm, a total degradation of the catalyst

(starting at 160 °C according to TGA) may explain that no cyclic carbonate was formed.

Although the polymer mass flow has a strong influence on the residence time, it did not affect
the cyclic carbonate yield when it was decreased from 2.0 to 1.3 kg/h. However, when it was
increased to 2.9 kg/h, a marked decrease in yield from 72 to 55 % was observed. This may be

due to the decrease of the mean residence time (Figure 11 (b)).
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Figure 11. Influence of (a) the rotational speed and (b) the polymer mass flow. Unless otherwise
mentioned, reaction conditions: 2.0 kg/h of E-GMA-MA, 0.086 mol/h of TBAB (7.5 mol%), 150 °C,
4 MPa of COz 150 rpm. Yield determined by IR-ATR using a calibration curve (see Figure S12 in
appendices).

Subsequently, the influence of the nature of the catalyst was investigated under optimal
conditions (7.5 mol% catalyst, 150 °C, 150 rpm, 2 kg/h) (Figure 12). With TBAI, a low yield of
33 % was obtained. This could be explained by the fact that the melting temperature of TBAI
is 155 °C, thus it is in solid form during extrusion. The catalyst would therefore be less
homogeneously dispersed within the polymer matrix, which would reduce the cyclic
carbonate yield. Regarding TBAB and THAB, a similar activity to that in the batch reactor was
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obtained, with a yield of 72 % and 78 % respectively. With their melting point being at about

100 °C, their liquid state under the reaction conditions may improve their dispersion in the

medium and not affect their activity. Finally, E-GMA-BA and E-GMA were also modified with

CO: in reactive extrusion under the optimal conditions (TBAB (7.5 mol%), 150 °C, 150 rpm, 2

kg/h) (Figure 13). The same reactivity order than that obtained in batch was observed: E-

GMA << E-GMA-BA < E-GMA.
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Figure 12. Influence of the nature
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of the catalyst. Unless otherwise mentioned, reaction

conditions: 2 kg/h of E-GMA-MA, 0.086 mol/h of catalyst (7.5 mol%), 150 °C, 4 MPa of COz 150
rpm. Yield determined by IR-ATR using a calibration curve(see Figure S12 in appendices).

100

Yield (%)
()] [0.0]
S O

N
o

N
o

- 72
47
L 12
E-GMA-MA  E-GMA-BA E-GMA

Figure 13. Influence of the acrylate monomer. Reaction conditions: 2 kg/h of polymer, 0.086
mol/h of TBAB (7.5 mol%), 150 °C, 4 MPa of COz 150 rpm. Yield determined by 'H NMR (see

Figure S27, Figure S28, Figure S29 in the appendices).
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[V.2.c. Comparison of the reaction kinetics of the batch and reactive extrusion

processes

The activation energy for the carbonatation reaction of E-GMA-MA with TBAB as catalyst by
reactive extrusion and in batch process was determined with the kinetic model used
previously. For different temperatures, the observed kinetic constant kops can be calculated

thanks to the equation:

__In(1-Yield)

kobs(T) = tm (6)
Then, the activation energy E. can be determined with the Arrhenius law:

_Ea
kops(T) = Ae w0 (7)
& In(kops(T)) = In(A) — = 8)

This model was applied for the carbonation of E-GMA-MA with TBAB (5 mol%) under 4.0 MPa
of CO2 by reactive extrusion (t,, = 9 min, at 120, 130, 140 and 150 °C), and for the batch
reaction in toluene with the same catalyst, and similar amount of catalyst and pressure (t =

60 min, at 100, 110, 120 and 130 °C).

The plot of equation (8) for the reactive extrusion and batch process allows determining the

activation energy E. in both cases (Figure 14).

118



Chapter 2: Carbonatation of [ethylene-glycidyl methacrylate]-based copolymers with
carbon dioxide as a reagent

2r ® reactive extrusion
e batch
15 b In(k,,) = -6249.4/T + 16.966
° R?=0.9074
._.. N [ ]
1}
[ ]
<05 | w "
< In(kope) = -11972;‘.‘[+ 29.962
R*=0.9588,
°
0 1 1 r'.- 1 1 1 J
0,00235 0,0024 0,00245 0,0025__ 0,00255 0,0026 0,00265 0,0027
05 F
| |
q L
1/T (K?)

Figure 14. Plot of In(kobs) in function of 1/T. Conditions for the reactive extrusion 2.0 kg/h of E-
GMA-MA, TBAB (5 mol%), 4.0 MPa of COz 150 rpm. Conditions in batch: 2.0 g of E-GMA-MA, 2
mL of toluene, TBAB (5 mol%), 4.0 MPa of CO;, 1 h.

The activation energy was estimated equal to 100 kJ/mol and 52 KkJ/mol for the extrusion
and batch process respectively. These results show that 92 % more energy is required to
activate the epoxide by reactive extrusion. A possible explanation is that the presence of
toluene improved the interactions between the epoxides, the catalyst and the CO3, and thus
reduce the activation energy. During the reactive extrusion process, although the co-rotative
twin screw provided excellent mixing of the reaction medium, the medium may not be
completely homogenous on a molecular scale, thus there were less interactions between the
reagents and the catalyst, and a higher activation energy was required. The activation energy
for the batch process is in accordance with the literature,[8¥ which reported that the

carbonatation of styrene oxide with TBAB has an activation energy of 55 kJ/mol.

The batch and the extrusion process could also be compared by the determination of the
conversion distribution G(X) during the reactive extrusion process, by using the Kinetics
constants of the reaction during extrusion at 150 °C (TBAB (5 or 7.5 mol%), 4 MPa of CO3),
and the extrapolated batch kinetic constant at 150°C (TBAB (5 mol%), 4 MPa of CO3, toluene).
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The conversion distribution G(X) (fraction of macromolecules with an epoxide conversion
between X and X+AX) is the combination of the reaction kinetic (X = 1 - elkobs9)) and the

distribution time E(t).

By using equation (7) (with E; = 52 k]/mol and A = 2.33.107) a kobs 0f 9.11 h-1 was calculated
for the batch process at 150 °C. The conversion distribution G(X) can be determined with the

following equation:

Ci

GX) = SELcix 9)

Where X is the conversion at the time ¢, and C; the concentration of macromolecules with an
epoxide conversion X.

Then, the mean conversion X was determined with the following equation:

X = X2, XG(X).AX (10)
Figure 15 plots the conversion distributions G(X), determined with the reactive extrusion

kinetic constants for 5 and 7.5 mol% of TBAB at 150 °C (4.89 and 8.76 h-1, respectively), and
with the extrapolated batch process kinetic constant (9.11 h-1) at 150 °C.

The mean conversion X calculated with the extrapolation of the batch process kinetic was
66 % (Figure 15, entry 2), which is higher than the mean conversion obtained with the
reactive extrusion process using 5 mol% of TBAB (47 %), but similar to the mean conversion

during reactive extrusion with 7.5 mol% of catalyst (65 %).
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3 Batch TBAB (5) 9.11 (extrapolated) 66

Figure 15. Conversion distribution of the epoxide function during the reactive extrusion process,
using the reaction kinetic constants at 150 °C (TBAB 5 mol%, 4.0 MPa of CO;) of the extrusion

process and batch process (by extrapolation).

In conclusion, although the extrusion process provides excellent mixing of the solvent free
medium and satisfying yields during a short period (up to 78 % with THAB (7.5 mol%) at
150 °C), it required higher catalyst amount, compared to the batch process, to a reach similar

reaction kinetic.

V. Conclusion

Ethylene-glycidyl methacrylate based copolymers were successfully functionalized with
carbon dioxide using commercial and non-toxic tetraalkylammonium halide catalysts, leading

to the formation of cyclic carbonate pendant groups on the polymer chain, in a batch reactor
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and an extruder. The influences of the catalyst structure and the reaction parameters were
evaluated in batch and it was found that TBAI, THAB and TBAB were the most active catalysts,

with TBAB achieving up to 99 % yield of cyclic carbonate.

The difference in reactivity between E-GMA-MA, E-GMA-BA and E-GMA suggested that the
presence of polar groups, such as esters derived from acrylate comonomers, in the polymer

structure may increase the CO; solubility and facilitate its approach to the epoxide moieties.

The procedure developed in an autoclave has been successfully transposed to a solvent-free
reactive extrusion process, with a yield of cyclic carbonate up to 78 % using THAB as the
catalyst on the E-GMA-MA, allowing access to cyclic carbonates in addition to the remaining

epoxides. Modifications of E-GMA-BA and E-GMA were also successful.

Moreover, the effect of the extrusion parameters on the residence time distribution during
extrusion was investigated. The mass flow rate and the screw speed were shown to have a
significant influence on the residence time while temperature had no effect. Higher flow rate

and higher screw speed led to shorter residence time.

Finally, the activation energies, calculated for the reaction in batch and extrusion process
under similar conditions, showed that the epoxides functions required higher energy to be
activated during the extrusion process, and thus the kinetic reaction was lower than during
batch reaction, although extrusion provides excellent mixing of the polymer with COz and the

catalyst under solvent free-conditions.

These modified [cyclic carbonate + epoxide]-featuring polymers may have several direct
applications e.g. as intermediates for the synthesis of polyhydroxyurethanes, as reactive
compatibilizers for blends of polyolefins with polyamides, polyesters, polyacids and
polycarbonates, and could also display good permeability properties for membranes. The
enhanced sustainability of our reactive extrusion process (kg-scale production of
functionalized polymers in a continuous fashion under solvent-free conditions using CO; as a

direct C1 source) could pave the way for other industrially-relevant (co)polymers.
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Chapter 3:

Two-steps functionalization of
polydienes with peracids and

carbon dioxide as reagent

In Chapter 3, the functionalization with CO; will be extended to polydienes and polymers
containing unsaturations. A two-step synthesis (epoxidation and carbonatation) will be
presented using peracids and organocatalysts to form cyclic carbonate functions on
unsaturated polymers. The epoxidation step will first be studied in a batch process, then
transposed to a reactive extrusion process. The carbonatation step will be optimized in a
batch process using ammonium salts as organocatalysts. Full characterization of the polymers

(T™H NMR, IR-ATR, SEC and DSC) are reported in Appendices.
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Chapter 3: Two-steps functionalization of polydienes with peracids and carbon
dioxide as reagent

I. Résumé

La fonctionnalisation en deux étapes de polydienes en utilisant les systemes 1) H202/acide
carboxylique et 2) dioxyde de carbone/catalyseur organique a été réalisée sur des polymeres
contenant des alcenes disubstitués (par exemple les polybutadiénes) et trisubstitués (par
exemple les polyisoprenes tels que le caoutchouc naturel). La premiére étape, c'est-a-dire
I'époxydation, a été optimisée et réalisée avec le systeme oxydant H202/HCOOH sur plusieurs
polybutadienes, copolymeres contenant du butadiene, polyisoprénes et grades d'EPDM. La
réactivité de chaque polymere a été influencée par sa microstructure. Pour le polybutadiéne,
la réactivité des unités répétitives augmente dans l'ordre suivant : unités 1,2 << unités 1,4
trans < unités 1,4 cis. Une tendance similaire a été observée pour les polyisoprénes : unités
3,4 << unités 1,4. Dans le cas de I'EPDM, les unités dicyclopentadiene (DCPD) étaient moins
réactives que les unités éthylidéne norbornene (ENB). Il est intéressant de noter que la
réaction d'époxydation a pu, étre transposée a un procédé d'extrusion réactive avec la
production de jusqu'a 1,3 mol% d'époxyde a partir d'un polybutadiéne de faible masse
molaire. L'étape de carbonatation a également été optimisée et la méthyléthylcétone (MEK)
s'est avérée étre un meilleur solvant que le toluene pour la réaction. En ce qui concerne le
systeme catalytique, le bromure de tétraoctylammonium (TOAB) s'est révélé le plus
performant pour la carbonatation des polybutadienes contenant des époxydes
principalement cis, tandis que le chlorure de bis(triphénylphosphine)iminium (PPNCI) s'est
révélé meilleur pour la carbonatation des polybutadiénes contenant des époxydes trans et
pour les polyisoprenes époxydés. Cependant, les EPDM époxydés n'ont montré aucune
réactivité. La réaction d'époxydation n'a pas modifié de maniere significative la T, et la
distribution de masses molaires des polymeres (excepté pour SIS dont les masses molaires
ont été fortement diminuées), alors que la formation de carbonates cycliques sur les chalnes
des polymeéres a fortement augmenté la Ty. Des réactions de réticulation peuvent avoir eu lieu
durant la carbonatation de polybutadienes contenant principalement des époxydes cis (C-
PBU-1 et C-PBU-2), rendant ces polymeres insolubles, tandis que ceux contenant
principalement des époxydes trans (ou faible taux d’époxydes cis) n’ont pas eu de changement
de masses molaires. Concernant la carbonatation de caoutchouc naturel époxydés (E-NR-1),
une dégradation partielle des unités isoprenes par clivage oxydant et des réactions de

réticulations ont pu étre observées comme réactions secondaires.
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II. Abstract

The two-step functionalization of polydienes using 1) H202/carboxylic acid and 2) carbon
dioxide/organic catalyst was achieved on disubstituted- (e.g. polybutadienes) and
trisubstituted-alkene-containing polymers (e.g. polyisoprenes such as natural rubber). The
first step, i.e. the epoxidation step, was optimized and performed with the H>,0,/HCOOH
oxidant system on several polybutadienes, butadiene-containing copolymers, polyisoprenes
and EPDM grades. The reactivity of each polymer was influenced by its microstructure. For
polybutadiene, the repeating unit reactivity increases in the following order: 1,2 units << 1,4
trans units < 1,4 cis units. A similar trend was observed with polyisoprenes: 3,4 units << 1,4
units. With EPDM, the dicyclopentadiene (DCPD) units were less reactive than the ethylidene
norbornene (ENB) units. Interestingly, the epoxidation reaction could, for the first time, be
transposed to a reactive extrusion process with the production of up to 1.3 mol% of epoxide
from a low molar mass polybutadiene was. Then, the carbonatation step was also optimized
and methyl ethyl ketone (MEK) was found to be a better solvent than toluene for the reaction.
Regarding the catalyst system, tetraoctylammonium bromide (TOAB) showed the best
performance for the carbonatation of polybutadienes containing manly cis epoxides, whereas
bis(triphenylphosphine)iminium chloride (PPNCI) was better for the carbonatation of
polybutadiene containing trans epoxides and for epoxidized polyisoprenes. However,
epoxidized EPDM did not show any reactivity. The epoxidation reaction did not significantly
alter the Ty and molar mass distribution of the polymers (except for SIS, whose molar masses
were greatly reduced), while the formation of cyclic carbonates on the polymer chains greatly
increased the Ty Cross-linking reactions may have occurred during carbonation of
polybutadienes containing mainly cis epoxides (C-PBU-1 and C-PBU-2), making these
polymers insoluble, while polybutadienes containing mainly trans epoxides (or with low
content of cis epoxides) showed no change in molar mass (C-PBU-3 and C-SBS). During the
carbonation of epoxidized natural rubber (E-NR-1), partial degradation of isoprene units by

oxidative cleavage and cross-linking reactions were observed as side reactions.
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III. Introduction

The post-functionalization of polymers offers new possibilities in term of material
production, and is an innovative approach to potentially target polymer recycling or even
better upcycling.!! Carbon dioxide represents an interesting carbon feedstock when
considering its high availability, non-toxicity and sustainability (with appropriate capture and
sequestration).3! The synthesis of poly(cyclic carbonates) from the cycloaddition of CO2 on
epoxide is a low-carbon footprint route, for the production of functionalized polymers that
could find applications as intermediates for the synthesis of non-isocyanate polyurethanes

(NIPUs),**! reactive compatibilizers or solid electrolytes for batteries.['1%

Cyclic carbonate synthesis from epoxide has been widely studied on molecular compounds
such as ethylene oxide!3, propylene oxide!***%), styrene oxide,!***¥! or more complexes
molecules such as limonene oxide!’®?% and epoxidized vegetable oils.?*?”! Many catalytic
systems have been used such as ammonium*28-3% phosphonium®-¢ and imidazolium
salts,['*3739  strong hindered bases,*” metallic complexes,**#® and bifunctional
catalysts.[36:394549-531 The synthesis of cyclic carbonate functions on polymers containing
epoxide pendant groups has also been studied but mainly on polar polymers containing high
content of glycidyl methacrylate monomer.>*>% We recently reported for the first time the
carbonatation of semi-crystalline [ethylene - glycidyl methacrylate] copolymers in both batch
and solvent-free reactive extrusion processes, using ammonium salts as catalysts.>” It offers
amethodology for the carbonatation of relatively apolar semi-crystalline polymers containing

epoxide pendant groups with a solvent-free continuous process.

However, this polymer functionalization with CO; only targets terminal epoxides. A chemical
strategy for carbonating any polymers bearing unsaturations would hold much potential for
industrial CO2 incorporation into ubiquitous polymers. As a model and excellent example,
carbonated polymers from the epoxidation of polydienes such as polybutadiene, polyisoprene
or copolymers containing dienes monomers could foster the development and production of
high values materials such as elastomers containing exchangeable knots and thus a dynamic
network, but the carbonatation of internal and tri-substituted epoxides is much more

challenging because of their higher stability.

Before the carbonatation step, the formation of epoxide functions on the polymers backbone

(or side chains) is required. The epoxidation of polymers containing dienes monomers have
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already been reported for several type of polymers: polybutadienes,®®° natural rubbers
(cis-1,4-polyisoprene),®6%8  trans-1,4-polyispoprene,® and ethylene-propylene-diene
monomer terpolymers (EPDM).%7Y Simple oxidant systems such as H202/RCOOH (R = H or
alkyl chain),[863656% meta-percholorobenzoic acid (mCPBA),*® and monoperoxy phtalic
acid®!  were reported, as well as more complex systems such as
H,02/Methyltrioxorhenium,®® dimethyldioxirane prepared in situ,'®*’% and H202/Mn(Cl04):
/sodium picolinate/sodium acetate/2,3-butanedione!’. Regarding the use of peracids,
Abdullin et al'®! studied the effect of the alkyl chains on the peracid reactivity for the
epoxidation of syndiotactic 1,2-polybutadiene composed of 84 mol% of 1,2 units, and
observed the following reactivity order: m-CPBA > performic acid > peracetic acid > lactic
peradic > propionic peracid under the following conditions: 50 mol% of peracid, 50 °C,
toluene. m-CPBA was much more reactive than the other peracids, as all the 1,4 units were
epoxidized, but also a part of the 1,2 units with a final epoxide content of 33.8 mol% after 2.7

hours. With the other peracids, the epoxide content did not exceed 15.7 mol%, as no 1,2 units

were epoxidized. Thus the 1,4 units are much more reactive than the 1,2 units.

Few studies were reported for the carbonatation of epoxidized polydienes.!®’%>73 Especially,
Dechent et al reported the synthesis of carbonated polybutadienes (ie. polybutadienes
containing cyclic carbonate functions) using bis(triphenylphosphoranylidene)ammonium
chloride (PPNCI) and tetrabutyl ammonium bromide (TBAB) organocatalysts in methyl ethyl
ketone (MEK).®

In this work, we present the oxidative carbonatation in two steps of several polydienes
(polybutadienes and polyisoprenes) and polyolefins containing dienes comonomers. For each
step (1) epoxidation & (2) carbonatation, the optimal conditions will be investigated and the

influence of the polymer microstructure will be discussed.
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IV. Results and discussion

IV.1. Epoxidation of polydienes

[V.1.a. Study of the epoxidation on polybutadiene

Polybutadiene PBU-1 with a M, of 5 000 g/mol and containing 49 mol% of trans-1,4 unit,
39 mol% of cis-1,4 unit and 12 mol% of vinyl unit was first chosen to study the epoxidation
step. The epoxidation was carried out first with the oxidant system H,0,/HCOOH at 50 °C in
toluene for 6 h. 10 mol% of oxidant was added (compared to butadiene units) to partially
epoxidize the polymer, hence advantageously preserving its valuable mechanical properties
(Scheme 1). The obtained polymer denoted E-PBU-1 was characterized by 1H, 13C, and DEPT
NMR to identify and quantify each repeating unit.
H,0,/HCOOH (10 mol%) o
SN = > N
49 312 Toluene, 50 °C, 6 h
PBU-1 E-PBU-1
M, =5 000 g/mol

44 34 J12 5 0 5

Scheme 1. Epoxidation of PBU-1 with performic acid formed in situ.

On the 'H NMR spectrum of the polymer after reaction, the signals b’ and d’ corresponding to
the 1,4-trans and 1,4-cis epoxides were clearly identified at 2.68 and 2.93 ppm respectively
(Figure 1). The 1,4-trans and 1,4-cis epoxide units each represents 5 mol% of the total units,
thus the total content of epoxides was 10 mol% (calculation detailed in appendices), which
indicated that the oxidant was quantitatively converted. However, the vinyl units did not react
atall, as the vinyl content did not vary and no pendant epoxide was observed, which highlights
the much lower reactivity of the 1,2 units compared to the 1,4 units (the more substituted the
alkene, the more electron-rich it is, which probably overcomes the steric obstacle in that

instance). This observation is consistent with the literature.(®®
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Figure 1. 'TH NMR (CDCl3, 300 MHz) spectra of (a) E-PBU-1 and (b) PBU-1.

The formation of epoxide s was also confirmed by 13C NMR and DEPT 135, in particular the
cis and trans epoxide signals corresponding to the CH groups could be observed at 56.76 and
58.47 ppm respectively, (Figure 2). It is interesting to notice that the cis:trans epoxide ratio
obtained (50: 50) did not exactly correspond to the initial cis:trans butadiene units ratio
(45:55) estimated by 13C NMR, which demonstrates that cis units are slightly more reactive
than trans units. According to theses observation, the following order of reactivity was

observed: 1,4-cis unit > 1,4-trans unit >> 1,2 unit.
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Figure 2. 13C NMR (CDCls, 75 MHz) spectra of (a) E-PBU-1 and (b) PBU-1, DEPT 135 spectra of
(a’) E-PBU-1 and (b’) PBU-1.

The temperature has a great influence on the epoxidation reaction. Performic acid
decomposes spontaneously to CO2 and H20,7 even at room temperature, and its degradation
is favored with increasing temperature. This is why the in situ formation of the peracid is
preferable, to prevent any degradation before reaction. Secondary reactions could also occur
such as the opening of epoxides by hydrolysis catalyzed by the presence of acid, and the
oxidative cleavage of epoxide functions into aldehydes caused by the presence of H202 and

high temperature.!’!

To study the influence of the temperature, the formation of epoxide was followed by 'H NMR
using mesitylene as internal standard, for different temperatures with the H.02/HCOOH
oxidant system (Figure 3). According to Figure 3, the optimal temperature was 50 °C, where
the epoxide yield was quantitative after 3 hours of reaction. As the temperature increases, a
decrease in epoxide yield was observed. After 3 hours, yields of 64, 61 and 54 % were
obtained at 70, 90 and 110 °C, respectively. Concerning the configuration of the epoxides
formed, both cis and trans epoxides are obtained with a cis:trans ratio of 50: 50, and no

epoxides were formed on the pendant vinyl units for each temperature.

10%

S g% |

£

€ 6% |

g

5 —e—30°C

; 4% _._SODC

2 70°C

UEJ’L 2% —e—90°C
——110°C

0%

0 40 80 120 160
Time (min)

Figure 3. Influence of the temperature on the epoxide content for the epoxidation of PBU-1.
Epoxide content determined by 'H NMR (CDCl3, 300 MHz) using mesitylene as internal standard.

In Figure 4, the TH NMR spectra of the reaction mixture at 50 °C for different reaction times

are presented. The cis and trans epoxide signals increased over time. The signals of mesitylene
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Figure 4. Evolution overtime of the TH NMR (CDCl3, 300 MHz) spectra of the crude reaction
mixture for the epoxidation of PBU-1 with 10 mol% of H202/HCOOH at 50 °C in toluene.

For the epoxidation of polybutadiene, H20,/HCOOH, H202/AcOH and m-CPBA are the most
common oxidant and widely used at industrial scale. These oxidants were tested at 110 °C to
determine the most stable system at the optimal temperature for the carbonatation step
(Figure 5). By replacing formic acid with acetic acid, epoxides formation is slower. In contrast,
using mCPBA as an oxidant allows epoxides to form more quickly during the first 5 minutes.
However, after 5 minutes of reaction, a decrease in the epoxide rate is observed. In 1TH NMR
spectrum of the crude reaction mixture after 180 min, broad signals at 3.3-4.3 ppm
corresponding to the proton in alpha position to the alcohol groups were observed, which
confirmed the partial hydrolysis of the epoxide moieties (see Figure S71 in the appendices).
As H202/HCOOH showed a good compromise between reactivity and selectivity, it was chosen

to study the scope of the reaction.
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Figure 5. Evolution of the epoxide content on PBU-1 at 110 °C with different oxidative systems.

[V.1.b. Scope of the epoxidation on unsaturated polymers

Several polybutadienes, polyisoprenes and copolymers containing diene units (molar
composition and main characteristics are described in Scheme 2) were epoxidized with H202/
HCOOH at 50 °C in toluene. The molar composition of the epoxidized polymers was
determined by 'H NMR (see detailed calculation in appendices). The yield of epoxide was

determined with the following equation:

mol% (epoxide) __ mol% (epoxide)
maximum mol% (epoxide) T mol% (oxidant)

Yield =

(1)

As there was no excess of oxidant, the maximum amount of epoxide that could be obtained
correspond to the amount of H202/HCOOH added at the beginning of the reaction. For all

epoxidation reaction, no by-product formation was observed.

First, polybutadienes and [styrene-block-butadiene-block-styrene] copolymer (SBS) were
epoxidized (Table 1, entries 1-4). The polymer concentration was adapted to the polymer
viscosity. PBU-1 and PBU-3 had a relatively low viscosity, which made possible the reaction
ata high concentration (1 g of polymer per mL of toluene), whereas epoxidation of PBU-2 and
SBS was performed at 0.1 g/mL due to their higher viscosity in toluene. The amount of oxidant
and the reaction time were also adapted for each polymer grade in order to obtain an epoxide

content between approximatively 5 and 15 mol% after reaction. The highest yield of epoxide
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was obtained with PBU-1 and PBU-2 (99 % and 85 % respectively), which mainly contain 1,4
units, whereas lower yield was obtained with PBU-3 and SBS (20 % and 37 % respectively).
The epoxidation of PBU-2 confirmed that no change of the configuration occurred after
epoxidation, as only cis epoxide was obtained from 1,4-cis butadiene units (Table 1, entry 2).
Moreover, as previously observed with PBU-1, the low reactivity of the vinyl groups was
confirmed with the epoxidation of PBU-3. Indeed, a cis:trans:vinyl epoxide ratio of 15:75:10
was obtained, showing that 1,4 units were more converted to epoxide even when their
content was almost 6 times lower than the vinyl content (Table 1, entry 3). SBS with low
content of 1,4 (10 mol%) and 1,2 units (2 mol%) was epoxidized with 1 equiv. of oxidant
relative to 1.4 units. A cis:trans:vinyl ratio of 43:56:0 and a yield of 30 % was obtained after
16 hours (Table 1, entry 4), due to the low concentration of 1,4-butadiene units in the medium

at the beginning of the reaction (0.10 mol/L).

Thereafter, polymers containing isoprene units were epoxidized (Table 1, entries 5 and 6). A
natural rubber containing essentially 1,4-cis units (NR-1) was epoxidized with 10 mol% of
H>02/HCOOH for 16 hours at a concentration of 1 g/mL, and an epoxide content of 9 mol%
was obtained (90 % of yield). Thus, the epoxidation was not entirely complete, showing that
1,4-isoprene units are less reactive than 1,4 butadiene units (steric constraints could play a
stronger role here). A SIS copolymer containing high content of isoprene (84 mol% of 1,4-cis
and 6 mol% of 3,4 units) was epoxidized with 10 mol% of oxidant at a concentration of 0.1
g/mL. Only cis epoxide was obtained with an epoxide content of 5 mol% (50 % of yield). The
3,4 units (vinylidene groups) were completely unreactive, which is in accordance with the
epoxidation of model molecules such as limonene. Indeed, limonene could be epoxidized to
limonene oxide by the selective epoxidation of the trisubstituted double bond and without

epoxidation of the vinylidene group.l’67¢!

Finally, two different [ethylene-propylene-diene monomer] terpolymer (EPDM) (EPDM-
DCPD and EPDM-ENB containing 3 and 1 mol% of diene respectively) were epoxidized with
1 equiv. of oxidant (according to diene unit) for 16 hours at a concentration of 0.1 and 0.063
g/mL respectively (Table 1, entries 7 and 8). A yield of 50 % and 70 % was obtained,
respectively. The trisubstituted double bond of ENB may be more easily converted to epoxide
compared to the double bonds contained in the cyclic structure of DCPD. In a similar case,
during the epoxidation of terpinolene (containing a trisubstituted cyclic double bond and a

tetra-substituted double bond), the tetrasubstituted epoxide was selectively obtained.”*2%
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Polymers
containing
butadiene units

~ —
49 39 12

PBU-1

M, =13 800 g/mol
M, = 21 800 g/mol
T,<-80°C

PBU-2
aM, =135 600 g/mol
aM,, = 484 800 g/mol
7,<-80°C

aM, =4 000 g/mol
aM,, = 5 500 g/mol
T,=-29°C

P
88 102

Poly(styrene-co-butadiene)

(SBS)

B\, = 63 000 g/mol
®M,, = 116 500 g/mol

T,=98°C

Polymers
containing
isoprene units

NR-1

aM, =15 100 g/mol
aM,, = 45 900 g/mol

,=-63°C

10 84 6

Poly(styrene-co-isoprene)
(S1S)

M, =172 500 g/mol
aMm,, =228 100 g/mol
T,=-59°C

Poly(ethylene-co-propylene-
co-diene)s (EPDM)

58 |39 3

EPDM-DCPD
M, = 25 100 g/mol

bM,, = 56 200 g/mol
T,=-44°C

75 | 24 1
N\

EPDM-ENB

bM, = 139 100 g/mol
bV, = 256 100 g/mol
T,=-40°C

Scheme 2. Composition of the polydienes used in this study and their main properties.

Composition calculation from 'H NMR analyses detailed in appendices. “°Determined by SEC in

THF. bDetermined by SEC in 1,2,4-TCB. Ty determined by DSC.
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Table 1. Epoxidation of polydienes.a

Diene content (mol%) Polymer Amount of Epoxide
Reaction Yield Cis:trans:pendant
Entry Polymer [cis:trans:pendant concentration = H202/HCOOH content
time (h) (%) ratio
ratio] (g/mL) (mol%) (mol%)
1 PBU-1 100 [39:49:12] 1 10 6 10 99 50:50:0
2 PBU-2 100 [97:0:3] 0.1 20 6 17 85 100:0:0
100 [15 mol% of 1,4, 85
3 PBU-3 1 20 16 4 20 15:75:10
mol% of 1,2]
12 [10 mol% of 1,4, 2
4 SBS 0.1 10 16 3 30 43:56:0
mol% of 1,2]
5 NR-1 100 [100:0:0] 1 10 16 9 90 100:0:0
6 SIS 90 [92:0:8] 0.1 10 16 5 50 100:0:0
DCPD-
7 3 0.1 3 16 1.5 50 /
EPDM
ENB-
8 1 0.0625 1 16 0.7 70 /
EPDM

aReaction conditions: 5 g of polymer, H.02/HCOOH, 50 °C, toluene.
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IV.1.c. Epoxidation transposed to reactive extrusion

During the last decades, reactive extrusion has demonstrated to be a remarkable process for
the chemical transformation of highly viscous substrates under solvent-free conditions.®82
[t is most of the time implemented using a co-rotating twin-screw extruder and could offers
the possibility to produce high volume of functionalized polymers (from 10 kg/h to several
tonnes/h). Its modularity in terms of temperature, screw speed and throughput makes it easy
to adapt and control the production and chemical modification of high-value materials.
However, the residence times are generally very short, from 1 to 10 minutes, which requires
a thourough optimization of the reaction conditions to observe reactivity within these short

times.

The epoxidation by reactive extrusion was performed with a low molar mass (1200 g/mol)
polybutadiene PBU-4 composed of 81 mol% of 1,2 units and 19 mol% of 1,4 units mainly in
trans configuration using the H202/HCOOH system (Scheme 3 and Table 2, entry 1). The lower
viscosity of PBU-4, compared to the other liquid polymers (PBU-1, PBU-2, PBU-3, NR-1 and
EPDM-DCPD) made possible its introduction into the extruder using a gear pump at a flow
rate of 350 g/h and a screw speed set at 100 rpm. The use of the polymers under pellets form
(SBS, SIS and EPDM-ENB) was also not possible due too their too high extrusion temperature
that are not suitable for the epoxidation reaction. First, the effect of the amount of oxidant was
investigated at 50 °C. 5 mol% and 10 mol% have been tested, and in both cases, a very similar
epoxide content was obtained (0.4 and 0.5 mol%, Table 2, entries 2 and 3). The trans epoxide
was mostly obtained, and only few vinyl units were epoxidized. By increasing the temperature
to 60 °C with 10 mol% of oxidant, the epoxide content increased to 1.3 mol% (Table 2, entry
4). However, a low gas emission was observed, and could be related to the degradation of the
performic acid to carbon dioxide and water. When the temperature was further increased to
70 °C, the gas emission was even stronger, and the epoxide content decreased drastically to
0.1 mol% (Table 2, entry 5). According to these results, the epoxidation in reactive extrusion
has to be performed in a temperature range of 50-60 °C to obtain satisfactory reactivity and
to avoid degradation of the performic acid, as already observed when conducting the reaction
in batch . This low temperature required to achieve efficient epoxidation does not allow us to
consider the epoxidation of polymers having high T, and/or a high molar mass by reactive
extrusion. One possibility would be the use of less active but more stable peracids such as

peracetic acid to perform extrusion at higher temperature.
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Polymer flow: 350 g/h
H,0,/HCOOH flow: 0.75-1.5 mL/min

s .
19 )81 100 rpm, 50-70 °C

PBU-4
M, =1 200 g/mol

Scheme 3. Epoxidation of PBU-4 by reactive extrusion.

Table 2. Screening of conditions for the epoxidation of PBU-4 by reactive extrusion.

Temperature H202/HCOOH Epoxide Cis:trans:vinyl
Entry (°C) (mol%) content (mol%) epoxide ratio
1 50 5 0,4 23:70:7
2 50 10 0,5 22:65:13
3 60 10 1,3 6:91:3
4 70 10 0,1 18:55:27

Reaction conditions: 350 g/h of PBU-4 (81 mol% of 1,2 unit, 19 mol% of 1,4 units, mainly
trans), 100 rpm. Epoxide content determined by 'H NMR of the crude mixture directly after

extrusion. See TH NMR spectra in appendices (Figure S89).

In the next paragraph, the carbonatation reaction will be studied and the optimal conditions
will be applied to the carbonatation of the synthesized epoxidized polymers, as well as

commercial polymers with high epoxide content.
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IV.2. Carbonatation of epoxidized polydienes

[V.2.a. Study of the reaction on epoxidized polybutadiene

First of all, the carbonatation reaction was carried out on epoxidized polybutadiene E-PBU-1
containing 10 mol% of epoxide (50:50 cis:trans ratio) using ammonium halides in an

autoclave (Scheme 4).

0
o cat. (5 mol%) o
A = — =Y = K2
44 3¢ J12 5 0 5 Pcy,=2-6MPa 44 3412 5m0  5n P o\"/o q
E-PBU-1 toluene, 70-130°C 0
6h

Scheme 4. Carbonatation reaction on epoxidized polybutadiene E-PBU-1.

The conversion of epoxide and the yield of carbonate was calculated from the polymers 1H

NMR analyses using the butadiene units as internal standard:

. S .
Conversion = 1 — —>¢poxide ”

Sepoxide,initial

Yleld — Scarbonate (3)

SepoxidetScarbonate

The influence of the nature of the halide was first investigated using TBAC, TBAB and TBAI as
catalysts, under 4.0 MPa of CO, in toluene at 110 °C for 6 hours (Table 3, entries 1-3). The
following order of activity was observed: TBAI < TBAC < TBAB according to the yield of cyclic
carbonate obtained: 9, 19 and 22 % respectively. The bromide is a good compromise between
a good nucleophile and a good leaving group. Moreover, the nature of the halide has an
influence on the cis:trans cyclic carbonate ratio. With TBAC, a 55:45 ratio was obtained. The
trans cyclic carbonate formation was favoured under the reaction conditions, as the
theoretical cis:trans ratio should be 74:26 and if we assume that no change of the
configuration occurred (according to cis and trans epoxide conversion ratio of 74:26
calculated from Table 3, entry 1). With TBAB and TBAI, ratios of 32:68 and 18:81 were
obtained, respectively. The use of a larger anion favoured the formation of trans cyclic
carbonate. These observations are in accordance with the literature data,?*%384 and this
change in the cis:trans ratio could be explained by the mechanism of the cyclic carbonate
formation (Scheme 5). After the ring-opening of the epoxide and the formation of the
carboxylate intermediate, two mechanisms are possible for the ring-closure of the carbonate:

a monomolecular substitution (Sn1), with the formation of a carbocation intermediate that
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leads to a possible change of configuration, or a bimolecular substitution (Sx2) that does not
change the configuration. During the epoxide ring opening by the halide via Sx2 mechanism,
the configuration is changed by the Walden inversion. When the carboxylate attacks to form
the cyclic carbonate via Sx2 mechanism, a second Walden inversion occurs to go back to the
initial configuration. With the Sy1 mechanism, the formation of a carbocation can form both
cis and trans cyclic carbonate. A mix of these two mechanisms could occur during the reaction,
but the Sy1 pathway could be even more favoured by using a large nucleophilic catalyst like I-
or Br-. Concerning the reactivity of the epoxides, the cis epoxide appeared to be much more

reactive than the trans epoxide in every case, which is again consistent with the literature.®!

Since bromide was identified as the most active halide, different ammonium bromides were
tested to understand the influence of alkyl chains on yield and selectivity (Table 3). It was
observed that the presence of hexyl chains instead of butyl chains leads to an increase in yield
to 36 %. The yield slightly increased with tetraoctylammonium bromide (TOAB) to 38 %. The
increase in alkyl chain length allows for a better dissociation of the ammonium/bromide ion
pair, which increases the nucleophilicity of the bromide, and it also increases the solubility of
the ammonium salt in the reaction medium. Regarding the secondary reactions, the Meinwald
rearrangement, where the epoxide is converted to a ketone, was observed, evidenced by the
appearance of a small carbonyl band at 1719 cm! in IR-ATR and a 'H NMR signal in CDCl3 at
2.39 ppm that is characteristic of an a-proton of a ketone, and confirms what has been
previously observed in the literature in the case of the carbonatation of epoxidized vegetable
0ils.1?18] A decrease of the pressure from 4.0 to 2.0 led to a decrease of the yield from 38 to
30 %, whereas an increase of the pressure to 6.0 MPa slightly improved the cyclic carbonate

yield to 43 %.

Finally, Bis(triphenylphosphoranylidene)ammonium chloride (PPNCI) has been reported as
a good catalyst for the carbonatation of hindered epoxides!*>®! and epoxidized polybutadiene
in methyl ethyl ketone (MEK) as solvent.!® The effect of MEK and PPNCl was therefore studied.
When MEK was used instead of toluene with TOAB as catalyst, a significant improvement of
the yield was observed, with an increase of the yield from 38 % to 60 %. However, when PPNCI
was used instead of TOAB in MEK, some insoluble materials were formed after reaction, and
the yield reached only 47 % according to the 'H NMR of the soluble part. A 47: 53 cis:trans

ratio was obtained, which is similar to the ratio obtained with TBAC.
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Table 3. Screening of the catalysts and reactions conditions for the carbonatation reaction.?

i 0,
Conversion (%) Yield Selectivity Cis:trans

Entry catalyst solvent

cis trans total (%) (%) ratio
1 TBAC Toluene 28 10 19 19 99 55.45
2 TBAI  Toluene 16 1 9 9 99 18:81
3 TBAB  Toluene 36 7 22 22 99 32:68
4 THAB  Toluene 57 22 40 36 90 28:72
5 TOAB  Toluene 63 25 44 38 86 24:76
6> TOAB  Toluene 63 15 38 30 79 21:79
7¢ TOAB Toluene 73 26 49 43 88 23:77
8 TOAB MEK 88 40 64 60 94 24:76
9d PPNCI MEK 69 42 56 47 84 47:53

aReaction conditions: 1.0 g of E-PBU-1 (78 mol% of 1,4 units, 12 mol% of 1,2 units, 10 mol%
of epoxide, 50:50 cis:trans ratio, M, = 16 000 g/mol, M\, = 25 800 g/mol), 1.0 mL of toluene,
5 mol% of catalyst, 4.0 MPa of CO2, 110 °C, 6 h, 2.0 MPa of CO, 6.0 MPa of CO>. 4Insoluble

residue.
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change of
configuration

Sn2 pathway R'/5 "R' Sy1 pathway
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Scheme 5. Mechanism for the carbonatation of cis epoxide catalyzed by halides. By starting from

trans epoxide, Sn2 pathway gives trans carbonate.

Figure 6. shows the effect of the temperature on the conversion of cis and trans epoxides, the
overall yield of cyclic carbonate and the cis:trans ratio of the cyclic carbonate product. An
optimum was observed for the yield (38 %) at 110 °C. Concerning the conversions, it is
highlighted that the cis epoxide is much more reactive than the trans epoxide. After 6 hours
at 110 °C with TOAB, the cis epoxide was converted at 63 % whereas the trans epoxide was
converted at 25 %. Interestingly, the increase in temperature favoured the formation of the
trans cyclic carbonate (Figure 6b), suggesting that the Sx1 mechanism, which leads to a
change of configuration, is favoured at higher temperature.? The control of the carbonate
configuration is essential for further functionalization requiring short reaction time. As
reported in Chapter 4, the trans carbonate is less reactive than cis carbonate for the
nucleophilic attack by amines to produce hydroxyurethane moieties, thus a too high

proportion of trans carbonate could be a limitation.
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Figure 6. Effect of the temperature on (a) epoxide conversion and yield and (b) cis: trans cyclic
carbonate ratio. Conditions, unless otherwise mentioned: 1 g of E-PBU-1, TOAB (5 mol%), 4.0
MPa of CO2, 110 °C, 1 mL of toluene, 6 h. The conversion, yield and cis:trans ratio were determined

by 1H NMR.

[V.2.b. Scope of the carbonatation reaction

The carbonatation reaction was performed on epoxidized polymers obtained from the study
of the epoxidation step and on commercial polymers (E-PBU-3 and E-NR-1) with high content
of epoxide (Scheme 6). For each polymer, the catalyst, solvent and concentration were
adapted as a function of the polymer microstructure, solubility and viscosity. Low molar
masses polymers were used in a concentration of 1 g/mL (E-PBU-1, E-PBU-3, E-PBU-4, E-
NR-2, E-EPDM-DCPD), whereas polymers with higher molar masses were used at 0.2 g/mL.

For the carbonation of E-PBU-2 (Table 4, entries 2 and 3), TOAB and PPNCI had a similar
activity in MEK (yield of 45 % and 46 %, respectively) but a partially insoluble product was
obtained with PPNCI, as observed before with the carbonatation of E-PBU-1, which might
suggest some undesired crosslinking.*”#”! A cis:trans ratio of 93:7 was obtained with PPNC],

which confirmed that the chloride anion favoured Sy2 mechanism.

For the carbonation of E-PBU-3 (Table 4, entries 4-6), which contained mainly 1,4 trans
epoxide, PPNCIl was more active than TOAB in MEK with a conversion of epoxide up to 94 %.
The yield of cyclic carbonate was not possible to determine by 'H NMR because of the

overlapping of the 1,4 and 1,2 cyclic carbonate signals. However, no significant ketone
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absorption band was observable by ATR-IR analyses (Figure S94 in appendices), which
indicated that the Meinwald rearrangement might be insignificant. These results showed that
TOAB catalyst is preferable for PBU containing mainly cis epoxide, while PPNCI is more

efficient for trans epoxide.

With E-PBU-4, that contains only 4 mol% of epoxides (mainly trans configuration), only
traces of cyclic carbonates were observed by ATR-IR analysis (Figure S95 in appendices) after

reaction with PPNCI, which confirmed the low reactivity of trans epoxide.

With E-SBS (containing 1.8 mol% of trans and 1.4 mol% of cis epoxide), a good yield of 78 %
was obtained with PPNCI in MEK, and the cis epoxide were more converted than the trans

(conversion of 91% and 70 %; respectively).

For the carbonatation of E-NR-1 (epoxidized NR containing 50 mol% of cis isoprene units and
50 mol% of epoxide), TOAB, TBAC and PPNCI were tested in toluene and MEK. In toluene, only
traces of carbonate were obtained with the three catalysts according to ATR-IR analyses. The
low activity of PPNCl may be due to its poor solubility in toluene. However in MEK, an increase
in the yield was observed with the three catalysts. The order of activity was as follows: PPNCI
>> TBAC > TOAB with yield of 23 %, 6 % and 3 % respectively. These results confirm the
higher catalytic activity of PPNCI compared to other ammonium salts for the carbonatation of
trisubstituted epoxides.*># With E-NR-2 and E-SIS, which contain 10 mol% and 5 mol% of
epoxides respectively, only traces of carbonate were observed by ATR-IR after reaction with

PPNCI (Figure S98 in appendices), probably due to the lower concentration of epoxides.

Finally, no reactivity was observed with E-DCPD-EPDM and E-ENB-EPDM with TBAC in
toluene. The reaction was not performed with PPNCI and in MEK due to insolubility issues. As
seen before, the TBAC/toluene system is less active than the PPNCI/MEK one, which could

explain why no reactivity was observed.
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Scheme 6. Structure of the epoxidized polydienes and their main properties. Composition
calculation from 'H NMR analyses detailed in appendices. Determined by SEC in THF.
bDetermined by SEC in 1,2,4-TCB. Ty determined by DSC.
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Table 4. Carbonatation of epoxidized polydienes.

Epoxide Cis:trans: Epoxide conversion (%) . .
Yield Cis:trans:pendant
Entry Polymer content pendant Catalyst Solvent (%) carbonate ratio
(mol%) epoxide ratio Cis Trans Pendant Total 0
1a E-PBU-1 10 50:50:0 TOAB MEK 88 40 / 64 60 24:76:0
2b TOAB MEK 50 / / 50 45 27:73:0
E-PBU 2 16 100:0:0
3bc PPNCI MEK 52 / / 52 46 93:7:0
4a TOAB  Toluene 58 67 53 66 / /
52 E-PBU 3 36 8:84:8 TOAB MEK 72 74 73 73 / /
62 PPNCI MEK 99 93 99 94 / /
72 E-PBU 4 4 15:75:10 PPNCI MEK 43 24 55 30 / /
8b E-SBS 3 43:56 PPNCI MEK 91 70 / 79 78 38:62:0
9b TOAB  Toluene [/ / / / Traces /
10b TOAB MEK 3 / / / 3 /
11b TBAC  Toluene Traces
E-NR-1 50 100:0:0 / / / / /
12b TBAC MEK 6 / / 6 6 /
13 PPNCI  Toluene / / / / Traces /
14 PPNCI MEK 23 / / 23 23 /
152 E-NR-2 9 100:0:0 PPNCI MEK / / / Traces /
16b E-SIS 5 100:0:0 PPNCI MEK / / Traces /
17 E-EPDM- L5 y TOAB  Toluene [/ / / / 0 /
18 DCPD ' TBAC  Toluene / / / / 0 /
190 BN 0.7 / TBAC Toluene /  / / / 0 /

aPolymer concentration of 1 g/mL, PPolymer concentration of 0.2 g/mL, <Insoluble materials obtained.
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IV.2.c. Evolution of the molar masses and thermal properties

The molar masses of the epoxidized and carbonated polymers obtained under the optimal
conditions (see Scheme 7 for the carbonated polymers composition and their main
properties) was determined by SEC in THF (calibrated with polystyrene standards) and SEC
in 1,2,4-trichlorobenzene (1,2,4-TCB) (calibrated with polyethylene standards) in order to
investigate the evolution of the molar mass distributions after each step (epoxidation and

carbonatation).

After epoxidation, the molar mass distribution of the polymers containing butadiene units
(Figure 7 (a), (b), (c), (d)) and the EPDM terpolymers (Figure 8 (b), (c)) exhibits low
modification. The M, and dispersity of of PBU-1, PBU-3, PBU-4 and SBS were not modified
(Table 5, entries 1, 2, 7, 8, 11-14), and the M, of PBU-2 only slightly decreased (from 135 600
to 127 200 g/mol) (Table 5, entries 4, 5). For EPDM-DCPD and EPDM-ENB, their M,
decreased of 8 and 12 % respectively (Table 5, entries 22-25). However, for the polymers
containing isoprene units, more significant change of the molar mass distribution was
observed (Figure 7 (f), (h)). Especially for SIS, a high decrease of the M, was observed (from
172 500 to 67 200 g/mol) (Table 5, entries 20-21). A part of the epoxidized isoprene units
could degraded during epoxidation via chains cleavage and aldehyde formation as chain-end
groups,[88] which is also in accordance with the ATR-IR spectra of E-SIS showing a small bands
at 1718 cm! (C=0 stretching) (see Figure S67 in appendices).The change of the polymer
polarity may also modify the hydrodynamic volume of the macromolecules in THF, and the
interactions between the macromolecules and the stationary phase during SEC measurement,
and thus modify the retention time. This possibility has to be kept in mind for the SEC analyses

interpretation.

After carbonatation of epoxidized polybutadienes E-PBU-1 and E-PBU-2, carbonated
polybutadienes C-PBU-1 and C-PBU-2 were obtained but could not be analyzed by SEC due
to insolubility issues in THF and 1,2,4-TCB. Their solubility evolved after their synthesis, as
they were viscous liquid fully soluble in toluene at room temperature directly after their
synthesis, they became insoluble and swelled in toluene at room temperature few months
later. This may indicate that cross-linking occurred during the storage by the formation of

ether and/or linear carbonates linkages catalyzed by the residual catalyst.
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Carbonated C-PBU-3, C-SBS and C-NR-1 were fully soluble in their corresponding SEC
solvents. According to the molar masses distributions of E-NR-1 and C-NR-1 (Figure 7 (g)), a
multimodal distribution was obtained after carbonation. Three populations could be
distinguished for C-NR-1: two at lower molar masses compared to E-NR-1, and one at higher
molar masses. The M, decreased from 141 000 to 23 500 g/mol (Table 5, entries 18-19). Two
phenomena explain this change of the molar masses distribution. A part of the epoxidized
isoprene units could degraded via chains cleavage and aldehyde formation as chain-end
groups,[88] and some cross-linking may also occurred, as explained before. After the
carbonatation of E-PBU-3 (containing mainly trans epoxide), there was no significant change
on the molar mass distribution (Figure 7 (e) and Table 5, entries 9-10), and C-PBU-3 was
fully soluble in THF, thus no cross-linking was observed. Polymers containing mainly trans
epoxide may be less subject to cross linking due to the lower reactivity of the trans epoxide,

compared to the cis epoxide.

Finally, for the carbonatation of E-SBS, no significant change on the molar masses distribution

was observed (Figure 8 (a) and Table 5, entries 14-15).
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Scheme 7. Carbonated polymers synthetized and their main properties. Composition calculation

from 1H NMR analyses detailed in appendices. *Determined by SEC in THF. ®"Determined by SEC
in 1,2,4-TCB. Ty determined by DSC.
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Figure 7. Molar mass distributions of polydienes measured by SEC in THF.
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Figure 8. Molar masses distributions of SBS, EPDM-ENB and EPDM-DCPD and the epoxidized
and carbonated derivatives measured by SEC in 1,2,4-TCB.
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Table 5. Main properties of the polydienes.

Epoxide cal(':t}),(c)lligte T4 Tw?
Entry Polymer E:::)tl(zz; content M, (P) (g/mol) (O?:) C)
(mol%)

1 PBU-1 0 0 13800 (1.6)> <-80 /
2 E-PBU-1 10 0 16 000 (1.6)>  <-80 /
3 C-PBU-1 4 6 insoluble <-80 /
4 PBU-2 0 0 135600 (3.6)P <-80 -3
5 E-PBU-2 16 0 127200 (4.0)> <-80 /
6 C-PBU-2 9 7 insoluble <-80 /
7 PBU-3 0 4000 (1.4)> -29 /
8 E-PBU-4 4 0 4000 (1.4)> -27 /
9 E-PBU-3 36 0 2800 (1.6)° -17 /
10 C-PBU-3 3 33 3100 (1.5)> 33 /
11 PBU-4 0 0 2700 (1.4)> -44 /
12 E-PBU-5 1.3 0 2700 (1.4)> -44 /
13 SBS 0 0 63 000 (1.8)c 98 /
14 E-SBS 3 0 64 700 (1.7)c 93 /
15 C-SBS 1 2 59500 (1.8)¢ 92 /
16 NR-1 0 0 15100 (3.0)b -63 /
17 E-NR-2 9 0 15400 (3.6)° -56 /
18 E-NR-1 50 0 141 000 (4.7)> -20 /
19 C-NR-1 36 14 23500 (17.5)b -3 /
20 SIS 0 0 172500 (1.3)> -59 /
21 E-SIS 5 0 67 200 (2.4)b -57 /
22 EPDM-DCPD 0 0 25100 (2.2)c -44 /
23 E -EPDM-DCPD 1.5 0 23200 (1.8)c -45 /
24 EPDM- ENB 0 0 139100 (1.8)¢ -40 37
25 E-EPDM-ENB 0.7 0 122 400 (1.8)c -45 36

aMeasured by DSC. PDetermined by SEC in THF. cDetermined by SEC in 1,2,4-TCB.
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The thermal properties of the native, epoxidized and carbonated polydienes were measured
by DSC to observe the influence of the epoxide and cyclic carbonate functions on Ty and, for
semi-crystalline polymers, on Tn. In the case of PBU-1 and PBU-2, the T, was lower than
- 80 °C and could not be measured by DSC, as well as the polymers obtained after epoxidation

and carbonatation (Table 5, entries 1-6).

In general, after epoxidation within a range of 1-16 mol% of epoxide content, no significant
change in the T, was observed (Table 5, entries 7, 8, 11-14, 16, 17, 20- 25). In the case of
epoxidation of semi-crystalline polymers, the epoxides could influence the crystallinity of the
polymer depending on their concentration. For PBU-2, which has a T of -3 °C, no crystallinity
was observed after epoxidation with an epoxide content of 17 % (Table 5, entries 5 and 6).
For ENB-EPDM, the formation of 1.5 % of epoxide did not change the T of the polymer
(Table 5, entries 24 and 25).

The cyclic carbonate content exhibits a strong impact on the Ty. When E-NR-1 was carbonated
with a final carbonate content of 14 %, the T, increased from -20 to -3 °C (Table 5, entries 18,
19). After carbonatation of E-PBU-3 with a carbonate content of 34 %, the increase of the Ty

was even higher and changed from -17 to 33 °C (Table 5, entries 9 and 10).
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V. Conclusions

The functionalization of various polybutadienes was achieved via epoxidation and
subsequent carbonatation reactions. The optimal epoxidation conditions were H,02/HCOOH,
50 °C in toluene. Under these conditions, various polybutadienes, polyisoprenes and
copolymers containing dienes monomers were successfully partially epoxidized, within a

range of epoxide content of 4-17 mol%.

For the polybutadienes, the reactivity of the monomers units followed this trend: 1,4-cis unit
> 1,4-trans unit >> 1,2 unit. For the polyisoprenes, a similar trend was observed: 1,4 unit
>> 3,4 unit. Two different EPDM were also epoxidized and the reactivity of the ENB diene-
derived unit was higher than the DCPD diene-derived unit. Moreover, the epoxidation of a
PBU containing 81 mol% of 1,2 units with a low molar mass was performed in a tailored
reactive extrusion process under solvent-free conditions. Under the optimal conditions
(10 mol% of H202/HCOOH, 60 °C), an epoxide content of 1,3 mol% mostly composed of trans

epoxide was obtained.

Furthermore, the carbonatation reaction was optimized. TOAB and PPNCI showed the best
activity, depending on the polymer microstructure. TOAB was more convenient for
polybutadienes containing predominantly cis epoxide, whereas PPNCIl was more active for
polybutadienes containing predominantly trans epoxide and epoxidized polyisoprenes.
TBAC, which is more active than TOAB for the carbonatation of trisubstituted epoxide, was
tested as catalyst for the carbonatation of epoxidized EPDM, but no reactivity was observed.
Further conditions optimization have to be investigated, as for example the used of Brgnsted

acids as co-catalysts (polyphenols or fluorinated compounds).

After the epoxidation step, the molar masses distribution of the polymers did not significantly
changed, excepted for SIS, where a decrease of the molar masses was observed by SEC, which
could be due to oxidative cleavage of the isoprene units during epoxidation. After
carbonatation, the solubility of C-PBU-1 and C-PBU-2 evolved and became insoluble. The
carbonatation of E-NR-1 leaded to a polymer with a significant lower M, (related to the lower
stability of isoprene), but a small proportion of macromolecules also exhibited higher molar
masses. During carbonatation, formation of cross-linking via the formation of ether or linear
carbonate linkages could decrease the polymers solubility and partially increased the

macromolecules molar masses, in the case of polymers containing mainly cis epoxide.
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Conversely, for polymers containing low content of cis epoxide (E-PBU-3, E-SBS), no cross-

linking were observed and the molar masses were unchanged after carbonatation.

For the thermal properties, after epoxidation reaction, no significant change in the Ty was
observed, but in the case of the epoxidation of the semi crystalline PBU-2, an amorphous
polymer was obtained. After carbonatation reaction, a high increase of the T, was observed
with high carbonate content. The polymers obtained could be used as intermediates for the
synthesis of crosslinked materials featuring a dynamic network using diamines, or as
compatibilizers for reactive blends of polyolefins with polar polymers such as polyamides or

polycarbonates.
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Chapter 4:
Synthesis of polyhydroxyurethanes

from carbonated polymers

In Chapter 4, the generation of hydroxyurethane functions on carbonated polymers using
amines will be investigated. Here, controlling the regioselective and stereoselective
aminolysis of cyclic carbonates relative to residual epoxides will be essential to develop
further orthogonal functionalizations exploiting both epoxide and cyclic carbonate moieties
on polymers in order to produce hybrid-cross-linked polymers with different crosslinking

knots.
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Chapter 4: Synthesis of polyhydroxyurethanes from carbonated polymers

I. Résumé

Au cours des derniéeres décennies, la synthése de polyhydroxyuréthanes (PHU) a partir de
poly(carbonates cycliques) et de polyamines a été largement étudiée. Ces matériaux sont des
alternatives potentielles aux polyuréthanes (PU), évitant l'utilisation de phosgene et
d'isocyanates hautement toxiques, tout en conservant des propriétés adaptées aux
applications industrielles. Cependant, les interactions chimiques et physiques qui se
produisent lors de la synthese des PHU ne sont pas encore totalement comprises et

constituent la principale limite a leur utilisation industrielle.

Dans ce travail, des polyhydroxyuréthanes a base de polyoléfines (PHUs basés sur un
squelette PE semi-cristallin) ont été synthétisés avec succes a partir de polymeres époxydés
partiellement carbonatés et d'amines. L'aminolyse du terpolymere [éthyléne -méthacrylate
de glycidyle-acrylate de méthyle] partiellement carbonaté avec 1'hexylamine et le 1,5,7-
triazabicyclo[4.4.0]dec-5-ene (TBD) comme catalyseur a d'abord été réalisée pour étudier la
différence de réactivité entre les carbonates cycliques et les époxydes présents dans le
polymere. Le carbonate cyclique terminal a été complétement converti en hydroxyuréthanes,

alors que les époxydes n'ont réagi que partiellement a 90 °C, d'apres les analyses 'H NMR.

La réactivité des carbonates cycliques internes et des époxydes a également été comparée
lors de I'aminolyse d’un polybutadiene partiellement carbonaté et époxydé avec I'hexylamine
et le TBD comme catalyseur. Une étude cinétique de la réaction a montré I'ordre de réactivité
suivant : carbonate cyclique cis > carbonate cyclique trans >> époxyde, car aucune
conversion d'époxyde n'a été observée apres 17,5 heures de réaction a 90 °C dans le

TCE/Ce¢Ds, d'apres les analyses RMN 1H.

Enfin, un polybutadiene époxydé partiellement carbonaté a été réticulé avec de
I'hexaméthyléne diamine sans catalyseur. Les groupements carbonates cycliques ont été
entierement convertis en hydroxyuréthanes et un matériau ductile insoluble a été obtenu.
Dans des conditions similaires, un polybutadiene époxydé a montré une réactivité nettement
moindre, seules des traces du produit de la réaction d'ouverture de cycle ont été observées

apres la réaction.
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II. Abstract

In the last decades, the synthesis of polyhydroxyurethanes (PHUs) from poly(cyclic
carbonate)s and polyamines have been widely studied. These materials are potential
alternatives to polyurethanes (PUs), avoiding the use of the highly toxic phosgene and
isocyanates, while keeping suitable properties for industrial applications. However, the
chemical and physical interactions that occur during the synthesis of PHUs are not fully

understood yet and are the main limitation for their industrial use.

In this work, polyolefins-based polyhydroxyurethanes (PHUs based on a semi-crystalline PO
backbone) were successfully synthetized from partially carbonated epoxidized polymers and
amines. The aminolysis of partially carbonated [ethylene rich-glycidyl methacrylate-methyl
acrylate] terpolymer with hexylamine and 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD) as
catalyst was first carried out to study the difference of reactivity between the cyclic
carbonates and epoxide moieties present in the polymer. The terminal cyclic carbonate was
completely converted to hydroxyurethanes, whereas the epoxides only partially reacted at

90 °C, according to 'H NMR analyses.

The reactivity of internal cyclic carbonates and epoxides was also compared during the
aminolysis of partially carbonated epoxidized polybutadiene with hexylamine and TBD. A
kinetic study of the reaction showed the following order of reactivity: cis cyclic carbonate >
trans cyclic carbonate >> epoxide, as no conversion of epoxide was observed after 17.5 hours

of reaction at 90 °C in TCE/C¢Ds¢, based on 1H NMR analyses.

Finally, a partially carbonated epoxidized polybutadiene was cross-linked with
hexamethylene diamine without catalyst. The cyclic carbonate moieties were fully converted
to hydroxyurethanes and an insoluble ductile material was obtained. Under similar
conditions, an epoxidized polybutadiene showed significantly less reactivity, only traces of

the ring-opening reaction product was observed after reaction.
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III. Introduction

Polyurethanes (PUs) are an important class of polymers used in a multitude of applications
such as building and construction, transportation, furniture and textiles under different forms
(foams, composites, coatings). [*?! PUs are generally obtained via the polyaddition of polyol
prepolymers on diisocyanates.) However, the use of isocyanates, obtained from phosgene

and amines, is a major drawback due to the high toxicity of isocyanates and phosgene.!?!

During the last decades, non-isocyanate polyurethanes (NIPUs) have emerged and now spark
a growing interest as an alternative method to produce PUs.?™ Especially
polyhydroxyurethanes (PHUs), obtained from cyclic carbonates and diamines, are widely
studied, in order to use non-toxic and potentially bio-based and CO;-based polymer
precursors (comonomers and prepolymers) such as carbonated fatty esters or terpene
derivatives.’! The presence of hydroxyl groups favors the intra- and intermolecular
interactions via hydrogen bonding, which procures interesting properties to the materials,
such as a better chemical resistance, especially to hydrolysis compared to PUs with similar
structures. PHUs have also excellent adhesion properties due to the hydroxyl groups, which

make them suitable for coating applications.[6-8]

Moreover, the synthesis of cross-linked materials with dynamic hydroxyurethane networks
to produce vitrimer materials from carbonated vegetable oils has been the subject of several
studies.[>-13] Reversible transcarbamoylation (or urethane/hydroxyl exchange) and
transesterification reactions participate to the break and the formation of new covalent bonds
within the network structure above a specific temperature. Whereas conventional cross-
linked materials are not recyclable, these cross-linked PHUs could be recycled and

reprocessed without significant loss of their mechanical properties.

However, the synthesis of PHUs has still some limitations. Low molar masses (less than
30000 g/mol) are generally obtained.l'¥l Whereas PUs can be produced at ambient
temperature, the synthesis of PHUs requires higher temperatures (from room temperature to
more than 100 °C, depending on the carbonate and amine reactivity) which favors secondary
reactions such as urea and cyclic carbamate formation. Herein, hydroxyurethane compounds
were synthetized from model compounds in order to fully understand the effect of the cyclic
carbonate structure and reaction parameters to achieve ring opening under mild
conditions.[15-18] The substituents of the cyclic carbonate strongly affect its reactivity and the

selectivity toward the formation of primary and secondary alcohols (Scheme 1).
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Scheme 1. Synthesis of hydroxyurethanes with monoamines, and polyhydroxyurethanes with

diamines, and formation of the primary and secondary alcohols.

Tomita et al.[5] observed that the presence of strong electron-withdrawing groups (CF3, ester
groups) increases significantly the reactivity of the cyclic carbonate, whereas lower reactivity
was observed with electron-donor groups (hydrogen, alkyl groups). Moreover, the secondary
alcohol product was selectively obtained with the strong electron-withdrawing group CF3,
due to the stabilization of the secondary alkoxide intermediate formed after the nucleophilic
attack of the hexylamine, via the acceptor inductive effect of the CF3 group. Conversely, the
primary/secondary alcohol ratio increased with the increase of the electron-donor ability of
the substituents. Blain et al.!*®! also evaluated the influence of several parameters such as the
nature of the amine, the use of catalysts and the temperature on the synthesis efficiency.
Weakly hindered and nucleophilic alkylamines such as butylamine and
cyclohexylmethylamine showed the best reactivity with propylene carbonate at 25 °C without
any catalyst, with an almost complete conversion after 10 h. Under the same conditions,
aniline was not reactive and cyclohexylamine had a moderate reactivity; The latter was thus
chosen to evaluate different Lewis acid and organocatalysts, such as thiourea derivatives, that
could activate the carbonyl group of the carbonate, and organic superbases such as 1,5,7-
triazabicyclo[4.4.0]dec-5-ene (TBD) and 1,8-Diazabicyclo[5.4.0Jundec-7-ene (DBU) that
could facilitate the residual proton transfer after the ring-opening addition of the amine. TBD
and a thiourea derivatives were the most active commercial organocatalysts, but the thiourea
showed a better selectivity at 100 °C and a better activity at low catalyst loading (under
1 mol%) and for hour-long reactions (10 h). Sopena et al.['7] showed that the use of TBD as

182



Chapter 4: Synthesis of polyhydroxyurethanes from carbonated polymers

catalyst led to selective formation of the secondary alcohol with three different amines
(morpholine, piperidine and pyrrolidine) and various cyclic carbonates (gem-disubstituted,
trisubstituted and tetrasubstituted cyclic carbonates) via the formation of a “ternary

complex” between TBD, the amine and the cyclic carbonate.

Moreover, when epoxide functions are also present in the system (in the case of partially
carbonated epoxidized oils or polymers), the ring-opening reaction of the oxiranes with
amine could be in competition with the PHUs formation. However, some studies showed that
cyclic carbonates could be completely converted to hydroxyurethane functions whereas the
epoxides were not or poorly converted below 100 °C. For example, Dechent et al.**! showed
that during aminolysis of polybutadienes containing cyclic carbonate and epoxide functions
with a diamine at 90 °C, only the carbonates were converted to hydroxyurethane after 16 h,
with no reaction of the epoxides. Helbling et al.[2%] also showed the higher reactivity of cyclic
carbonate compared to epoxide for the aminolysis of partially carbonated epoxidized soybean
oils with diamines (Scheme 2), the epoxide conversion did not reached 20 % for reaction
temperature below 80 °C after 4 hours, whereas the cyclic carbonate was converted to more
than 70 %. The epoxide aminolysis was favored by the increase of the curing temperature to
120 °C and by the presence of cyclic carbonate. The presence of cyclic carbonate was essential
for the cross-linking reaction of the carbonated oil. Without cyclic carbonates, there is a
competition between the ring-opening of the epoxide, and the amidation of the ester groups
at 120 °C, which degrades the triglyceride skeleton and thus inhibits cross-linking. In
presence of cyclic carbonate, the amidation reaction rate was significantly decreased, which
prevents the degradation of the triglyceride skeleton and produced hybrid

poly(hydroxyurethane) thermoset materials.

In our previous studies, we described the carbonatation reactions of various epoxidized
polymers with CO2 using organocatalysts. [Ethylene - glycidylmethacrylate] based
copolymersl?1l and epoxidized polydienes were partially carbonated, and the epoxide

reactivity towards carbonatation followed the order: terminal > cis > trans.

In this work, the aminolysis of these partially carbonated epoxidized polymers is described,
in order to understand the effect of the cyclic carbonate structure (terminal, cis or trans) on
its reactivity with amines, and the reactivity of cyclic carbonate and epoxide moieties is

compared.
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Scheme 2. Possible reactions during aminolysis of partially carbonated epoxidized soybean oil.
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IV. Results and discussion

IV.1. Synthesis of hydrohyurethane functions on carbonated [ethylene -

glycidyl methacrylate-methyl acrylate] polymer

First, the synthesis of hydroxyurethane pendant groups on the fully carbonated [ethylene -
glycidyl methacrylate - methylacrylate] ter-polymer (E-GMA-MA) was carried out using an
excess of hexylamine (5 equiv. relative to cyclic carbonate units) and TBD as catalyst (5 mol%
relative to cyclic carbonate units), in toluene at 110 °C (Scheme 3) (Marie-Emilie Annez de
Taboada participated to this work during her one-month internship in CP2M lab). After 2
hours, the cyclic carbonates moieties were fully converted and both primary and secondary

alcohols functions were obtained.

primary alcohol (13%)

HO )
OJJ\N/\/\/\
0s_0O H

88 mol%
HN A~~~
W 5 equiv.
—_———

¢o Q0 TBD (5 mol%), 9o o0

o (0] Toluene, 110°C, 2 h OH
10 mol% o>=0 secondary alcohol (87%)

(6]

2 mol% )\

0~ 'NH

Scheme 3. Synthesis of hydrohyurethane functions on carbonated E-GMA-MA.

The IR-ATR analyses showed the complete disappearance of the cyclic carbonate vibration
(1821 cm1, C=0 stretching) after 2 hours of reaction, and the appearance of the characteristic
hydroxyurethane band (1528 cm1, N-H bending) (Figure 1). The appearance of a large band
at3100-3700 cm™! (O-H and N-H stretching) also indicated the formation of alcohol and amide
groups on the polymer. The C=0 band of the hydroxyurethane overlapped with the C=0 band
of the ester group (1735 cm1, C=0 stretching). These observations are in accordance with the

literature.[22]
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Figure 1. ATR-IR spectra of carbonated E-GMA-MA (red) and E-GMA-MA containing
hydroxyurethane functions (black).

The formation of hydroxyurethane functions was also confirmed by 'H NMR, with the
disappearance of the cyclic carbonate signals g, f and h, and the presence of new signals
corresponding to the hydroxyurethane groups at 3.5-5.0 ppm (Figure 2). The formation of the
secondary alcohol hydroxyurethane product was confirmed with the new signals f’, g’, h’ and
i’, observed in the spectral region 2.7-5.5 ppm. Primary alcohol was also formed but to a lesser
extent as evidenced by the new signals f”, g”, h” and i”, in accordance with the literature.[1¢]
The presence of the ester acceptor group favoured the formation of the secondary alcohol,
where the alkoxide intermediate is more stabilized. Thus, a primary: secondary alcohols ratio

of 13:87 was obtained according to the 'H NMR analysis.
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Figure 2. TH NMR (TCE/CsDs, 400 MHz) spectra of carbonated E-GMA-MA (red) and E-GMA-MA

containing hydroxyurethane functions (black).
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IV.2. Syvnthesis of hydroxvurethane functions on partially carbonated

[ethylene - glycidyl methacrylate-methyl acrylate] polymer

Moreover, the orthogonality of the cyclic carbonate and epoxide reactivity was investigated
by following the reaction between partially carbonated E-GMA-MA (ratio carbonate: epoxide
of 73: 27) and hexylamine (5 equiv. relative to carbonate units) with TBD (5 mol% relative to

carbonate units) in toluene at 90 °C (Scheme 4).

HO 0

88 mol%

H N\/\/\/
(0]

TBD (5 mol%),

' OH
10 mol% \[ >=0K[>O Toluene, 90°C, 3 h \[ KI:
0

1.5 mol% 0.5 mol% \

Scheme 4. Aminolysis of partially carbonated E-GMA-MA.

According to IR-ATR analyses, the cyclic carbonate band at 1821 cm! (C=0 stretching)
completely disappeared after reaction, and a new band at 1529 cm (N-H bending)
corresponding to urethane was observed by IR-ATR (Figure 3). Moreover, after 3 hours of
reaction, remaining epoxide functions were observed by 'H NMR (Figure 4). The conversions
of the carbonate and the epoxide functions were determined with the integration of the
characteristic 'TH NMR signals of the carbonate at 4.28 ppm (named C on Figure 4) and of the
epoxide at 2.90 ppm (named E on Figure 4) using the signal at 1.96 ppm as internal standard
(corresponding to the protons on the polymer backbone, named IS on Figure 4). After 3 hours,
the cyclic carbonate was completely converted whereas the epoxide was converted at 47 %.
The formation of the hydroxyurethane was confirmed with the appearance of the
characteristic signals at 4.03 and 3.00 ppm (named HU on Figure 4). The signals of the
hydroxyamine formed via the addition of the amine on the epoxide was not observed because
they appeared at 4.0 and 2.3 ppm as large signals according to the literature,[23] and thus
overlapped with other signals. These results showed the higher reactivity of cyclic carbonate

moieties compared to the epoxide moieties with alkyl amines.
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Figure 3. ATR-IR spectra of the polymer obtained after reaction at 90 °C between partially

carbonated E-GMA-MA and hexylamine.
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Figure 4. 'H NMR spectra of the polymer obtained after reaction between partially carbonated
E-GMA-MA and hexylamine.

After 4 hours, it was not possible to continue the reaction due to a too high viscosity of the
reaction medium. After the ring - opening of the epoxide with hexylamine, the secondary
amine could react with another epoxide, or cyclic carbonate, and initiate the cross-linking of
the polymer. The hydroxyl group formed after the aminolysis of the cyclic carbonate and
epoxide may as well undergo nucleophilic attacks on cyclic carbonate, catalyzed by TBD, and

formed linear carbonates linkages (Scheme 5).
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Scheme 5. Cross-linking reaction from secondary amines and GMA units. OH groups formed after

aminolysis of cyclic carbonate and epoxide may also attack residual carbonates and epoxides.
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IV.3. Syvnthesis of hydroxvurethane functions on partially carbonated

polydiene with a monoamine

The aminolysis of internal cyclic carbonate contained in carbonated polybutadienes was also
investigated. The reaction of hexylamine (5 equiv.) with a polybutadiene containing both
epoxide (7 mol%) and cyclic carbonate (3 mol%) functions (prepared from E-PBU-1) was
monitored by TH NMR using mesitylene as internal standard. The reaction was conducted in
a 5 mm NMR tube, using TBD (30 mol%) as catalyst and TCE/CeDs (2/1) as solvent, at 90 °C
(Scheme 6). A high mol% of TBD was used because of the high dilution of the system (polymer
concentration of 118 mg/mL, and cyclic carbonate concentration of 0.06 mol/L) and in order

to observe reactivity during the kinetic monitoring.
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0 ¢
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Scheme 6. Synthesis of hydroxyurethane functions on partially carbonated polybutadiene with

hexylamine.

According to the 'H NMR analyses (Figure 5), the consumption of the trans and cis cyclic
carbonate was clearly demonstrated by the decrease of the g and h intensities at 3.93 and 4.24
ppm, respectively, whereas no change was observed for the epoxide signals e and f at 2.45
and 2.69 ppm. Moreover, the TBD signal 1 shifted over time, from 2.89 (after 2.5 hours of
reaction) to 2.95 ppm (after 18 hours of reaction). It is well know that TBD forms a ternary

complex with cyclic carbonates and amines,'”! thus a similar complex could be obtained by
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hydrogen bonding between TBD and the hydroxyurethane function, which could explain this
chemical shift (Scheme 7).
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Figure 5. 1H NMR (300 MHz, CDCl3) spectra of the reaction mixture over time for the synthesis of
hydroxyurethane function on carbonated polybutadiene with hexylamine (HA). The first
spectrum (red) and the last spectrum (pink) were recorded 2.5 and 17.5 hours respectively after
the addition of the hexylamine.
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Scheme 7. Mechanism of aminolysis with TBD as catalyst.

The epoxide and cyclic carbonate conversion was determined over time by TH NMR to assess
the kinetics of the cyclic carbonate aminolysis reaction. The cis cyclic carbonate showed a
higher reactivity than the trans derivative. After 18 hours of reaction, the cis and trans cyclic

carbonates were converted at 96 % and 69 % respectively. A pseudo first order kinetic model
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was applied on the conversion of cis and trans carbonates, and the observed kinetic constants
ko»s were determined with the plot of the following equation:

In (M) = —Kops-t )

Ccarbonate,o

the ko»s was equal to 0.21 and 0.08 h! for the cis and trans cyclic carbonates, respectively,

which confirmed the higher reactivity of the cis carbonate (Figure 6).

No significant reactivity of cis epoxide was observed, as the conversion was between 0 and
6 % during all the reaction, although a high amount of catalyst was used. The conversion of
the trans epoxide could not be estimated due to the overlap of its signal with the signal from
the proton in alpha position to the NH2 group of hexylamine. However, the trans epoxide is
much less reactive than the cis epoxide, thus it was possible to conclude that trans epoxide
did not react with hexylamine. These results demonstrate the orthogonal reactivity of the
epoxide and cyclic carbonate moieties, i.e. the cyclic carbonate moieties could be selectively
converted to hydroxyurethane function, with no reactivity of the epoxide moieties, in the case
of the functionalization of partially carbonated epoxidized polybutadienes. This could be
particularly useful to the development of new vitrimers featuring covalent-adaptive networks

(CANSs), or even enhanced adhesives or sealants.
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Figure 6. Kinetic study for the synthesis of hydroxyurethane functions on partially carbonated
polybutadiene with hexylamine at 90 °C (initial cyclic carbonate and epoxide concentration:
0.06 mol/L and 0.2 mol/L, respectively): (a) conversion of the cis and trans carbonates and cis
epoxide over time, (b) plot of equation (1). IR-ATR spectra before and after reaction in

appendices (Figure $108).
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V.4, Syvnthesis of cross-linked PHUs from carbonated polyvdienes with

hexamethylene diamine

In the previous paragraphs, the synthesis of hydroxyurethane functions on carbonated
polymers with a monoamine was achieved in order to characterize the structure of the
modified polymers and compare the reactivity of the cyclic carbonate and epoxide moieties.
However, the main application of cyclic carbonates is the synthesis of crosslinked materials
via the formation of PHU networks with a diamine. Thus, it was necessary to compare the
reactivity of cyclic carbonate and epoxide functions to a diamine nucleophilic attack because

of their higher reactivity compared to monoamines.

The synthesis of cross-linked polybutadiene via hydroxyurethane-based network formation
was first attempted with a carbonated polybutadiene containing 64 mol% of vinyl unit,
24 mol% of cyclic carbonate and 12 mol% of epoxide and hexamethylene diamine (HMDA).
The polymer and the amine was mixed in chloroform at room temperature, and a film was
formed via evaporation of the solvent at room temperature. Then, the mixture was cured at

90 °C for 16 hours and a ductile material was obtained.
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Scheme 8. Crosslinking of carbonated polybutadiene via hydroxyurethane network formation

with HDA.
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IR-ATR and solid state NMR (liquid state NMR impossible due to insolubility of the material)
analyses showed that the cyclic carbonate functions were ~ completely converted to

hydroxyurethane functions (Figure 7 and 8). The characteristic band of cyclic carbonate at
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1793 cm ! almost disappeared after reaction and new bands at 3313 (N-H, O-H stretching),
1692 (C=0 stretching) and 1534 cm (N-H bending), corresponding to hydroxyurethane,
appeared. However, the epoxide characteristic band overlaps with the vinyl units bands (906

cm-!, C-H wagging), thus it was not possible to conclude on the epoxide reactivity.

carbonated polybutadiene
cross-linked polybutadiene

1793

! I I ! | ! I ! | ! I ! I
4000 3500 3000 2500 2000 1500 1000 500
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Figure 7. ATR-IR spectra of the carbonated polybutadiene (black) and cross-linked
polybutadiene (red).

For insolubility issues, solid-state CP/MAS 13C and >N NMR were performed to confirm the
formation of the hydroxyurethane functions. As shown in Figure 8 and taking into account the
width of the signals, we could not differentiate the carbonyl signal of the cyclic carbonate
(expected at 156.1 ppm) from that of hydroxyurethane one (expected at 157.4 ppm).
However, significant changes were observed in the 50-90 ppm spectral region. The signals g,
h, i corresponding to the CH of the cyclic carbonates (chemical shift of trans and cis CH
carbonate at 84 ppm an 76 ppm respectively, and terminal carbonate at 77-75 ppm (CH) and
69-71 ppm (CH2) according to the literaturel?425]) showed a decrease of intensity, but it was
not possible to confirm their total disappearance. New signals g’ and h’ corresponding to the
hydroxyurethanes (CH-O-CO-NH, CHz-CO-NH and CH-OH shift at 77-75 ppm, 67-65 ppm and
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72-70 ppm, respectively, according to literaturel2¢l) appeared and overlapped with the
epoxide signals ¢, d, e, f.

The 15N CP/MAS NMR spectrum of the cross-linked polymer showed a unique signal at 84
ppm, attributed to the hydroxyurethane functions. The signal of HDMA at 30-40 ppm was not
observed,[27] due to its too low concentration in the final product.

However, based solely on 13C CP/MAS NMR, it is not possible to state with certainty that no
reaction took place with the epoxide. Thus, the reactivity of epoxidized polybutadiene with

HMDA was also studied under the same conditions.
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Figure 8. CP/MAS 13C NMR of the carbonated polybutadiene (black) and cross-linked
polybutadiene (red).
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Figure 9. CP/MAS 1°N NMR of the cross-linked polybutadiene.

Consequently, epoxidized polybutadiene E-PBU-3 (64 mol% of vinyl units, cis:trans:vinyl
epoxide ratio: 8:92:8) was cured with HMDA at 90 °C for 16 hours (Scheme 9), to compare its
reactivity with the carbonated polybutadiene. According to ATR-IR analyses, only a small
decreased of the epoxide bands intensity at 828 and 863 cm! was observed after 16 hours
(Figure S109 in appendices). The polymer obtained was fully soluble and analysed by liquid
state TH NMR spectroscopy. Only traces of the hydroxyamine fragment could be observed,
with the small signal d’” at 3.5 ppm corresponding to the proton in a-position to the alcohol.
Approximatively 5 % of epoxide were converted according to the TH NMR analysis, these
results highlight the much higher reactivity of the internal and terminal cyclic carbonates
compared to the internal and terminal epoxides. The poor epoxide reactivity with HDMA is in

accordance with the literature
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Scheme 9. Reaction of hexamethylene diamine with epoxidized polybutadiene.
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Figure 10. 1H NMR spectra of epoxidized polybutadiene before (black) and after reaction with
HMDA (1 equiv.) for 16 h at 90 °C (red).
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V. Conclusions

The functionalization of polymers containing terminal, cis and/or trans cyclic carbonates
moieties with amines to form “polyolefins backbone”-based hydroxyurethane materials was
successfully achieved. A partially carbonated epoxidized semi-crystalline [ethylene rich-
glycidyl methacrylate-methyl acrylate] polymer was effectively functionalized with
hexylamine using TBD as catalyst. The terminal cyclic carbonate moiety showed greater
reactivity compared to the corresponding epoxide moiety, with complete conversion of the
carbonate after 3 hours at 90 °C, whereas the epoxide was converted at 47 %. The reaction
should be conducted at a lower temperature to reduce the epoxide reactivity and increase the

selectivity towards the hydroxyurethane product.

Moreover, the aminolysis of carbonated epoxidized polybutadienes showed that internal
epoxides were not reactive in presence of TBD (30 mol%) with an excess of hexylamine at
90 °C after 17.5 hours, whereas cis and trans carbonates were readily converted at 96 and 69
% respectively. Thus the following order of carbonate reactivity was observed: cis carbonate

> trans carbonate >> epoxide.

The same conclusions have been drawn with the reaction with hexamethylene diamine,
where the carbonated polybutadiene was successfully cross-linked at 90 °C without catalyst,
and the cyclic carbonates were completely converted, whereas only minute traces of the ring-
opening product from an epoxidized polybutadiene and HDMA reaction was observed by

NMR spectroscopy, which is not usually reported in the literature.

This chapter established the proof of concept of the orthogonal cyclic carbonate and epoxide
reactivity. This work has to be completed with a study of the rheological, mechanical and
thermal properties of the crossed-linked materials obtained from carbonated polymers and
diamines, in order to understand the relationship between the hydroxyurethane network
structure and the physico-chemical properties of the material. In particular, the exchange
rates for CANs & vitrimers could be determined to access the potential of these novel
materials both in the melt and under end usage. Their mechanical and chemical resistance
and the adhesion properties should be compared with PUs having similar structures to

demonstrate the possible industrial use of these materials.
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Chapter 5:

Carbonated [ethylene - glycidyl
methacrylate] based polymers as
compatibilizers for
polyethylene/polycarbonate blends

by reactive extrusion

In Chapter 5, the carbonated [ethylene - glycidyl methacrylate] based copolymers will be
studied as compatibilizers for polyethylene/polycarbonate blends. The effect of the
compatibilizer structure on the morphologies, the mechanical and thermal properties of the

blends will be studied.
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Chapter 5: Carbonated [ethylene - glycidyl methacrylate] based polymers as
compatibilizers for polyethylene/polycarbonate blends by reactive extrusion

I. Résumé

La compatibilisation in situ d'un mélange HDPE/PC (80/20) et PC/HDPE (80/20) (w/w) a été
réalisée par extrusion réactive en comparant |'efficacité de trois terpolymeres différents a
base d'[éthylene - méthacrylate de glycidyle] (E-GMA) et de leurs dérivés carbonatés (groupe
pendant époxyde du méthacrylate de glycidyle partiellement converti en son dérivé

carbonate cyclique).

Dans le cas de la compatibilisation du mélange HDPE/PC (80/20), la dispersion de la phase
PC a été améliorée avec les compatibilisants carbonatés, la distribution de taille et le rayon
moyen de la phase PC dispersée ayant été réduits. Aucune réactivité de 1'époxyde n'a été
observée avec le PC, selon les analyses IR-ATR et 'TH NMR, mais les groupes pendants
carbonates cycliques ont montré une réactivité partielle, qui pourrait étre attribuée a la

formation in situ du polymere PC-graft-CO2-E-GMA-MA.

L'allongement a la rupture et la résistance au choc Charpy des mélanges
HDPE/PC/compatibilisant (72/18/10) ont été améliorés lorsque les compatibilisants
carbonatés a base d'E-GMA ont été utilisés a la place de compatibilisants non carbonatés. La
stabilité thermique de la phase PC a diminué lors de I'ajout d’'un comptabilisant carbonaté, ce
qui confirme le changement de la structure chimique du PC lorsque le groupe pendant

carbonate cyclique est présent sur la chaine polymeére.

Dans le cas de la compatibilisation du mélange PC/HDPE (80/20), un comportement différent
a été observé. Bien que l'allongement a la rupture ait été amélioré pour les mélanges ternaires
avec les compatibilisants carbonatés, ils ont présenté un comportement ductile, et la
résistance a l'impact Charpy a l'entaille était tres inférieure a celle des mélanges ternaires
avec les compatibilisants non carbonatés. Les mélanges compatibilisés ont montré une
meilleure adhérence a l'interface. Alors qu'aucune réactivité ou dégradation de 1'époxyde n'a
été observée avec I'E-GMA-MA comme compatibilisant, les fonctions cycliques du carbonate
et de l'époxyde n'ont pas été observées apres compatibilisation avec le CO2-E-GMA-MA, ce qui

pourrait étre dii a une compatibilisation réactive et/ou a une dégradation.
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II. Abstract

The in situ compatibilization of a HDPE/PC (80/20) and PC/HDPE (80/20) (w/w) blend was
performed through reactive extrusion by comparing the efficiency of three different [ethylene
- glycidyl methacrylate] (E-GMA) based terpolymers and their carbonated derivatives
(epoxide pendant group from glycidyl methacrylate partially converted to its cyclic carbonate

derivative).

In the case of the compatibilization of the HDPE/PC (80/20) blend, the dispersion of the PC
phase was enhanced with the carbonated compatibilizers as the size distribution and mean
radius of the dispersed PC phase was reduced. No reactivity of the epoxide was observed with
PC, according to IR-ATR and 'H NMR analyses, but cyclic carbonate pendant groups showed
partial reactivity, that could be attributed to the in situ formation of PC-graft-COz-E-GMA-MA

polymer.

The elongation at break and the Charpy impact strength of the HDPE/PC/E-GMA based
terpolymer (72/18/10) blends were improved when carbonated E-GMA based terpolymers
were used instead of non-carbonated terpolymers. The thermal stability of the PC phase
decreased with the addition of CO2-E-GMA-MA, which confirmed the change of the PC

chemical structure when cyclic carbonate pendant group is present on the polymer chain.

In the case of the compatibilisation of the PC/HDPE (80/20) blend, a different behavior was
observed. Although the elongation at break was improved for the ternary blends with the
carbonated compatibilizers, they exhibited a ductile behavior, and the notch Charpy impact
strength was really lower compared to the ternary blends with the non-carbonated
compatibilizers. The compatibilized blends showed a better interface adhesion. Whereas no
reactivity or degradation of the epoxide was observed with E-GMA-MA as compatibilizer, the
cyclic carbonate and epoxide functions where not observed after compatibilization with CO»-

E-GMA-MA, which might be due to reactive compatibilization and/or degradation.

210



Chapter 5: Carbonated [ethylene - glycidyl methacrylate] based polymers as
compatibilizers for polyethylene/polycarbonate blends by reactive extrusion

III. Introduction

Polyethylene (PE) is a semi-crystalline thermoplastic polymer widely used for its low cost
production in the domain of packaging, but it also finds applications in biomedical and body
protections for example. The macromolecular architecture of PE can be controlled to produce
arange of different plastic materials.!* High density PE (HDPE) is a linear polymer with a high
degree of crystallinity, thus confer high rigidity and excellent chemical resistance. Some HDPE
resins can be obtained by copolymerization of ethylene and low concentrations of a-olefin
(e.g. 1-butene, 1-hexene or 1-octene), in order to decrease the crystallinity. Conversely, low
density PE (LDPE) is a branched polymer with a low degree of crystallinity. It is flexible,
transparent but has weaker mechanical properties than others PE. Linear low density PE
(LLDPE) is a copolymer of ethylene and an a-olefin. Its higher degree of crystallinity gives

better chemical resistance and mechanical properties than LDPE.

However, mechanical and thermal properties of the different PE are not suitable for high-
performance applications. Their use is particularly limited by their mechanical and thermal
resistance. This is why engineering polymers, such as polycarbonate, are produced and found
applications where high mechanical and thermal resistance are required, in the domains of

construction, aeronautics, electronics, optics.

Blending polyolefins with high performance polymers present a growing interest, with the
objective to produce materials with better properties than pure polyolefins for a wide range
of applications, while limiting the cost of production. However, blending of incompatible
polymers such as polyethylene and polycarbonate without compatibilizing agent produce
materials with poor physico-chemical properties. Structure and polarity differences lead to
thermodynamically immiscible blends that present phase separation with weak interfacial

adhesion.z4

A practical way to improve properties of incompatible polymers blends are the use of
compatibilizers which are partially miscible with the two phases to reduce interfacial tension
between the different phases, thus improve the dispersion and the cohesion. Moreover,
reactive blending are an interesting method to improve interfacial interaction via chemical

(hydrogen, ionic or covalent) bonding between the different phases.?

For binary PE/PC blends, it has been commonly observed that the interfacial adhesion was

[5-9]

weak when no compatibilizer was used. Several non-reactive and reactive
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compatibilizers have been reported. LDPE-graft-DBAE (diallyl bisphenol A ether) copolymer
containing 2.5 wt% of DBAE was used as a premade compatibilizer in PE/PC blends.®
Compatibilized blends with 5 wt% of LDPE-graft-DBAE and different composition of PC (from
0 to 35 wt%) were compounded in a co-rotating twin screw extruder with the following
profile temperature: 190, 250, 260, 250 °C. The compatibilized blends showed better
mechanical properties than the binary blends. Especially, the notch impact strength increased

from 19 to 55 kJ/m? with 15 wt% of PC when the compatibilizer was used.

Oxidized PE (OPE) (containing 0.125 mol of carboxylic function per gram of polymer) was
found to be an effective compatibilizer for the blends of recycled LDPE containing 30 wt% of
CaCO3 with PC resin!®®, LDPE/PC (50/50) (w/w) blends without and with compatibilizer
were prepared in an internal mixer at 220 °C, 90 rpm for 30 minutes The addition of 5 wt%
of OPE in the blend improved the tensile strength from 15 to 24 MPa, but the elongation at

break stayed very low, and only increased from 1.8 to 4.5 %.1"!

Closer to our study, Yin et al. followed the change of PE/PC (80/20) (w/w) blend morphology
without and with the addition of 10 wt% of [ethylene-methyl acrylate-glycidyl methacrylate]
(E-GMA-MA) terpolymer (Lotader® E-GMA-MA) during extrusion at 250 °C.[11] The screw
profile was composed of two kneading zones, and samples were taken before and after each
kneading zone. The effect of the compatibilizer and of the screw speed was studied, and they
found out that the addition of compatibilizer reduce the size of the dispersed phase. After the
second kneading zone, at 125 rpm, the mean diameter was decreased from 0.90 to 0.72 um
by using the compatibilizer. A higher screw speed also improved the dispersion. By increasing
the speed from 48 to 125 rpm, the mean diameter decreased from 1.14 to 0.72 um after the
second kneading zone with compatibilizer. The decrease of the dispersed phase size was also
observed all along the screw at 48 and 125 rpm and for the binary and ternary blends. For
example, at 48 rpm without compatibilizer, the mean diameter was 5.00 um after the first

kneading zone, and decreased to 1.16 um after the second kneading zone.

Moreover, reactive compatibilization has also been reported, PC-graft-ethylene-co-acrylic
acid (PC-graft-EAA) copolymer was employed to modify PE/PC (80/20) (w:w) blends with
the in situ synthesis of the compatibilizer in a co-rotating twin screw extruder at 250 °C using
the catalyst dibutyl tin oxide (DBTO). The formation of the compatibilizer was demonstrated
by the increased of the torque during the mixing of PC with EAA (20/80) (w/w) in presence
of DBTO (0.8 wt%) at 250 °C in a internal mixer, and the reduction of the crystallinity of the
EAA backbone with addition of PC and DBTO, according to DSC analyses. The mean diameter
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of the PC dispersed phase in the PE/PC/EAA/DBTO (80/20/5/1) blends decreased from
1.055 to 0.634 um. 12

Finally, polyethylene glycol (PEG) 2000 was used to compatibilize PC/PE (80/20) blends
using a co-rotative twin-screw extruder at 180-250 °C. PEG 2000 and the moisture present in
the compatibilizer initiated in situ degradation and functionalization of PC, with formation of
PEG-graft-PC copolymers and carboxylic functions, and partial depolymerization of the PC.1*
The addition of 2.5 wt% of PEG 2000 improved the tensile strength from 40 to 50.5 MPa, and
change of the thermal properties were observed by DSC (lower crystallinity of the PE phase,
and the Ty's of the two phases became closer), that indicated the compatibilization of the

blend occurred.

In our previous work, a new process for the carbonatation of apolar semi-crystalline [ethylene
- glycidyl methacrylate] based polymers (E-GMA-MA, E-GMA-BA, E-GMA) using carbon
dioxide as reagent by reactive extrusion has been described for the first time. The glycidyl
methacrylate units were partially converted to their cyclic carbonate derivatives, leading to

polymers containing both epoxide and cyclic carbonate orthogonal functions.

In this work, the effect of the cyclic carbonate function on the compatibilization of HDPE/PC
blends by twin-screw extrusion was investigated. Mechanical properties, morphologies and
spectroscopic characterization of the HDPE/PC blends compatibilized with non-carbonated
and carbonated compatibilizer was used to determine the influence of the compatibilizers
structure and to identify the nature of the interaction at the interface of the HDPE and PC

phases.
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IV. Results and discussion

IV.1. Compatibilization of HDPE/PC (80/20) blend

The six different [ethylene - glycidyl methacrylate] based polymers (Scheme 1) have been
evaluated as compatibilizers for HDPE/PC blends using twin-screw extruder. The blends
were all processed at 250 °C and 400 rpm with throughput of 3.0 kg/h. The final composition
of the HDPE/PC/compatibilizer ternary blends was (10/72/18) (w/w/w).

? (0] o 0 ? (0] o 0 O ©
Me \\D Bu KD

E-GMA-MA E-GMA-BA E-GMA
c|> 0 c|> 00 O
Me Bu 0
>=O >=O (0] %O
O
CO,-E-GMA-MA CO,-E-GMA-BA CO,-E-GMA

Scheme 1. Polymers tested as compatibilizers.

The mechanical and thermal properties of the blends are directly influenced by the strength
of the interfacial adhesion that ensures stress transmission between the HDPE and PC phases.
Thus the morphologies of the blends will be first be investigated, in order to evaluated the

efficiency of the compatibilisation.
[V.1.a. Morphologies of the blends

Samples of HDPE/PC (80/20), and HDPE/PC/compatibilizer (72/18/10) blends (directly
recovered at the die exit and cooled in a bath water at room temperature) were cryogenically
fractured in liquid nitrogen and observed by MEB microscopy (Figure 1). The blends present
nodular morphologies. Without compatibilizer, the poor adhesion between HDPE and PC
phases was highlighted, and voids can be observed in the blends at places where the PC

nodules have been pulled off during the cryo-fracture. The average radius in number R, of the
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dispersed PC phase was 0.71 pm, and the average radius in volume R, was 1.53 um
(Figure 2 (a)).

The different size distribution of the PC phase in the different formulations showed the effect
of the compatibilizers structure on the compatibilization (Figure 2). Non-carbonated
compatibilizers did not reduce the size distribution of the dispersed PC phase
(Figure 2 (b), (c), (d)). With E-GMA-MA, the R, of the particles was similar (0.71 and 0.74 pum
without and with E-GMA-MA, respectively), but the average radius in volume Ry was smaller,
compared to the binary blend (1.53 and 1.11 pm without and with E-GMA-MA, respectively),
which indicated a narrower size distribution. With E-GMA-BA, the R, was higher (0.91 pm)
and the size distribution was similar (Rv = 1.49 pm). Finally, higher R, and Ry were obtained
with E-GMA (1.13 and 2.20 um, respectively). However, a better adhesion was observed at the

interface of the two phases (Figure 1).

With the addition of a carbonated compatibilizer, the compatibilization of the blend was
significantly improved (Figure 2 (b’), (¢’), (d’)). Ra and Ry of the dispersed phase decreased
for the three grades of GMA copolymers derivatives, compared with native compatibilizers
(Rn was 0.59 , 0.46 and 0.38 pm for CO2-E-GMA-MA, COz- E-GMA-BA and CO2-E-GMA,
respectively), which confirmed that presence of cyclic carbonate had a positive effect on the
compatibilization of HDPE and PC. The adhesion between HDPE and PC phases was also
improved compared to the binary HDPE/PC (80/20) blend.

It is more complex to establish the effect of the acrylate co-monomer structure on the PC
phase dispersion. For the blends with non-carbonated compatibilizer, the mean radius of the
PC phase increased and broader size distribution was obtained according to the following
trends: E-GMA-MA < E-GMA-BA < E-GMA. It could be directly linked to the polymer polarity
that follows the same order. However, the opposite trend was observed with the carbonated
compatibilizer: CO2-E-GMA < CO2-E-GMA-BA < CO2-E-GMA-MA for the mean size of the PC
phase. Other properties such as blend viscosity, compatibilizer molar masses and cyclic
carbonate contents have to be taken into account to fully understand the impact of acrylate

structure.
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Figure 1. SEM images of (a) HDPE/PC (80/20) (w/w) blend and HDPE/PC/compatibilizer
(72/18/10) (w/w/w) blends: (b) E-GMA-MA, (b’) COz-E-GMA-MA, (c) E-GMA-BA, (c’) COz-E-
GMA-BA, (d) E-GMA and (d’) COz-E-GMA.
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Figure 2. Size distribution of the dispersed PC phase in (a) HDPE/PC (80/20) (w/w) blend and
HDPE/PC/compatibilizer (72/18/10) (w/w/w) blends: (b) E-GMA-MA, (b’) COz-E-GMA-MA, (c)
E-GMA-BA, (c¢’) COz-E-GMA-BA, (d) E-GMA and (d’) COz-E-GMA.
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IV.1.b. Spectroscopic characterizations

The PC phases of the HDPE/PC/E-GMA-MA and HDPE/PC/CO2-E-GMA-MA blends were
extracted from the HDPE matrices using Soxhlet extractor and dichloromethane as solvent.
41 wt% of the total mass of PC and E-MA-GMA was extracted from the HDPE/PC/E-GMA-MA
blend, and 52 wt% from the HDPE/PC/CO2-E-GMA-MA blend. Thus, a part of the
compatibilizer and PC were still in PE phase. A higher extraction rate was obtained for the
blend with the carbonated compatibilizer, which showed the better compatibility of the
carbonated compatibilizer with PC, compared to the non-carbonated compatibilizer. Each
phase was characterized by IR-ATR and 'H NMR spectroscopies, to observe any reaction of

the epoxide or cyclic carbonate functions.

IR-ATR spectra of HDPE and PC extracted phases of the HDPE/PC/E-GMA-MA (72/18/10)
blend (Figure 3 (a)) showed that HDPE phase was still containing residue of PC and E-GMA-
MA after extraction. The characteristic ester band of E-GMA-MA (1735 c¢cm1) and carbonate
band of PC (1764 cm-1) were still present, but at a very low intensity. Conversely, the PC phase
spectrum showed a higher intensity of the E-GMA-MA characteristic band, which
demonstrates the good affinity of the E-GMA-MA with PC. The same observations were made
with the HDPE/PC/CO;-E-GMA-MA (78/18/10) blend (Figure 3 (b)). Residues of carbonated
compatibilizer and PC were still presentin the HDPE phase, and the strong ester characteristic
band of the carbonated CO2-E-GMA-MA was observed in the PC phase IR spectrum. The
characteristic band of the cyclic carbonate (1820 cm-1) was also present. According to these

IR analyses, cyclic carbonate functions are still present in the polymer blends.

According to the literature!®®® and to the 'H and 13C NMR spectra of the pure PC (see
Figure S118 and Figure S119 appendices), the polymer contains phenolic and terbutoxy end
groups, with the characteristic signals of the phenolic groups at 6.8 ppm in 'H NMR and 114.9
ppm in 13C NMR, and signals of terbutyl-phenoxy group at 1.36 ppm in 'H NMR, 31,53 and
34.66 ppm in 13C NMR.

TH NMR analyses of the blends were in accordance with the IR spectra. For the HDPE/PC/E-
GMA-MA (72/18/10) (Figure 4 (a)), 'H NMR spectrum of the HDPE phase also showed
residual signals of E-GMA-MA (methyl acrylate signal at 3.50 ppm) and PC (aromatic proton
signals at 7.00-7.20 ppm) and the epoxide proton signals a, b and c were identified. In the PC
phase, methyl acrylate and epoxide signals were also observed. The ratio between the
integration of the signal a and methyl acrylate signal was calculated on the native E-GMA-MA

and the PC phase 'H NMR spectra; and was equal to 0.067 and 0.070, respectively. Therefore,
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the epoxide signals intensity did not significantly change after blending, and thus no reactivity

of epoxyde function was observed.

For the blends with CO2-E-GMA-MA (Figure 4 (b)), 'H NMR of the HDPE phase showed the
carbonated compatibilizer signals (methyl acrylate signal at 3.50 ppm, cyclic carbonate
signals d, e and f at 3.75-4.5 ppm and epoxide signals). 1H NMR spectrum of the PC phases also
showed signals of COz-E-GMA-MA. The epoxide and cyclic carbonate signals were still present.
However, the ratio between signal a and methyl acrylate, and signal e and methyl acrylate
were calculated on the native CO2-E-GMA-MA (0.019 and 0.034 respectively) and PC phase
(0.016 and 0.024, respectively) from the 1H NMR spectra. The intensity of the epoxide signal
did not significantly decrease, but the carbonate signal decreased of 30 % in intensity. This
decrease could be due to the partial reactivity of cyclic carbonate with PC and the in situ
formation of PC-graft-CO2-E-GMA-MA. Moreover, a new signal at 6.5 ppm may indicate that

the end groups of PC reacted with the compatibilizer.
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Figure 3. IR-ATR spectra of PC and HDPE phases of (a) HDPE/PC/E-GMA-MA (72/18/10) blend
and (b) HDPE/PC/ COz-E-GMA-MA (72/18/10) blend.
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Figure 4. 'H NMR (TCE/CsD¢, 400 MHz) spectra of PC and HDPE phases of (a) HDPE/PC/E-GMA-
MA (72/18/10) blend and (b) HDPE/PC/ COz-E-GMA-MA (72/18/10) blend.
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IV.1.c. Mechanical properties

Tensile tests (tensile curves of the blends in appendices) and Charpy impact tests were
performed at 23 °C on the pure HDPE and PC, and on the HDPE/PC/compatibilizer blends to
determine their Young’s modulus, tensile strength, elongation at break and Charpy impact

strength. Notched specimens (notch of 2 mm) were used for the Charpy impact tests.

Table 1 compares the mechanical properties of pure HDPE and PC, and of the different
HDPE/PC/compatibilizer blends. PC showed a higher Young’s modulus and tensile strength.
The two polymers had a similar elongation at break, and finally, HDPE exhibited a much
higher Charpy impact strength, due to the lower T; of HDPE. Without compatibilizer,
HDPE/PC blend (80/20) showed a slight increase of the modulus and tensile strength
compared with HDPE due to the addition of PC, but a bad compatibility of the two phases was
confirmed, according to the low elongation at break and Charpy impact strength (Table 1,
entry 1). Addition of compatibilizer, in every case, leaded to a slight decrease of the modulus
and tensile strength because of the elastic properties of the compatibilizers but the elongation
at break and Charpy impact strength were improved in every case, compared with the binary
HDPE/PC blend. Interestingly, the benefic effect from the cyclic carbonate functions was
observed with the significant improvement of the elongation at break and Charpy impact
strength when carbonated E-GMA based copolymers was used as compatibilizer instead of
non-carbonated E-GMA based polymers. When COz-E-GMA-MA was added instead of E-GMA-
MA, the elongation at break increased from 35 to 90 %, which is an improvement of 157%,
and the impact strength increased from 24.8 to 39.8 kJ/m?, thus it was improved to 60 %
(Table 1, entries 2 and 5). Similar trend was observed with COz-E-GMA-BA and CO2-E-GMA,
where the elongation at break and impact strength were improved compared with E-GMA-BA

and E-GMA (Table 1, entries 3, 4, 6, 7).

Charpy Impact strength was also impacted by the acrylate comonomer structure. The
following trend were observed E-GMA-MA > E-GMA-BA > E-GMA and it is in accordance with
the decrease of the polymer’s polarity (Table 1, entries 2-4). E-GMA is the most apolar as it
contains 92 wt% of ethylene, and E-GMA-BA is less polar than E-GMA-MA as it contained butyl
acrylate instead of methyl acrylate. The higher polarity of E-GMA-MA improved the affinity
between the HDPE and PC phases. For the carbonated compatibilizer the same trend was
observed: CO2-E-GMA-MA > COz-E-GMA-BA > CO;-E-GMA (Table 1, entries 5-7), and could be

also related to the cyclic carbonate content which also decreases in this order (73, 47, 12 %
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of epoxide converted to cyclic carbonate for CO2-E-GMA-MA, CO2-E-GMA-BA, CO2-E-GMA,
respectively).

Finally, mechanical properties of HDPE/PC/CO2-E-GMA-MA (Table 1, entry 5) were closed to
initial HDPE properties. The two materials had a similar tensile strength and elongation at

break and HDPE had a slightly higher modulus, but the impact strength was much higher for
the compatibilized blend (39.8 k]J/m? instead of 25.0 k]/m?).

The blends were also characterized by DSC and TGA to study the impact of the compatibilizer
on the HDPE crystallinity and thermal stability of the blend.
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Table 1. Mechanical properties of the HDPE/PC/E-GMA based terpolymer (72/18/10) blends.

Young's

Tensile Impact
HDPE/PC/compatibilizer Elongation at
Entry Compatibilizer Modulus Strength strength
weight proportion break (%) 5
(GPa) (MPa) (kJ/m*)
1 / 100/0/0 0.78 £ 0.08 29+2 120 + 40 25.0+2.0
2 / 0/100/0 1.6+0.1 735 116 + 15 9.3+0.9
3 / 80/20/0 0.89 £ 0.02 35+2 23+4 44+09
4 E-GMA-MA 0.66 + 0.03 312 35+5 248+2.0
5 E-GMA-NA 0.70 £ 0.04 29.1+£0.5 32+9 99+13
6 E-GMA 0.78 £ 0.02 302 32+3 50+0.8
72/18/10
7 C0O:-E-GMA-MA 0.63 £ 0.04 27 %2 90 + 20 39.8+3.8
8 CO2-E-GMA-NA 0.71 £ 0.03 27 %1 54+5 14.6 +4.8
9 CO2-E-GMA 0.80 £ 0.03 29+2 86 +12 6.7 +0.8
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IV.1.d. Thermal properties

In Figure 5, the DSC curves of HDPE, PC and of the blends are presented. Compared to pure
HPDE, the HPDE/PC binary blend exhibited a significant decrease of the melting enthalpy
(absolute values decreased from 197.2 to 182.1 J /g of HDPE). With the ternary HDPE/PC/E-
GMA-MA (72/18/10) and HDPE/PC/CO:-E-GMA-MA (72/18/10) blends, there was no
significant change of the HDPE melting enthalpy (186.5 and 181.2 ] /g). Concerning the Ty of

the PC, it could not be observed in the different blends due to the too low concentration of PC.
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Figure 5. DSC of HPDE/PC/compatibilizer (72/18/10) blends.

The thermal stability of the pure polymers and of the blends was investigated by TGA
(Figure 6). According to temperature at 10 % of decomposition (T10%4) and the residual ash at
650 °C (Table 2), the thermal stability decreased as followed: PC > HDPE > HDPE/PC (80/20)
> HDPE/PC/E-GMA-MA (72/18/10) = HDPE/PC/CO:-E-GMA-MA (72/18/10). The
compatibilized blends exhibit a lower stability due to the degradation of GMA and MA units
starting at lower temperature (10 % decomposition of E-GMA-MA and CO2-E-GMA-MA at
410 °C, see Figure S10 and Figure S23 appendices), compared to pure HDPE.

Moreover, on the first derivatives of the TGA curves (Figure 6 (b)), the peak decomposition

of PC at 524.5 °C was observed for HDPE/PC and HDPE/PC/E-GMA-MA blends, but it was not
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the case for the HDPE/PC/CO2-E-GMA-MA blend. The change of the thermal properties of the
PC phase in this case indicated that a possible change of the chemical structure occurred
during the blending process. This observation could be explained by the reactive

compatibilization and formation of the PC-graft-COz-E-GMA-MA copolymer.
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Figure 6. (a) TGA (10 °C/min, under Nz ( mL/min) curves and (b) first derivatives of TGA curves
of HPDE/PC/compatibilizer (72/18/10) blends.
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Table 2. Thermal degradation of HPDE/PC/compatibilizer (72/18/10) blends.

Residual
HPDE/PC/Compatibilizer  Tqi10%  Tmax
Entry Compatibilizer ash at 650
composition (w/w/w) (°C) (°C)
°C (%)
1 / 100/0/0 470  486.5 0.2
2 / 0/100/0 504 5245 24.1
3 / 80/20/0 465  484.2 4.0
4 E-GMA-MA 72/18/10 450 476.8 3.0
5 CO2-E-GMA-MA 72/18/10 446 4823 2.8
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IV.2. Compatibilization of PC/HDPE (80/20) blend

Although PC exhibits very high mechanical resistance (high modulus and high impact
strength), ones of its main drawback is its notch sensitivity.[1419-21] The addition of HDPE in
PC could be an interesting method to improve the notch sensitivity by improving the softness
of the material. Thus, the compatibilization of PC/HDPE (80/20) blend was investigated. The
six different compatibilizers were used as compatibilizers and the effect of their structure on
the mechanical properties and morphology of the blend was studied, as previously with the

HDPE/PC (80,/20) blend.

[V.2.a. Morphologies of the blends

The morphologies of the binary blends PC/HDPE (80/20) and of the HDPE/PC/E-GMA-MA
and HDPE/PC/CO;-E-GMA-MA (18/72/10) ternary blends were observed in MEB to study the
influence of the compatibilizer structure on the interface adhesion and the dispersion of the

HDPE phase.

According the SEM images (Figure 7), the adhesion at the interface of the PC and HDPE phases
was improved by using the non-carbonated and carbonated compatibilizers. The size of the
dispersed PE phase was also reduced using the non-carbonated E-GMA-MA. The R, and the Ry
was respectively decreased from 0.74 to 0.59 pm and from 1.11 to 0.94 um (Figure 8).

The morphology of the HDPE phase in the ternary blend with the CO2-E-GMA-MA was more
complex, it was not possible to identify PE and PC phases and thus to determine the size

distribution of the PC phase in this case.
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Figure 7. SEM images of (a) PC/HDPE (80/20) (w/w) blend and HDPE/PC/compatibilizer
(18/72/10) (w/w/w) blends: (b) E-GMA-MA and (b’) COz-E-GMA-MA.
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Figure 8. Size distribution of the dispersed PC phase in (a) PC/HDPE (80/20) (w/w) blend and
(b) HDPE/PC/E-GMA-MA (72/18/10) (w/w/w) blend.
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IV.2.b. Spectroscopic characterizations

The PC phases of the HDPE/PC/E-GMA-MA and HDPE/PC/CO2-E-GMA-MA (18/72/10)
blends were extracted by Sohxlet extractor with dichloromethane. 93 wt% of the total mass
of PC and E-MA-GMA was extracted from the HDPE/PC/E-GMA-MA blend, and 93 wt% from
the HDPE/PC/CO2-E-GMA-MA blend. The PC and HDPE phases were analyzed by ATR-IR and
H NMR.

According to the ATR-IR analyses, the characteristic bands of PC (1764 cm-1) and E-GMA-MA
(1735 cm1) were still present in the PE phase of the HDPE/PC/E-GMA-MA blend, with a
relatively high intensity. Thus, the PC phase was not completely extracted (Figure 9 (a)). In
comparison, the IR spectra of the PC phase showed the characteristic band of E-GMA-MA, but
at a low intensity. Thus the main part of E-GMA-MA remained in the PE phase. At too high
concentration of the PC, E-GMA-MA may have a better compatibility with HDPE.

Conversely, for the HDPE/PC/CO2-E-GMA-MA blend, no PC was detected in the HDPE phase,
and the ester characteristic band of CO2-E-GMA-MA was observed at low intensity
(Figure 9 (b)). The cyclic carbonate band (1821 cm!) was not observed in the HDPE and PC
phases, which could be attribute to a possible reaction or degradation of the cyclic carbonate

functions.

In TH NMR spectra, the epoxide function was observed in the HDPE and PC phases of the
HDPE/PC/E-GMA-MA (18/72/10) blend. In PC phase 'H NMR spectrum, the ratio between
the integration of the signal b and methyl acrylate signal (3.50 ppm) was calculated, and was
similar to the ratio calculated on the native E-GMA-MA 'H spectrum. (0.068 and 0.067,
respectively). Therefore, the epoxide signals intensity did not significantly change after
blending, and thus no reactivity was observed. The same observation was made with the

HDPE phase, the ratio between the two signals was 0.068 (Figure 10 (a)).

Conversely, the signals of the cyclic carbonate and epoxide was not observed in the 1H NMR
spectra of the HDPE and PC phases of the HDPE/PC/CO2-E-GMA-MA blends (Figure 10 (b)).
Possible reactive compatibilization could explained the disappearance of these signals, but
the degradation of the cyclic carbonate and epoxide could also occurred. In presence of traces
of water and residual tetrabutylammonium bromide from the carbonatation step, the cyclic
carbonate and epoxide could be hydrolyzed to form the corresponding diol.??! Moreover, the
new signal at 6.5 ppm observed in the PC phase 'TH NMR spectra (attributed to aromatic
protons) may due to possible degradation of the PC with residual water present in CO»-E-
GMA-MA, which could form OH groups on the PC macromolecules, or due to the reaction of
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OH end groups with the cyclic carbonate to produce PC-graft-E-GMA-MA polymers, as

observed before.
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Figure 9. IR-ATR spectra of PC and HDPE phases of (a) HDPE/PC/E-GMA-MA (18/72/10) blend
and (b) HDPE/PC/ COz-E-GMA-MA (18/72/10) blend.
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Figure 10. 'H NMR (TCE/CsDs) spectra of PC and HDPE phases of (a) HDPE/PC/E-GMA-MA
(18/72/10) blend and (b) HDPE/PC/ CO»-E-GMA-MA (18/72/10) blend.
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IV.2.c. Mechanical properties

The mechanical properties of the different blends are presented in Table 3 (tensile curves of
the blends in appendices). Compared to pure PC (Table 1, entry 2), the PC/HDPE (80/20)
blend exhibited slightly lower modulus and tensile strength due to the addition of HDPE, and
a significant lower elongation at break, which decreased from 116 % to 42 %. However, the
impact strength was improved and increased from 9.3 to 18.9 k] /m?, because of the addition

of HDPE that increased the softness of the material (Table 3, entry 1).

When the compatibilizers were added to the blend, the modulus and the tensile strength
slightly decrease in all the cases compared to the binary blend because of the elastic

properties of the compatibilizer.

The addition of non-carbonated compatibilizers did not improved the elongation at break. In
the case of E-GMA-MA, the elongation was similar, and in the case of E-GMA-BA and E-GMA, it
decreases from 42 to 22 and 27 %, respectively (Table 3, entries 2-4). With carbonated
compatibilizer, improvement of the elongation at break was observed with CO2-E-GMA-BA
and CO2-E-GMA, which increased from 42 % to 55 % and 80 %, respectively (Table 3, entries
5-7).

Surprisingly, for the impact strength, an opposite trend was observed. The use of the non-
carbonated compatibilizer improved it in all the cases (Table 3, entries 2-4). A maximum of
30.9 kJ/m? was reached with E-GMA-BA as compatibilizer. When carbonated compatibilizers
were used, the blends had a ductile behavior and a high notch sensitivity, the Charpy impact
strength decreased from 18.9 to 9.6, 13.9 and 6.8 k]/m? with CO2-E-GMA-MA, CO2-E-GMA-
BA and CO2-E-GMA, respectively (Table 3, entries 5-7).
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Table 3. Mechanical properties of the HDPE/PC/compatibilizer (18/72/10) blends.

HDPE/PC/compatibilizer Young’s Tensile Elongation at Impact strength
Entry Compatibilizer
weight proportion modulus (GPa) Strength (MPa) break (%) (k]/m?)
- 20/80/0 1.28 + 0.06 46 + 2 42 +3 189+ 0.7
E-GMA-MA 1.09 £ 0.02 40.3+0.8 43 +21 29.6+1.3
E-GMA-BA 1.02 £ 0.04 38.8+0.5 22+4 309+14
E-GMA 1.09 + 0.08 41 +2 275 21.4+09
18/72/10
CO2-E-GMA-MA 1.1+0.2 40+8 42 +12 9.6+1.2
CO2-E-GMA-BA 1.04 £ 0.06 39.0+0.9 55+5 139+1.2
CO2-E-GMA 1.2+0.1 41+2 804 6.8+0.7
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IV.2.d. Thermal properties

In Figure 11, the DSC curves of the blends are presented. The absolute values of the HDPE
melting enthalpy for PC/HDPE (80/20) and PC/HDPE/E-GMA-MA (72/18/10) were similar
(163.3 and 168.3]/g of HDPE, respectively), whereas a decrease of the enthalpy was observed
for the PC/HDPE /CO2-E-GMA-MA (72/18/10) blend (142.4 ] /g of HDPE). The decrease of the
melting enthalpy indicated a decrease of the HDPE phase crystallinity, and thus a better
compatibilization of the blend, as it was reported in the literature. Concerning the Ty of the

PC, no significant change was observed.
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Figure 11. DSC of HDPE/PC/compatibilizer (18/72/10) blends.
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V. Conclusions

Carbonated [ethylene - glycidyl methacrylate] based polymers containing epoxide and cyclic
carbonate pendant groups were used as new compatibilizers for a HDPE/PC (80/20) and
PC/HDPE (80/20) (w/w) blends through twin-screw extrusion. A significant improvement of
PC dispersion was obtained, when carbonated compatibilizers were used instead of non-
carbonated compatibilizers (only epoxide pendant groups) for the HDPE/PC (80/20) blend,
according to the decreased of the mean radius of the PC phases, and a better interfacial

adhesion was observed.

Spectroscopic characterizations of the HDPE and PC phases of compatibilized blends with a
non-carbonated and a carbonated compatibilizer showed that epoxide pendant groups do not
react with the PC, but the cyclic carbonate partially reacted, according to 'H NMR analysis.
The better compatibilization with the carbonated polymers may be explained by the partial
reactivity of the cyclic carbonate with the alcohol end groups of PC and the in situ formation

of the PC-graft-CO2-E-GMA-MA polymer.

Compared to the blend with E-GMA-MA, the elongation at break and the Charpy impact
strength were also improved with the carbonated compatibilizer, the crystallinity of the HDPE
phase was also reduced, and the thermal stability of the PC phase was modified, which

indicates a better compatibilization and a chemical change of the PC phase.

With the PC/HDPE (80/20) blend, different results were obtained. Whereas elongation at
break was better with the carbonated compatibilizers, especially CO2-E-GMA, the Charpy
impact strength was improved with the non carbonated compatibilizers. According to the
MEB images, the HDPE phase had a better adhesion with the PC phase when compatibilizers
were used, and the dispersed phase size was reduced with the E-GMA-MA, whereas the
measure of the size distribution with CO2-E-GMA-MA was not possible because of the more
complex morphology of the blend. According to the spectroscopic analyses, the epoxide
moieties of the E-GMA-MA were still present after blending with PC and HDPE, whereas the
cyclic carbonates and epoxide of CO;-E-GMA-MA were not observed. It could be due to

reactive compatibilization and/or hydrolysis of the functions.

These promising results suggested that other blends such as a polyethylene/polyamide (PA)
blend could also be compatibilized by reactive blending, with the aminolysis of the cyclic
carbonate pendant groups by the amine end groups of polyamide, and thus by the in situ

formation of PA-graft-CO2-E-GMA based polymers.
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Chapter 5: Carbonated [ethylene - glycidyl methacrylate] based polymers as
compatibilizers for polyethylene/polycarbonate blends by reactive extrusion
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General conclusion

The development of more sustainable and eco-designed processes in the chemistry and
polymer industry is nowadays one of the most important challenges to tackle in order to
minimize the impact of human activities on the ecosystem. This objective can only be achieved
if we intensify the use of renewables feedstock, and reduce our energy and resources
consumption as well as our production of waste. During this thesis, the integration of these
environmental considerations into our research work has always been a priority, from the

synthesis of carbonated polymers, to their production and use in potential applications.

The literature review (Chapter 1), highlighted the possibility of using organocatalysts for the
carbonatation reaction of epoxides and alkenes. However, the substitution of the epoxide
highly impacts its reactivity. Especially, trisubstituted epoxides are much less reactive than
disubstituted and terminal epoxides, and tetrasubstituted epoxides are completely unreactive
with the actual catalytic systems. It also showed the possibility of transposing this chemistry
to the functionalization of polymers, although only carbonatation of highly polar polymers

was reported.

In Chapter 2 the carbonatation of semi- crystalline [ethylene - glycidyl methacrylate] based
copolymers, using CO; as reagent and ammonium salts as organocatalysts, was reported for

the first time and two methods were applied (Scheme 1).
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Scheme 1.Transposition of carbonatation from batch to reactive extrusion.
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The first method implemented in batch reactor was developed in order to assess reaction
kinetics and optimize the reaction conditions. The influence of the ammonium salt
composition (anion/cation) was studied in toluene at 110 °C to circumvent the high melting
temperatures of these ethylene unit-rich copolymers and obtain a homogeneous medium. The
amount of catalyst, CO2 pressure and temperature were also optimized (tetrabutylammonium
bromide catalyst, 5 mol% vs. epoxy content, 4.0 MPa, 110 °C) to allow for quantitative
conversion of epoxides into cyclic carbonates. Another innovation of our work is the
successful transposition of this reaction to a solvent free, continuous extrusion process under
high pressure of CO2, producing polymers containing both epoxide and cyclic carbonate
moieties at kilogram scale. After optimization, a yield of up to 78 % of cyclic carbonate could
be obtained with tetrahexylammonium bromide (7.5 mol% vs. epoxy content, ~30 g/h of
catalyst) at 150 °C with an industry-compliant polymer flow rate of 2 kg/h. One of the main
limitation is the catalyst recovery from the polymer matrix, which could be achieved by
adding an extraction step at the end of the extrusion process by using supercritical carbon

dioxide as extraction solvent.

Moreover, the carbonatation of polymers was extended to polydienes. Several polymers
containing butadiene (polybutadiene with a mixture of 1,4 and 1,2 units, 1,4-
cis polybutadiene, 1,2-polybutadiene  and [styrene-block-butadiene-block-styrene]
copolymer) and isoprene units (natural rubber and [styrene-block-isoprene-block-styrene]

copolymer) were functionalized with CO2 in two steps (Chapter 3) (Scheme 2).

R

R
w 2OZ/HCOOH W Catalyst, CO, _ WM
"R=H,Me d 3

R H, Me

Scheme 2. Two-steps functionalization of polydienes using peracids and carbon dioxide as

reagents.

The first step (epoxidation step), was studied and readily achieved using performic acid
formed in situ, and all the polymers were successfully epoxidized (epoxide content between
4 and 16 mol%) at 50 °C in toluene, the only by-products were water and formic acid. The
starting polymer microstructure influenced their double bonds reactivity toward
epoxidation, and thus affected their epoxide contents. For the polybutadienes, the reactivity
of the monomers units followed this trend: 1,4-cis unit > 1,4-trans unit >> 1,2 unit. For the
polyisoprenes, a similar trend was observed: 1,4 unit >> 3,4 unit. Two different EPDM were
also epoxidized and the reactivity of the ENB diene-derived unit was higher than the DCPD
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General conclusion

diene-derived unit. Moreover, the epoxidation of a PBU containing 81 mol% of 1,2 units with
a low molar mass was performed in a tailored reactive extrusion process under solvent-free
conditions. Under the optimal conditions (10 mol% of H202/HCOOH, 60 °C), an epoxide

content of 1,3 mol% mostly composed of trans epoxide was obtained.

Then, the carbonatation step was also optimized using ammonium salts as organocatalysts,
and the epoxidized polymers reactivity was directly related to the epoxide configuration
(pendant, cis or trans). TOAB and PPNCI showed the best activity, depending on the polymer
microstructure. TOAB was more convenient for polybutadienes containing predominantly cis
epoxide (cyclic carbonate yield up to 60 %), whereas PPNCl was more active for
polybutadienes containing predominantly trans epoxide (yield up to 94 %) and epoxidized
polyisoprenes (yield up to 26 %). TBAC, which is more active than TOAB for the carbonatation
of trisubstituted epoxide, was tested as catalyst for the carbonatation of epoxidized EPDM,
but no reactivity was observed. Further conditions optimization have to be investigated, as
for example the use of Brgnsted acids as co-catalysts (polyphenols or fluorinated

compounds).

The evolution of the main characteristic properties of the resulting polymers was followed
after each step (molar mass distribution and thermal properties). After the epoxidation step,
the molar masses distribution of the polymers did not significantly changed, except for SIS,
where a decrease in the molar masses was observed by SEC, which could be due to oxidative
cleavage of the isoprene units during epoxidation. After carbonatation of polybutadienes
containing a high content of cis epoxide, the solubility of the carbonated polybutadienes
evolved and became insoluble. The carbonatation of an epoxidized natural rubber led to a
polymer with a significant lower Mn (related to the lower stability of isoprene), but a small
proportion of macromolecules also exhibited higher molar masses. During carbonatation,
formation of cross-linking via the formation of ether or linear carbonate linkages could
decrease the polymers solubility and partially increased the macromolecules molar masses,
in the case of polymers containing mainly cis epoxide. Conversely, for polymers containing
low content of cis epoxide, no cross-linking was observed and the molar masses were
unchanged after carbonatation. Regarding the thermal properties, after epoxidation reaction,
no significant change in the Ty was observed, but in the case of the epoxidation of the semi
crystalline 1,4-cis polybutadiene, an amorphous polymer was obtained. After carbonatation

reaction, a high increase in the T, was observed with high carbonate content.
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Although the epoxidation step was successfully transposed to solvent-free reactive extrusion
using a low molar mass polybutadiene and H202/HCOOH as oxidant, a focus on the use of
thermally more stable oxidant has to be considered, in order to perform epoxidation by
reactive extrusion above 100 °C. Moreover, the carbonatation step of epoxidized polydienes
could not been explored, due to the physical form of the obtained epoxidized polydienes
(liquid or rubbery polymers) which makes impossible the transposition to extrusion process
under high pressure of CO2. The optimization of the epoxidation by reactive extrusion of
polyolefins containing diene monomers, such as SBS, SIS or EPDM, would be essential, in
order to produce larger amount of epoxidized polymers that could then be carbonated by
reactive extrusion. The development of a one-pot reaction could be also another route to
produce in one-step carbonated polymers from polymers containing unsaturation, but this

proves much more challenging.

In this thesis, two different applications were investigated for the carbonated polymers: their
use as intermediates for polyhydroxyurethanes synthesis (Chapter 4), and as compatibilizers
for polyethylene/polycarbonate blends. In the case of the polyhydroxyurethanes synthesis,
the orthogonality of the reaction was demonstrated, especially for the aminolysis of partially
carbonated epoxidized polybutadiene with a monoamine, where only the carbonates reacted
with the amine, and the epoxides were completely unreactive (Figure 1). The cis carbonate
also showed a higher reactivity than the trans derivative. Thus, the control of the cyclic
carbonate stereoselectivity during the carbonatation of polymers containing internal
epoxides is essential, as a high reactivity is most of the time required for industrial

applications.
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Figure 1. Kinetic study for the synthesis of hydroxyurethane functions on partially carbonated
polybutadiene with hexylamine (5 equiv. according to cyclic carbonate content) at 90 °C with
TBD (30 mol% according to cyclic carbonate content) (initial cyclic carbonate and epoxide
concentration: 0.06 mol/L and 0.2 mol/L, respectively): (a) conversion of the cis and trans

carbonates and cis epoxide over time, (b) plot of equation (1).

A cross-linked polybutadiene via the reaction of carbonated polybutadiene with a diamine
was also successfully synthesized. Further investigation on the rheological properties have to
be studied, in order to demonstrate the occurrence of a dynamic hydroxyurethane network.
Polydienes containing appropriate carbonate content should also be designed for more
specific applications in order to produce recyclable elastomers (high molar mass and low
carbonate content), or resins for coating with excellent mechanical properties (low molar

mass and high carbonate content).
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Finally, HDPE/PC (80/20) and PC/HDPE (80/20) blends were compatibilized by extrusion
with carbonated and non-carbonated [ethylene-glycidyl methacrylate] based polymers
(Chapter 5). For the HDPE/PC (80/20) blend, the use of carbonated compatibilizers
improved the dispersion of the minor phase and the mechanical properties (increase of
elongation at break from 23 to 90 % and Charpy impact strength from 4.4 to 39.8 kj/m?). A
decrease in the carbonate content after extrusion may indicate that reactive compatibilization
occurred. In the case of the (PC/HDPE) (80/20), the notched Charpy impact strength was
improved with non-carbonated compatibilizers (from 18.9 to 30.9 k] /m?) and the elongation
at break was better with carbonated compatibilizers (increase from 42 to 80 %). The
carbonate functions were in this case completely converted after blending. This may be due
to reaction with hydroxyl end groups of PC, and/or thermal degradation. Others blends

compatibilization such as polyethylene/polyamide blend could be explored.

In conclusion, the carbonatation of polymers using carbon dioxide as reactant is linked to
multiple disciplines. Organic chemistry, catalysis, polymer science, process engineering and
material science have been involved for the different stages of this thesis. The
functionalization of polymers with CO2 required further optimization, but our work paves the
way towards the conception of innovative and more sustainable materials such as recyclable

elastomers and resins and new type of compatibilizers.
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I. Chapter 2

[.1. Structure and main properties of the commercial polymers

e’ N " N

E-GMA-MA E-GMA-BA E-GMA
methyl acrylate: 24 wt% butyl acrylate: 25 wt% glycidyl methacrylate: 8 wt%
glycidyl methacrylate: 8 wt% glycidyl methacrylate: 8 wt% T;=104°C
T;=65°C T;=72°C

Scheme S1. Structure and main properties of E-GMA-MA, E-GMA-BA and E-GMA.

[.2. Characterization of the commercial polymers and catalysts

[.2.a. IR-ATR spectra
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Figure S1. IR-ATR spectrum of E-GMA-BA.

251



911 cm™ (C-0)

J

[ T T T I T I T T T I T I T I
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber(cm™)

Figure S2. IR-ATR spectrum of the E-GMA.
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[.2.b. H NMR spectra
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Figure S3. TH NMR (TCE/CsDs, 400 MHz) spectrum of the E-GMA-MA.

1H NMR (400 MHz, TCE/CsDs) 6: 4.14 (dd, ] = 12.0, 3.7 Hz, f), 3.80 (dd, ] = 12.1, 5.6 Hz, f), 3.49
(s,1),2.90 (m, g), 2.46 (m, h), 2.41 - 2.19 (m, b, h), 1.82 - 0.49 (m, a, ¢, d, e).

*: chain ends due to the radical copolymerization (termination by disproportionation)

method used to synthesize these ethylene-rich copolymersi83] ; almost no residual GMA

monomer is present.
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Figure S4. 1TH NMR (TCE/CsDs, 400 MHz) spectrum of the E-GMA-BA.

1H NMR (400 MHz, TCE/CsDs) & : 4.13 (dd, ] = 11.4, 2.9 Hz, £), 3.99 (t, ] = 6.6 Hz, i), 3.79 (dd,

] =12.1, 5.6 Hz, f), 3.48 (s, 3H, methyl acrylate), 2.90 (m, g), 2.46 (m, h), 2.41 - 2.18 (m, b,
h),1.87-0.54 (m, a,c,d, e,j, k 1).
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Figure S5. TH NMR (TCE/CsDs, 400 MHz) spectrum of the E-GMA.

>

1H NMR (400 MHz, TCE/CsDs) & : 4.13 (dd, ] = 12.1, 3.7 Hz, f), 3.79 (dd, ] = 12.1, 5.6 Hz, f), 3.01
-2.83 (m, g), 2.45 (dd, ] = 5.1, 4.1 Hz, h), 2.30 (dd, ] = 5.3, 2.4 Hz, h), 1.87 - 0.37 (m, ¢, d, e).
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[.2.c. 13C NMR spectra
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Figure §6. 13C NMR (101 MHz, TCE/CsD¢) spectrum of the E-GMA-MA.
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13C NMR (101 MHz, TCE/CeD6) 6: 175.60 (C=0), 64.92 (f), 50.79 (i), 49.24 (g), 46.00 (b), 44,40
(h), 41.27 - 18.04 (a, ¢, d, e, j), 14.20 (CHs).
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[.2.d. DSC analyses

On the following DSC curves, the glass transition and the melting endotherm of the polymers
overlap. Thus, the baseline for the integration of the melting endothermic event is a tangential

right line to take into account the change of baseline induced by the glass transition (common
practice for DSC of polymers with overlapping thermal events).
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Figure S7. DSC analysis of the E-GMA-MA.
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Figure S8. DSC analysis of the E-GMA-BA.
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K Sample: BG-AX8840,0,5300 mg
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Figure §9. DSC analysis of the E-GMA.
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Figure S10. TGA analysis of the E-GMA-MA.
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[.3. Carbonatation of [ethvlene - glycidyl methacrylate] based copolymers

in batch

[.3.a. Calibration curve for the determination of cyclic carbonate yield for the

carbonatation of E-GMA-MA terpolymer by IR-ATR

The reaction with TBAB using E-GMA-MA (5 mol% of catalyst, 4.0 MPa of CO2, 110 °C, toluene)
was followed by 'H NMR and IR-ATR. The cyclic carbonate yield determined by 'H NMR was
correlate to the ratio C=0 cyclic carbonate band area (1820 cm-1) / C=0 ester band area (1734
cm1) calculated by IR-ATR. As shown in Table 51, for each reaction time, three samples were
analyzed by IR-ATR to confirm the homogeneity of the modified polymer, allowing the
calculation of an average ratio based on these three different analyses. The linear correlation
between the cyclic carbonate yield and the average ratio is shown on Figure S18. All the cyclic
carbonate yields for the modification of E-GMA-MA were determined using this calibration

curve.
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Figure S11. Reaction with TBAB in batch followed by 'H NMR (TCE/CsDs, 400MHz) and IR-ATR.

aConditions: 2.0 g of E-GMA-MA (1.1 mmol of glycidyl methacrylate), 18 mg of TBAB (0.057
mmol, 5 mol%), 2.0 mL of toluene, 110 °C, 4.0 MPa of CO..
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Table S1. Calculation of the ratio cyclic carbonate C=0 band area (1820 cm) / ester C=0 band
area (1734 cm) for the reaction with E-GMA-MA using TBAB as catalyst.

Ratio cyclic

Reaction Cyelic Ester C=0 carbonate Ratio
time (min) carbonate rea C=0 area average Yield (%)
C=0 area /ester C=0
area

0.433 6.200 0.0698

10 0.427 6.053 0.0705 0.0702 24
0.428 6.084 0.0703
0.680 6.138 0.1108

30 0.720 5.933 0.1213 0.1172 39
0.733 6.140 0.1194
0.999 5.991 0.1668

60 1.074 6.343 0.1693 0.1638 56
0.908 5.848 0.1553
1.727 6.423 0.2689

120 1.742 6.406 0.2719 0.2682 83
1.647 6.241 0.2639
2.059 6.174 0.3335

300 2.013 6.025 0.3341 0.3359 99
2.089 6.145 0.3400

Conditions: 2.0 g of E-GMA-MA (1.1 mmol of glycidyl methacrylate), 18 mg of TBAB (0.057
mmol, 5 mol%), 2.0 mL of toluene, 110 °C, 4.0 MPa of CO-.
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100 X
9

-~y =306,94x
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ratio cyclic carbonate C=0 area / ester C=0 area

Figure S12. Calibration curve for the calculation of the cyclic carbonate yield with E-GMA-MA
established from Table S1.
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[.3.b. IR-ATR spectra
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Figure §13. IR-ATR spectrum of E-GMA-BA modified with CO; in batch.
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Figure S14. IR-ATR spectrum of E-GMA modified with CO: in batch.
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[.3.c. H NMR spectra

cenanenane o men amannenurasanrhannee s g
MEH008C a0 & omN R A R R R B R iR A R R R RN A R R RN i =)
mmmmmmmmmm ¢ oo IR R B e R | R a3 =
iy NP S W N \

i
’ 2|
a,c d e
|
i
|
\
b |
1
- |
) ’
| f,h |
), g
I | J
e e e L
o - & P w =
5] & N < h ®
S EOE b hd ]

r ‘ ‘ ‘ ‘ : ; ; ; ‘ ‘ . ‘ ; ; ; . ‘ ‘ ‘ ‘ ;

50 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00 -05 1.0 -15

f1 (ppm)

1H NMR (400 MHz, TCE/CeDs) &: 4.25 (m, g’), 4.07 - 3.70 (m, f, h’), 3.48 (s, i), 2.38 - 2.21 (m, b),
1.84-0.33 (m,a,c, d’, ¢e).
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Figure S16.1TH NMR (TCE/CsDs, 400 MHz) spectrum of the modified E-GMA-BA with CO; in batch.

1H NMR (400 MHz, TCE/CsDs) 6: 4.24 (m, g'), 4.14 (dd, ] = 11.4, 2.9 Hz, f), 4.09 - 3.69 (m, f, f,
h’, i), 3,48 (methyl acrylate), 2.89 (m, g), 2.53 - 2.21 (m, h, b), 1.88 -0.37 (m, a, ¢, d, d’, e, €', j,
k,1).

Sy 4.52

= =829
Sy + Sy 452+ 1.00 %

Yield of cyclic carbonate =
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Figure S17. 1H NMR (TCE/CsDs, 400 MHz) spectrum of E-GMA modified with CO; in batch.
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1H NMR (400 MHz, TCE/CsDs) 6: 4.51 - 3.66 (m, g, f, f, h"), 2.90 (m, g), 2.45 (dd, ] = 5.1, 4.1
Hz, h), 2.30 (dd, ] = 5.3, 2.4 Hz, h), 1.87 - 0.45 (m, ¢, d, d’, e, €).

Ser+ Sy + Sy B 11.95—1.17 X 2
S+ Sy +Sp+ Sp+ S, + Sp 1.00+ 1.10 + 1.40 + 11.95

Yield of cyclic carbonate =

=62%
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13C NMR spectra
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Figure §18. 13C NMR (101 MHz, TCE/CsDs) spectrum of E-GMA-MA modified with CO; in batch.
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fl

1
8.0
>:O
h™0
13C NMR (101 MHz, TCE/CsDs) 8: 175.60 (C=0), 120.91 (TCE), 73.58 (g"), 65.79 - 63.33 (f, h’),
50.80 (i), 46.01 (b), 39.85 - 20.46 (a, ¢, d’, €’,j’), 14.35-14.03 (CH3).
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Figure $19. CP/MAS 3C NMR (126 MHz) spectrum of E-GMA-MA modified with CO; and
catalyzed by TBAC in batch.
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O

CP/MAS 13C NMR (126 MHz) 6 175.97 (C=0), 74.25 (g’), 70.65 (ether linkages), 69.19 - 62.61
(f, £, h"),51.17 (i), 49.38 (g), 45.90 (b), 41.59 - 18.59 (a, ¢, d, d’, e, €, j,j’), 14.60 (CHz3).
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[.3.e. DSC analyses
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Figure S20. DSC analysis of E-GMA-MA modified with CO; in batch.
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Figure S21. DSC analysis of E-GMA-BA modified with CO; in batch.
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Figure S22. DSC analysis of E-GMA modified with CO; in batch.
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Figure S23. TGA analysis of E-GMA-MA modified with CO; in batch.
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[.4. Carbonatation of [ethylene - glycidyl methacrylate] based copolymers

by reactive extrusion

[.4.a. IR-ATR spectra
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— THAB

& 1821 cm-t (C=0)
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Figure S24. IR-ATR spectra of E-GMA-MA modified with CO; (catalyst (7.5 mol%), 150 °C, 4 MPa
of COz, 150 rpm, 2.0 kg/h) with different catalysts.
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Figure S25. IR-ATR spectrum of E-GMA-BA modified with CO; in extruder.
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Figure S26. IR-ATR spectrum of E-GMA modified with CO; in extruder.
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[.4.b. 1H NMR spectra
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Figure S27. TH NMR (TCE/CsDs, 400 MHz) spectrum of the modified E-GMA-MA with CO; in

extruder.

| O O OO0 O

. B f g’ 0

N S
h h’ O

1H NMR (400 MHz, TCE/CqD¢) &: 4.28 (m, g'), 4.14 (dd, ] = 11.4, 2.9 Hz, f), 4.09 - 3.72 (m, f, f,
h’), 3.48 (s, 1) 2.90 (m, g), 2.53 - 2.21 (m, h, b), 1.88 - 0.42 (m, a, ¢, d, d’, &, €, j, k, 1).

(Sp + Sy, + Sp)/5 (14.74 — 2.00)/5

Yield of cyclic carbonate = =
Oy O = g e (S + Sg + Sw)/5 (1474 — 2)/5 + 1.00

=72%
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Repeated experiment : 74 %
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Figure $28. 'H NMR (TCE/CsDs, 400 MHz) spectrum of the modified E-GMA-BA with CO; in

extruder.

1H NMR (400 MHz, TCE/CsDs) 6: 4.26 (m, g'), 4.14 (dd, ] = 11.4, 2.9 Hz, f), 4.09 - 3.69 (m, f, f,
h’, i), 3,48 (methyl acrylate), 2.90 (m, g), 2.53 - 2.21 (m, h, b), 1.88 - 0.37 (m, a, ¢, d, d’, e, €', j,

k1.

Yield of cyclic carbonate =

Sy 087
Sy + S, 0.87+1.00

=47 %
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Figure $29. 'H NMR (TCE/CsDs, 400 MHz) spectrum of the modified E-GMA with CO; in extruder.
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1H NMR (400 MHz, TCE/CsDs) 6: 4.38 - 3.61 (m, f, f, g’, h’), 2.90 (m, g), 2.45 (dd, ] = 5.1, 4.1
Hz, h), 2.30 (dd, ] = 5.3, 2.4 Hz, h), 1.88 - 0.29 (m, ¢, d, d’, e, €).

Sgr+ Sgi + S 2.70 — 2 x 1.00

= =12 %
S+ Sy +Sp+ Sp + Sy + Sp 270+ 1.00 + 2.09

Yield of cyclic carbonate =
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DSC analyses
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Figure S30. DSC analysis of the E-GMA-MA modified with CO; in extruder.
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Figure S31. DSC analysis of the E-GMA-BA modified with CO; in extruder.
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Figure S32. DSC analysis of the E-GMA modified with CO; in extruder.
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Figure S35. TGA of TBAC.
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[.6. High temperature SEC analyses in 1,2,4-TCB

—— E-GMA-MA —— E-GMA-BA
[ Carbonated E-GMA-MA in extruder| —— Carbonated E-GMA-BA in extruder
[——Carbonated E-GMA-MA in batch —— Carbonated E GMA-BA in batch

2 3 4 5 5} 7
log(M) (g/mol) log(M) (g/mol)

——E-GMA
—— carbonated E-GMA.in extruder
— carbonated E-GMA.in batch

log(M) (g/mol)

Figure S 36. DSC curves of the native and carbonated polymers.
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[.7. Summary table of SEC and DSC analyses

Table S2. SEC and DSC analyses of the different polymers.

M)’l Mw Tm
Entr olymer Sample D o

y poly P’€  (g/mol)  (g/mol) (°C)

1 1 16 600 101300 6.1
E-GMA-MA 62

2 2 16 900 84 500 5.0
E-GMA-MA modified in 1 14 400 105800 7.3 63

4 batch 2 9600 48 800 5.1
5 E-GMA-MA modified in 1 16 300 85900 53 61

6 extruder 2 12 400 87 700 7.1
7 1 18 500 145000 7.8 67

E-GMA-BA

8 2 16 100 111500 6.9
9 E-GMA-BA modified in 1 14 300 101500 71 66

10 batch 2 10 100 54 800 5.4
11 E-GMA-BA modified in 1 18800 133700 7.1 66

12 extruder 2 11 700 113600 9.7

13 1 17 100 55 500 3.2
E-GMA 105

14 2 16 500 76 600 4.6

15 1 10 800 40500 3.8
E-GMA modified in batch 107

16 2 12 300 100900 8.2

17 1 13 500 81200 6.0
E-GMA modified in extruder 105

2 15 300 106400 7.0

High values of dispersities D are common for LDPE and LDPE-based copolymers synthesized
using high temperatures (typically >200 °C) and high pressures (>1500 bar, up to 3000 bar):

see for instance Ref [86].
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II. Chapter 3

I1.1. Solubility of the polymers and catalysts

Table S3. Solubility of polymers and catalysts.

Entry Compound Solubility in toluene Solubility in MEK
1 TOAB Soluble Soluble
2 TBAC Soluble Soluble
3 PPNCI Insoluble Soluble
4 PBU-1 Soluble Soluble
5 PBU-2 Soluble Soluble
6 PBU-3 Soluble Soluble
7 SBS Soluble Soluble
8 NR-1 Soluble Soluble
9 SIS Soluble Soluble

10 DCPD-EPDM Soluble Insoluble
11 ENB-EPDM Soluble Insoluble
12 E-PBU-1 Soluble Soluble
13 E-PBU-2 Soluble Soluble
14 E-PBU-3 Soluble Soluble
15 E-PBU-4 Soluble Soluble
16 E-SBS Soluble Soluble
17 E-NR-1 Soluble Soluble
18 E-NR-2 Soluble Soluble
19 E-SIS Soluble Soluble
20 E-DCPD-EPDM Soluble Insoluble
21 E-ENB-EPDM Soluble Insoluble
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[1.2. Characterization of the commercial polymers

[1.2.a. IR-ATR spectra

1,4-trans (964 cm™)

Vinyl (911 cm?)

1,4-cis (727 cm1)

I T T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm'")

Figure S37. IR-ATR spectrum of PBU-1.

1,4-cis (734 cm?)

Vinyl
(911 ecm?)
1,4-trans .
(968 cm™?) \\

. \
\

I T T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Figure §38. IR-ATR spectrum of PBU-2.
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Vinyl (906 cm-1)

1,4-trans (967 cml)

W .

I T T T I T I T T T T T I T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Figure S39. IR-ATR spectrum of PBU-3.

Vinyl (907 cm™)
\

\
1,4-trans (965 cm?) |

I M I M I M T i I i I i I i I
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm'")

Figure 540. IR-ATR spectrum of SBS.
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1,4-cis (1375, 835 cm™)

3,4
(888 cm?)

/

/

I T T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm'')

Figure S41. IR-ATR spectrum of NR-1.

1,4-cis (1375, 836 cm™?)
A
/\

/o

/4 I‘I\‘ 3’4
f/ | (888 cmY)

T T T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Figure $42. IR-ATR spectrum of SIS.
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DCPD (722 cm™?)

I T T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Figure 543. IR-ATR spectrum of EPDM-DCPD.

h ENB (809 cm1)

_

—
4000 3500 3000 2500 2000 1500 1000 500
Wavebumber (cm™)

Figure S44. IR-ATR spectrum of EPDM-ENB.

288



Appendices

[I.2.b. TH NMR spectra

T (YIRNPS LY
/—’/
b d e f [
S - a, c
a c
49 39 12 ~
g "h e‘
4/‘ a g"‘ —
b, d

T T T
110 105 100 95 90 85 80 75 70 65 60 55 5.0f (4.5)4.0 35 30 25 20 15 10 05 00 -05 -10 -15
1 (ppm

Figure §45. 1H NMR spectrum of PBU-1.

1H NMR (300 MHz, CDCls) &: 5.71-5.19 (m, b, d, g), 5.07-4.81 (m, h), 2.30-1.74 (m, a, c), 1.74-
1.05 (m, e, ), 0.89 (t,] = 6.1 Hz, CHs).
S, + S, 100 — 12.99/2

Sp+Sa+Sh (100 - %ﬂ) +12.99

Mol% (1,4 units) =

Mol% (1,2 units) = 100 — Mol% (1,4 units) = 12 mol%
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Figure $46. 1TH NMR spectrum of PBU-2.

1H NMR (300 MHz, CDCls) &: 5.38 (m, d, g), 5.11 - 4.81 (m, h), 2.32 - 1.80 (m, c), 1.68 - 1.14

(m, e,f).

S, 100 — 2.89/2

2.89

SatSh (100 - 222 +2.89

Mol% (1,4 — cis units) =

Mol% (1,2 units) = 100 — Mol% (1,4 units) = 3 mol%

290



Appendices

mmmmmmmm
Mmoo

wwwwwwwwwwwww
‘‘‘‘‘‘‘‘‘‘‘‘‘

T S PRNP ENPIRwSe
.’/r
4a,C e f ,‘/
/{/\/ /,
I -
b.d 15 9\85 — /
h e /
a J
‘h
|
‘ e,f
a, C !
‘ ﬂ‘ ‘ﬂ|‘
f |
0.4 || .
| |1
i V“‘ ‘ “M | ‘\
(o
a e
\ | | dU\
1l g’/ b} ‘ _J \J 3 llh
o & &
11.0 105 100 95 90 85 80 75 70 65 60 55 50 35 30 25 20 15 10 05 00 -05 -1.0 -15

45 4.0
f1 (ppm)

Figure $47. 'H NMR spectrum of PBU-3.

1H NMR (300 MHz, CDCls) &: 5.71-5.19 (m, b, d, g), 5.07-4.81 (m, h), 2.30-1.74 (m, a, c), 1.74-

1.05 (m, g, f),

Calculation of the polymer compositions:

Mol% (1,4 units) =

Sy + S84

67.89 —100/2

S, +S,+S,

100

(67.89 — =) + 100

Mol% (1,2 units) = 100 — Mol% (1,4 units) = 85 mol%

=15 mol%
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Figure §48. 1H NMR spectrum of SBS.

1H NMR (300 MHz, CDCI3) 6 7.22 - 6.15 (m, s, 5", s”), 5.96 - 5.14 (m, g, b, d), 5.16 - 4.74 (m, h),
2.67-1.04 (m, a, ¢ e, f tu), 1.07 - 0.60 (m, CHz).

Calculation of the polymer compositions:

0.88
Sy + Sy (5.16 ———)/2

Mol% (1,4 units) = =
Sp+SaFSut Ss+ S0 #5003 (516 - 209 /2 1 0.88/2 + 100/5

= 10 mol%

Sk 0.88/2

Mol% (1,2 units) = =
Sp+Sat St s+ S +5/3 (516 - 209 2 1 0.88/2 + 100/5

= 2mol%

Mol% (styrene) = 100 — Mol% (1,2 units) — Mol% (1,4 units) = 88 mol%
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Figure §49. 'H NMR spectrum of NR-1.
'H NMR (300 MHz, CDCl3) 6: 5.13 (s, ¢), 2.55 - 1.84 (m, a, d), 1.83 - 1.48 (m, b), 0.85 (m, CHa)
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Figure $50. 'H NMR spectrum of SIS.

1H NMR (300 MHz, CDCl3) 6: 7.21 - 6.25 (m, s, 8’, s”), 5.13 (s, b), 4.81 - 4.71 (m, h), 4.71 - 4.63
(m, h), 2.65-1.04 (m,a,d, c, e, gt u).

S 167.57

M lO 1,4 — i it = —
ol% (L4 = cls units) = oo S 4 50 + 5.)/6 ~ 167.57 + 25.62/2 + 100/5

= 84 mol%

Sh/2 ~ 25.62/2
Sy + +Sp/2 + (S; + Sg, + S¢) /6 167.57 + 25.62/2 + 100/5

= 6 mol%

Mol% (3,4 units) =

Mol% (styrene) = 100 — Mol% (1,2 units) — Mol% (1,4 units) = 10 mol%
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B ] S naeenosmmelack
I N |
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11.0 105 100 95 90 85 80 75 70 65 60 55 50 45
f1 (ppm)

Figure $51. 1H NMR spectrum of EPDM-DCPD.
TH NMR (300 MHz, CDCl3) 6 5.79 - 5.34 (m, i, j), 3.02 (m, h), 2.50 (m, 1), 2.33 - 1.77 (m, g, k, m),
1.74 - 0.26 (m, a, b, ¢, d, e, f, n).

The molar composition of EPDM-DCPD (Trilene® 65) was calculated according to the weight
composition reported by Lion Elastomers in technical data document (ethylene: 45 wt%,

propylene: 45 wt%, dicyclopentadiene: 10 wt%).
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Figure §52. 'H NMR spectrum of EPDM-ENB.
TH NMR (300 MHz, CDCl3) 6: 5.32 - 5.15 (m, ] = 6.7 Hz, k (E)), 5.11 - 4.90 (m, ] = 6.5 Hz, k (Z)),
3.02-1.70 (m, g, h,j),1.67 -0.33 (m, a,b, ¢, d, e, f,i,1).

The molar composition of EPDM-ENB (MITSUI® EPT 3092PM) was calculated according to
the weight composition reported by Mitsui Chemicals in technical data document (ethylene:

65wt%, propylene: 30.4 wt%, dicyclopentadiene: 4.6 wt%).
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[I.2.c. DSC analyses

Aexo
mW |
Sample: BG-cis-PBU, 9,1600 mg
2 4
D 4
2
4
6 normalized -44,64 Jg"-1
Peak -322°C
8
-101
-124
-80 -60 -40 =20 0 20 40 60 80 100 120 140 °C
Figure §53. DSC of PBU-2.
Aexo
mW ]
2] Sample: BG-1,2-PBU, 12,5100 mg
1]
U 4
.1
2]
=34
Glass Transition
-4 Onset -32,01 °C
Midpoint ISO -29,05 °C
-5 Delta cp 0,632 Jg"-1K"-1
.61
27
-84
-9+
-10 1
T T T T T T T T T T T T T T T T 1
80 -60 -40 -20 0 20 40 60 80 100 120 140 °C

Figure S54. DSC of PBU-3.
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mW
0.5

0.0 i

-0,51

-1,01

-1,5 1

-2,01

Glass Transition

Onset 95,59 °C
Midpoint [SO 98,32 *C

Delta cp 0,311 Jg*-1K*-1

251

-3,01

-3,51

4,0

T T T T T T
-80 -60 -40 -20 0 20 40 60 80 100 120 140 °C

Figure §55. DSC of SBS.

Aexo

Sample: BG-NR-1, 18,9700 mg

Glass Transition

-6 Onset -63,87 °C
Midpoint ISO -63,16 °C

Delta cp 0,337 Jg"-1K"-1

104

124

14

164

-80 -60 -40 =20 0 20 40 60 80 100 120 140 °C

Figure §56. DSC of NR-1.
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Aexo
mW
2] Sample: BG-S1S, 8,2100 mg
1 4
0
14
-21 Glass Transition
Onset -61,04 °C
Midpomt ISO -59,17 °C
34 Delta cp 0,358 Jg"-1K"-1
e
-5
-6
-7
-80 -60 -40 -20 0 20 40 60 20 100 120 140 °C

Figure S57. DSC of SIS.

Sample: BG-DCPD-EPDM, 8,4000 mg

0,0

-0,5 1

-1,09 Glass Transition

Onset 47,05 °C
Midpoint ISO 44,05 °C

-1,5 1 Delta cp 0,404 Jg"-1K”-1

-2,04

-2,5

-3,04

-3,5

-4,0 1

45

-80 -60 -40 =20 0 20 40 60 80 100 120 140 °C

Figure §58. DSC of EPDM-DCPD.
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2 Sample: BG-ENB-EPDM, §,1500 mg

Glass Transition
Onset -44,75 °C
Midpoint ISO -39,53 °C

37 Delta cp 0,490 Jg-1K-1

4]

-5 j

64
Extrapol. Peak 149,69 °C

] Peak Value 6,11 mW

2] Left Limit  -58,24°C
Right Limit 84,62 °C
Peak 37,00 °C

80 60 40 20 0 20 40 60 80 100 120 140 °C

Figure §59. DSC of EPDM-ENB.
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[1.3. Epoxidation of polydienes in batch

[1.3.a. IR-ATR spectra

1,4-trans (964 cm™)

Vinyl (910 cm™)
/
/

Epoxide (890 cm) ||7 )
1,4-cis (727 cm1)

T T T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm’™)

Figure S60. IR-ATR spectrum of E-PBU-1.

1,4-cis (732 cm'?)

Vinyl

(908 cm™) Epoxide

1,4-trans \ 880 cm-l
(969 cm) \ (880 cm)

I T T T T T T T T T I N T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Figure S61. IR-ATR spectrum of E-PBU-2.
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Vinyl (906 cm'?)

Epoxide (863, 828 cm™)

/

T T T T T T T T T T 1
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm’™)

Figure S62. IR-ATR spectrum of E-PBU-3.

Vinyl (906 cm't)

1,4-trans (967 cm?)

h L

T * T " T * T * T * T 7+ 1
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Figure S63. IR-ATR spectrum of E-PBU-4.
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Epoxide
(880 cm)
Vinyl (906 cm )|  /

1,4-trans (966 cm1) "*.‘ /

I T T T T T T T I T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Figure S64. IR-ATR spectrum of E-SBS.

1,4-cis (1377, 837 cm™)

\ Epoxide
(879 cm?)

/

o

I T T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Figure S65. IR-ATR spectrum of E-NR-1.
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1,4-cis (1376, 835 cm)

3,4 (887 cm) Epoxide

\ (869 cm'?)
. “

I T T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm'')

Figure S66. IR-ATR spectrum of E-NR-2.

1,4-cis (1376, 836 cm™?)

3,4
(888 cm™)

I M I M I M T i I i I i I i I
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm'")

Figure S67. IR-ATR spectrum of E-SIS.
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Epoxide DCPD
(835cm?) (727 cm?)

/

I

I T I T T T T T I T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm’™)

Figure S68. IR-ATR spectrum of E-EPDM-DCPD.

Epoxide
(1262, 872 cm)
A ENB
‘ (804 cmY)

I T I T I T I T T T I T I T I
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Figure S69. IR-ATR spectrum of E-EPDM-ENB.
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[1.3.b. IH NMR spectra
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Figure §70. 1H NMR spectrum of E-PBU-1.

1H NMR (300 MHz, CDCls) § 5.77 - 5.19 (m, b, d, g), 5.18 - 4.70 (m, h), 3.20 - 2.83 (m, d’), 2.82

-2.53(m, b"),2.39-1.79 (m, a, ¢), 1.77 - 1.05 (m, a’, ¢, e, f), 0.99 - 0.70 (m, CH3).

Sd’
Sb +Sd +Sh+Sb’ +Sd'

Mol% (cis epoxide units) =

6.25
Mol% (cis epoxide units) = 1485 = 5mol%
(100 - =572) + 14.85 + 6.13 + 6.25
, , 6.13

Mol% (trans epoxide units) = 1485 = 5mol%

(100 - =572) + 14.85 + 6.13 + 6.25

(100 _ 14285)

=77 mol%

Mol% (1,4 units) =
(100 _ %85) +14.85+ 6.13 + 6.25

Mol% (1,2 units) = 100 — Mol% (1,4 units) — Mol% (epoxide units) = 13 mol%
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Hydrolyzed
products

8.5 8.0 7.5 7.0 6.5 6.0 55 5.0 4.5 4.0 35 3.0 2.5 2.0 1.5 1.0 0.5 0.0
f1 (ppm)

Figure S71. 'H NMR (300 MHz, CDCl3) spectrum of the crude mixture after epoxidation of PBU-1
with mCPBA at 110 °C (Figure 5).
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Figure §72. 1H NMR spectrum of E-PBU-2.

1H NMR (300 MHz, CDCls) &: 5.75 - 5.18 (m, d, h, g), 5.18 - 4.71 (m, h), 2.93 (t, ] = 4.7 Hz, &),
2.54 - 1.88 (m, ¢), 1.86 - 1.14 (m, ¢, e, ), 1.00 - 0.70 (m, CHs).

Mol% (ci ide units) Sa 20.06 16 mol%
oL (CLS epOXl e units) = = = motLvo
Sa+Snt+Sa (100 - ¥) +3.19 + 20.06
Mol% (ci ide units) Sa 100 —3.19/2 81 mol%
oL/ (CLlS epOXl e units) = = = motvo
Sa+Sh+ Sar (100 - %) +3.19 + 20.06

Mol% (1,2 units) = 100 — Mol% (1,4 units) — Mol% (epoxide units) = 3 mol%
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Figure §73. 1H NMR spectrum of E-PBU-3.

1H NMR (300 MHz, CDCl3) &: 5.84 - 5.15 (m, g), 5.13 - 4.59 (m, h), 3.20 - 2.41 (m, g, d’, b’, b),
2.37-1.79 (m, ¢, d’), 1.82 - 0.96 (m, e, €, f, ), 0.91 - 0.68 (m, CHs).

Calculation of the polymer compositions:

Sy/2 5.15/2

oloh (e o _
ol% (cis epoxide units) = re—re—r oo S, (100 +46.07 +5.15)/2 + 1.68

= 3mol%

S,./2 ~ 46.07/2
(Sh + Sp + Sa)/2 + S, — (100 + 46.07 + 5.15)/2 + 1.68

Mol% (trans epoxide units) =

= 30 mol%

46.07/2
(100 + 46.07 + 5.15)/2 + 1.68

Mol% (pendant epoxide units) = = 3 mol%

Mol% (1,2 units) = 100 — Mol% (epoxide units) = 64 mol%
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Figure §74. 'H NMR spectrum of E-PBU-4.

1H NMR (300 MHz, CDCl3) 6 5.93 - 5.16 (m, g, b, d), 5.16 - 4.58 (m, h), 3.16 - 2.98 (m, g'), 2.98
-2.81 (m, d"), 2.64 (s,b"), 2.53 - 2.46 (m, h"), 2.40 - 0.49 (m, a, ¢, e, f,a’, C, €, f).

Sd’
0 . . ) — 2
Mol% (cis epoxide units) S FS, F S’é 15, ¥5, Yy
g
, , , 0.79/2
Mol% (cis epoxide units) = 100 = 0.6 mol%
(65.56 - (T) +100 + 3.84 + 0.79) /2 +0.26
, , 3.84/2
Mol% (trans epoxide units) = 100 = 3 mol%
(65.56 - (T) +100 + 3.84 + 0.79) /2 +0.26
, , 0.26
Mol% (pendant epoxide units) = ( (100) )
65.56 —(——) + 100+ 3.84+0.79) /2 + 0.26
2
= 0.4 mol%
100
_ (65.56 — (= ))/2
Mol% (1,4 units) = 100 = 13 mol%
(65.56 - (T) +100 + 3.84 + 0.79) /24 0.26
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Mol% (1,2 units) = 100 — Mol% (1,4 units) — Mol% (epoxide units) = 83 mol%
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Figure S75. 1H NMR spectrum of E-SBS.

1H NMR (300 MHz, CDCI3) 6 7.22 - 6.15 (m, s, s, s”), 5.96 - 5.14 (m, g, b, d), 5.16 - 4.74 (m, h),
2.96 (m, b’), 2.72 (m, d’), 2.67 - 1.04 (m, a, ¢, ¢, f, t,u, a’, ¢’), 1.07 - 0.60 (m, CHz).

Saur/2
Mol% (ci de) =
0l% (cis epoxide) = oo e e S I T (5. S0 F5.)/5
0.59/2
= 035 = 1,4 mol%
((1.39 - T) +0.35 + 0.59 + 0.77) /2 + 100/5
. 0.77/2
Mol% (trans epoxide) = = 1.8 mol%

((1.39 - OZiS) +0.35 + 0.59 + 0.77)/2 + 100/5

(1.39 — O'ZiS) /2
Mol% (1,4 units) = 035 = 2.8 mol%
((1.39 - T) +0.35 + 0.59 + 0.77) /2 + 100/3
) 0.35/2
Mol% (1,2 units) = 035 = 0.8 mol%

((1.39 - T) +0.35 + 0.59 + 0.77) /2 + 100/3
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Mol% (styrene) = 100 — Mol% (1,2 units) — Mol% (1,4 units) — Mol%(epoxide)

= 93.2 mol%
T o TS AT
I ~
b b' o /‘"“ \" (
— ' o _ S /‘Ib' —
a d ad
50 50
b

377.2H

r T T . . . T T T T T T T T T
110 105 100 95 90 85 80 75 70 65 60 55 50 45 40 35 3.0
f1 (ppm)

Figure §76. 'H NMR spectrum of E-NR-1.

T T T T T T T
25 20 15 10 05 00 -05 -1,

1H NMR (300 MHz, CDCls) &: 5.13 (m, c), 2.71 (m, ¢’), 2.55 - 1.84 (m, a, d), 1.83 - 1.10 (m, b, @,

b’, d’), 0.87 (m, CHs)

S, 100
= 50 mol%

S.+S. 100 +98.99

Mol% (1,4 units) =

Mol% (epoxide) = 100 — Mol%(1,4 units) = 50 mol%
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Figure S77. 1TH NMR spectrum of E-NR-2.

1H NMR (300 MHz, CDCls) &: 5.13 (m, c), 2.69 (m, ¢'), 2.55 - 1.10 (m, a, b, d, a’, b, d’), 1.83 -
1.10 (m, b, 2, b, d), 0.87 (m, CHs)

S, 90.72

= - 91 lO
S.+S. 90.72+9.28 mol%

Mol% (1,4 units) =

Mol% (epoxide) = 100 — Mol%(1,4 units) = 9 mol%
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Figure §78. 1H NMR spectrum of E-SIS.

1H NMR (300 MHz, CDCls) &: 7.21 - 6.25 (m, s, s, s”), 5.13 (s, b), 4.81 - 4.71 (m, h), 4.71 - 4.63

(m, h), 2.69 (m, b’), 2.65-1.04 (m,a,d,c, e f g tua,c,d).

Sp
Mol9 ide) =
ol% (epoxide) = o e e (5. 4 50 T 5./
11.00
= 570G = 5mol%
158.87 + T + 11.00 + 100/5
_ 158.87
Mol% (1,4 — units) = 5706 = 78 mol%
158.87 + T + 11.00 + 100/5
, 27.96/2
Mol% (3,4 — units) == 5708 =7 mol%
158.87 + T + 11.00 4+ 100/5

Mol% (styrene) = 100 — Mol% (1,4 — units) — Mol% (3,4 — units) — Mol%/(epoxide)

=10 mol%
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i 7 N I %
—
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Figure §79. 1H NMR spectrum of E-EPDM-DCPD.

1H NMR (300 MHz, CDCI3) § 5.80 - 5.37 (m, L, j), 3.71 - 3.22 (m, 1, j"), 3.19 - 2.86 (m, h), 2.66 -
1.68 (m, g k1, m,h’, K,I'’m’"), 1.65-0.39 (m, a,b,c,d, e fn,e,f,n).

Su +5j, 2.00

Yield (epoxide) = S
leld (epoxide) = oo g 45, = 2.00 + 2.02

= 50%

Mol% (epoxide) = initial Mol%(DCPD) X Yield(epoxide) = 1.5 mol%

Mol% (DCPD) = initial Mol%(DCPD) — Mol% (epoxide) = 1.5 mol%
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Figure §80. 'H NMR spectrum of E-EPDM-ENB.

1H NMR (300 MHz, CDCl3) &: 5.34 - 5.12 (m, k (E)), 3.25 - 2.93 (m, k), 2.55 - 1.91 (m, g g, h,

b,j, ), 1.94 - 0.28 (m, a,b, ¢, d, e, &, f, 1,1, 1, ).

S 6792
Sy + Sk 32.08 + 67.92

Yield (Epoxide) =

= 68%

Mol% (epoxide) = initial Mol%(ENB) X Yield (epoxide) = 0.7 mol%

Mol% (ENB) = initial Mol%(ENB) — Mol% (epoxide) = 0.3 mol%
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[1.3.c. DSC analyses

Aexo

mW
Sample: BG-JP100. 10,8300 mg

Glass Transition

Onset -18,22 °C

-6 Midpoint ISO -17,27 *C

Delta cp 0,442 Jg"-1K"-1

-10 4

124

-80 -60 -40 -20 0 20 40 60 80 100 120 140 =C

Figure §81. DSC of E-PBU-3.

Aexo

mW
Sample: BG362-E-PBU4, 11,9100 mg

Glass Transition

Onset 228,33 °C

-6 Midpoint ISO -27,19 °C

Delta cp 0,406 Jg"-1K"-1

-104

-124

141

T T T T T T
-80 -60 -40 =20 0 20 40 60 80 100 120 140 °C

Figure S82. DSC of E-PBU-4.
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mW
1 Sample: E-SBS-BG367, 6,8300 mg

A

0,0
-0,5

-1.04

Glass Transition

Onset 89,06 °C
Midpoint ISO 93,06 °C

Delta cp 0,241 Jg"-1K"-1

-1,51

2,0

-2,51

T

-80 -60 -40 =20 0 20 40 60 80 100 140 °C

Figure §83. DSC of E-SBS.

Aexo

mW
Sample: BG-ENRS50, 8,4300 mg

2

4
Glass Transition

Onset 222,07 °C
Midpoint ISO -20,03 °C

64 Delta cp 0,436 Jg"-1K"-1

-101

-124 T ' T . ‘
-80 -60 -40

-20 0 20 40 60 80 100 120 140 °C

Figure $84. DSC of E-NR-1
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Aexo
mW
Sample: BGE-NR-2, 23,0400 mg
2 4
D 4
24
44
Glass Transition
Onset -56,13 °C
6- Midpoint ISO -55.86 °C
B Delta cp 0,147 Jg"-1K -1
-8
10
-121
-80 -60 -40 =20 0 20 80 100 120 140 °C
Figure S85. DSC of E-NR-2.
Aexo
mW |
Sample: BG363-E-SIS, 13,4800 mg
2 -
D B
24
41
Glass Transition
Onset -57.38 °C
Midpoint ISO -56,61 °C
-6 Delta cp 0,210 Jg*-1K*-1
-84
-104
-12 4
144
-80 -60 -40 -20 20 80 100 120 140 °C

Figure §86. DSC of E-SIS.
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Aexo

mW
Sample: BG368-E-DCPD-EPDM, 5,4300 mg
2 o
0 4
2
Glass Transition
Onset -46.,01 °C
-4 Midpoint ISO -44,96 °C
Delta cp 0,223 Jg"-1K"-1
-6
8-
-10 4
-80 -60 -40 -20 0 20 40 60 80 100 120 140 °C

Figure §87. DSC of E-DCPD-EPDM.

Aexo

| Sample: BG364-E-ENB-EPDM, 11,4300 mg

Glass Transition
Onset -45,94 °C
Midpoint ISO -44,51 °C

61 Delta cp 0,313 Jg"-1K"-1
-8
10
-124
normalized -54.62 Jg"-1
Peak 3557°C
-144
-80 -60 -40 =20 0 20 40 60 80 100 120 140 °C

Figure §88. DSC of E-ENB-EPDM.
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[I1.4. Epoxidation of polybutadiene by reactive extrusion

[I.4.a. TH NMR spectra

70°C
10 mol% of oxidant

60°C
10 mol% of oxidant

50°C

Y o—

|\ |
I\ I ‘
A o smomarot
IJ Before extrusion
‘ : : . : : . : : : : : : ; : : : : :
8.5 8.0 7.5 7.0 6.5 6.0 55 5.0 45 4.0 35 3.0 25 2.0 15 1.0 05 0.0 -0.5

f1 (ppm)

Figure §89. 'H NMR spectra (CDCl3 300 MHz) of PBU-4 after epoxidation by reactive extrusion
(350 g/h of PBU-4, 100 rpm).

Sd’
Mol% (cis epoxide units) = S TS TS +25 s
b T 9d Top Top Tog

2

+ Sy

Sb’
Mol% (trans epoxide units) = SIS . FS +25 s
b T 9d T Op T Op! TOg!

2

+ Sy

S
Mol% (pendant epoxide units) = SIS 1S +gS s
b T9q TOp TOp! TOg
2

+ Sy
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[1.4.b. DSC analyses

mW
0.5 Sample: PBU-4, 9,2200 mg

0,04

0,51

-1,0

-1,51

Glass Transition

-2,01 Onset -47,14 °C

Midpoint ISO -44,14 °C
Delta cp

0,609 Jg"-1K"-1
-2,51

-3,0

351

40

451

T T T T

-80 -60 -40 -20 0

140 °C

Figure $90. DSC of PBU-4.

=o.
mw
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6

H

@

3

2

X Sample E-PBU-S, 13,2 mg

o

4
Glass Transition

~715°C

Midpoint IS0 -44.30°C
Deliacp 0589 g 1K1

3

4

5

“
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Figure §91. DSC of E-PBU-5.

322



Appendices

I1.5. Carbonatation of partially epoxidized polvdienes

[I.5.a. IR-ATR spectra

1,4-trans
(965 cm?)

Vinyl (911 cm'Y)

1,4-cis
(730 em'?)

Cyclic carbonate /

{1801 cm'l) EpDXidE

(876 cm™)

[ ' 1 ! I N I ! I ' I ! I ' I
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm’™)

Figure §92. IR-ATR spectrum of C-PBU-1.

1,4-cis (730 cm™)

Cyclic carbonate

(1801 cm?)
Epoxide (879 cm?)

Vinyl (909 cm™)

I T T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Figure §93. IR-ATR spectrum of C-PBU-2.
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Cyclic carbonate
(1788 cm'?)

Vinyl (906 cm™)

I 4 I T 1 N I 4 1 ! 1 M I 4 I
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Figure S94. IR-ATR spectrum of C-PBU-3.

Vinyl (906 cm™)

1,4-trans (967 cm™1)
\

\

Cyclic carbonate \\
(1822 cm?)

N e

1 T _ * T * 1T T T T T 7 1
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Figure S95. IR-ATR spectrum of C-PBU-4 (Table 4, entry 7).
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Vinyl
(906 cm?)
/
1,4-trans
Cyclic carbonate (966 fm-l) Epoxide
(1792 cm‘l) | (830 cm*i)
T T T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)
Figure §96. IR-ATR spectrum of C-SBS.
Cyclic carbonate
(1795 cm?)
1,4-cis
(1378, 837 cm?)
Epoxide
(879 cm?)

I T T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm’")

Figure S97. IR-ATR spectrum of C-NR-1.
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1,4-cis
(1376, 835 cm™?)

3,4 (886 cm?)

Epoxide

\ (868 cm)

Cyclic carbonate
(1804 cm™)

\

I T T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™")

Figure S98. IR-ATR spectrum of C-NR-2 (Table 4, entry 15).
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[I.5.b. TH NMR spectra

a, Cc
//k
- — ——
b, d
l
|
!
‘ Ha’, c,a
| ¢ e
[
I I I
h |
/‘\ f b” b, / \N/u. /\
g b . ) / \
I Yihe®  dF _—
N T T T T
110 105 100 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00
f1 (ppm)

Figure $99. 1H NMR spectrum of C-PBU-1.

1H NMR (300 MHz, CDCl3) 6 5.77 - 5.19 (m, b, d, g), 5.18 - 4.70 (m, h), 4.65 (m, d”), 4.25 (m,b”),
3.20-2.83 (m,d"), 2.82 -2.53 (m, b’), 2.39-1.79 (m, a,c), 1.77 - 1.05 (m, e, f,a’, c’, ", c”)

S "
Mol% (ci bonate) = d
0 /O(Cls carbona e) Sb +Sd+Sh+Sb’+Sd’+Sb"+Sd"
1.49
Mol% (cis carbonate) = 1436 = 1.3mol%
(100 - T) +14.36 + 3.57 + 0.70 + 4.82 + 1.49
4.82
Mol% (trans carbonate) = 1436
(100 - T) +14.36 + 3.57 + 0.70 + 4.82 + 1.49
= 4.1 mol%
, , 0.70
Mol% (cis epoxide) = 1236 = 0.6 mol%
(100 - T) +14.36 + 3.57 + 0.70 + 4.82 + 1.49
3.57
= 3.0 mol%

Mol% (trans epoxide) = 1436
(100 - T) +14.36 +3.57 + 0.70 + 4.82 + 1.49
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(100 —@)

2
14.36

(100 _ T) +14.36 +3.57 4+ 0.70 + 4.82 + 1.49

Mol% (1,4 units) = = 73 mol%

Mol% (1,2 units)
= 100 — Mol% (1,4 units) — Mol% (epoxide units) — Mol% (carbonate)

= 18 mol%
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Figure $100. 'H NMR spectrum of C-PBU-2.

1H NMR (300 MHz, CDCls) &: 5.75 - 5.18 (m, d, h, g), 5.18 - 4.71 (m, h), 4.65 (m, d”), 4.26 (m,
b”), 2.93 (t, ] = 4.7 Hz, d’), 2.54 - 1.88 (m, c), 1.86 - 1.14 (m, ¢, e, f), 1.00 - 0.70 (m, CHs).

Sd"
Sd +Sh +Sd’ + Sb" +Sd"

Mol% (cis carbonate units) =

2.04
Mol% (cis carbonate) = 138 = 2 mol%
(99.98 — =57) + 1.38 + 10.17 + 6.29 + 2.04
6.29
Mol% (trans carbonate ) = 138 = 5mol%
(99.98 = =57) + 1.38 + 10.17 + 6.29 + 2.04
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10.17

Mol% (cis epoxide) = 138 = 8 mol%
(99.98 _ T) +1.38410.17 4 6.29 + 2.04
99.98 — %
Mol% (1,4 units) = 138 = 83 mol%
(99.98 - T) +1.38+10.17 + 6.29 + 2.04

Mol% (1,2 units) = 100 — Mol% (1,4 units) — Mol% (epoxide) — Mol% (carbonate)

= 2mol%
SO L LT hATEELRENE2 ¢ HHIRRHTANS SERITMUNIANIGSEER 3
NN N NN NN NN NN NN n TE T T T T T T P e T ST IR I I S R R i S o
A RNRPPEY: S 1N e
;
r”
)
. )
r”
/
J /’
/ o /
._.._/ / *,_/—/’

T
11.0 105 100 95 90 85 80 75 70 65 60 55 50 45 40
f1 (ppm)

Figure S101. 'H NMR spectrum of C-PBU-3.

1H NMR (300 MHz, CDCl3) 6: 5.84 - 5.15 (m, g), 5.13 - 4.77 (m, h), 4.77 - 4.00 (m, b”, d”, f’, h”),
2.60 (m, b’),2.37-0.91 (m, e, f,a’,a", c”, e”,g"), 0.91 - 0.68 (m, CH3).

Conversion (cis epoxide ) = 1 — _2d 2 _99 %
Sa’ initial 5.15

C jon (t ide) = 1 S’ 1_ 315 _gay
onversion rans epOXl e) = _—— = —_—— = 0
Sb! initial 46.07
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Sy, 002 o
_ =] == (0}
Sg’,initial 1.68

Conversion (pendant epoxide) = 1 —
Mol% (pendant carbonate)

= initial Mol% (pendant epoxide) * Conversion (pendant epoxide)

=3x%x0.99 =3mol%

Mol% (internal carbonate)
= initial Mol% (cis epoxide) x Conversion (cis epoxide)
+ initial Mol% (trans epoxide) X Conversion (trans epoxide)

=3x%0.99+30x0.93 =31mol%
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Figure §102. 'H NMR spectrum of C-SBS.

1H NMR (300 MHz, CDCI3) 6 7.22 - 6.15 (m, s, s, s”), 5.96 - 5.14 (m, g, b, d), 5.16 - 4.80 (m, h),
4.74 (m, b”), 4.35 (m, d”), 2.96 (m, b’), 2.72 (m, d’), 2.67 - 1.04 (m, a, ¢, ¢, f, t,u, a’, c’,a", c”).
Sq/2
(Sp+Sg+Sp+Sp, +Sq +Sp +S4)/2+ (Sg+ S, + Sg)/5
0.39/2

Mol% (cis carbonate) =

((1.52 - O'zﬁ) +0.20 4+ 0.23 + 0.05 + 0.64 + 0.39)/2 + 100/5

= 0.9 mol%
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0.64/2
Mol% (trans carbonate) = 020 /
((1.52 - T) +0.20 4+ 0.23 + 0.05 + 0.64 + 0.39)/2 + 100/5
= 1.5 mol%
0.05/2
Mol% (cis epoxide) = 020 /
((1.52 - T) +0.20 + 0.23 + 0.05 + 0.64 + 0.39)/2 + 100/5
= 0.1 mol%
0.23/2
Mol% (trans epoxide) = 020 /
((1.52 - T) +0.20 4+ 0.23 + 0.05 + 0.64 + 0.39)/2 + 100/5
= 0.5 mol%
(152-229) 2
Mol% (1,4 units) = 020
((1.52 - T) +0.20 4+ 0.23 + 0.05 + 0.64 + 0.39)/2 + 100/5
= 3mol%
0.20/2
Mol% (1,2 units) = 020 /
((1.52 - T) +0.20 4+ 0.23 + 0.05 + 0.64 + 0.39)/2 + 100/5
= 1mol%

Mol% (styrene)
= 100 — Mol% (1,4 units) — Mol% (1,2 units) — Mol% (epoxide)
— Mol% (carbonate) = 93 mol%
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Figure S.103 TH NMR spectrum of C-NR-1.

1H NMR (300 MHz, CDCls) 8: 5.13 (m, ¢), 4.27 (m, ¢”), 2.70 (m, ¢'), 2.55 - 1.84 (m, a, b, d, a’, b’,
d,a”,b”,d"), 0.87 (m, CHa)

S, 13.91

Mol® - - — 14 molo
ol% (carbonate) = o o = 5013645 + 13.01 mol%

Ser B 36.45
S.+Ss+S.,  50+36.45+13.91

Mol% (epoxide) = = 36 mol%

Mol% (1,4 units) = 100 — Mol% (epoxide) — Mol% (carbonate) = 50 mol%
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[I.5.c. DSC analyses

Sample: BG376-C-PBU-2, 9,4200 mg

-104

-124

normalized -8,03 Jg"-1
Peak 134,70 °C
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T
120

T
140 °C

Figure §104. DSC of C-PBU-2.
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Figure §105. DSC of C-PBU-3.
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Sample: BG377-C-SBS, 83100 mg

104

Glass Transition

Onset 88,99 °C
Midpoint ISO 91,70 °C
0,314 Jg"-1K"-1

Delta cp
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Figure §106. DSC of C-SBS.
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Sample: BG357-C-NR-1, 11,0700 mg

4

Glass Transition
Onset -19,24 °C

-6 Midpoint ISO 3,08 °C
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8
4101
-124

normalized -0,89 Jg"-1
Peak 133,05 °C
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Figure §107. DSC of C-NR-1.
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I11.Chapter 4

—— Carbonated polybutadiene
—— Aminolyzed polybutadiene

— T T T T T T 1 T T 1
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Figure S108. IR-ATR spectra before (black) and after (red) aminolysis of carbonated
polybutadiene monitored by 'TH NMR.
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—— before reaction
after reaction
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Figure S$109. IR-ATR spectra before (black) and after (red) aminolysis of epoxidized
polybutadiene (E-PBU-3).
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IV. Chapter 5

[V.1.Tensile curves
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Figure S110. Tensile curve of HDPE.
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Figure S111. Tensile curve of PC.
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—— HDPE/PC (80/20)
—— HDPE/PC/E-GMA-MA (72/18/10)
—— HDPE/PC/CO,-E-GMA-MA (72/18/10)

40 -

35

30

| B
s M)

20

Stress (MPa)

15 +

0 T T T T T T T T T 1
0 20 40 60 80 100

Strain (%)

Figure S112. Tensile curve of HDPE/PC (80/20), HDPE/PC/E-GMA-MA (72/18/10) and
HDPE/PC/COz-E-GMA-MA (72/18/10) blends.
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—— HPDE/PC (80/20)
40 - —— HPDE/PC/E-GMA-BA (72/18/10)
- —— HPDE/PCICO,-E-GMA-BA (72/18/10)
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Figure S113. Tensile curve of HDPE/PC (80/20), HDPE/PC/E-GMA-BA (72/18/10) and
HDPE/PC/COz-E-GMA-BA (72/18/10) blends.
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—— HDPE/PC (80/20)
_ —— HDPE/PC/E-GMA (72/18/10)
35 - —— HDPE/PC/CO,-E-GMA (72/18/10)
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Figure S114. Tensile curve of HDPE/PC (80/20), HDPE/PC/E-GMA (72/18/10) and
HDPE/PC/CO;-E-GMA (72/18/10) blends.
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—— PC/HDPE (80/20)
50 —— PC/HDPE/E-GMA-MA (72/18/10)
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Figure S115. Tensile curve of PC/HDPE (80/20), PC/HDPE/E-GMA-MA (72/18/10) and

PC/HDPE/C0;-E-GMA-MA (72/18/10) blends.
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—— PC/HDPE (80/20)

507 —— PC/HDPE/E-GMA-BA (72/18/10)
—— PC/HDPE/CO,-E-GMA-BA (72/18/10)

40 4
g )
\E, 30
(79}
(7]
o
n 20

10
0 I T I T I I I I

10 20 30
Strain (%)

O —

40

50

60

Figure S116. Tensile curve of PC/HDPE (80/20), PC/HDPE/E-GMA-BA (72/18/10) and

PC/HDPE/C0;-E-GMA-BA (72/18/10) blends.
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—— PC/HDPE (80/80)
—— PC/HDPE/E-GMA (72/18/10)
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Figure S117. Tensile curve of PC/HDPE (80/20), PC/HDPE/E-GMA (72/18/10) and

PC/HDPE/CO,-E-GMA (72/18/10) blends.
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IV.2.NMR spectra of PC
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Figure S118. 'H NMR spectrum (400 MHz, CDCl3) of PC.
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Figure §119. 13C NMR spectrum (100 MHz, CDCl3) of PC.
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