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Les polymères, qu’ils soient synthétiques ou naturels, sont aujourd’hui omniprésents et font 

partie intégrante de notre mode de consommation. Parmi les polymères synthétiques, le 

polyéthylène (PE) est le plus utilisé et le plus produit dans le monde. Il doit son succès à ses faibles 

coûts de production, ses excellentes propriétés mécaniques et l’abondance du monomère à partir 

duquel il est produit : l’éthylène, issu en grande majorité de l’industrie pétrolière. Le PE peut être 

obtenu par polymérisation catalytique, par un mécanisme de coordination-insertion utilisant des 

complexes de métaux de transitions en conditions douces (T < 65 °C, P < 30 bar), ou par un 

procédé radicalaire en conditions très dures (T > 200 °C, P > 1 000 bar). Ces deux voies de 

production permettent d’obtenir des PE ayant différentes propriétés mécaniques et applications, 

allant de la production de sacs plastiques aux implants pour les hanches. 

Composé d’un squelette exclusivement hydrocarboné, le PE est apolaire, ce qui lui confère une 

grande inertie chimique. Cela devient toutefois un inconvénient lorsqu’il s’agit de lui conférer des 

propriétés de surfaces et d’interfaces. La copolymérisation de l’éthylène avec des monomères 

polaires, et notamment la synthèse de copolymères à blocs, représente une solution intéressante 

à ce problème. Les procédés de production industriels du PE (catalytique et radicalaire) sont 

cependant incompatibles avec l’obtention de tels matériaux. 

Dans ce contexte, les techniques de polymérisation radicalaire par désactivation réversible 

(RDRP en anglais), et notamment la polymérisation RAFT (transfert de chaîne par addition-

fragmentation) sont aujourd’hui des procédés de choix pour la synthèse de copolymères à blocs. 

Il y a quelques années, le C2P2 a montré que le contrôle de la polymérisation radicalaire de 

l’éthylène est possible par RAFT, au moyen d’agents de contrôle de type xanthate. Cependant, une 

réaction parasite de fragmentation secondaire (side-fragmentation, SF), inhérente à la nature des 

agents de contrôle utilisés (O-alkyl xanthates), a été mise en évidence dans ces systèmes. 

En s’appuyant sur ces résultats prometteurs, les travaux de thèse présentés ici ont pour 

objectif la synthèse de copolymères à blocs polaire-apolaire, basés sur l’éthylène, par le procédé 

RAFT. Pour cela, l’homopolymérisation RAFT de l’éthylène a d’abord été étudiée de manière 

approfondie. Des agents de contrôle possédant des substituants potentiellement défavorisant la 

SF ont donc été synthétisés et étudiés. L’utilisation de O-aryl xanthates a permis la suppression de 

la SF ainsi qu’un excellent contrôle des masses molaires aux faibles temps de polymérisation 

(dispersité de masse molaire, Ð < 1.3). Cependant, de potentielles réactions de terminaison se 

produisant sur le radical intermédiaire (cross termination), conduisant à une perte de 

fonctionnalité des extrémités de chaînes, ainsi que des problèmes de ségrégation de phase en 

milieu supercritique ont été mis en évidence. L’utilisation de N-aryl dithiocarbamates s’est révélée 

plus prometteuse. En effet, ces agents de transfert permettent aussi de s’affranchir de la SF tout 

en conservant une fidélité des extrémités de chaînes de 100%. Aucune ségrégation de phase n’a 



24 

été observée, mais une consommation lente de l’agent de contrôle, dépendante de sa structure, a 

été mise en évidence. 

Ces résultats ont ainsi permis d’identifier les agents de contrôle présentant les meilleurs 

compromis pour la synthèse de copolymères à blocs avec l’éthylène. Dans un premier temps, un 

xanthate a été utilisé pour la préparation de poly(acétate de vinyle) (PVAc), un dithiocarbamate 

pour celle de poly(méthacrylate de méthyle) (PMMA) et un poly(oxyde d’éthylène) (PEO) 

commercial a été fonctionnalisé avec différents dithiocarbamates. Dans le cadre d’une 

collaboration avec le Pr. Mathias Destarac et le Dr. Simon Harrisson (Laboratoire des IMRCP, 

Université Toulouse III), des PMMA terminés par une extrémité dithiocarbamate ont été 

également obtenus par transfert irréversible. Dans un deuxième temps, ces macromolécules ont 

été utilisées comme macro-agents de contrôle (macro-CTA) dans le but de réaliser des extensions 

de chaînes en présence d’éthylène en milieux organique et aqueux pour l’obtention de 

copolymères à blocs. 

C’est ainsi que des copolymères à blocs bien définis (distributions de masses molaires 

étroites) ont pu être obtenus : PVAc-b-PE, PMMA-b-PE, PEO-b-PE (Figure 1) dans le carbonate de 

diméthyle (DMC), un solvant connu pour activer la polymérisation radicalaire de l’éthylène tout 

en limitant les réactions de transfert au solvant. Ces résultats représentent les premiers exemples 

de synthèse de tels copolymères à blocs de façon contrôlée. Des difficultés de caractérisations et 

d’analyses des copolymères, notamment liées à leur caractère polaire-apolaire ont également été 

mises en évidence, rendant l’analyse des masses molaires par chromatographie d’exclusion 

stérique et RMN non triviale. 

16 18 20 22 24 26 28 16 18 20 22 24 26 16 18 20 22 24 26 28
Volume de rétention (mL)Volume de rétention (mL)Volume de rétention (mL)

 macro-CTA
 1h
 3h
 5h

a)
 macro-CTA
 2h
 3h
 4h
 5h

 macro-CTA
 2h
 4h
 8h

b) c)

 
Figure 1. Extensions de chaînes avec l’éthylène à partir de différents macro-agents de contrôle pour 
la synthèse de copolymères à blocs : PVAc-b-PE (a), PMMA-b-PE (b) et PEO-b-PE (c). 

Des propriétés d’auto-assemblage durant la synthèse des PMMA-b-PE et des PEO-b-PE ont été 

mises en évidence et des morphologies de type fibres ont été obtenues. 

Les macro-CTAs de PEO ont ensuite été utilisés dans le cadre d’extensions de chaînes en milieu 

aqueux, et ont révélé un comportement très différent de celui observé dans le DMC. Une inhibition 
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complète de la polymérisation de l’éthylène a été observée pour des ratios molaires macro-

CTA:amorceur de 3:1. Seuls des ratios plus faibles (0.06, 0.6 et 1) ont permis l’obtention de 

copolymères et des morphologies de type sphères, vésicules, ou encore ellipses ont été obtenues 

(Figure 2). 

 

Figure 2. Images cryo-TEM des latex obtenus après extension de chaînes d’un macro-CTA de PEO à 
différents ratios macro-CTA:amorceur : 0.06 (a), 0.6 (b) et 1 (c). 

En conclusion, les travaux décris dans ce manuscrit regroupent les premiers exemples de 

polymérisation radicalaire contrôlée de l’éthylène par RAFT produisant des PE présentant un taux 

de fonctionnalité de 100% grâce à l’utilisation de dithiocarbamates aromatiques. Des 

copolymères à blocs polaires et apolaires ont été obtenus pour la première fois par addition 

séquentielle des monomères en utilisant la même chimie de polymérisation radicalaire pour les 

deux blocs. La synthèse de copolymères amphiphiles avec un bloc de PE semi-cristallin dans l’eau 

a également démontrée. Ces travaux ont montré que le choix de l’agent de contrôle est primordial 

pour la synthèse contrôlée des deux blocs. 
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I. General introduction on ethylene polymerization 

I.1. A rapid overview on polyethylene (PE) 

Scheme 1

 
Scheme 1. General polymerization of ethylene 

M



Low Density Polyethylene (LDPE) 

vide infra

Linear Low Density Polyethylene (LLDPE) 

High Density Polyethylene (HDPE) 



I.2. Synthesis of PE 

Scheme 2a M

Scheme 

2b via

 

 
Scheme 2.  General mechanism of radical polymerization (a) and catalytic coordination-insertion 
polymerization of ethylene (b). 

I.2.1. Catalytic polymerization of ethylene 



I.2.1.1. Generalities  

via

Scheme 3 1

2

  
Scheme 3. Simplified mechanism of catalytic coordination-insertion polymerization of ethylene. 
M = transition metal, R = alkyl/H, L = ligand. 

3

- Homogeneous

Ð

- Heterogeneous



I.2.1.2. Group 4 to group 6 transition metals 

Figure 1

 
Figure 1. Catalyst poisoning by polar monomers. 

I.2.1.3. Group 8 and group 9 transition metals 

Figure 2



 
Figure 2. Cobalt and iron precatalyst complexes with bis(imino)pyridine ligands. 

I.2.1.4. Group 10 transition metals 

via

Figure 3

 
Figure 3. Grubbs, Brookhart, Keim and Drent type catalysts and pre-catalysts. 



I.2.2. Radical polymerization of ethylene 

via

Scheme 4

1,2

3 4-5 6-9

 
Scheme 4. Comprehensive mechanism of the radical polymerization of ethylene.   

k

k

vide infra
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Scheme 5a Scheme 5b

backbiting

Scheme 5c

 
Scheme 5. Formation of ethyl, butyl, 1-ethylhexyl and long chain branching. 

I.2.2.1. Industrial production of PE 



Table 1 2

Table 1. Influence of pressure on kp/kt1/2 

values at 129 °C. 

Pressure  
(bar) 

kp/kt1/2     
(l mol-1/2 s-1/2) 

Table 2. Influence of temperature on kp/kt1/2 
values, extrapolated at 1 bar. 

Temperature 
(°C) 

kp/kt1/2     
(l mol-1/2 s-1/2) 

I.2.2.2. Laboratory synthesis of PE  

et al.

et al.



 In THF

M

 In toluene M

M

M

Scheme 6

 
Scheme 6.  Transfer to THF during ethylene radical polymerization. 

 Figure 4a 4b, et al.
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Figure 4. Influence of solvent on the yield (a) and on the molar mass of PE obtained by FRP (b). 



Table 3. Solvent influence on the radical homopolymerization of ethylene. 

Entry Solvent Yield (g) Tma  (°C) Xca  (%) Mnb  (g mol-1) Ðb,c 

Ð M M N,N

M

M

et al.

x

Equation 1  Figure 5

 

Equation 1. Relation between yield of polymer x, dipole momentum  and dielectric constant  of 
the solvent. 
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Figure 5. Effect of solvent on yield of PE (x). Polymerization conditions: 4h, 70 °C, 100 bar, 50 mg 
AIBN, 50 mL DMC. Numbers correspond to entries in Table 3. Extracted from ref [41] 

Ethylene can be copolymerized with other monomers (polar or apolar) to afford materials with 

different properties. The radical statistical copolymerization of ethylene with -olefins is not efficient 

because allylic protons are readily abstracted by transfer reactions leading to unreactive allylic 

radicals.[43] On the other hand, catalytic coordination-insertion copolymerization of ethylene with -

olefins is well-established[44] and is used to adjust the mechanical properties of PE by tuning its 

crystallinity. The statistical copolymerization of ethylene with polar monomers is more challenging 

and leads to the synthesis of a broad range of materials. It will be discussed in the following section. 



I.3. Copolymerization of ethylene with polar monomers 

I.3.1. Catalytic copolymerization 

et al.

Scheme 7

 
Scheme 7. Statistical copolymerization of ethylene and vinyl acetate using a Pd catalyst.  

M



I.3.2. Radical copolymerization 

Table 4

Table 4. Monomer reactivity ratios between ethylene and various polar monomers.[34] 

Polar comonomer rethylene rcomonomer 
Pressure 

(bar) 
Temperature 

(°C) 

n

n

Scheme 8

k

k

 
Scheme 8. Definition of reactivity ratios. 
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II. Block copolymers synthesis based on a preformed 
PE segment obtained by catalytic polymerization 
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vide infra
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II.1. Foreword on reversible deactivation radical polymerization 



Scheme 9

 
Scheme 9. Schematic mechanism of reversible transfer and reversible termination for RDRP. 
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Nitroxide-mediated polymerization 

Scheme 10

 
Scheme 10. Equilibrium in nitroxide-mediated polymerization. 
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Scheme 11. Schematic mechanism and equilibrium in atom transfer radical polymerization. 



Reversible addition-fragmentation chain transfer polymerization 

et al.

et al.

Scheme 12 Z-C(S)S-R
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Scheme 12. RAFT process mechanism. 

II.2. Indirect block copolymer synthesis involving a PE block 

b

II.2.1. Synthesis by anionic polymerization methods 



II.2.1.1. Anionic polymerization 
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Scheme 13. Synthesis PE-b-PS by coordination-insertion of ethylene and subsequent anionic 
polymerization of styrene.  

II.2.1.2. Anionic ring opening polymerization 

block b



Scheme 14

 
Scheme 14. Synthesis of polyethylene-block-polycaprolactone via coordination-insertion 
polymerization of ethylene and subsequent anionic ring opening polymerization of -
caprolactone.[93] 

b b

t

t

b Scheme 

15

 
Scheme 15. Synthesis of PE-b-PEO via coordination-insertion polymerization of ethylene and 
subsequent anionic ring opening polymerization of ethylene oxide.[95] 

block b

Scheme 16a M

Ð

Scheme 16b
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Scheme 16c

 
Scheme 16. Synthesis of PE-b-PLA via pseudo-living catalytic polymerization of ethylene and 
subsequent anionic ring polymerization of D,L-lactide.[97] 
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III.2.2

 

II.2.2. Synthesis by radical polymerization methods 

II.2.2.1. Free radical polymerization 

et al. b

t

t



Scheme 17

 
Scheme 17. Synthesis of PE-b-PMMA via coordination-insertion polymerization of ethylene and 
subsequent free radical polymerization of MMA.[99] 

t

n

b b n b b

Scheme 18

 
Scheme 18. Synthesis of PE-b-PVAc, PE-b-PMMA, PE-b-PS and PE-b-PnBuA by successive metallocene 
catalyzed coordination-insertion polymerization of ethylene and free radical polymerization of the 
polar monomer.[100] 

II.2.2.2. Reversible addition-fragmentation chain transfer 

Scheme 19
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Scheme 19. Synthesis of thiocarbonylthio terminated-PE.[82] 

b

N

in situ

Scheme 20 et al. b

 
Scheme 20. Synthesis of PE-b-PNIPAm via insertion-coordination of ethylene followed by RAFT 
polymerization of NIPAm.[101] 
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Ð Ð
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Scheme 20

II.2.2.3. Nitroxide-mediated polymerization 

N N N

b n

Scheme 21

 
Scheme 21. Synthesis of PE-b-PnBuA with a nitroxide-terminated PE.[103] 

II.2.2.4. Atom transfer radical polymerization 

M Ð

Scheme 22
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Scheme 22. Synthesis of PE-b-PMMA, PE-b-PnBuA and PE-b-PS via catalytic coordination-insertion 
polymerization of ethylene followed by ATRP.[104] 

b n b t Scheme 23b

Scheme 23a

 
Scheme 23. Synthesis of PE-b-PnBuA and PE-b-PtBuA via catalytic coordination-insertion 
polymerization of ethylene followed by ATRP.[105] 

et al. b b

II.3. Block copolymer synthesis by successive coordination-insertion of 

ethylene and group transfer polymerization of the polar monomer 

Scheme 24



 
Scheme 24. Synthesis of B-A-B (a) and A-B (b) block copolymers with ethylene and MMA/ -
caprolactone using lanthanides complexes.[109] 

et al. b

in situ

Scheme 25

 
Scheme 25. Ethylene-MMA block copolymerization by crossover from coordination-insertion 
polymerization to addition polymerization with a zirconocene complex.[110] 



II.4. Synthesis of diblock copolymers by coupling two preformed blocks 

et al. b

Scheme 26 b
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Scheme 26. Synthesis of PE-b-PEO by click chemistry.[113] 

et al.

b b b

Scheme 27a 27b

 
Scheme 27. Synthesis of PE-b-PIB and PE-b-PIB-b-PE by click chemistry.[115] 

i

b b i Scheme 28



 
Scheme 28. Synthesis of PE-b-PS and PE-b-PiBoA by Diels-Alder coupling.[116] 

et al.

block b , Scheme 29

 
Scheme 29. Synthesis of PE-b-PDMS block copolymer via thiol-ene chemistry.[117] 
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III. Reversible-deactivation radical polymerization of 
ethylene 

vide infra

III.1. More activated monomers and less-activated monomers 

Figure 6



vide infra

 
Figure 6. Examples of more activated monomers and less activated monomers. 

III.2. RDRP of ethylene via ITP 
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Scheme 30. Simplified mechanism of pre- and main-equilibrium in iodine transfer polymerization. 
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III.3. RDRP of ethylene via TERP 

R-Te-R’

Scheme 31

 
Scheme 31. Simplified mechanism of pre- and main-equilibrium in tellurium-mediated radical 
polymerization (a) and common CTAs in TERP and SBRP (b). 

Scheme 31b
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Scheme 32

 
Scheme 32. Tellurium-mediated radical polymerization of ethylene.[123] 

M Ð
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III.4. RDRP of ethylene via OMRP 

et al.

M Ð

Scheme 33



 
Scheme 33. Simplified CMRP mechanism using Co(acac)2 as CTA. 

et al.

 
Scheme 34. Organocobalt mediated copolymerization of ethylene with polar monomers.[129] 
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N

Scheme 34b
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III.5. RDRP of ethylene via NMP 
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Scheme 35

 
Scheme 35. Synthesis of PS-b-PE-b-PS triblock copolymers by ESCP.[136] 

III.6. RDRP of ethylene via RAFT polymerization 

et al.

et al
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Scheme 36

 
Scheme 36. RAFT polymerization of ethylene with O-alkyl xanthates.[140] 
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Figure 7b
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Figure 7. Evolution of Mn ( ) and Ð ( ) values with PE yield (a) and comparison between yields 
obtained by RAFT (with O-ethyl xanthate) ( ) and FRP ( ) of ethylene (b) at 70 °C and 200 bar.[140] 
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Figure 8. MMD evolution during RAFT polymerization of ethylene in the presence O-ethyl xanthate 
(a) and chain extension of PE macro-CTA with ethylene (b).[140] 
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Scheme 37. Mechanism of side fragmentation when O-ethyl xanthate is used for the RAFT 
polymerization of ethylene. 
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Scheme 38

 
Scheme 38. RAFT copolymerization of ethylene with various polar monomers for the synthesis of 
statistical and block copolymers.[141] 
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Table 5. Copolymerization of ethylene with various polar monomers by RAFT.[141] 

Entry Ethylene pressure 
(bar) Polar monomer Mw (g mol-1) Ð X (%) 
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III.7. Conclusion 
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IV. Specificities of RAFT polymerization 

IV.1. RAFT polymerization 

Scheme 39
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Scheme 39. Mechanism of RAFT polymerization 
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Figure 9

 
Figure 9. Illustration of the influence of the CTA:initiator ratio on livingness and polymerization 
kinetics. 
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Equation 2. Expression used for the determination of ktr. 
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Figure 10. Predicted dependence of (a) the degree of polymerization and (b) the dispersity on 
conversion in polymerizations involving reversible chain transfer as a function of the chain transfer 
constant (Ctr). Predictions are based on equations proposed by Müller et al.  with the 
concentration of active species = 10-7 mol L-1, Ctr as indicated and the ratio of monomer to transfer 
agent = 605. Experimental data points shown are for methyl methacrylate (7.02 M) polymerization 
in presence of dithiobenzoate esters (0.0116 M) where R is C(Me)2CO2Et ( ) or C(Me)2Ph ( ). 
Reproduced with permission from ref [142]. Copyright 2019 American Chemical Society. 
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Mn = MW monomer  * DPn = MW monomer  * 
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Equation 3. Simplified formula used for the determination of Mn during a RAFT polymerization. 
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Figure 11. Representation of ideal evolution of molar mass (a) and dispersity (b) during a RAFT 
experiment. 
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IV.1.1. Choice of Z- and R-groups 

IV.1.1.1. Role of the Z-group 

i.e.

i.e.

Figure 12
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Figure 12. Resonance forms of dithiocarbamates in which a) the nitrogen lone pair is available and 
b) the nitrogen lone pair is not available. 

k k

k k

Figure 13



 
Figure 13. Guidelines for selection of the Z group of RAFT agents Z-C(S)-SR. Addition rate decreases 
and fragmentation rates increases from left to right. A dashed line indicates a partial control (i.e. 
good control of Mn but poor control of Ð, or substantial retardation).  

IV.1.1.2. Role of the R-group 

Equation 4
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Equation 4. Definition of partition coefficient . 

i.e. i.e.

Figure 14

 
Figure 14. General guidelines for the selection of the R group or RAFT agents Z-C(S)-SR  Partition 
coefficients decrease from left to right. A dashed line indicates a partial control (i.e. good control of 
Mn but poor control of Ð, or substantial retardation).  
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Table 6 C

Table 6. Collection of a few chain transfer values of RAFT agents Z-C(S)-SR with different 
monomers.[67] 

Z R Monomer T (°C) Ctr 

H+

IV.2. Synthesis of block copolymers via RAFT polymerization  

IV.2.1. General guidelines for successful synthesis of block copolymers by RAFT 

i.e.

i.e. Scheme 40
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Scheme 40. Synthesis of block copolymers by RAFT by sequential monomer addition. 

Scheme 41



 
Scheme 41. Schematic representation of the various polymer and copolymer species formed during 
the synthesis of block copolymer by RAFT. 
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Scheme 42. Relative stability of propagating radicals from MMA, MA and S (a) and illustration of the 
effect of the order of monomer addition (b).  

IV.2.2. Block copolymers between LAMs and MAMs via RAFT polymerization 
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Scheme 43. Synthesis of MAM-LAM block copolymers via switchable dithiocarbamates in organic 
solvent (a) and in water (b).[153-156] 
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Scheme 44

 
Scheme 44. Synthesis of PS-b-PVAc with a N,N-diphenyldithiocarbamate CTA.[159] 
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Table 7. Synthesis of MAM-LAM copolymers using xanthates.[161-163] 

CTA MAM 
Mn,macro-CTA  

g mol-1 
(Ð) 

LAM 
Mn,diblock 

g mol-1 
(Ð) 

(1.28) (1.27) 

(1.24) 

(1.21) 

(1.59) 

(1.25) 

(-) 

(-) 

The direct block copolymerization via RAFT of ethylene with a polar monomer was recently 

reported for the first time by You and corworkers using a PNVP macro-CTA. However, the authors 

did not mention the occurrence of side-fragmentation with the O-methyl xanthate CTA used during 

their work, and their results are questionable regarding SEC and NMR analyses. The direct synthesis 

of PE-b-PX copolymers by RAFT, with either LAMs or MAMs, has otherwise never been reported. 
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I. Introduction 
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II. Context of ethylene RAFT homopolymerization 

II.1. RAFT polymerization of ethylene with O-ethyl xanthate 

O

Scheme 1 Ð

Scheme 1. RAFT polymerization of ethylene with O-ethyl xanthate as CTA.[3] 

I

Scheme 2 INT•

B A

A

ab initio

Scheme 2. Irreversible side-fragmentation with O-ethyl xanthate 



Figure 1

a b

c

z a z

Figure 1. 1H-NMR spectra of PE obtained by RAFT polymerization in the presence of O-ethyl xanthate 
(70 °C, 200 bar, DMC: 50 mL), AIBN: 50 mg), CTA:AIBN molar ratio = 10:1).[4] 
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Figure 2.  Loss of living chains with polymerization time in the presence of O-ethyl xanthate. PE 
homopolymer ( ), EVA 2% ( ), EVA 10 % ( ), EVA 80% ( ), PVAc homopolymer ( ).[4] 
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II.2. RAFT polymerization of ethylene with O-methyl xanthate 

O O

Figure 3a Ð

O Figure 3b

Figure 3. Evolution of Mn and Ð values vs. PE yield (a) and extent of living chains loss during 
polymerization (b) with Z = OMe ( , ) and Z = OEt ( , ).[4] 

et al
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II.3. Z-groups with aromatic substituents to suppress side-fragmentation. 

II.3.1. Xanthates with aromatic substituents 

Figure 4 i.e. 

i.e.



Figure 4. Structures of Z’ substituents A-H in xanthates Z’OC(S)SCH2COOMe used for the 
polymerization of VAc  and associated chemical shifts of the methylene protons. 
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Figure 5. Illustration of a phenyl radical resulting from side-fragmentation of a xanthate when Z = 
OPh. 

O-

1 2, Figure 

6

Figure 6. Structures of the O-aryl xanthate selected as candidates to suppress the side-fragmentation 
reaction observed in RAFT polymerization of ethylene. 



II.3.2. N,N-dithiocarbamates with aromatic substituents. 
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Figure 7. Structures of dithiocarbamates investigated for the RAFT polymerization of ethylene. 
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III. RAFT polymerization of ethylene with O-aryl 
xanthates 

1 Figure 6 2 Figure 6

O

III.1. RAFT homopolymerization of ethylene  

III.1.1. Polymerization at 70 °C and 200 bar 
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Table 1. Homopolymerization of ethylene with CTAs 1 and 2 at 70 °C and 200 bar. 

Entry CTA 
Time  

(h) 
Yield  

(g) 
Mn,theoa 

(g mol-1) 
Mnb  

(g mol-1) 
Ðb 

ff  c  
(%) 

M

1 2 i.e.

Figure 8a

2 1

1 2

Ð Figure 8b

M Ð

1 M Ð 2 M Ð

Figure 8. a) Yield of PE vs polymerization time; b) Evolution of Mn and Ð vs yield of PE. CTA 1 ( ), CTA 
2 ( ), FRP ( ). P = 200 bar, T = 70 °C. 
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Figure 9. Evolution of MMD of PE obtained after different polymerization times with CTA 1 at 70°C 
and 200 bar. The dotted line corresponds to a PE obtained by FRP. 
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ᴏ Figure 10

O

Figure 10. 1H-NMR spectra of a PE obtained with O-ethyl xanthate after 3 hours of polymerization 
(a), with CTA 2 after 5 hours of polymerization (b) and zoom on the 2.0-3.2 ppm region (c). 
P = 200 bar, T = 70 °C. †: NMR residual solvent benzene, •: collecting solvent toluene, : 
polymerization solvent DMC, *: new unidentified signals. 
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Figure 11. General structure of a potential cross-termination product obtained with CTA 1. 

Figure 12

Figure 12. Zoomed 1H-NMR spectra on the 2.0-3.2 ppm region and accumulation of side-products 
during ethylene homopolymerization with 1 at different polymerization time: a) 1h, b) 4h, c) 6h. 
P = 200 bar, T = 70 °C. 
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Figure 13. Chemical shifts of integrals used for the 
calculation of ¥. (•) collecting solvent toluene. 

Table 2. Chain-end fidelity and quantification of side-products accumulation during ethylene 
homopolymerization with CTAs 1 and 2 at 70 °C and 200 bar. 

Entry CTA Time (h) Yield (g) ff   a (%) ¥a (%) 

O O

III.1.2. Polymerization at 80°C and 200 bar 

Table 3

1 2

f1 f2 •

Equation 1. Calculation of ¥.



Table 3. Ethylene homopolymerization at 80 °C and 200 bar with CTA 1 and CTA 2 
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Figure 14. Polymerization kinetics and evolution of Mn and Ð versus yield of PE (T = 80°C, P = 200 
bar) obtained with CTA 1 ( ) and CTA 2 ( ). The dotted line corresponds to theoretical Mn values. 
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Figure 15. MMD evolutions for PE obtained with CTA 1 (a) and CTA 2 (b) after different 
polymerization times at 80 °C and 200 bar. The dotted line corresponds to a PE obtained by FRP. 

 

Figure 16
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Figure 16. 1H-NMR spectra for PE obtained after 3 hours of polymerization at 80 °C with CTA 1 (a) 
and after 2 hours of polymerization at 80 °C with CTA 2 (b). P = 200 bar. 
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Table 4. Chain-end fidelity and quantification of side-products accumulation during ethylene 
homopolymerization with CTAs 1 and 2 at 80 °C and 200 bar. 

Entry CTA Time (h) Yield (g) f  a (%) ¥a (%) 
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Figure 17. Evolution of chain-end fidelity ( f ( , )) and accumulation of side products (¥( , )) versus 
yield of PE with CTA 1 (a) CTA 2 (b) at 70 and 80 °C and P = 200 bar. The green dotted line 
corresponds to the emergence of the second MMD in SEC. 
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III.1.3. Rationalization of the emergence of free radical polymerization at a pressure of 

200 bar in the presence of aromatic xanthates. 

2

Figure 18
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 60 bar
 80 bar
 100 bar
 120 bar

Figure 18. HT-SEC traces of polyethylene obtained after 4 hours of polymerization at different 
pressures using CTA 2. Polymerization conditions: T = 80 °C, DMC : 50 mL, AIBN : 50 mg, [CTA]:[AIBN] 
= 3:1. 60 bar: yield = 1.03 g, Mn = 840 g mol-1, Ð = 1.35; 80 bar: yield = 1.37 g, Mn = 1 120 g mol-1, Ð = 
1.52; 100 bar: yield = 1.50 g, Mn = 1 400 g mol-1, Ð = 2.65; 120 bar: yield = 1.72 g, Mn = 1 650 g mol-1, 
Ð = 2.58. 
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Figure 19. Polymerization setup using a reactor equipped with a sapphire window (a,b) and 
polymerization setup using the regular reactor (c). 
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III.1.4. Ethylene homopolymerization at 80 °C and 80 bar. 

2

Table 5

Table 5. Ethylene homopolymerization at 80 bar and 80 °C with CTA 1. 

Figure 20b M

Ð

Ð

Figure 21

0 2 4 6 8 10 12 14 16 18
0

1

2

3

4

5

0 1 2 3 4
0

1k

2k

3k

4k

5k

 

 

 80 bar
 200 bar

Yi
el

d 
of

 P
E 

(g
)

Polymerization time (h) Yield of PE (g)

M
n (g

 m
ol

-1
)

  

 

theoretical line
1 2 3

1

2

3

 80 bar
 200 bar

 b)

 

 

 

 

a)

Figure 20. Kinetics of polymerization of ethylene (a) and Mn and Ð evolution (b) at 80 bar and 80°C 
with CTA 2 ( ). Data obtained at 200 bar and 80°C ( ) are plotted for comparison. 
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Figure 21. MMD evolution of PE obtained at 80 bar and 80°C with CTA 2. 
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Figure 22. 1H-NMR spectrum of a PE obtained after 16 hours of polymerization at 80 bar with CTA 2 
corresponding to entry 25 of Table 6. 
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III.1.5. Origin of new side-products from cross-termination 

1 2

O

Figure 23

2

Figure 23. Zoomed 1H-NMR spectrum on the 2.0-3.2 ppm region of a PE obtained with CTA 2 
(corresponding to entry 8 of Table 2). 

–
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Scheme 3. 

 

 



Scheme 3. Potential mechanism of cross-termination and subsequent degradation of the cross-
termination products with xanthates. 
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′′•

′′•

Figure 24

Figure 24. Simulated 1H chemical shifts of a cross-termination product with CTA 2. 
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Figure 
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Scheme 3

Figure 25. MMD of PE residue from the filtrate 
(shorter chains) and of PE from the filter cake 
(longer chains). 

Figure 26. 1H-NMR spectra of low molar-mass 
PE recovered in the filtrate and high molar-
mass PE recovered in the filter cake. 

 



III.2. RAFT copolymerization of ethylene in the presence of vinyl acetate: 

Synthesis of EVA copolymers. 

2

Table 6

%VAc ff ¥ %VAc 

Equation 2

Equation 2. Calculation of VAc mol% in EVAs. 

f ¥

Table 6. Ethylene-VAc copolymerization at 200 bar and 70°C with CTA 2.  
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Figure 27. 1H-NMR spectrum of an EVA after 4 hours of polymerization with CTA 2 at 70 °C and 200 
bar (entry 30 table 6). 

Figure 28. Mn ( ) and Ð ( ) evolution versus yield of polymer (a) and MMDs evolution (b) for 
ethylene-VAc copolymerization at 70 °C and 200 bar with CTA 2. 

Figure 28b

Figure 27
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III.3. Conclusion on the use of xanthates for the RAFT polymerization of 

ethylene 
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IV. RAFT polymerization of ethylene with N-aryl 
carbamates 

N

 Figure 29

Figure 29. Structures of the N-aryl dithiocarbamates used for ethylene homopolymerization. 
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IV.1. Ethylene homopolymerization in the presence of 3,5-dimethyl-1H-

pyrazole-1-carbodithioate (4) 
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Table 7, 
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Table 7. Homopolymerization of ethylene at 200 bar in the presence of CTA 4. 

Entry 
Time of 

polymerization 
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[CTA]:[AIBN] ratio 
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IV.2. Ethylene homopolymerization in the presence of N-methylphenyl (3) 

and switchable N-methylpyridyl (5-7) dithiocarbamates 

IV.2.1. Kinetics of the polymerizations 

3,5-7

Figure 30
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Figure 30. Ethylene homopolymerization in the presence of CTAs 3, 5, 6 and 7 at 200 bar.  a) 
Polymerization kinetics at 70 °C.  b) Mn and Ð evolution versus of yield of PE at 70 °C. c) 
Polymerization kinetics at 80 °C. d) Mn and Ð evolution versus of yield of PE at 80 °C 
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Figure 31. MMDs evolution of PE obtained with 7 at 80 °C at different polymerization times. 
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IV.2.2. Chain-ends analysis 
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Scheme 4. Side-fragmentation with N-aryl dithiocarbamates. 

Figure 32. 1H-NMR spectra of PE obtained after 3 hours of polymerization at 80 °C with 3 (a), 5 (b), 6 
(c) and 7 (d). †NMR residual solvent benzene, •collecting solvent toluene, polymerization solvent 
DMC, °transfer to DMC. 
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Scheme 5. Potential mechanism of cross-termination and subsequent degradation of the cross-
termination products with dithiocarbamates. 
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Table 8. Chain-end fidelity f and consumption of CTAs 3, 5-7 after 3 and 6 hours of polymerization at 
80 °C. 

Entry CTA 
Time  

(h) 
Yield  

(g) 
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(%) 
CTA consumption (%)a 
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Table 9. Advantages and disadvantages of the xanthates and dithiocarbamates used for ethylene 
RAFT polymerization. 
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Chapter IV Chapter V

Angew. Chem. Int. Ed. 2019, 58, 14295.



VI. Experimental section 

Materials and Methods 

Typical ethylene polymerization procedure 

Figure S1

Figure S1. Autoclave used for ethylene polymerization. 



Synthesis of methyl 2-(phenoxycarbonothioylthio)acetate 1 

N,N

in vacuo 

in vacuo

O

1

Figure S2

Figure S2. 1H-NMR spectrum of CTA 1 in CDCl3. 



Synthesis of methyl 2-(4-methoxyphenoxycarbonothioyl)acetate 2 

N,N

in vacuo

in vacuo

O 2

Figure S3. 

Figure S3. 1H-NMR spectrum of CTA 1 in CDCl3. 



HSQC-NMR analysis of a PE synthesized with CTA 2 

Figure S4. HSQC-NMR analysis of a PE synthesized with CTA 2 (corresponding to entry 8 of Table 2). 
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Scheme 1. Illustration of the importance of polymerization order for the synthesis of PVAc-b-PE 
copolymers: start with a PE macro-CTA (a) to obtain PE-b-PVAc or start with a PVAc macro-CTA (b) 
to obtain PVAc-b-PE copolymers. 

via

via
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II. Synthesis of PVAc macro-CTAs 

Scheme 2

Table 1

 
Scheme 2. Synthesis of PVAc macro-CTA with CTA 2. 

Table 1. RAFT polymerization of vinyl acetate (VAc) with the phenoxymethoxy xanthate CTA. 

Entry [VAc] 
(mol L-1) 

T  (°C) 
 Time  
(min) 

Conv.e 
(%) 

Mn,SEC-THFf 

(g mol-1) 
Ðf 

Mn,HT-SECg 

(g mol-1) 
Ðg 

M

M

Equation 1 Equation 2

Equation 1. M-H equation. Equation 2.  Simplified M-H equation if 1 = 2.
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Figure 1. Evolution of Mn ( )and Ð ( ) during VAc RAFT homopolymerization corresponding to 
entries 1-5 in Table 1 (a) and 1H-NMR analysis of a PVAc macro-CTA (entry 5, Table 1). (†) NMR 
residual solvent chloroform. 

M Ð

b M Ð

Figure 2



 
Figure 2. Chain extension of a PVAc macro-CTA (entry 6, Table 1) with another PVAc block to afford 
a PVAc-b-PVAc polymer. 

2

b



III. Synthesis of PVAc-b-PE copolymers 

III.1. Block copolymerizations at 200 bar 

b

II

M Ð

Figure 3

via

 
Figure 3. HT-SEC traces of the polymers obtained after chain-extension of a PVAc macro-CTA (from 
entry 6 of Table 1) with ethylene at 80 °C and 200 bar. AIBN: 15 mg, DMC: 50 mL, PVAc macro-CTA: 
4.5 g. ( ) corresponds to a PE obtained by FRP after 4 hours of polymerization using 50 mg of AIBN 
at 80 °C and 200 bar. 



Figure 4a

Figure 4b

 
Figure 4. Schematic representation of the physical state of the polymerization mixture at 80 bar (a) 
and 200 bar (b). 

2 II

M
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Figure 5b

 
Figure 5. a) HT-SEC traces of PVAc-b-PE after chain extension of a low molar mass PVAc macro-CTA 
(entry 7 of Table 1) at 80 °C and 200 bar. AIBN: 50 mg, DMC: 50 mL, PVAc macro-CTA: 0.95 g. b) MMD 
of the PVAc macro-CTA obtained via SEC-THF. 

 

III.2. Block copolymerizations at 80 bar 

PVAc-1 PVAc-2 Figure 6

 
Figure 6. Recall of the characteristics of PVAc-1 (entry 8 of Table 1) and PVAc-2 (entry 9 of Table 1) 

Table 2. 



Table 2. Block copolymerization of ethylene with PVAc macro-CTAs at 80 bar at 80 °C. 

Entry macro-CTA Time 
(h) 

 Yield 
of PE  

(g) 

Mn,theoa 

PE block  
(g mol-1) 

Mn,theob 
diblock 

(g mol-1) 

Mn,HT-SECc 

(g mol-1) 
Ðc 

Mn,NMRd 

(g mol-1) 

M M M
M M

Figure 7
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Figure 7. Yields of PE during polymerization of ethylene in the presence of PVAc macro-CTAs at 80 
bar and 80 °C. The yields obtained in the absence of macro-CTA are also plotted for comparison. 
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Equation 3. Determination of Mn,NMR of PVAc-b-PE copolymers by 1H-NMR. 

 
Figure 8. HT-SEC traces of PVAc-b-PE copolymers obtained with PVAc macro-CTAS PVAc-1 (a) and 
PVAc-2 (b), and evolution of their Mn,NMR ( ), Mn,HT-SEC ( ) and Ð ( ) values (c) and (d) for PVAc-1 and 
PVAC-2, respectively. The dashed lines correspond to Mn,theo of the diblock copolymer ( ) and Mn,theo 
of the PE block ( ). 
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Figure 9. 1H-NMR analysis of PVAc-b-PE obtained after 1 hour of polymerization (entry 11 Table 2) 
(a) and starting PVAc macro-CTA (entry 10 Table 2) (b). 
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III.1

Figure 10a



 
Figure 10. HT-SEC traces of block copolymerizations of the PVAc macro-CTA from entry 6 of Table 1 
with ethylene at 80 and 200 bar (a) and 1H-NMR spectrum of the block copolymer obtained at 80 bar 
(b). †: NMR residual solvent benzene, : polymerization solvent DMC. 
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III.3. Thermal properties of PVAc-b-PE copolymers. 

b

Table 3

Figure 10. 

Table 3. Thermal analysis of PVAc-b-PE copolymers via DSC. 

Entry 
macro-CTA 

(time of polym.) 

 Yield 
of PE  

(g) 

Mn,PEa 

(g mol-1) 
Tg 

(°C) 
Tm 

(°C) 
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M
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 Figure 11a, top

Figure 11b



 
Figure 11. Thermograms of PVAc-b-PE copolymers (entries 10-13) of Table 3. Second heating cycle 
(a) and second cooling cycle (b). The dashed line ( ) corresponds to a PE homopolymer obtained 
by RAFT polymerization (80 °C, 80 bar, 4 h). Numbers correspond to the entries of Table 3. 
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V. Experimental section 
Materials and methods 

Typical procedure for the synthesis of PVAc macro-CTAs 
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Figure 1. Dithiocarbamates used in Chapter II for the RAFT polymerization of ethylene.  
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Scheme 1. Synthesis of PMMA-b-PVAc by RAFT polymerization with a switchable dithiocarbamate as 
described by Moad et al.  
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Scheme 2. Synthesis of PMMA-b-PVAc by successive FRP of MMA and RAFT polymerization of VAc.[15] 

TD Scheme 3b

3 II

b

 6-H+, Scheme 3a PMMA-6 Scheme 3a

 TD PMMA-T Scheme 3b



 
Scheme 3. Strategies adopted for the synthesis of PMMA-b-PE by RAFT polymerization using a 
switchable dithiocarbamate (a) or by successive FRP and RAFT polymerization using a thiuram 
disulfide (TD) (b). 
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II. Synthesis of PMMA-b-PE using a switchable 
dithiocarbamate 

II.1. Synthesis of PMMA macro-CTA with 6-H+ 

PMMA-6, Scheme 3

6-H+ et al.

Table 1 

Table 1. Polymerization of MMA in the presence of 6-H+ in acetonitrile. 
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Time  
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Conversionc (%) 
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Figure 2. Evolution of Mn and Ð ( ) (a) and MMDs (b) of PMMA obtained at 70 °C with 6-H+ (entries 
5-8 of Table 1). 

PMMA-6 Figure 3

M
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Figure 3. 1H-NMR spectrum of PMMA macro-CTA obtained with switchable dithiocarbamate 6-H+ 
after neutralization and precipitation in methanol (entry 9 in Table 1). (†) NMR residual solvent 
chloroform. 

M



II.2. Chain extension of PMMA-6 with ethylene 

PMMA-6

PMMA-6

Table 2

Table 2. Block copolymerization of ethylene with switchable PMMA-6 at 80 °C and 80 bar. 

Entry 
Time  

(h) 

Yield 
of PE 

(g) 

 Mn,theo a 

PE block 
(g mol-1) 

 Mn,theoa  
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Equation 1. Calculation of the molar masses of the block copolymers determined by 1H-NMR. 
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Figure 4a PMMA-6, 
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Figure 4. MMD evolution of PMMA-b-PE during chain extension of PMMA-6 with ethylene (a) and 
evolution of Mn ( ) values determined by 1H-NMR in TCE/C6D6 (2/1 v/v) at 363K. ( ) corresponds 
to the linear fit of experimental values and ( ) is the theoretical line. 
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Figure 5. 1H-NMR spectrum of PMMA-b-PE obtained with PMMA-6 after 3 hours of polymerization 
(entry 13 in Table 2). (†) NMR residual solvent chloroform, (•) collecting solvent toluene, ( ) 
polymerization solvent DMC. 
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Equation 2. Calculation of theoretical molar mass of PE block taking into consideration the 
incomplete consumption of PMMA-6. 
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Figure 6. a) HT-SEC traces of the crude polymeric material from entry 12 in Table 2 ( ) and its 
insoluble fraction ( ) after purification in EtOH/H2O (80/20) overlaid with PE homopolymer 
obtained at 80 bar and 80 °C ( ) and the starting PMMA-6 ( ). b) 1H-NMR spectrum of the 
insoluble fraction. (†) NMR residual solvent benzene. 
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Figure 7a 7b

 
Figure 7. TEM images of PMMA-b-PE copolymers re-dispersed in DMC after 2 hours (a) and 3 hours 
(b) of polymerization. The same dispersions are then heated and analyzed again by TEM ((c) and 
(d), respectively). 
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III. Synthesis of PMMA-b-PE by successive FRP and 
RAFT polymerization. 
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Scheme 4

 
Scheme 4. Synthetic route to TD. 



III.1.  Determination of the chain transfer constant. 

M

Equation 3

 

Equation 3. Relationship used for the determination of the chain transfer constant by Mayo plot. 

C

Table 3

Figure 8

Table 3. Experiment details for the Mayo plot experiments used for the determination of Ctr of 
PMMA• to TD. 

Entry MMA/TD/AIBN 
[TD] 

(mol L-1) 
 Conv.a 

(%) 
 Mw,b  

(g mol-1) 
2/DPw 

Figure 8. Mayo plot for the determination of Ctr of PMMA• to TD. 
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III.2. Synthesis of PMMA-T with TD 

M

Table 4

Table 4. Synthesis of PMMA macro-CTAs of different molar masses with TD in acetonitrile. 

Entry Polymer [MMA] 
(mol L-1) 

Conva 
(%) 

Mn,target 
(g mol -1) 

Mn,SECb 
(g mol -1) Ðb 

f c 
1st 

precipitation 
2nd 

precipitation 

Polymerization conditions: T = 80 °C, time = 6 h, [TD] = 0.042 mol L-1, [AIBN] = 0.042 mol L-1. 

f

Figure 9
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Figure 9. SEC-THF traces of PMMA-T2 (a), PMMA-T3 (b) and PMMA-T4 (c). The plain line is the 
refractive index (RI), the dotted line is the UV absorbance at 300 nm. 

III.2.1. Chain-end analysis 

f 

Scheme 5

f 

 
Scheme 5. Possible formation of - -dithiocarbamate PMMA through re-initiation by a radical 
fragment from TD. 

f Equation 4

Figure 10

Figure 

10

 Table 4

f



 

Equation 4. Determination of the functionality of PMMA-T, with DPn,SEC = degree of polymerization 
obtained from Mn,SEC. 

Figure 11a

Figure 11b

 
Figure 10. 1H-NMR spectra of PMMA-T3 after isolation (a) and TD (b). (†) NMR residual solvent 
chloroform. 

f

f Table 4

Figure 11

Figure 12

 
Figure 11. MALDI-TOF MS spectrum of PMMA-T2. Matrix: dithranol; cationizing agent: sodium 
iodide. The peak at m/z = 1168.9 corresponds to the [M+H]+ adduct equivalent of Ta. 



 
Figure 12. 1H-NMR spectrum and corresponding integral values of PMMA-T2. 

III.2.2. Chain-extension with vinyl acetate 
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Figure 13
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Figure 13. SEC-THF traces of the chain extension of PMMA-T3 with VAc (a) and evolution of the 
corresponding Mn,NMR ( , determined by integration of PVAc –(CH2-CH(OAc))- signal relative to –
(CH2-C(CH3)(C(O)OCH3))- signal), Mn,SEC ( , calibration PMMA standards) and Ð ( ) values of PMMA-
b-PVAc made with PMMA-T3 at 70 °C (b). The dotted line corresponds to the theoretical Mn values 
calculated for f = 1. 
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Figure 13b
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III.3. Chain extension of PMMA-T with ethylene 

Table 5



Table 5. Block copolymerizations of ethylene with PMMA-T2, PMMA-T3 and PMMA-T4 at 80 °C and 
80 bar. 

Entry macro-CTA 
Time  

(h) 

 Yield 
of PE  

(g) 

Mn,theoa  

PE block  
(g mol-1) 

Mn,theob 
diblock 

(g mol-1) 

Mn,NMRc  

PE block 
(g mol-1) 

M
M

M

PMMA-T2/3

PMMA-6

3 II

Figure 14

Figure 14



 
Figure 14. HT-SEC traces of the of the chain extension of PMMA-T2 (a), PMMA-T3 (b) and PMMA-T4 
(c) with ethylene at 80 bar. The orange dotted line corresponds to a PE obtained by FRP at 80 bar. 

b
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Figure 15. 1H-NMR spectrum of PMMA-b-PE after 5 hours of block copolymerization of ethylene with 
PMMA-T4 (entry 38 of Table 5).  

PMMA-T

b PMMA-6 

PMMA-6

M
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Figure 16.



 
Figure 16. Overlay of two 1H-NMR spectra of the same PMMA-b-PE obtained with PMMA-T3 after 4 
hours of block copolymerization with ethylene (entry 34, Table 4). 

M M
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Figure 17. Exemplary HT-SEC traces of PMMA-b-PE (from entry 29 in Table 5). RI: refractive index, 
Visco: viscometer, LALS: left-angle light scattering, RALS: right-angle light scattering. 
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III.4. Self-assembly of PMMA-b-PE  

Figure 18

 
Figure 18. Physical appearances of a PMMA-b-PE dispersion after block copolymerization (a) and of 
PE homopolymers in DMC after conventional radical polymerization in DMC (b). 

b

Figure 19 Figure 20

 
Figure 19. DLS analysis of a dispersion of PMMA-b-PE (from entry 29 in Table 5) in DMC after block 
copolymerization . 

 Figure 19



Figure 20 a-c

Figure 20. Digital and TEM images of a dispersion of PMMA-b-PE (from entry 29 in Table 5) in DMC 
after block copolymerization. 
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IV. Conclusion 
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Figure 21. Exemplary structures of dithiocarbamates bearing two aromatic rings on the nitrogen of 
the Z-group. 
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V. Experimental section 
Materials and methods 
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I. Introduction 

b

b

I.1. RAFT-mediated emulsion polymerization 

i.e.

Figure 1

 
Figure 1. Schematic representation of the polymerization-induced self-assembly with a solvophilic 
living macro-CTA chain-extended with a solvophobic monomer. 



I.2. Emulsion polymerization of ethylene 

et al.  et al.



I.3. Amphiphilic block copolymers with ethylene 

b

O

O

In this chapter, dithiocarbamate functionalized PEO macro-CTAs will be used for the first time 

for the formation of PEO-b-PE block copolymers, and the synthesis will be attempted both in organic 

solvent and in water. The growth of a PE block onto a pre-formed PEO block by RDRP has never been 

published. The synthesis of block copolymers in water with one insoluble semicrystalline block is also 

a real challenge. 



II. Synthesis of PEO-b-PE copolymers in DMC 

M Ð

DTC-S1 and DTC-S2, Scheme 1

PEO-NN PEO-N

Scheme 1

DTC-

S2

DTC-S1

n

PEO-N PEO-NN

PEO-N PEO-NN Experimental 

section

 
Scheme 1. Simplified synthetic route to PEO-N and PEO-NN from commercial PEO-OH. 

3

II



II.1. Polymerization of ethylene in the presence of PEO macro-CTAs 

PEO-N PEO-NN

PEO-N PEO-NN

PEO-NN

Table 1

Table 1. Polymerization of ethylene in the presence PEO-N and PEO-NN at 80 °C and 80 bar. 

Entry macro-CTA 
AIBN  
(mg) 

Time  
(h) 

Yield of PE 
(g) 

 Mn,theoa  

PE block 

(g mol-1) 

Mn,NMRb  

PE block 

(g mol-1) 

Conv.b  
of macro-CTA 

(%) 

II

Figure 2

 
Figure 2. Kinetics of the polymerization of ethylene in the presence of PEO-N (a) and PEO-NN (b). 
The kinetics of the corresponding FRP of ethylene are also plotted for comparison. The dotted lines 
correspond to the linear fits. See table 1 for experimental details. 

PEO-N PEO-NN Figure 3

Figure 3a



PEO-N IV

PMMA-6 PEO-NN

Figure 3b PEO-NN

PEO-N

IV

 
Figure 3.  HT-SEC traces of the polymers resulting from ethylene polymerization in the presence of 
PEO-N (a) and PEO-NN (b) at 80 °C and 80 bar.   

II.2. Chain-ends analysis 

b PEO-N

Figure 4 PEO-N

H c

H c’

c d

c’ d’ e

3 II



Figure 4. 1H-NMR spectra of the polymers obtained after ethylene polymerization in the presence 
PEO-N for different polymerization times: a) 1 hour; b) 3 hours; c) 4 hours; d) 5 hours; e) 6 hours at 
80 °C and 80 bar. 

PEO-NN

b

PEO-NN  Figure 5

b



SP2 II Scheme 3

PEO-NN

 
Figure 5. 1H-NMR spectra of PEO-NN (a) and after 4 hours of block copolymerization with ethylene 
(b), corresponding to entry 7 of Table 1. (†) NMR residual solvent benzene, (●) toluene. 

Equation 1

Table 1

Equation 1. Calculation the molar masses of the block copolymers determined by 1H-NMR, with 
DPn(PEO) = 45. 

Figure 6 PEO-N M

PEO-N

Figure 6a

C



Figure 6b C

 
Figure 6. Plot of the molar masses determined by 1H-NMR of PEO-b-PE copolymers obtained with 
PEO-N (a) and PEO-NN (b) macro-CTAs.  

II.3. Self-assembly properties of PEO-b-PE 

PEO-N or PEO-NN

b

et al.

 
Figure 7. Visual appearance of a dispersion in DMC obtained directly after polymerization of 
ethylene in the presence of PEO-NN corresponding to the entry 7 of Table 1. 

PEO-NN

Figure 8 b PEO-NN



Figure 8. TEM images of PEO-b-PE dispersions in DMC obtained after 4 (a) and 8 (c) hours of 
polymerization of ethylene in the presence of PEO-NN in DMC. 

b

PEO-NN

Figure 9

 (Figure 9a) Figure 9b

500 nm

b)

200 nm

a)



Figure 9. Cryo-TEM images of PEO-b-PE dispersions in water obtained after 4 (a) and 8 (b) hours of 
polymerization of ethylene in the presence of PEO-NN in DMC. 

 

 

Chain-extensions of PEO macro-CTAs in DMC with ethylene afforded the desired block copolymers 

at 80 °C and 80 bar. The slow consumption of PEO-N (Z=N(Ph)Me) was evidenced by HT-SEC and 1H-

NMR analyses, attributed to low chain-transfer constant. The system using PEO-NN (Z=NPh2) 

featured instantaneous consumption in DMC and well-defined PEO-b-PE copolymers were obtained. 

In short, PEO-NN appears to be more efficient to obtained block copolymers than PEO-N. 

200 nm 100 nm

100 nm200 nm
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III. Synthesis of PEO-b-PE copolymers in water 

b

via 

PEO-N PEO-NN

III.1. Polymerization under RAFT conditions 

III.1.1. Ethylene polymerization in water in presence of PEO macro-CTAs 

PEO-N PEO-NN

Table 2

Table 2. Polymerization of ethylene in the presence of PEO-N and PEO-NN in water under RAFT 
conditions. 

Entry 
T 

(°C) 
macro-CTA 

Time 
(h) 

Yield of PEa 
(g) 

SC 
(%) 

 Zavb 
(nm) 

PdIb 



Figure 10

 
Figure 10. Schematic representation of the expected self-assembly nucleation versus the non-
expected homogeneous nucleation in RAFT-mediated emulsion polymerization in presence of a 
water-soluble macro-CTA and a water soluble radical initiator ( ). Adapted with permission from 
( ). Copyright 2012 American Chemical Society. 
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•

•



H

PEO-N

 
Figure 11. SEC-THF traces of PEO-OH, PEO-NN and of the residue obtained after 20 hours of 
polymerization in the presence of PEO-NN in water (a) and corresponding UV absorbance spectra 
(b). 

I b

III.1.2. Synthesis of PEO-b-EVA copolymers  

PEO-N

PEO-NN



Table 3. Polymerization of VAc in the presence of PEO-N and PEO-NN and of a mixture of 
VAc/ethylene in the presence of PEO-NN at different ethylene pressures in water. 

Entry Pressure 
(bar) 

Conv.c 
(%) 

Yield of 
polymer 

(g) 

SC 
(%) 

Mnd 
(g mol-1) 

Ðe 
 Zavf 

(nm) 
PdIf 

PEO-N PEO-NN

PEO-N PEO-NN

M M

M M

Figure 12
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Figure 12. Molar mass distributions of PEO-b-PVAc obtained with PEO-N (a) and PEO-b-EVA/PEO-b-
PVAc obtained with PEO-NN (b) obtained at different ethylene pressures. 

PEO-NN

Figure 12

i.e. b Ð

Ð



Table 2 Figure 11a

i.e.

Figure 13

 
Figure 13. 1H-NMR spectrum of the residue obtained after polymerization of VAc and ethylene in the 
presence of PEO-NN at 100 bar of ethylene pressure. 
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III.2. Polymerization using lower amounts of macro-CTA 

II.1

PEO-

N vs PEO-NN

III.2.1. Synthesis of PEO-b-PE copolymers with PEO-NN  

PEO-NN

Table 4

Table 4. Emulsion polymerization of ethylene at 200 bar in the presence of increasing amounts of 
PEO-NN. 

Entry [macro-CTA]:[AIBA] 
ratio 

Time 
(h) 

Yield of 
PEa 
(g) 

SC 
(%) 

 Zavb 
(nm) 

PdIb 

PEO-NN Table 5

PEO-NN



Figure 14 PEO-NN

Figure 14. Cryo-TEM pictures of the latex obtained after 4 hours of polymerization with a [PEO-
NN]:[AIBA] ratio of 0.06 (entry 22 of Table 5). 

III.2.2. Synthesis of PEO-b-PE copolymers with PEO-N  

PEO-N

Table 5

Table 5. Emulsion polymerization of ethylene at 200 bar in the presence of increasing amounts of 
PEO-N. 

Entry [macro-CTA]:[AIBA] 
ratio 

Time 
(h) 

Yield of 
PEa 
(g) 

SC 
(%) 

 Zavb 
(nm) 

PdIb 

PEO-NN PEO-N

PEO-NN

Figure 16
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Figure 15c

 
Figure 15. Particle size distributions of the latexes obtained for the 0.6 (a) and 1 (b) [macro-
CTA]:[AIBA] ratios and evolution of particle sizes versus [macro-CTA]:[AIBA] ratio (c). 

Figure 16

Figure 16a Figure 16b, c

DP

et al.

PEO-N

b Figure 8



et al. 

Figure 16. Cryo-TEM pictures of the latexes obtained after block copolymerizations of ethylene with 
PEO-NN at different ratios: 0.06 (a), 0.6 (b), 1 (c). Darker spots in (c) are ice deposits. 
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Figure 17. HT-SEC traces of PEO-b-PE obtained with PEO-N at different ratios (entries 25-27 of Table 
6), of a PE homopolymer obtained by FREPE in the absence of PEO-N and of the starting PEO-N. 
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Figure 18 a

d

H

 
Figure 18. 1H-NMR spectrum of the polymeric material obtained after ethylene polymerization in 
the presence PEO-N after 20 hours in water (entry 27 of Table 1). 

Chain-extensions of PEO macro-CTAs in water with ethylene proved to be challenging, compared 

to when it is performed in DMC. A complete inhibition of ethylene polymerization was observed under 

RAFT conditions ([macro-CTA]:[AIBA] ratio = 3) and polymerization only occurred at lower ratios. 

The inhibition was found to be stronger with PEO-NN than with PEO-N. In summary, the results are 

as follow: keeping a constant PEO quantity: the yield of polymer diminishes as the ethylene pressure 

is increased; keeping a constant ethylene pressure, the yield of polymer diminishes as the PEO 

quantity is increased. Ellipsoidal particles (~ 15 nm) were eventually obtained with PEO-N. 
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V. Experimental section 

Materials and methods 

Synthesis of PEO precursor PEO-Br 

in vacuo

in vacuo

 

Synthesis of PEO-N 

in vacuo
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Typical block copolymerization procedure in DMC 



Typical block copolymerization procedure in water 
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Scheme 1

 
Scheme 1. Schematic representation of side-fragmentation and suggested cross-termination 
reaction products observed with O-alkyl xanthates and O-aryl xanthates, respectively. 
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Materials and methods 





Experimental procedure for the work presented in this manuscript are described separately at 

the end of their relevant chapter. In the following, the materials used during the presented work are 

listed and the common analyses techniques are presented. 

Materials 

N n

Methods 

Nuclear magnetic resonance (NMR) 

Size exclusion chromatography in THF (SEC-THF) 



High temperature size exclusion chromatography (HT-SEC) 

Differential scanning calorimetry (DSC) 

Dynamic light scattering (DLS) 

Transmission electron microscopy (TEM) 

Cryogenic transmission electron microscopy (cryo-TEM) 



Matrix-assisted laser desorption and ionization – time of flight (MALDI-TOF) 



 



 

  



Abstract 

b
b b

b b

b

Keywords 

Titre 

Résumé 

b b
b

b b

Mots-clés 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


