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Résumé 
 

Ces travaux de thèse portent sur l’élaboration et l’étude des propriétés thermomécaniques de 

polymères dynamiques incorporant des dérivés borés. Tout en appliquant ce concept à une 

variété d’architectures macromoléculaires : copolymères fonctionnels, briques di- et tri-

fonctionnelles, deux réactivités distinctes du bore ont été étudiées et exploitées. Une large 

gamme de méthodes de caractérisation a été utilisée pour mener à bien ce projet : 

spectroscopies FTIR in-situ et RMN (liquide et solide), ainsi que de nombreuses analyses 

thermiques et mécaniques.  

Dans un premier temps, nous avons considéré la formation de paires de Lewis frustrées entre 

des acides de Lewis (organoboranes) et des bases de Lewis (amines et phosphines) 

stériquement encombrés, cette interaction pouvant être fortement modulée par la participation 

d’un troisième composé tel que des molécules de gaz. Ainsi, nous avons été capables de former 

des réseaux dynamiques réticulables de façon réversible avec le dioxyde de carbone. 

Dans un second temps, nous avons mis en évidence une nouvelle réactivité des esters 

boroniques cycliques impliquant une ouverture de cycle à haute température, assistée par la 

présence de nucléophiles. Cette réaction a été mise à profit pour former des polymères réticulés 

dynamiquement, pouvant atteindre des températures de transition vitreuse jusqu’à 220°C et dé-

réticulables par dilution avec un bon solvant du polymère (apolaire). Cette réactivité a été mise 

en évidence pour une variété de polymères accessibles par copolymérisation radicalaire 

(styrène, éthylène, acétate de vinyle, acrylate de butyle) ou par post-fonctionnalisation de 

polymères commerciaux (polybutadiène).  

Mots–clés : polymères organoborés, paires de Lewis, réseaux dynamiques, réticulation 

réversible, propriétés thermiques et mécaniques.  

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Abstract 
 

This thesis focuses on the development and study of thermomechanical properties of dynamic 

polymers incorporating borylated derivatives. While applying this concept to a variety of 

macromolecular architectures: functional copolymers, di- and tri-functional bricks, two distinct 

reactivities of boron have been explored. A wide range of characterization methods has been 

used to carry out this project: in-situ FTIR and NMR spectroscopies (liquid and solid), as well as 

thermal and mechanical analyses. 

In a first step, we considered the formation of Frustrated Lewis Pairs between Lewis acids 

(organoboranes) and Lewis bases (amines and phosphines) sterically hindered, as this 

interaction can be strongly modulated by the participation of a third compound such as gas 

molecules. Thus, we have been able to form dynamic networks reversibly crosslinkable with 

carbon dioxide. 

In a second step, we demonstrated a new reactivity of cyclic boronic esters involving a ring 

opening at high temperature, assisted by the presence of nucleophiles. This reaction has been 

used to form dynamically crosslinked polymers, which can reach glass transition temperatures 

up to 220°C and de-crosslinkable by dilution in a good (apolar) polymer solvent. This reactivity 

has been exemplified through a variety of polymers accessible by radical copolymerization 

(styrene, ethylene, vinyl acetate, butyl acrylate) or by post-functionalization of commercial 

polymers (polybutadiene). 

 

Keywords: organoboron polymers, Lewis pairs, dynamic networks, reversible crosslinking, 

thermal and mechanical properties.  

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



List of abbreviations 
 

(S)-DTBM-SEGPHOS: (S)-(+)-5,5′-Bis[di(3,5-di-tert-butyl-4-methoxyphenyl)phosphino]-4,4′-bi-
1,3-benzodioxole 

A1: Monofunctional molecule bearing a Lewis acid group 

A2: Difunctional molecule bearing two Lewis acid groups 

ADMET: Acyclic Diene Metathesis  

AIBN: Azobisisobutyronitrile 

ATRP: Atom Transfer Radical Polymerization 

B1: Monofunctional molecule bearing a Lewis base group 

B2: Difunctional molecule bearing two Lewis base groups 

BPin: boronic acid, pinacol ester 

BPO: Benzoyl peroxide  

CANs: Covalent Adaptable Networks 

CLP: Classical Lewis Pair 

Ð: Dispersity 

DFT: Density Functional Theory 

DMC: Dimethyl carbonate 

DMF: N,N’-dimethylformamide 

DRIFT: Diffuse Reflectance Infrared Fourier Transform Spectroscopy 

DSC: Differential Scanning Calorimetry 

e. g.: exempli gratia 

FLP: Frustrated Lewis Pair 

FRP: Free Radical Polymerization 

G’: Storage modulus 

G’’: Loss modulus 

i. e.: id est 

Mn: Number average molar mass 

mol %: molar percent 

Mw: Mass average molar mass 

n-BA: n-butyl acrylate  

NMR: Nuclear Magnetic Resonance  

P4VP: Poly(4-vinylpyridine) 



PB: Polybutadiene 

PBA-SBPin – x %: Poly(4-vinylphenylboronic acid, pinacol ester-co-n-butyl acrylate) with x % 
molar of 4-vinylphenylboronic acid, pinacol ester 

PBPin: Poly(vinylboronic acid, pinacol ester) 

Poly(A): Polymer functionalized with lateral Lewis acid groups 

Poly(B): Polymer functionalized with lateral Lewis base groups 

ppm: part per million 

PS: Polystyrene 

PS-B(OH)2 – x %: Poly(styrene-co-4-vinylboronic acid) with x % molar of 4-vinylphenylboronic 
acid 

PS-BPin - x %: Poly(4-vinylphenylboronic acid, pinacol ester-ran-styrene) with x % molar of 4-
vinylphenylboronic acid, pinacol ester 

PSBPin: Poly(4-vinylphenylboronic acid, pinacol ester) 

PS-PPh2 – x %: Poly(styrene-co-4-styryldiphenylphosphine) with x % molar of 4-
styryldiphenylphosphine 

PVac-VBPin – x %: Poly(4-vinylboronic pinacolate-co-vinyl acetate) with x % molar of 4-
vinylphenylboronic pinacolate 

PVBPin: poly(vinylboronic pinacolate) 

R.T.: Room Temperature 

RAFT: Reversible Addition-Fragmentation chain Transfer 

ROMP: Ring-Opening Metathesis Polymerization 

sc CO2: Supercritical CO2  

SEC: Size-exclusion Chromatography 

ss-NMR: Solid-state Nuclear Magnetic Resonance 

Tg: Glass transition temperature 

TGA: Thermal Gravimetric Analysis 

THF: Tetrahydrofuran 

TPBPin; 1,3,5-phenyltriboronic acid, tris(pinacol) ester 

VAc: Vinyl acetate 

VBPin: Vinylboronic pinacolate 

wt %: weight percent 

 

 

 



Résumé en français 
 

L’utilisation de polymères borés au sein du laboratoire du C2P2 a démarré par la thèse d’Audrey 

Ledoux (2012-2015), afin d’exploiter les propriétés de briques amines-boranes pour le 

relargage contrôlé d’hydrogène. [1] Dans ces travaux, la réactivité des amines-boranes de type 

RNH2-BH2R’ a été développée tandis que cette thèse s’appuie davantage sur la réactivité de 

groupements organoboranes fonctionnalisés de type BR2 avec R choisis en fonction des 

applications visées.  

Ces dernières années, les polymères hybrides combinant des éléments du groupe principal sur 

des architectures polymères conventionnelles ont montré un grand intérêt applicatif. [2], [3] Parmi 

eux, les polymères contenant des atomes de bore sont une classe importante de matériaux à la 

frontière entre les chimies inorganique et organique. Ces polymères ont de nombreuses 

applications grâce à la nature intrinsèque de l’atome de bore qui possède une lacune 

électronique permettant un grand nombre de réactions chimiques. [4] Ainsi, ils sont utilisés en 

tant que réactifs ou catalyseurs supportés, [5] détecteurs, [6] polymères répondant à des stimuli [7] 

ou moyens de séparations [8] grâce à leur capacité à réagir avec des nucléophiles. La littérature 

relate aussi de nombreux exemples d’utilisation de ces polymères dans des systèmes 

dynamiques. [9] 

L’introduction de bore sur un squelette polymère est également une plateforme compatible avec 

de nombreuses techniques de copolymérisation et de post-fonctionnalisation. Ainsi, il est 

possible d’ajuster l’acidité de Lewis de la fonction borée par un choix de groupements adaptés. 
[10], [11] Il a été démontré dans la littérature que les acides de Lewis fortement encombrés ne 

forment pas d’adduits avec des bases de Lewis encombrées stériquement. C’est ainsi qu’est 

défini le concept de paires de Lewis frustrées a contrario des paires de Lewis classiques formant 

des adduits. [12], [13] De plus, suivant l’énergie associée à la liaison dative, un large spectre de 

réactivité est possible dû à une dynamique associée à l’équilibre entre forme complexée et libre. 

Dans la littérature, les paires de Lewis frustrées (ou non) ont été largement étudiées pour leur 

capacité à activer de façon hétérolytique des petites molécules comme le dihydrogène [14] ou 

d’autres molécules de gaz. [15] Cette dernière caractéristique a été exploitée dans ces travaux de 

thèse. Ainsi, nous nous sommes intéressés à la capture réversible de dioxyde de carbone par des 

paires de Lewis à base de groupements acides de Lewis borés dont de nombreux exemples sont 

présents dans la bibliographie. [16]–[23] 

Plusieurs stratégies ont alors été adoptées pour la synthèse de systèmes supramoléculaires 

« tricomposants » en gardant les polymères comme matrices de capture du dioxyde de carbone. 



Principalement, nous nous sommes concentrés sur l’interaction entre des acides et des bases de 

Lewis difonctionnels formant des polymères supramoléculaires par polyaddition capables de 

réagir avec une molécule de CO2 à chaque point d’interaction acide-base entre les monomères. 

Cette stratégie est représentée par le système A de la Figure 1. Egalement, à partir de polymères 

portant des groupes bases de Lewis pendants en interaction avec des molécules difonctionnelles 

bases de Lewis, nous avons pu créer des systèmes tridimensionnels. Dans ce cas, le polymère est 

réticulé de façon supramoléculaire par des interactions acide-base puis par l’ajout de dioxyde de 

carbone. Cette deuxième stratégie est représentée par le système B de la Figure 1. 

SystèmeA

SystèmeB

 

Figure 1 : Stratégies d’interaction utilisées pour la capture réversible de CO2 par des paires de Lewis frustrées. Système A : 
Interaction entre des molécules difonctionnelles bases et acides de Lewis B2 et A2. Système B : Interaction entre un 

polymère fonctionnalisé par des groupes bases de Lewis poly(B) et des molécules difonctionnelles acides de Lewis A2.  

Une partie importante du travail concernant les paires de Lewis a été dédiée à la synthèse des 

molécules et polymères fonctionnalisés. Du côté des acides de Lewis, nous nous sommes 

intéressés à la synthèse d’aryl boranes et quant aux bases de Lewis, notre choix s’est porté sur 



des molécules ou polymères phosphorés ou azotés. Les différents systèmes étudiés sont 

représentés en Figure 2. 

 

Figure 2 : Structures chimiques des systèmes étudiés. Encart rouge : Molécule difonctionnelle acide de Lewis. Encart bleu : 
Polymères fonctionnalisés bases de Lewis. Encart vert : Molécules difonctionnelles commerciales bases de Lewis.  

Au travers de méthodes spectroscopiques et rhéologiques, nous avons mis en évidence la 

capture partiellement réversible du dioxyde de carbone par des paires de Lewis bore-

phosphore, principalement via la stratégie B de la Figure 1. En effet, l’utilisation de bases de 

Lewis comprenant des atomes d’azote n’a pas été concluante pour la capture du dioxyde de 

carbone car ces bases ne présentaient pas une dynamique satisfaisante (ou une proportion de 

paires ouvertes suffisante). De plus, certains composés aminés sont capables de capturer 

directement le CO2 par la formation de carbonates et carbamates.  

Au cours de ces travaux de recherche, et au gré de nouveaux travaux concurrents publiés dans la 

littérature au cours de la thèse ainsi que d’observations expérimentales surprenantes, un second 

axe de recherche s’est dégagé concernant l’étude des comportements dynamiques exhibés par 

les polymères comprenant des unités esters boroniques cycliques. Diverses structures de ces 

types de polymères ont été synthétisées et étudiées grâce à une gamme de méthodes analytiques 

(spectroscopies RMN et IR, DSC, ATG, DMA, rhéologie, chromatographie d’exclusion stérique) 

avec des collaborations scientifiques de haut niveau en RMN du solide du bore, DOSY du fluor et 

modélisation DFT.  



Les polymères organoborés que nous avons étudiés comportent des groupements d’esters 

boroniques pendants sur des structures vinyliques ou styréniques. Dans un premier temps, 

l’homopolymère du 4-vinylphenylboronic pinacolate - dont la synthèse par polymérisation 

radicalaire libre a été optimisée - nous a permis d’établir un mécanisme de réactivité des 

fonctions d’esters boroniques.  

Grâce à des méthodes spectroscopiques et rhéologiques, nous avons suspecté une réticulation 

dynamique entre les chaînes de polymères par ouverture de cycle de l’ester boronique. Celle-ci 

serait provoquée par une attaque nucléophile sur la lacune électronique du bore sur une plage 

de température qui conduirait à la formation de l’alkoxyde libre pendant. Ce dernier attaquerait 

donc la lacune électronique d’un autre groupement d’ester boronique créant un pontage entre 

deux chaînes. Le nucléophile pourrait être un reste de pinacol dû à la synthèse du monomère ou 

bien des molécules d’eau absorbées par le matériau. Expérimentalement, il a été également 

observé que cette réticulation est réversible par simple dilution dans un solvant apolaire tel que 

le toluène. En effet, la forme de cycle fermé intramoléculaire à 5 atomes est favorisée 

entropiquement. Des calculs DFT ont confirmé ce mécanisme décrit en Figure 3.  

 

Figure 3 : Mécanisme d'ouverture de cycle et réticulation assistées par une attaque nucléophile. 

Ce mécanisme a permis alors d’expliquer les phénomènes observés en calorimétrie différentielle 

à balayage qui révélait une augmentation de la température de transition vitreuse après une 

rampe de température. Nous avons ainsi obtenu des polymères organoborés avec des 

températures de transition vitreuse jusqu’à 220°C. Le résultat de l’analyse en calorimétrie 

différentielle est indiquée en Figure 4.  

- 



 

Figure 4 : Résultat de la calorimétrie différentielle à balayage avec les structures associées. 

Il est intéressant de noter que ces systèmes se distinguent des vitrimères et des réseaux 

covalents adaptables (CANs) qui ont respectivement des densités de réticulation constantes ou 

diminuant continument avec la température. [24], [25] En effet, les polymères portant des 

groupements d’esters boroniques constitueraient le premier exemple de réseaux dynamiques 

avec une densité de réticulation augmentant avec la température, ou du moins sur une certaine 

gamme de température.  

Cette réactivité, mise en évidence par différentes méthodes analytiques, ouvrirait la voie au 

design de matériaux de hautes transitions vitreuses reprocessables en se basant sur l’ouverture 

de cycle des esters boroniques. Ceci pourrait constituer une voie de réticulation alternative aux 

voies classiques.  

A la suite de ces travaux, nous avons donc souhaité approfondir notre compréhension du 

phénomène observé en exemplifiant avec différentes structures de polymères comprenant des 

esters boroniques. Ainsi, nous avons synthétisé une variété de (co)polymères fonctionnalisés 

par des esters boroniques en chaînes pendantes vinyliques ou styréniques. Pour ce faire, nous 

avons utilisé des copolymérisations radicalaires ou des post-fonctionnalisations de polymères 

commerciaux par catalyse homogène. Sur ce dernier point, nous avons concentré nos efforts sur 

l’hydroboration de polybutadiène de hautes masses molaires avec des groupements d’esters 

pinacoliques par catalyse au cuivre ou au fer. L’ensemble des systèmes borés à ce jour étudiés 

sont décrits sur la Figure 5. 

Exo up 

Endothermic 
reaction 



 

Figure 5 : Polymères organoborés étudiés. Encadrement bleu : Systèmes styréniques. Encadrement rouge : Systèmes 
vinyliques. Trait plein : Polymères organoborés obtenus par voie radicalaire. Trait pointillé : Fonctionnalisation de 

polybutadiène commercial. 

Les différentes analyses réalisées sur l’ensemble de ces systèmes ont révélé la présence de 

réticulation dynamique due à la présence d’esters boroniques sur les chaînes polymères. Des 

comportements variables ont cependant été détectés selon les squelettes étudiés.  

Conformément à l’homopolymère du 4-vinylphenylboronic pinacolate, les copolymères 

stryrène/4-vinylphenylboronic pinacolate (A, Figure 5) présentent des températures de 

transition vitreuse augmentant avec la quantité de monomère boré, confirmant l’implication de 

ces groupements dans les phénomènes de réticulation observés. La même tendance a été 

également détectée dans les copolymères acrylate de butyle/4-vinylphenylboronic pinacolate 

(B, Figure 5), avec toutefois la présence d’une séparation de phase entre les domaines riches et 

pauvres en 4-vinylphenylboronic pinacolate impactant les propriétés mécaniques du matériau. 

L’homopolymère vinylique synthétisé à partir du vinylboronic acid pinacolate (C, Figure 5) a 

manifesté une réticulation dynamique dans une certaine gamme de températures allant de 60°C 

à 80°C avec l’inversion des modules G’ et G’’ mesurés par rhéologie comme décrit en Figure 6. De 

plus, un comportement d’élastomères a été mis en évidence dans cette gamme de températures 

avec la présence d’un plateau caoutchoutique. Cette polymérisation radicalaire fut également un 

challenge de synthèse. En effet, les radicaux de l’amorceur radicalaire utilisé (peroxyde de 



benzoyle dans notre étude) attaquent également l’atome de bore déficitaire en électrons plus 

vulnérable dans le cas de la forme vinylique du monomère. Nous avons choisi de bloquer la 

lacune électronique de l’atome de bore par un ajout contrôlé de tétrahydrofurane, base de Lewis.  

 

Figure 6 : Suivi des modules G’ et G’’ entre 50°C et 150°C. Zoom sur les températures entre 55°C et 90°C. 

 

Par la suite, nous avons souhaité copolymériser ce monomère vinylique avec des co-monomères 

d’intérêt industriel tels que l’acétate de vinyle (D, Figure 5) ou l’éthylène (E, Figure 5). 

Concernant le copolymère avec l’acétate de vinyle, une augmentation de la température de 

transition vitreuse a été détectée par calorimétrie différentielle à balayage. Pour l’éthylène, les 

phénomènes de réactivité et de fusion se sont superposés et la contribution de la réactivité des 

esters boroniques impliquant une réticulation a été difficile à décorréler. Nous nous 

contenterons de confirmer la perturbation des phénomènes de fusion et de cristallisation 

habituellement observés dans le polyéthylène par la présence de groupements d’esters 

boroniques. Ceci est représenté par les thermogrammes obtenus en Figure 7. Cette 

copolymérisation fut également réalisée aussi bien dans le carbonate de diméthyle que dans le 

dioxyde de carbone supercritique, solvant vert plébiscité par la recherche ces dernières années.  



 

Figure 7 : Allure des thermogrammes obtenus par calorimétrie différentielle à balayage avec la présence ou non d'esters 
boroniques dans le polymère étudié. 

 

Dans une optique différente, nos travaux de recherche nous ont amené à nous pencher sur la 

fonctionnalisation d’élastomères afin de proposer une nouvelle voie de réticulation réversible 

du polybutadiène. Deux voies de synthèse ont été exploitées pour permettre l’hydroboration, et 

ainsi l’installation de groupements d’esters boroniques, par deux catalyses homogènes 

schématisées en Figure 8. 

La catalyse au cuivre (voie A, Figure 8) a permis la fonctionnalisation par les esters boroniques 

sur les liaisons diéniques mais nous avons eu à faire face à des problèmes de réticulation par 

ponts covalents induits par la catalyse utilisée (couplages oxydants). La contribution des esters 

boroniques pour une réticulation dynamique est donc négligeable par rapport au réseau 

covalent formé.  



 

Figure 8 : Voies d’hydroboration du polybutadiène. 

 

Les résultats ont été nettement plus concluants dans le cas de l’hydroboration par catalyse au fer 

(voie B, Figure 8). Dans ce cas, nous avons mis en évidence une séparation de phase entre les 

phases riches et pauvres en esters boroniques. La réticulation dynamique par ouverture de cycle 

des esters boroniques a donc été étudiée par rhéologie et a montré un réel impact sur les 

propriétés mécaniques du polymère avec l’augmentation des modules mesurés et la présence 

d’un plateau caoutchoutique plus large. La présence de relaxation mécanique témoigne du 

caractère dynamique de cette réticulation qui se produit uniquement dans les phases riches en 

esters boroniques. L’expérience illustrée en Figure 9 est représentative des comportements 

mécaniques mis en évidence avant et après réactivité des esters boroniques sur la matrice de 

polybutadiène.  



 

Figure 9 : Courbes maîtresses du polybutadiène natif (carrés) et modifié (cercles) après 5 h à 110°C. 

Une étude plus fondamentale a été réalisée sur une molécule trifonctionnelle portant trois 

groupements esters boroniques. En s’appuyant sur la réactivité des esters boroniques, nous 

avons cherché à construire un réseau tridimensionnel non recristallisable qui conduirait à une 

verre hybride organique/inorganique. Ainsi, nous avons choisi un polyalcool induisant 

l’ouverture de cycle des esters boroniques à l’état fondu (hauts et proches points de fusion des 

deux molécules) et créant ainsi des pontages entre les molécules trifonctionnelles d’esters 

boroniques. Le refroidissement du matériau conduit à un verre transparent s’avérant être 

soluble dans des solvants tels que le tétrahydrofurane. Une étude par calorimétrie différentielle 

à balayage a de plus montré l’augmentation progressive de la température de transition vitreuse 

au cours de la réaction. Elle atteint son maximum pour une ratio O/B de 3.2 suggérant la 

pyramidalisation du bore (sp2  sp3). De plus, des analyses par RMN du solide du bore ont mis 

en évidence la présence de plusieurs espèces borées après une rampe de température 

confirmant la présence d’une réaction chimique au sein du matériau. Les espèces et les 

mécanismes réactionnels hypothétiques sont représentés en Figure 10. Ces expériences sont 

prometteuses mais demandent des investigations supplémentaires pour expliciter les 

mécanismes de réaction. 



 

Figure 10 : Système étudié et hypothèses de mécanismes réactionnels. 

 

Pour conclure, nous avons synthétisé et étudié des systèmes polymères capables de capter de 

façon réversible du dioxyde de carbone. Cette réversibilité a été démontrée par des analyses 

spectroscopiques UV ou par rhéologie. Par l’étude de polymères organoborés, nous avons 

également mis en évidence l’importance de la réactivité des esters boroniques pour la formation 

de polymères réticulés de façon dynamique par assistance nucléophile sur une certaine gamme 

de température. Nous avons exploité cette réactivité en étendant ces concepts à une variété de 



polymères par copolymérisation radicalaire ou par post-modification de polymères diéniques. 

Des comportements similaires ont été observés dans chaque cas avec une augmentation de la 

température de transition vitreuse induite par la réticulation due à l’ouverture de cycle des 

esters boroniques. Cette réactivité ouvre la voie à la possibilité d’ajuster la température de 

transition vitreuse d’une large gamme de polymères utilisés en industrie par une réaction simple 

et robuste. De nouveaux réseaux dynamiques et réversibles sont donc accessibles à la frontière 

entre les vitrimères et les réseaux covalents adaptables. 
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Figure I. 1: Main types of organoboron polymers. 



  

 

 

Figure I. 2: Potential π-conjugated organoboron polymers presented by Chujo and Matsumi in 2008.  

via



  

Figure I. 3: First conjugated main-chain organoboron polymers.  

via

Figure I. 4: Hydroboration polymerization of aromatic diynes using mesitylborane (Ar=aryl).  



  

Figure I. 5: Hydroboration polymerization of 1 4-diethynylbenzenes with 9,10-dihydro-9,10-diboraanthracene. R=H: C6H6, 
R.T.; R=OC6H13: Toluene or THF, R.T. 

Figure I. 6: Synthesis of Boron-Modified Polythiophenes by Jäkle.  



  

Figure I. 7: Polycondensation studied by Jia and co-workers. X=H or F.  

Figure I. 8: Synthesis of random flurorene/dibenzoborole copolymer by Bonifácio and co-workers.  

 

 

via



  

Figure I. 9: Copolymerization of 5-hexenyl-9-BBN and α-olefins by Ziegler-Natta procedure.  

 



  

Figure I. 10: Ring-opening polymerization of 9-BBN-norborene.  

Ð 

Figure I. 11: ROMP of decaboranyl-substituted norbornene monomers.  

 

i. From unfonctionalized polyolefins  



  

Figure I. 12: Catalytic modification of polyolefins.  

ii. From polyolefins containing olefinic groups 

Figure I. 13: Borylation of ROMP polymers in presence of 9-BBN.  



  

Figure I. 14: Hydroboration of butyl rubber conducted by Chung and co-workers.  

Figure I. 15: Hydroboration of styryl terminated polystyrene.  

et al.



  

et al.

Figure I. 16: Functionalization of polystyrene with triarylborane.  

via



  

 

 

Figure I. 17: Synthesis of polymer systems containing B-N linkage into a heterocyclic ring.  

et al.



  

Figure I. 18: Synthesis of bisbenzodiazaborole oligomers by Yamaguchi   

Figure I. 19: Polymers containing pyrazaborole studied by Chujo.  

via



  

Figure I. 20: Post-modification of a bromoborane polymer with a quinolate moiety.  

via



  

Figure I. 21: Spontaneous polycondensation of bifunctional hydroxyquinolate and bifunctonal bromoborane.  

via



  

Figure I. 22: Incorporation of BODIPY moieties into conjugated polymers by Li and co-workers.  

Figure I. 23: Synthesis of polyaminoboranes from amine-boranes by Iridium catalysis.  



  

Figure I. 24: Polyboramines synthesized by Raynaud and Lacôte.  

Figure I. 25: Synthesis of aminoborane polymers by Chujo and Matsumi.  



  

Figure I. 26: Coordination poly(ferrocene)s bridged by pyridine and bipyridine.  

et al.

via

Figure I. 27: Synthesis of ferrocenylborane polymers by Manners and Braunschweig.  

 

et al.



  

Figure I. 28: Structure of vinyl borazine monomers studied by Pellon   

via

Figure I. 29: Polymers based on B-vinylborazines and branching due to dehydrocoupling reactions.  



  

Figure I. 30: Polymerization of vinylphenylborazines studied by Jackson and Allen.  

Ð

Figure I. 31: RAFT copolymerization of BODIPY-functionalized methacrylate monomer with styrene.  

via



  

via

Figure I. 32: Post-modification of dibromoborane polymers for the preparation of quinalote-functionalized organoboron 
polymers.  



  

 

 

 

Figure I. 33: Boronic acid from hydrolysis of borane.  



  

Figure I. 34: Products of trimerization of boronic acid and dimerization of borinic acid.  

Figure I. 35: Equilibrium of boronic acids in aqueous media.   

o

et al.



  

Figure I. 36: Variety of design of boronic acids found in literature.  

 

Figure I. 37: Formation of boronate esters from boronic acids and diols.  



  

Figure I. 38: Common boronate esters from pinacol. 

 

via



  

Figure I. 39: Proposed mechanism of reversible cleavage of B-O bonds.  

Figure I. 40: Representation of the metathesis polymerization followed by ligand-exchange reactions.  



  

Figure I. 41: Synthesis of organoborate polymers by Lavigne and co-workers in 2005.  

Figure I. 42: Synthesis of poly-3',6'-bis(1,3,2-dioxaborinane)fluoran by double transesterification.  

 

 



  

Figure I. 43: Variety of 4-vinylphenylboronic acid derivative monomers successfully (co)polymerized in literature. 
 

Table I. 1: Reactivity ratios from literature of boron-based monomers involved in copolymerizations with classical 
monomers.  

Monomer 1 Monomer 2 
Reactivity 

ratio 1 

Reactivity 

ratio 2 



  

Figure I. 44: Telomerisation of 3-acrylamidophenylboronic acid using an iniferter.  

Ð

Ð

Figure I. 45: Synthesis of the organoboron block copolymer PSBPin-b-PS (PEB=phenylethyl bromide and 
PMDETA=N,N',N',N'',N''-pentamethyldiethylenetriamine).  



  

Figure I. 46: Synthesis of polymerized oxaborolidines.  

Figure I. 47: Crosslinking of functional polymers with pendent dioxaborolane groups through metathesis with a bis-
dioxaborolane. From . Reprinted with permission from AAAS. 



  

 

i. From lithiated polystyrene and poly(methylstyrene) 

Figure I. 48: Functionalization of stryrenic resins by Fréchet.  



  

Figure I. 49: Transformation of polystyrene boronic acid into oxazaborolidines followed by polymerization of 
organoboron monomers.  

ii. From mercuriated polystyrene 

1 2

3 4

Figure I. 50: Post-functionalization of mercuriated polymers.  

iii. From silylated polystyrene 



  

1

1

Ð

2

3

Figure I. 51: Modification of silylated polymers conducting to organoboron polymers by Jäkle and co-workers.  



  

iv. From polyethylene 

et al. 

Figure I. 52: Synthesis of grafted polyethylene and subsequent crosslinking by metathesis of dioxaborolanes.  



  

Figure I. 53: Synthesis of grafting agents TEMPO-boronate ester and bis-TEMPO-boronate ester and subsequent 
preparation of grafted polyethylene and polyethylene vitrimer by reactive extrusion.  

 



  

 

Figure I. 54: Electropolymerization of boron-functionalized thiophene by Freund and co-workers.  

 

et al.

Figure I. 55: Oxidation polymerization of the fructose complex of aniline boronic acid.  

 



  

 

i. Dynamic covalent boronate ester cross-linked hydrogels 

via

via

co



  

Figure I. 56: Hydrogel formation between P(2-APBA- -DMA) (15 mol % 2APBA) with PVAc and P(DOPAAm- -DMA) (15 
mol % DOPAAm) at neutral pH.  

Figure I. 57: Dynamic covalent hydrogels based on hyaluronic acid crosslinked with boronate ester bonds.  

ii. Responsive hydrogels 



  

Figure I. 58: Equilibrium between phenylboronic acid moiety and glucose in aqueous media described by Kataoka.  



  

Figure I. 59: Contraction of the glucose-borate complex in the microgel.  

via

et al.

Figure I. 60: Equilibrium between PBA and SHA groups and PBA-SHA complex.  



  

 

i. Boronic acid-containing block copolymers 

b



  

b
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ii. Boronate ester-stabilized nanoparticles 

Figure I. 61: Cross-linking involved in the self-assembly of micelles described by Lam and co-workers.  

et al.

b-DL



  

Figure I. 62: Boronic acid-dextran pH sensitive crosslinking described by Zhao   

 

i. Electrochemical sensing 



  

Figure I. 63: Complexation of poly(aniline boronic acid) with saccharides investigated by Freund and co-workers.  

Figure I. 64: Formation of a molecularly imprinted polymer sensor for dopamine.  



  

Figure I. 65: Functionalization of the surface of QCM-sensor to afford glucose-sensitive sensor.  

et al

ii. Optical sensing 



  

Figure I. 66: Modified poly(L- and D-lysine)s (left) and cyanine dye (right).  



  

Figure I. 67: Structural changes in the polymer in the presence of sugars.  



  

Figure I. 68: Fluorescent sensing of glucose  boronic acid groups.  
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Figure I. 69: Examples of intramolecular FLP. Cy=cyclohexyl.  



  

Figure I. 70: Examples of FLP cleavage of dihydrogen. (Mes=mesityl, R=tBu, Mes)  
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Figure I. 71: Reversible capture of CO2 by frustrated phosphine-borane Lewis pairs demonstrated by Stephan and Erker. 
 

Figure I. 72: Synthesis of CO2-products through FLP capture.  



  

Figure I. 73: Bis-boranes and phospines capture of CO2.  

Figure I. 74: Reactions of carbene-borane FLPs with CO2.  



  

Figure I. 75: Reactions of N-bases, B(C6F5)3 and CO2.  

Figure I. 76: Tamm's work on the reactions of pyrazole-borane with CO2.  
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Figure I. 77 : Variety of FLPs investigated for CO2 capture. 



  

Figure I. 78: CO2 as a platform for variety of chemical products.  

 

i. Stoichiometric reactions of CO2 with FLPs 

Figure I. 79: Reversible reduction of CO2 to formate 2 with H2 activated by a FLP 1.  



  

Figure I. 80: Activation of CO2 by TMP and B(C6F5)3 in presence of triethylsilane.  
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Figure I. 81: Sequential two-step double CO2 activation using a phosphine/borane FLP demonstrated by Stephan and co-
worker.  

Figure I. 82: Reductions of CO2 with Al/P FLP systems.  

ii. Catalytic reductions of CO2 with FLPs 



  

Figure I. 83: Catalytic reduction of CO2 by phosphine/zinc combinations  

Figure I. 84: Reduction of CO2 in presence of HBcat and P/B FLP.  
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Figure I. 85: Synthesis of FLP-SO2 complexes.  

 



  

Figure I. 86: Reaction of P/B FLP with N2O.  



  

Figure I. 87: Reaction of tBu3PN2OB(C6H4F)3 with Zn(C6F5)2 depending on the ratio explored by Stephan.  
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Figure I. 88: Self-initiated RAFT copolymerization of styrene with B- and P-functionalized monomers using cumyl 
dithiobenzoate as RAFT agent at 110°C.  

Figure I. 89: Reaction occurring between Lewis acid and base bearing bulky groups in presence of diethyl 
azodicarboxylate.  

et al.
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Figure I. 90: Synthesis of semi-immobilized FLP in polymer networks.  



  

Figure I. 91: Synthesis of the polyamine organic frameworks.  

Figure I. 92: Reversible binding of CO2 between two Lewis acidic and basic block copolymers.   
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Figure II. 1: Schematic difference between classical Lewis pair (CLP) and Frustrated Lewis pair (FLP). 



  

Figure II. 2: CO2 as a source of a wide range of organic molecules. 
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Figure II. 3: A2+B2 strategy of interaction. 



  

Figure II. 4: Poly(B)+A2 strategy of interaction. 
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Figure II. 5: Poly(A)+Poly(B) strategy of interaction. 



  

 

 

Figure II. 6: Examples of difunctional perfluoroaryl boranes from litterature.  



  

  

Figure II. 7: Structure targeted for the A2 difunctionalized molecule. 

Figure II. 8: Two-step reaction path for the synthesis of A2. 



  

 

Figure II. 9: Structure targeted for the B2 difunctionalized molecule. 

via 

via

Figure II. 10: Three-step synthesis of the difunctional molecule B2.  



  



  

 

 

 

Figure II. 11: Structure targeted for poly(A) functionalized by Lewis acid groups. 

via



  

Figure II. 12: Reaction path for the synthesis of poly(A). 

co

Table II. 1: Experimental data of the poly(styrene- -4-vinylphenylboronic acid)s synthesized from styrene and 4-
vinylphenylboronic acid.  determined by SEC-THF using PS 

standards and conventional calibration. 

Entry Theoretical 4-VPB 

ratio (%)1 

Experimental 4-VPB 

molar ratio (%)1 

Mn1(g/mol) Mw1 

(g/mol) 

Dispersity 

Ð 

Yield 

1 

2 

3 



  

Figure II. 13: 19F NMR spectrum of a functionalized copolymer bearing B(C6F5)2 pendent groups in THF-d8. 

 

Figure II. 14: Structures targeted for poly(B)s functionalized by Lewis base groups. 
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et al. 

Figure II. 15: Copolymerization of styrene and 4-styryldiphenylphosphine. 



  

Table II. 2: Experimental data of the copolymers synthesized from styrene and 4-styryldiphenylphosphine. 1Molar ratios 
determined by NMR spectroscopy, 2Values determined by SEC-THF using PS standards and conventional calibration. 

Entry Theoretical 
ratio1 

Experimental 
ratio1 

[Initiator] 

(mol eq.) 

T 

(°C) 

Mn2 

(g/mol) 

Mw2 

(g/mol) 

Dispersity 

Ð 
Yield 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

 

Figure II. 16: Copolymerization of styrene and 4-vinylpyridine. 



  

Table II. 3: Experimental data of the copolymers synthesized from styrene and 4-vinylpyridine. 1Molar ratios of 4-
vinylpyridine determined by NMR spectroscopy, 2Values determined by SEC-THF using PS standards and conventional 

calibration. Entry 2 corresponds to a commercial poly(4-vinylpyridine) from Sigma Aldrich. 

Entry Theoretical 
ratio1 

Experimental 
ratio1 

[Initiator] 

(mol eq.) 

T 

(°C) 

Mn2 

(g/mol) 

Mw2 

(g/mol) 

Dispersity 

Ð 
Yield 

1 

2 



  

Table II. 4: Summary of the compounds commercially purchased and synthesized that are used in the following study.  

Compounds Commercially purchased Synthesized 
A1 
B1 

A2 

B2 

Poly(A) 

Poly(B) 



  

 

 

co co

Figure II. 17: Lewis pair between tris(pentafluorophenyl)borane and triphenylphosphine. 

Table II. 5: Molar ratios studied by NMR spectroscopy for the FLP formed from B(C6F5)3 (A1) and PPh3 (B1). 

Entry Ratio A1:B1 

1 

2 

3 

4 



  

Figure II. 18: 19F NMR spectra of mixtures between tris(pentafluorophenyl)borane and triphenylphosphine in various 
ratios. 

Figure II. 19: Structures identified by NMR spectroscopy. 
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Figure II. 20: 11B NMR spectra of mixtures between tris(pentafluorophenyl)borane and triphenylphosphine in various 
ratios. 

Figure II. 21: 31P NMR spectra of mixtures between tris(pentafluorophenyl)borane and triphenylphosphine mixtures in 
various ratios. 
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Table II. 6: Estimation of the complexation constant K for each ratio based on 19F spectroscopy.  

Entry Experimental ratio A1:B1 K (L/mol) 

1 

2 

3 

4 
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Table II. 7: Molar ratios studied by NMR spectroscopy for the FLP formed from B(C6F5)3 (A1) and C5H5N (B1).  

Entry Molar ratio A1:B1 

1 

2 

3 

4 

Figure II. 22: 19F NMR spectra of mixtures between tris(pentafluorophenyl)borane and pyridine in various ratios.  
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Figure II. 23: 11B NMR spectra of mixtures between tris(pentafluorophenyl)borane and pyridine in various ratios. 
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Figure II. 24: Boron atom structure and representation of vacant p-orbital. 



  

Figure II. 25: Lewis acidity scale of some fluorinated triarylboranes determined by Gutmann-Beckett scale.  

Figure II. 26: Equilibrium between free Lewis acid and base and adduct and representation of the geometric change 
between trigonal form borane and pyramidalized borane.  



  

Table II. 8: Summary of the differences observed in NMR spectroscopies for three Lewis bases. aReferenced for 
tris(pentafluorophenyl)borane in toluene-d8. bDifference of chemical shift between the meta and para fluorine atoms in 

the 19F NMR spectra. cCalculated from 19F spectra.  

Entry Lewis base δ 11B (ppm)a  δm,p (ppm)b K (L/mol)c 

1 

2 

3 



  

 

 

Figure II. 27: Lewis pair between 4,4’-dipyridine and B(C6F5)2-Ph-B(C6F5)2. 

Figure II. 28: Lewis pair between N,N,N′,N′-tetramethylethylenediamine and B(C6F5)2-Ph-B(C6F5)2. 



  

Figure II. 29: 1H NMR spectra of N,N,N′,N′-tetramethylethylenediamine in blue, N,N,N′,N′-tetramethylethylenediamine 
and B(C6F5)2-Ph-B(C6F5)2 in red and N,N,N′,N′-tetramethylethylenediamine and B(C6F5)2-Ph-B(C6F5)2 and CO2 in green in 

THF-d8. 

Figure II. 30: 19F NMR spectra of N,N,N′,N′-tetramethylethylenediamine in blue, N,N,N′,N′-tetramethylethylenediamine 
and B(C6F5)2-Ph-B(C6F5)2 in red and N,N,N′,N′-tetramethylethylenediamine and B(C6F5)2-Ph-B(C6F5)2 and CO2 in green in 

THF-d8. 
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Figure II. 31: 11B NMR spectra of N,N,N′,N′-tetramethylethylenediamine in blue, N,N,N′,N′-tetramethylethylenediamine 
and B(C6F5)2-Ph-B(C6F5)2 in red and N,N,N′,N′-tetramethylethylenediamine and B(C6F5)2-Ph-B(C6F5)2 and CO2 in green in 

THF-d8. 



  

Figure II. 32: CO2 capture by N,N,N′,N′-tetramethylethylenediamine and B(C6F5)2-Ph-B(C6F5)2. 

Figure II. 33: Lewis pair between N,N′-diisopropyl-1,3-propanediamine and B(C6F5)2-Ph-B(C6F5)2. 



  

Figure II. 34 1H NMR spectra of N,N′-diisopropyl-1,3-propanediamine in blue, N,N′-diisopropyl-1,3-propanediamine and 
B(C6F5)2-Ph-B(C6F5)2 in red and N,N′-diisopropyl-1,3-propanediamine and B(C6F5)2-Ph-B(C6F5)2 and CO2 in green in THF-

d8. 
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Figure II. 35: 19F NMR spectra of B(C6F5)2-Ph-B(C6F5)2 in blue, N,N′-diisopropyl-1,3-propanediamine and B(C6F5)2-Ph-
B(C6F5)2 in red and N,N′-diisopropyl-1,3-propanediamine and B(C6F5)2-Ph-B(C6F5)2 and CO2 in green in THF-d8. 

Figure II. 36: 11B NMR spectra of B(C6F5)2-Ph-B(C6F5)2 in blue, N,N′-diisopropyl-1,3-propanediamine and B(C6F5)2-Ph-
B(C6F5)2 in red and N,N′-diisopropyl-1,3-propanediamine and B(C6F5)2-Ph-B(C6F5)2 and CO2 in green in THF-d8. 
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Figure II. 37: 1H NMR spectra of N,N’-diisopropyl-1,3-propanediamine in blue and N,N’-diisopropyl-1,3-propanediamine 
under CO2 in red in THF-d8. 
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Figure II. 38: 13C NMR spectra of N,N’-diisopropyl-1,3-propanediamine in blue and N,N’-diisopropyl-1,3-propanediamine 
under CO2 in red in THF-d8. 
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Figure II. 39: Suspected reactivity of N,N’-diisopropyl-1,3-propanediamine and CO2. 

Figure II. 40: Visual aspects of N,N’-diisopropyl-1,3-propanediamine and N,N,N′,N′-tetramethylethylenediamine with CO2. 

via

Figure II. 41: Representation of η1 coordination  oxygen atoms on boron atoms. 



  

Figure II. 42: 19F NMR spectra of B(C6F5)2-Ph-B(C6F5)2in blue and (B(C6F5)2)2-Ph-(B(C6F5)2)2 under CO2 in red in THF-d8. 

 

Figure II. 43: 11B NMR spectra of B(C6F5)2-Ph-B(C6F5)2 in blue and (B(C6F5)2)2-Ph-(B(C6F5)2)2 under CO2 in red in THF-d8. 
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Figure II. 44: Lewis pair between 1,3-bis(diphenylphosphino)propane and B(C6F5)2-Ph-B(C6F5)2. 



  

Figure II. 45: 1H NMR spectra of 1,3-bis(diphenylphosphino)propane in blue, 1,3-bis(diphenylphosphino)propane and 
B(C6F5)2-Ph-B(C6F5)2 in red and 1,3-bis(diphenylphosphino)propane and B(C6F5)2-Ph-B(C6F5)2 and CO2 in green in THF-d8. 

Figure II. 46: 19F NMR spectra of B(C6F5)2-Ph-B(C6F5)2 in blue, 1,3-bis(diphenylphosphino)propane and B(C6F5)2-Ph-
B(C6F5)2 in red and 1,3-bis(diphenylphosphino)propane and B(C6F5)2-Ph-B(C6F5)2 and CO2 in green in THF-d8. 
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Figure II. 47: 11B NMR spectra of B(C6F5)2-Ph-B(C6F5)2 in blue, 1,3-bis(diphenylphosphino)propane and B(C6F5)2-Ph-
B(C6F5)2 in red and 1,3-bis(diphenylphosphino)propane and B(C6F5)2-Ph-B(C6F5)2 and CO2 in green in THF-d8. 



  

Figure II. 48: CO2 capture by 1,3-bis(diphenylphosphino)propane and B(C6F5)2-Ph-B(C6F5)2. 

Figure II. 49: Lewis pair between bis(dicyclohexylphosphino)methane and B(C6F5)2-Ph-B(C6F5)2. 

Figure II. 50: 1H NMR spectra of bis(dicyclohexylphosphino)methane in blue, bis(dicyclohexylphosphino)methane and 
B(C6F5)2-Ph-B(C6F5)2 in red and bis(dicyclohexylphosphino)methane and B(C6F5)2-Ph-B(C6F5)2 and CO2 in green in THF-

d8. 
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Figure II. 51: 19F NMR spectra of B(C6F5)2-Ph-B(C6F5)2 in blue, bis(dicyclohexylphosphino)methane and B(C6F5)2-Ph-
B(C6F5)2 in red and bis(dicyclohexylphosphino)methane and B(C6F5)2-Ph-B(C6F5)2 and CO2 in green in THF-d8. 

Figure II. 52: 11B NMR spectra of B(C6F5)2-Ph-B(C6F5)2 in blue, bis(dicyclohexylphosphino)methane and B(C6F5)2-Ph-
B(C6F5)2 in red and bis(dicyclohexylphosphino)methane and B(C6F5)2-Ph-B(C6F5)2 and CO2 in green in THF-d8. 
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Figure II. 53: CO2 capture by bis(dicyclohexylphosphino)methane and B(C6F5)2-Ph-B(C6F5)2. 



  

 

 

 

Figure II. 54: Lewis pair between B(C6F5)2-Ph-B(C6F5)2 and poly(4-vinylpyridine). 

Figure II. 55: Increase of viscosity observed at the mix of poly(4-vinylpyridine) and B(C6F5)2-Ph-B(C6F5)2 in chloroform. 



  

Figure II. 56: Visual after drying of the poly(4-vinylpyridine) and B(C6F5)2-Ph-B(C6F5)2 mix. 

Figure II. 57: Increase of viscosity observed at the mix of poly(4-vinylpyridine) and B(C6F5)2-Ph-B(C6F5)2 with 2 molar 
equivalents of triethylamine in chloroform. 



  

Figure II. 58: Recovery of gel after drying of the solution of poly(4-vinylpyridine) and B(C6F5)2-Ph-B(C6F5)2 in chloroform.  

Figure II. 59: Small increase of viscosity observed at the mix of poly(4-vinylpyridine) and B(C6F5)2-Ph-B(C6F5)2 with 2 
molar equivalents of lutidine in chloroform. 

co



  

Figure II. 60: Increase of viscosity observed at the mix of poly(styrene- -4-vinylpyridine) and B(C6F5)2-Ph-B(C6F5)2 with 2 
molar equivalents of triethylamine in toluene. 
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Figure II. 61: Interaction between poly(styrene- -4-vinylpyridine) and tris(pentafluorophenyl)borane studied by NMR 
spectroscopy. 

Figure II. 62: 19F NMR spectra of B(C6F5)3 in blue and poly(styrene- -4-vinylpyridine) and B(C6F5)3 in red in toluene-d8. 
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Figure II. 63: 11B NMR spectra of B(C6F5)3 in blue and poly(styrene- -4-vinylpyridine) and B(C6F5)3 in red in toluene-d8. 
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Figure II. 64: Mutual quenching between pyridine and borane groups. 
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Figure II. 65: Lewis pair from poly(styrene- -4-vinylpyridine) and B(C6F5)2-Ph-B(C6F5)2. 
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Figure II. 66: Oscillation time before and after the interaction between poly(styrene- -4-vinylpyridine) and B(C6F5)2-Ph-
B(C6F5)2. 

co

Figure II. 67: Oscillation time of interaction before and after the addition of B(C6F5)3 in a solution of poly(styrene- -4-
vinylpyridine). 
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Figure II. 68: Lewis pair between B(C6F5)2-Ph-B(C6F5)2 and poly(styrene- -4-styryldiphenylphosphine). 



  

Figure II. 69: Increase of viscosity observed at the mix of poly(styrene -4-styryldiphenylphosphine) and B(C6F5)2-Ph-
B(C6F5)2 with 2 molar equivalents of triethylamine in toluene. Left: Beginning of the reaction. Right: After 

homogenization. 
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Figure II. 70: Interaction between poly(styrene- -4-styryldiphenylphosphine) and tris(pentafluorophenyl)borane studied 
by NMR spectroscopy. 



  

Figure II. 71: 31P NMR spectra of poly(styrene- -4-styryldiphenylphosphine) in blue and poly(styrene- -4-
styryldiphenylphosphine) and B(C6F5)3 in red and poly(styrene- -4-styryldiphenylphosphine) and B(C6F5)3 and CO2 in 

green in toluene-d8. 

Figure II. 72: 19F NMR spectra of B(C6F5)3 in blue and poly(styrene- -4-styryldiphenylphosphine) and B(C6F5)3 in red 
poly(styrene- -4-styryldiphenylphosphine) and B(C6F5)3 and CO2 in green in toluene-d8. 
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Figure II. 73: 11B NMR spectra of B(C6F5)3 in blue and poly(styrene- -4-styryldiphenylphosphine) and B(C6F5)3 in red 
poly(styrene- -4-styryldiphenylphosphine) and B(C6F5)3 and CO2 in green in toluene-d8. 
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Figure II. 74: Lewis pair from poly(styrene- -4-styryldiphenylphosphine) and tris(pentafluorophenyl)borane. 

co



  

Figure II. 75: Monitoring of the storage and loss moduli of the initial solution of polymer. 

Figure II. 76: Oscillation time at the addition of the difunctional Lewis acid. 
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Figure II. 77: Oscillation time after opening of the CO2 flux at 25 °C. 
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Figure II. 78: Monitoring of the storage and loss moduli on a temperature ramp from 20°C to 70°C. 

Figure II. 79: Oscillation time at 25°C after heating ramp. 
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Figure II. 80: Monitoring of the storage and loss moduli at 25°C after reopening of CO2 flux. 
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Figure II. 81: Evolution of the storage and loss moduli over time with different conditions of temperature and pressure of 
CO2. Time scale is omitted for clarity.  
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Figure II. 82: Comparison of frequency sweep profiles at each step of the experiment A, B, C and D.  
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Figure II. 83: Comparison of the absorbance of three solutions over temperature: solution of poly(styrene- -4-
styryldiphenylphosphine) and B(C6F5)2-Ph-B(C6F5)2 under CO2 in toluene, solution of B(C6F5)2-Ph-B(C6F5)2 under CO2 in 

toluene and solution of poly(syrene- -4-styryldiphenylphosphine) under CO2 in toluene.   
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Figure II. 84: Reversible binding of CO2 between two Lewis acidic and basic block copolymers.   
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Table III. 1: Examples of high-Tg thermoplastics.  

Polymer Glass transition temperature (°C) 

Polyether etherketone 

Polyetherketone 

Polybenzimidazole 

Polyimide 

Polyetherimide 

Polysulfone 

Polyether sulfone 

Polyphenyl sulfone 

Polyamide imide 

Liquid crystal polymers 
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Figure III. 1: Synthesis of poly(4-vinylphenylboronic pinacolate) (PSBPin). 
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Figure III. 2: Structures of initiators commonly used in radical polymerization. 

In typical polymerization, the reaction was conducted in a weakly complexing organic 

solvent such as toluene in a Schlenk vessel with 0.01 or 0.02 molar equivalent of benzoyl 

peroxide at a temperature ranging from 70 to 90°C. NMR data are visible in Figures V. 41, 

V. 42 and V. 43 of the Experimental Section.  



  

 

Table III. 2: Synthesis optimization of poly(4-vinylphenylboronic pinacolate). 1Values determined by SEC-THF using PS 
standards and conventional calibration.  

Entry Solvent [Benzoyl 

peroxide] (mol 

eq.) 

T 

(°C) 

Mn 

(g/mol)1 

Mw 

(g/mol)1 

Dispersity 

Ð 

Yield 

1 

2 

3 

4 

5 

6 

7 

8 



  

Figure III. 3: Influence of synthesis parameters on the molar masses of poly(4-vinylphenylboronic pinacolate) by free 
radical polymerization. (a) Study of the influence of the polymerization temperature, (b) Study of the influence of the 

polymerization solvent and (c) influence of the quantity of initiator used.  

log(M, g/mol) log(M, g/mol) 

log(M, g/mol) 



  

After these optimizations, the polymerization was conducted at the temperature of 70°C in 

toluene with 0.02 molar equivalent of benzoyl peroxide compared to the quantity of 

monomer. Eventually, poly(4-vinylphenylboronic pinacolate)s featuring Mw up to 230,000 

g/mol compared to PS standards could be obtained, which were further assessed in the rest 

of this study.
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Figure III. 4: Monitoring of the molar masses during polymerization. 



  

Figure III. 5: Monitoring of the homopolymerization of 4-vinylphenylboronic pinacolate by size-exclusion 
chromatography. 
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Table III. 3: Compositions of the copolymers studied for the calculation of reactivity ratios of styrene and 4-
vinylphenylboronic pinacolate. f1 and f2 the initial mole fractions respectively of styrene and 4-vinylphenylboronic 

pinacolate in the reaction and F1 and F2 the mole fractions respectively of styrene and 4-vinylphenylboronic pinacolate in 
the copolymer. 

Entry f1 f2 F1 F2 

1 
2 
3 
4 
5 
6 
7 
8 
9 
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Figure III. 6: Reactivity ratio determination by Mayo-Lewis equation for each f1/f2 couple. 
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Figure III. 7: Reactivity ratio determination by Fineman-Ross equation. 



  

Table III. 4: Experimental data of the copolymers synthesized from styrene and 4-vinylphenylboronic pinacolate. 1Molar 
ratio of 4-vinylphenylboronic pinacolate monomer. 2Values determined by SEC-THF using PS standards and conventional 

calibration. 

Entry 
Theoretical  

ratio1 

Experimental 

ratio1 

Mn2 

(g/mol) 

Mw2 

(g/mol) 

Dispersity 

Ð 
Yield 

1 

2 

3 

4 

5 

6 

7 

8 

9 



  

 

 

Figure III. 8: DSC thermograms of homopolymer PSBPin in 40 μL pierced alumina pans. 



  

 

Figure III. 9: DSC curves of poly(4-vinylphenylboronic pinacolate) in 100 μL medium pressure alumina crucible. 
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Figure III. 10: Thermograms of a copolymer with 50 mol % of boronate ester monomers in 40 μL pierced aluminum pans.  



  

 

Figure III. 11: Evolution of the second glass transition temperature with the increase of molar proportion of 4-
vinylphenylboronic pinacolate monomer and Gordon-Taylor fit.  
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Figure III. 12: Superposition of IR spectra at each temperature between 20°C and 250°C and zooms on the regions of 
interest in black boxes. Red box corresponding to the loss of solvent (toluene). 



  

 

 

 

Figure III. 13: Simulated spectrum of the pendent group of the polymer and identified characteristic bands (using 
B3LYP/6-31G(d)). The values were later confirmed and refined to 1174.8 cm-1 (relative intensity: 316); 1357.3 cm-1 

(relative intensity: 169); and 1383.1 cm-1 (relative intensity: 599), using M06/def2TZVP level of theory for optimization 
and frequency calculation. 

 



  

Figure III. 14: Solid-state 11B NMR study of poly(vinylphenylboronic pinacolate). Left: superposition of the experimental 
signal in blue and the fit in black before thermic treatment; Right: superposition of the experimental signal in red, the 

total fit in black, the first boron environment fit in dashed purple and the second boron environment fit in dashed green 
after thermic treatment. 
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Figure III. 15: Master curve of dynamic storage and loss moduli of PSBPin in bulk, referenced at 230°C. G’ in closed circles 
and G’’ in opened circles. 



  

Figure III. 16: WLF profiles with different values of C1 and C2 constants.  



  

Figure III. 17: Left: Viscosity follows a WLF law with temperature for a thermoplastic polymer. Right: Viscosity follows an 
Arrhenius law for a network comprising dynamic covalent exchanges. Adapted with permission from . Copyright 2012 

American Chemical Society. 
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Figure III. 18: Arrhenius-like dependency of the shift factors.  



  

Figure III. 19: Time monitoring of storage and loss moduli of PSBPin at 50 wt% in xylenes. 



  



  

 

 

Figure III. 20: Up: Products of exchanges between B1-D2 and B2-D1. Down: Gas chromatography traces of the reaction 
medium after 2 min (left) and 150 min (right) during exchanges in bulk at 60°C. From . Reprinted with permission 

from AAAS. 



  

Figure III. 21: Proposed mechanism of reversible cleavage of B-O bonds.  

via 

Figure III. 22 : Double-tagging experiments using 19F spectroscopy.  



  

Figure III. 23: Exchanges evidenced by 19F NMR between molecules A and B. 

Figure III. 24: Hypothetic exchange path involving a nucleophilic assistance. 
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Figure III. 25: Evolution of the integrals corresponding to molecules A and C in double-tagging 19F NMR experiments. 



  

Figure III. 26: Reaction between A and B in the presence of benzyl alcohol monitored by 19F NMR. 
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Figure III. 27: 19F DOSY experiment in presence of 4-fluorophenylboronic pinacolate, phenylboronic acid, pinacol ester 
and benzyl alcohol. 
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Figure III. 28: Calculation of diffusion coefficient by 19F DOSY experiment  fitting attenuation curves. 

 



  

Figure III. 29: Macroscopic aspect of a solution of poly(4-vinylphenylboronic pinacolate), (a) Initial solution of poly(4-
vinylphenylboronic pinacolate) at 50 wt% in toluene with 2 % molar equivalent of benzyl alcohol, (b) After 1 night at 

110°C, (c) Addition of 2 mL of toluene, (d) Drying of the solution, (e) Second solution of poly(4-vinylphenylboronic 
pinacolate) at 50 wt% in toluene with 2 % molar equivalent of benzyl alcohol, (f) After 1 night at 110°C, (g) Addition of 2 

mL of toluene.  

Figure III. 30: Chromatograms of PSBPin before and after a thermic treatment at 200°C during 4 h. 



  

 

Figure III. 31: Mechanism of ring-opening and subsequent cross-linking induced by a nucleophilic assistance. 
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Figure III. 32. Relative enthalpies rH and Gibbs energy [ rG] values (kcal.mol-1) for different intermediates calculated at 
the DFT level (298.15 K, 1 atm, SMD(TolH), M06-def2TZVP). 



  



  

Figure III. 33: Assumed evolution of the equilibrium constant with the temperature. 
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Figure IV. 1: Scheme of chemical (a) and physical (b) crosslinking. 

 

 

 



  

Figure IV. 2: Left: Aryl-boron systems; Right: Vinyl-boron systems. 



  

 

Figure IV. 3: Aryl-boron systems. 

 

 

The conditions of polymerization were the same than in 

Chapter 3, i.e. the polymerization occurred in toluene with 0.02 molar equivalent of 

benzoyl peroxide at the temperature of 70°C.  



  

Figure IV. 4: Synthesis of poly(4-vinylphenylboronic pinacolate- -n-butyl acrylate).  

Table IV. 1: Experimental data of the copolymers synthesized from n-butyl acrylate and 4-vinylphenylboronic pinacolate 
PBA-SBPin – x %. 1Molar ratio of 4-vinylphenylboronic pinacolate monomer. 2Values determined by SEC-THF using PS 

standards and conventional calibration. 

Entry Theoretical 

ratio x %1 

Experimental 

ratio x %1 

Mn 

(g/mol)2 

Mw 

(g/mol)2 

Dispersity 

Ð 

Yield 

1 

2 

3 

4 

5 
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Figure IV. 5: Reactivity ratio determination by Mayo-Lewis equation with the plot of r1 depending on r2 for each couple of 
monomer composition f1/f2. Inset: Zoom on the crossing area. 
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Figure IV. 6: Reactivity ratio determination by Fineman-Ross equation. 
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Figure IV. 7: DSC thermograms of copolymer PBA-SBPin - 18 % in 40 μL pierced aluminum pans. 
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Figure IV. 8: Comparison of the evolution of the second glass transition temperature with the increase of molar 
proportion of 4-vinylphenylboronic pinacolate monomer and attempts of Gordon-Taylor fits respectively for n-butyl 

acrylate/4-vinylphenylboronic pinacolate in blue and for styrene/4-vinylphenylboronic pinacolate in red.  
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Figure IV. 9: Monitoring of the storage and loss moduli at 110°C on PBA-SBPin – 18 % in bulk. 



  

Figure IV. 10: Master curves of dynamic storage and loss moduli of PBA-SBPin – 18 % in bulk, referenced at 50°C before 
and after the curing at 110°C. G’ in closed circles and G’’ in opened circles. 



  

Figure IV. 11: WLF profiles of shift factors before and after curing. 
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Figure IV. 12: Structures of the molecules involved in this study and expected network. 

Table IV. 2: Properties of the molecules involved in this study. 

Properties 
1,3,5-Phenyltriboronic acid,  

tris(pinacol) ester 
Pentaerythritol 

Molecular weight (g/mol) 

Melting point (°C) 

Boiling point (°C) 

via



  

Figure IV. 13: Visual result of the reaction between 1,3,5-phenyltriboronic acid, tris(pinacol)ester and pentaerythritol. 



  

Figure IV. 14: Solubilization in THF of a glass formed from the reaction of TPBPin with 30 % molar of pentaerythritol 
compared to BPin groups. 

 

Figure IV. 15: DSC thermograms of 1,3,5-phenyltriboronic acid, tris(pinacol)ester in 40 μL opened aluminum pans. 
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Figure IV. 16: DSC thermograms of pentaerythritol in 40 μL opened aluminum pans. 



  

Figure IV. 17: DSC thermograms of the reaction of 1,3,5-phenyltriboronic acid, tris(pinacol)ester with 2 % molar of 
pentaerythritol compared to boronate ester groups in 40 μL opened aluminum pans. 



  

Figure IV. 18: DSC thermograms of the reaction of 1,3,5-phenyltriboronic acid, tris(pinacol)ester with 5 % molar of 
pentaerythritol compared to boronate ester groups in 40 μL opened aluminum pans. 



  

Figure IV. 19: Monitoring of the glass transition temperatures as a function of time at 300°C. 

Figure IV. 20: Evolution of the glass transition temperature according to O/B ratio after 60 min at 300°C. 



  

 



  

Figure IV. 21: Temperature-dependency of the viscosity of a 10 % mol mixture fitted by Vogel-Tammann-Fulcher 
equation. 

 

i. IR spectroscopy 

et 

al.



  

Figure IV. 22: Comparison of IR spectra of 1,3,5-phenylboronic acid, tris(pinacol) ester and a mix with 10 mol % of 
pentaerythritol compared to the boronate esters after 15 minutes at 300°C. Insets on the wavenumber regions of interest. 

  

ii. Solid-state NMR spectroscopy 
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Figure IV. 23: 11B ss-NMR spectrum of 1,3,5-triboronic acid, tris(pinacol) ester. Inset: Multiple-Quantum Magic-Angle 
Spinning (MQMAS) ss-NMR spectrum 11B-11B. 
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11B chemical shift (ppm)
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Figure IV. 24: 11B ss-NMR spectrum of 1,3,5-triboronic acid, tris(pinacol) ester and fits performed with « dmfit » software. 

Figure IV. 25: Superposition of the 11B ss-NMR spectra of 1,3,5-phenyltriboronic acid, tris(pinacol) ester in black, the 
native 10 % mix in red and the native 30 % mix in blue. 

11B – spin echo

11B chemical shift (ppm)

82%
δiso = 30.9 ppm
CQ: 2.77MHz 
etaQ: 0.60

18%
δiso = 31.1 ppm
CQ: 2.60MHz 
etaQ: 0.64

11B – spin echo

11B chemical shift (ppm)

hn echo

1,3,5-phenyltriboronic acid, tris(pinacol) ester
Mix 10% before heating
Mix 30% before heating



  

Figure IV. 26: Superposition of the 13C ss-NMR spectra of 1,3,5-phenyltriboronic acid, tris(pinacol) ester in black, the 
native 10 % mix in red and the native 30 % mix in blue. Attributions of the signals are only made on one side of the 

molecule for clarity. 
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Figure IV. 27: Superposition of the 11B ss-NMR spectra of 1,3,5-phenyltriboronic acid, tris(pinacol) ester in grey and the 
10 % mix after 2 h at 300°C in black. 

Figure IV. 28: Superposition of the 13C ss-NMR spectra of native 10 % mix in black and the 10 % mix after 2 h at 300°C in 
red. Black circles indicate the differences between the two spectra. 
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Figure IV. 29: Superposition of the 11B ss-NMR spectra of 1,3,5-phenyltriboronic acid, tris(pinacol) ester in grey and the 
30 % mix after 2 h at 300°C in black. 

11B – spin echo

11B chemical shift (ppm)

11B – spin echo

Mix 30% after heating
1,3,5-phenyltriboronic acid, 
tris(pinacol) ester



  

Figure IV. 30: 11B ss-NMR spectrum of the 30 % mix after 2 h at 300°C in red and fits of four species in green, purple, 
orange and blue performed with « dmfit » software. 

Figure IV. 31: Multiple-Quantum Magic-Angle Spinning (MQMAS) ss-NMR spectrum 11B-11B of the 30 % mix after 2 h at 
300°C. 
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Figure IV. 32: Superposition of the 13C ss-NMR spectra of the 30 % mix before 2 h at 300°C in red and after 2 h at 300°C in 
black. 

Figure IV. 33: Superposition of the 13C ss-NMR spectra of the 10 % mix after 2 h at 300°C in red and of the 30 % mix after 
2 h at 300°C in black. 
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Figure IV. 34: Types of boronate arrangements in the boronate hybrid glass. Hydrogen atoms are omitted for clarity.  



  

 

Figure IV. 35: Vinyl-boron systems. 

 

 

Figure IV. 36: Vinyl polymer carrying boronic pinacolates. 
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the polymerization was conducted with one molar equivalent of 

THF compared to the monomer, 0.02 molar equivalents of benzoyl peroxide in toluene and 

at the temperature of 70°C. 

Table IV. 3: Synthesis results of poly(4-vinylphenylboronic pinacolate). 1Values determined by SEC-THF using PS 
standards and conventional calibration. 

Entry Solvent T (°C) Mn1 Mw1 Dispersity Ð Yield 

1 

2 

3 

4 

5 

6 

7 

8 
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Figure IV. 37: DSC thermograms of poly(vinylboronic pinacolate) in 40 μL opened aluminum pans. 



  

 

Figure IV. 38: Monitoring of the storage and loss moduli from 50°C to 150°C at 1 Hz. Inset: Zoom between 55 °C and 90°C. 



  

Figure IV. 39: Monitoring of the storage modulus during frequency sweeps on poly(vinylboronic pinacolate) from 90°C to 
40°C. The loss modulus is not represented for easier reading of the curves.  



  

 

 



  

Figure IV. 40: Copolymer from vinylboronic pinacolate and vinyl acetate PVac-VBPin - x % with x % the ratio of 
vinylboronic pinacolate. 

Table IV. 4 : Results of copolymers syntheses from vinyl acetate and vinylboronic pinacolate 1Determination by NMR 
spectroscopy. 2Values determined by SEC-THF using PS standards and conventional calibration. 

Entry Experimental ratio of VBPin %1 Mn2 Mw2 Dispersity Ð Yield 

1 

2 

3 

Figure IV. 41: DSC thermograms of poly(vinylboronic pinacolate- -vinyl acetate) with 15 % of VBPin in 40 μL opened 
aluminum pans. 
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Figure IV. 42: Copolymer from ethylene and vinylboronic pinacolate. 

Figure IV. 43: High-pressure reactor used for the copolymerization with ethylene. 
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Figure IV. 44: 1H NMR spetra of polyethylene (blue), poly(vinylboronic pinacolate) (red), poly(vinylboronic pinacolate- -
ethylene) synthesized in dimethyl carbonate (green) and in supercritical CO2 (purple).  

 



  

Figure IV. 45: DSC thermograms of polyethylene (up) and poly(vinylboronic pinacolate- -ethylene) (down) synthesized 
in dimethyl carbonate in 40 μL opened aluminum pans. 

co
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Figure IV. 46: DSC thermograms of polyethylene (up) and poly(vinylboronic pinacolate- -ethylene) (down) synthesized 
in supercritical CO2 in 40 μL opened aluminum pans. 
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Figure IV. 47: Structures present in polybutadiene. 
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Figure IV. 48: Chromatogram of the native polybutadiene in THF. 



  

 

i. Synthesis of the functionalized polybutadiene 
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Figure IV. 49: Use of copper catalysis for hydroboration of polybutadiene. 



  

Figure IV. 50: Superposition of the native polybutadiene (blue) and polybutadiene after the functionalization  copper 
catalysis (red). 

Table IV. 5: Assignments of the shifts for microstructures in polybutadiene for 1H and 13C NMR spectroscopies in 
literature.  

1H NMR 

Shifts (ppm) Assignments 

13C NMR 

Shifts (ppm) Assignments 



  

Figure IV. 51:1H NMR spectrum of modified polybutadiene  copper catalysis in C6D6. (Figure V. 131) 

Figure IV. 52: 13C NMR spectrum of modified polybutadiene  copper catalysis in C6D6. (Figure V. 132) 
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Figure IV. 53: Determination of the proportions of –CH2-, =CH2 and =CH- in the modified polybutadiene by copper catalysis. 

ii. DSC investigation on the functionalized polybutadiene 
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Figure IV. 54: DSC thermograms of modified polybutadiene  copper catalysis in 40 μL opened aluminum pans. 

iii. Rheology experiments on the functionalized polybutadiene 



  

Figure IV. 55: Superposition of master curves of the native (squares) and modified polybutadienes (circles), referenced at 
-10°C. G’ in closed forms and G’’ in opened forms. 



  

Figure IV. 56: Monitoring of the storage and loss moduli during oscillation time at 110°C for the modified polybutadiene 
 copper catalysis. 



  

Figure IV. 57: Superposition of master curves of the modified polybutadiene before (circles) and after (squares) curing at 
110°C, referenced at -10°C. G’ in closed forms and G’’ in opened forms. 

via



  

Figure IV. 58: Structures and reactivity of the modified polybutadiene by copper catalysis. 
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i. Synthesis of the functionalized polybutadiene 
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Figure IV. 59: Use of iron catalysis for hydroboration of polybutadiene with representation of the iron catalyst used. 

Figure IV. 60: Superposition of the native polybutadiene (blue) and polybutadiene after the functionalization  iron 
catalysis (red). 



  

Figure IV. 61: Determination of the proportions of –CH2-, =CH2 and =CH- in the modified polybutadiene by iron catalysis. 
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ii. DSC investigation on the functionalized polybutadiene 

Figure IV. 62: DSC thermograms of modified polybutadiene  iron catalysis in 40 μL opened aluminum pans. 



  

iii. Rheology experiments on the functionalized polybutadiene 



  

Figure IV. 63: Superposition of master curves of the native (circles) and modified (squares) polybutadiene, referenced at -
10°C. G’ in closed forms and G’’ in opened forms. 
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Figure IV. 64: Comparison of the chromatograms  of the native (black) and modified (blue) polybutadiene. 

Figure IV. 65: Monitoring of storage and loss moduli during oscillation time at 110°C for the modified polybutadiene  
iron catalysis. 



  

Figure IV. 66: Superposition of master curves of the modified polybutadiene before (squares) and after (circles) curing at 
110°C, referenced at -10°C. G’ in closed forms and G’’ in opened forms. 



  

Figure IV. 67: Master curves of the native (squares) and modified (circles) polybutadienes after heating at 110°C during 5 
h, referenced at -10°C. G’ in closed forms and G’’ in opened forms. 



  

Figure IV. 68: Fit of the shift factors with WLF equation. 

Figure IV. 69: Arrhenius-like dependency of the shift factors. 



  

Figure IV. 70: Stress-relaxation response probed for the modified polymer after heating. (a) Raw data, (b) Data shifted 
with the already determined aT factors.  



  

Figure IV. 71: Microstructure and reactivity of the modified polybutadiene by iron catalysis. 

iv. Dynamic mechanical analysis 



  

Figure IV. 72: Left: DMA device; Right: Experimental set up of the sample. 
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Figure IV. 73: (a) Monitoring of storage modulus for sample before and after curing at 110°C. (b) Monitoring of tan δ 
before and after curing at 110°C. 

v. Tensile tests 



  

Figure IV. 74: Left: Tensile test samples before (brown) and after curing at 110°C (dark) for several hours. Right: 
Experimental tensile test set up. 

Figure IV. 75: Strain-stress curve from tensile experiments for the modified polybutadiene before (black) and after (red) 
curing at 110°C for several hours.  
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Figure 1: Perspectives of this PhD work. 
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Experimental protocol: 

1) First step 

2) Second step 



  

Figure V. 1: Two-step reaction path for the synthesis of A2. 

 

NMR spectroscopies: 

 

Figure V. 2: 1H NMR spectrum of commercial benzene-1,4-diboronic acid in THF-d8. * THF-d8 
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Figure V. 3: 13C NMR spectrum of commercial benzene-1,4-diboronic acid in THF-d8. * THF-d8 

Figure V. 4: 11B NMR spectrum of commercial benzene-1,4-diboronic acid in THF-d8. 
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Figure V. 5: 1H NMR spectrum of potassium 1,4-phenylenebis(trifluoroborate) in DMSO-d6. * DMSO-d6 

Figure V. 6: 13C NMR spectrum of potassium 1,4-phenylenebis(trifluoroborate) in DMSO-d6. * DMSO-d6 
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Figure V. 7: 11B NMR spectrum of potassium 1,4-phenylenebis(trifluoroborate) in DMSO-d6. * DMSO-d6 

Figure V. 8: 19F NMR spectrum of potassium 1,4-phenylenebis(trifluoroborate) in DMSO-d6. * DMSO-d6 
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Figure V. 9: 19F NMR spectrum of B(C6F5)2-Ph-B(C6F5)2 in THF-d8.  

Figure V. 10: 11B NMR spectrum of B(C6F5)2-Ph-B(C6F5)2 in THF-d8. 
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Experimental protocol: 

1) First step 

2) Second step 

3) Third step 



  

Figure V. 11: Three-step synthesis of the difunctional molecule B2.  

NMR spectroscopies: 

Figure V. 12: 1H NMR spectrum of the first step product 1,4-dihydropridine in DMSO-d6. * DMSO-d6 
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Figure V. 13: 13C NMR spectrum of the first step product 1,4-dihydropridine in DMSO-d6. * DMSO-d6 

Figure V. 14: 1H NMR spectrum of the second step product pyridine ester in CDCl3. * CDCl3 and residual solvents 
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Figure V. 15: 13C NMR spectrum of the second step product pyridine ester in CDCl3. * CDCl3 and residual solvents 

 

 

Experimental protocol: 

1) Synthesis of poly(styrene-co-4-vinylboronic acid)  

Representative procedure for PS-B(OH)2 – 40 % 
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2) Post-functionalization 

Figure V. 16: Reaction path for the synthesis of poly(A). 

a) First step 

b) Second step 

NMR spectroscopies: 

Figure V. 17: 1H NMR spectrum of poly(4-vinylphenylboronic acid- -styrene) transformed in poly(4-vinylphenylboronic 
pinacolate- -styrene) with 40 % mol of 4-vinylphenylboronic pinacolate in the copolymer in C6D6. *C6D6 and residual 

solvents. 
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Figure V. 18: 1H NMR spectrum of poly(4-vinylphenylboronic acid- -styrene) transformed in poly(4-vinylphenylboronic 
pinacolate- -styrene) with 20 % mol of 4-vinylphenylboronic pinacolate in the copolymer in C6D6. *C6D6 and residual 

solvents. 

Figure V. 19: 1H NMR spectrum of poly(4-vinylphenylboronic acid) transformed in poly(4-vinylphenylboronic) in C6D6. 
*C6D6 and residual solvents. 
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Figure V. 20: 11B NMR spectrum of poly(potassium 4-vinylphenyltrifluoroborate- -styrene) with 40 % mol of potassium 
4-vinylphenyltrifluoroborate in the copolymer in DMSO-d6. 

Figure V. 21: 19F NMR spectrum of poly(potassium 4-vinylphenyltrifluoroborate- -styrene) with 40 % mol of potassium 
4-vinylphenyltrifluoroborate in the copolymer in DMSO-d6. 
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Figure V. 22: 11B NMR spectrum of poly(potassium 4-vinylphenyltrifluoroborate- -styrene) with 20 % mol of potassium 
4-vinylphenyltrifluoroborate in the copolymer in DMSO-d6. 

Figure V. 23: 19F NMR spectrum of poly(potassium 4-vinylphenyltrifluoroborate- -styrene) with 20 % mol of potassium 
4-vinylphenyltrifluoroborate in the copolymer in DMSO-d6. 
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Figure V. 24: 11B NMR spectrum of poly(potassium 4-vinylphenyltrifluoroborate) in DMSO-d6. 

Figure V. 25: 19F NMR spectrum of poly(potassium 4-vinylphenyltrifluoroborate) in DMSO-d6. 
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Size-exclusion chromatography in THF: 

Figure V. 26: Chromatograms of poly(4-vinylphenylboronic acid- -styrene) for different molar contents of 4-
vinylphenylboronic acid.  

 

i. Polymers functionalized by phosphine groups 

et al.

Experimental protocol: 

Representative procedure for PS-PPh2 – 50 %: 



  

Figure V. 27: Copolymerization of styrene and 4-styryldiphenylphosphine. 

NMR spectroscopies: 

Figure V. 28: 1H NMR spectrum of poly(4-styryldiphenylphosphine- -styrene) with 35 % mol of potassium 4-
styryldiphenylphosphine in the copolymer in C6D6.*C6D6 
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Figure V. 29: 13C NMR spectrum of poly(4-styryldiphenylphosphine- -styrene) with 24 % mol of potassium 4-
styryldiphenylphosphine in the copolymer in C6D6.*C6D6 

Figure V. 30: 31P NMR spectrum of poly(4-styryldiphenylphosphine- -styrene) with 35 % mol of 4-
styryldiphenylphosphine in the copolymer in C6D6. 
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Figure V. 31: 1H NMR spectrum of poly(4-styryldiphenylphosphine- -styrene) with 21 % mol of 4-
styryldiphenylphosphine in the copolymer in C6D6.*C6D6 

Figure V. 32: 31P NMR spectrum of poly(4-styryldiphenylphosphine- -styrene) with 21 % mol of 4-
styryldiphenylphosphine in the copolymer in C6D6.*C6D6 
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Size-exclusion chromatography in THF: 

Figure V. 33: Chromatograms of series of poly(4-styryldiphenylphosphine- -styrene)s with different composition and 
different polymerization parameters. For each chromatogram, the molar content of 4-styryldiphenylphosphine, the 

amount of benzoyl peroxide added (BPO) and the polymerization temperature are indicated.  

ii. Polymer functionalized by pyridine groups  

Experimental protocol: 



  

Figure V. 34: Copolymerization of styrene and 4-vinylpyridine. 

 

NMR spectroscopies: 

Figure V. 35: 1H NMR spectrum of poly(4-vinylpyridine- -styrene) with 18 % mol of 4-vinylpyridine in the copolymer in 
in C6D6.*C6D6 and residual solvents.  
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Figure V. 36: 13C NMR spectrum of poly(4-vinylpyridine- -styrene) with 18 % mol of 4-vinylpyridine in the copolymer in 
in CDCl3.*CDCl3 and residual solvents. 

Size-exclusion chromatography in THF: 

Figure V. 37: Chromatogram of poly(4-vinylpyridine- -styrene) with 18 % mol of 4-vinylpyridine. (Mn=22 500 g/mol, 
Mw=39 400 g/mol), Ð=1.8) 
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Experimental protocol: 

NMR spectroscopies: 

Figure V. 38: 1H NMR spectrum of the monomer 4-vinylphenylboronic pinacolate in C6D6. *C6D6 
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Figure V. 39: 13C NMR spectrum of the monomer 4-vinylphenylboronic pinacolate in C6D6. *C6D6 

Figure V. 40: 11B NMR spectrum of 4-vinylphenylboronic pinacolate in C6D6. 
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Experimental protocol:  

NMR spectroscopies: 

Figure V. 41: 1H NMR spectrum of poly(4-vinylphenylboronic pinacolate) in C6D6. *C6D6 and residual solvents. 
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Figure V. 42: 13C NMR of poly(4-vinylphenylboronic pinacolate) in C6D6. *C6D6 and residual solvents. 

Figure V. 43: 11B NMR spectrum of poly(4-vinylphenylboronic pinacolate) in C6D6. 
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Monitoring of polymerization by 1H NMR spectroscopy and SEC-THF: 

Figure V. 44: NMR monitoring of the homopolymerization of 4-vinylphenylboronic pinacolate. 

Figure V. 45: Monitoring of the homopolymerization of 4-vinylphenylboronic pinacolate by size-exclusion 
chromatography in THF. 
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Thermogravimetric analysis:  

Figure V. 46: TGA thermal curve of poly(4-vinylphenylboronic pinacolate) in 100 μL alumina crucible. 

Gel observation:  

Figure V. 47: Macroscopic aspect of a solution of poly(4-vinylphenylboronic pinacolate), (a) Initial solution of poly(4-
vinylphenylboronic pinacolate) at 50 wt% in toluene with 2 % molar equivalent of benzyl alcohol, (b) After 1 night at 

110°C, (c) Addition of 2 mL of toluene at t=0, (d) t=2 min after the addition of 2 mL of toluene.  
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Gel Rheology

 co

Experimental protocol: 

NMR spectroscopies: 



  

Figure V. 48: 1H NMR spectrum of poly(4-vinylphenylboronic pinacolate- -styrene) with 26 mol % of 4-
vinylphenylboronic pinacolate in the copolymer in C6D6. *C6D6 and residual solvents. 

Figure V. 49: 13C NMR spectrum of poly(4-vinylphenylboronic pinacolate- -styrene) with 26 mol % of 4-
vinylphenylboronic pinacolate in the copolymer in C6D6. *C6D6 and residual solvents. 
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Figure V. 50: 1H NMR spectrum of poly(4-vinylphenylboronic pinacolate- -styrene) with 31 mol % of 4-
vinylphenylboronic pinacolate in the copolymer in C6D6. *C6D6 and residual solvents. 

Figure V. 51: 13CNMR spectrum of poly(4-vinylphenylboronic pinacolate- -styrene) with 31 mol % of 4-
vinylphenylboronic pinacolate in the copolymer in C6D6. *C6D6 and residual solvents. 
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Figure V. 52: 1H NMR spectrum of poly(4-vinylphenylboronic pinacolate- -styrene) with 38 mol % of 4-
vinylphenylboronic pinacolate in the copolymer in C6D6. *C6D6 and residual solvents. 

Figure V. 53: 31C NMR spectrum of poly(4-vinylphenylboronic pinacolate- -styrene) with 38 mol % of 4-
vinylphenylboronic pinacolate in the copolymer in C6D6. *C6D6 and residual solvents. 
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Figure V. 54: 1H NMR spectrum of poly(4-vinylphenylboronic pinacolate- -styrene) with 44 mol % of 4-
vinylphenylboronic pinacolate in the copolymer in C6D6. *C6D6 and residual solvents. 

Figure V. 55: 13C NMR spectrum of poly(4-vinylphenylboronic pinacolate- -styrene) with 44 mol % of 4-
vinylphenylboronic pinacolate in the copolymer in C6D6. *C6D6 and residual solvents. 
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Figure V. 56: 1H NMR spectrum of poly(4-vinylphenylboronic pinacolate- -styrene) with 63 mol % of 4-
vinylphenylboronic pinacolate in the copolymer in C6D6. *C6D6 and residual solvents. 

Figure V. 57: 13C NMR spectrum of poly(4-vinylphenylboronic pinacolate- -styrene) with 63 mol % of 4-
vinylphenylboronic pinacolate in the copolymer in C6D6. *C6D6 and residual solvents. 
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Figure V. 58: 1H NMR spectrum of poly(4-vinylphenylboronic pinacolate- -styrene) with 77 mol % of 4-
vinylphenylboronic pinacolate in the copolymer in C6D6. *C6D6 and residual solvents. 

Figure V. 59: 13C NMR spectrum of poly(4-vinylphenylboronic pinacolate- -styrene) with 77 mol % of 4-
vinylphenylboronic pinacolate in the copolymer in C6D6. *C6D6 and residual solvents. 
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Figure V. 60: 1H NMR spectrum of poly(4-vinylphenylboronic pinacolate- -styrene) with 97 mol % of 4-
vinylphenylboronic pinacolate in the copolymer in C6D6. *C6D6 and residual solvents. 

Figure V. 61: 13C NMR spectrum of poly(4-vinylphenylboronic pinacolate- -styrene) with 97 mol % of 4-
vinylphenylboronic pinacolate in the copolymer in C6D6. *C6D6 and residual solvents. 
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Figure V. 62: 11B NMR spectrum of poly(4-vinylphenylboronic pinacolate- -styrene) with 44 mol % of 4-
vinylphenylboronic pinacolate in the copolymer in C6D6. *C6D6 and residual solvents. 

Differential scanning calorimetry measurements: 

Figure V. 63: DSC thermograms of PS-BPin 26 mol % in 40 μL opened aluminum pans. 

26272829303132333435363738 ppm
3
0
.
8
1

a

a

B
O O

56 44



  

Figure V. 64: DSC thermograms of PS-BPin 31 mol % in 40 μL opened aluminum pans. 

Figure V. 65: DSC thermograms of PS-BPin 38 mol % in 40 μL opened aluminum pans. 



  

Figure V. 66: DSC thermograms of PS-BPin 63 mol % in 40 μL opened aluminum pans. 

Figure V. 67: DSC thermograms of PS-BPin 77 mol % in 40 μL opened aluminum pans. 



  

Figure V. 68: DSC thermograms of PS-BPin 97 mol % in 40 μL opened aluminum pans. 

Size-exclusion chromatography in THF:  

Figure V. 69: Chromatograms of copolymers with different ratios of 4-vinylphenylboronic pinacolate. (Calculations done 
with PS standards calibrations) 



 

 

Experimental protocol: 

NMR spectroscopies: 

Figure V. 70: 1H NMR spectrum of poly(4-vinylphenylboronic pinacolate- -n-butyl acrylate) with 8 mol % of 4-
vinylphenylboronic pinacolate in the copolymer in C6D6. *C6D6 and residual solvents. 
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Figure V. 71: 13C NMR spectrum of poly(4-vinylphenylboronic pinacolate- -n-butyl acrylate) with 8 mol % of 4-
vinylphenylboronic pinacolate in the copolymer in C6D6. *C6D6 and residual solvents. 

Figure V. 72: 1H NMR spectrum of poly(4-vinylphenylboronic pinacolate- -n-butyl acrylate) with 18 mol % of 4-
vinylphenylboronic pinacolate in the copolymer in C6D6. *C6D6 and residual solvents. 
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Figure V. 73: 13C NMR spectrum of poly(4-vinylphenylboronic pinacolate- -n-butyl acrylate) with 18 mol % of 4-
vinylphenylboronic pinacolate in the copolymer in C6D6. *C6D6 and residual solvents. 

Figure V. 74: 1H NMR spectrum of poly(4-vinylphenylboronic pinacolate- -n-butyl acrylate) with 48 mol % of 4-
vinylphenylboronic pinacolate in the copolymer in C6D6. *C6D6 and residual solvents. 
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Figure V. 75: 13C NMR spectrum of poly(4-vinylphenylboronic pinacolate- -n-butyl acrylate) with 48 mol % of 4-
vinylphenylboronic pinacolate in the copolymer in C6D6. *C6D6 and residual solvents. 

 

Figure V. 76: 1H NMR spectrum of poly(4-vinylphenylboronic pinacolate- -n-butyl acrylate) with 83 mol % of 4-
vinylphenylboronic pinacolate in the copolymer in C6D6. *C6D6 and residual solvents. 
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Figure V. 77: 13C NMR spectrum of poly(4-vinylphenylboronic pinacolate- -n-butyl acrylate) with 83 mol % of 4-
vinylphenylboronic pinacolate in the copolymer in C6D6. *C6D6 and residual solvents. 

Figure V. 78: 1H NMR spectrum of poly(4-vinylphenylboronic pinacolate- -n-butyl acrylate) with 90 mol % of 4-
vinylphenylboronic pinacolate in the copolymer in C6D6. *C6D6 and residual solvents. 
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Figure V. 79: 13C NMR spectrum of poly(4-vinylphenylboronic pinacolate- -n-butyl acrylate) with 90 mol % of 4-
vinylphenylboronic pinacolate in the copolymer in C6D6. *C6D6 and residual solvents. 

Figure V. 80: 11B NMR spectrum of poly(4-vinylphenylboronic pinacolate- -n-butyl acrylate) with 90 mol % of 4-
vinylphenylboronic pinacolate in the copolymer in C6D6. 
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Size-exclusion chromatography in THF:  

Figure V. 81: Comparison of SEC-THF results for the poly(4-vinylphenylboronic pinacolate- -n-butyl acrylate). 

Differential scanning calorimetry measurements: 

Figure V. 82: DSC thermograms of poly(4-vinylphenylboronic pinacolate- -n-butyl acrylate) containing 8 mol % of 
SBPin in 40 μL opened aluminum pans. 



  

Figure V. 83: DSC thermograms of poly(4-vinylphenylboronic pinacolate- -n-butyl acrylate) containing 18 mol % of 
SBPin in 40 μL opened aluminum pans. 

Figure V. 84: DSC thermograms of poly(4-vinylphenylboronic pinacolate- -n-butyl acrylate) containing 48 mol % of 
SBPin in 40 μL opened aluminum pans. 



  

Figure V. 85: DSC thermograms of poly(4-vinylphenylboronic pinacolate- -n-butyl acrylate) containing 83 mol % of 
SBPin in 40 μL opened aluminum pans. 

Figure V. 86: DSC thermograms of poly(4-vinylphenylboronic pinacolate- -n-butyl acrylate) containing 90 mol % of 
SBPin in 40 μL opened aluminum pans. 



  

Thermogravimetric analysis: 

Figure V. 87: TGA thermal curve of poly(n-butyl acrylate- -4-vinylphenylboronic pinacolate) containing 8 mol % of 4-
vinylphenylboronic pinacolate in 100 μL alumina crucible. 

Figure V. 88: TGA thermal curve of poly(n-butyl acrylate- -4-vinylphenylboronic pinacolate) containing 18 mol % of 4-
vinylphenylboronic pinacolate in 100 μL alumina crucible. 
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Figure V. 89: TGA thermal curve of poly(n-butyl acrylate- -4-vinylphenylboronic pinacolate) containing 48 mol % of 4-
vinylphenylboronic pinacolate in 100 μL alumina crucible. 

Figure V. 90: TGA thermal curve of poly(n-butyl acrylate- -4-vinylphenylboronic pinacolate) containing 83 mol % of 4-
vinylphenylboronic pinacolate in 100 μL alumina crucible. 
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Experimental protocol: 

NMR spectroscopies: 

Figure V. 91: 1H NMR spectrum of pentaerythritol in D2O. 
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Figure V. 92: 13C NMR spectrum of pentaerythritol in D2O. 

 

Figure V. 93: 1H NMR spectrum of 1,3,5-phenyltriboronic acid, tris(pinacol)ester in C6D6. 

253035404550556065707580859095 ppm
4
5
.
3
8
0

6
1
.
0
6
5

a

b

b

OH
HO

OH
HO a

b

bb

1.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.5 ppm

1
.
0
8
5

9
.
0
8
5

36
.0

0

2.
95

a

b

a

ba

b

a

a

b

B

B B

OO

O

O

O

O

a
a

a

a

a

aa

a



  

Figure V. 94: 13C NMR spectrum of 1,3,5-phenyltriboronic acid, tris(pinacol)ester in C6D6. 

Figure V. 95: 11B NMR spectrum of 1,3,5-phenyltriboronic acid, tris(pinacol)ester in C6D6. Small signal at 22.5 ppm could 
be due to hydration of the product.  
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Table V. 1: Macroscopic observations of the formation of hybrid glasses from the reaction of 1,3,5-phenyltriboronic acid, 
tris(pinacol)ester with different ratios of pentaerythritol. 

0 % mol of pentaerythritol / BPin 

 

2 % mol of pentaerythritol / BPin 

 

5 % mol of pentaerythritol / BPin 

 

10 % mol of pentaerythritol / BPin 

20 % mol of pentaerythritol / BPin 

 

 

 



  

Differential scanning calorimetry measurements:  

Figure V. 96: DSC thermograms of 1,3,5-phenyltriboronic acid, tris(pinacol)ester in 40 μL opened aluminum pans. 

Figure V. 97: DSC thermograms of pentaerythritol in 40 μL opened aluminum pans. 



  

Figure V. 98: DSC thermograms of the reaction of 1,3,5-phenyltriboronic acid, tris(pinacol)ester with 2 mol % of  
pentaerythritol compared to boronate ester groups in 40 μL opened aluminum pans. 

Figure V. 99: DSC thermograms of the reaction of 1,3,5-phenyltriboronic acid, tris(pinacol)ester with 5 mol % of  
pentaerythritol compared to boronate ester groups in 40 μL opened aluminum pans. 



  

Figure V. 100: DSC thermograms of the reaction of 1,3,5-phenyltriboronic acid, tris(pinacol)ester with 10 mol % of  
pentaerythritol compared to boronate ester groups in 40 μL opened aluminum pans. 

Figure V. 101: DSC thermograms of the reaction of 1,3,5-phenyltriboronic acid, tris(pinacol)ester with 15 mol % of  
pentaerythritol compared to boronate ester groups in 40 μL opened aluminum pans. 



  

Figure V. 102: DSC thermograms of the reaction of 1,3,5-phenyltriboronic acid, tris(pinacol)ester with 20 mol % of  
pentaerythritol compared to boronate ester groups in 40 μL opened aluminum pans. 

Figure V. 103: DSC thermograms of the reaction of 1,3,5-phenyltriboronic acid, tris(pinacol)ester with 25 mol % of  
pentaerythritol compared to boronate ester groups in 40 μL opened aluminum pans. 



  

Figure V. 104: DSC thermograms of the reaction of 1,3,5-phenyltriboronic acid, tris(pinacol)ester with 30 mol % of  
pentaerythritol compared to boronate ester groups in 40 μL opened aluminum pans. 

Figure V. 105: DSC thermograms of the reaction of 1,3,5-phenyltriboronic acid, tris(pinacol)ester with 40 mol % of  
pentaerythritol compared to boronate ester groups in 40 μL opened aluminum pans. 



  

Figure V. 106: DSC thermograms of the reaction of 1,3,5-phenyltriboronic acid, tris(pinacol)ester with 50 mol % of  
pentaerythritol compared to boronate ester groups in 40 μL opened aluminum pans. 

 

Experimental protocol: 

NMR spectroscopies: 



  

Figure V. 107: 1H NMR spectrum of poly(vinylboronic pinacolate) in C6D6. *C6D6 and residual solvents. 

 

Figure V. 108: 13C NMR spectrum of poly(vinylboronic pinacolate)in C6D6. *C6D6 and residual solvents. 
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Figure V. 109: 11B NMR spectrum of poly(vinylboronic pinacolate) in C6D6. *C6D6 and residual solvents. 

Thermogravimetric analysis: 

Figure V. 110: TGA thermal curve of poly(vinylboronic pinacolate) in 100 μL Alumina crucible. 

15202530354045 ppm
2
2
.
6
6
3

2
9
.
8
3
9

a

B-THF

B
OO

n
a

0 100 200 300 400 500
0

5

10

15

20

25

30

11.71 % residues at 450°C

 Heating segment 10 K/min
Third loss
-5.8% (-1.52 mg)

W
ei

gh
t (

m
g)

Temperature (°C)

PVBPin (m=26.31 mg)

First loss
-21.5% (-5.68 mg)

Second loss
-65.7% (-17.2 mg)



  

Size-exclusion chromatography in THF: 
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Figure V. 111 : Chromatograms of poly(vinylboronic pinacolate) synthesized using different paramaters. 

 

Experimental protocol: 

NMR spectroscopies: 



  

Figure V. 112: 1H NMR spectrum of poly(vinylboronic pinacolate- -vinyl acetate) with 15 mol % of 4-vinylboronic 
pinacolate in the copolymer in C6D6. *C6D6 and residual solvents. 

Figure V. 113: 1H NMR spectrum of poly(vinylboronic pinacolate- -vinyl acetate) with 52 mol % of 4-vinylboronic 
pinacolate in the copolymer in C6D6. *C6D6 and residual solvents. 
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Figure V. 114: 13C NMR spectrum of poly(vinylboronic pinacolate- -vinyl acetate) with 52 mol % of 4-vinylboronic 
pinacolate in the copolymer in C6D6. *C6D6 and residual solvents.  

Figure V. 115: 11B NMR spectrum of poly(vinylboronic pinacolate- -vinyl acetate) with 52 mol % of 4-vinylboronic 
pinacolate in the copolymer in C6D6. *C6D6 and residual solvents. 
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Differential scanning calorimetry measurements: 

Figure V. 116: DSC thermograms of poly(4-vinylboronic pinacolate- -vinyl acetate) containing 15 mol % of VBPin in 40 
μL opened aluminum pans. 

Figure V. 117: DSC thermograms of poly(4-vinylphenylboronic pinacolate- -vinyl acetate) containing 52 mol % of VBPin 
in 40 μL opened aluminum pans. 



  

Thermogravimetric analysis: 

Figure V. 118: TGA thermal curve of poly(vinylboronic pinacolate- -vinyl acetate) containing 15 mol % of VBPin in 100 
μL alumina crucible. 

Size-exclusion chromatography in THF : 

Figure V. 119: Chromatograms of copolymers from vinyl acetate and vinylboronic pinacolate at different ratios. 
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Experimental protocol: 

Figure V. 120: High-pressure reactor used for the copolymerization with ethylene. 



  

NMR spectroscopies: 

Figure V. 121: 1H NMR spectrum of poly(ethylene) in C6D6/TCE. *C6D6 and residual solvents. 

 

Figure V. 122: 1H NMR spectrum of poly(ethylene- -vinylboronic pinacolate) synthesized in dimethyl carbonate in 
C6D6/TCE. *C6D6 and residual solvents. 
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Figure V. 123: 1H NMR spectrum of poly(ethylene- -vinylboronic pinacolate) synthesized in supercritical CO2 in 
C6D6/TCE. *C6D6 and residual solvents. 

Figure V. 124: 11B NMR spectrum of poly(ethylene- -vinylboronic pinacolate) synthesized in dimethyl carbonate in 
C6D6/TCE. 
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NMR spectroscopies: 

Figure V. 125: 1H NMR spectrum of commercial polybutadiene in C6D6. *C6D6 and residual solvents. 
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Figure V. 126: 13C NMR spectrum of commercial polybutadiene in C6D6. *C6D6 and residual solvents 

Differential scanning calorimetry measurements: 

Figure V. 127: DSC thermograms of the commercial polybutadiene in 40 μL opened aluminum pans. 
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Rheology experiments:  

Figure V. 128: Monitoring of the storage and loss moduli during oscillation time at 110°C for the native polybutadiene. 

Figure V. 129: Comparison of the time-temperature superposition of the frequency sweeps before and after curing at 
110°C on native polybutadiene, referenced at -10°C. 



  

Figure V. 130: Comparison of WLF profiles before and after curing at 110°C of the native polybutadiene. 
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Experimental procedure: 

via

NMR spectroscopies: 



  

Figure V. 131: 1H NMR spectrum of modified polybutadiene by copper catalysis in C6D6. *C6D6 and residual solvents 

Figure V. 132: 13C NMR spectrum of modified polybutadiene by copper catalysis in C6D6. *C6D6 and residual solvents 
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Figure V. 133: 11B NMR spectrum of modified polybutadiene by copper catalysis in C6D6. *C6D6 and residual solvents 

 

Thermogravimetric analysis: 

Figure V. 134: TGA thermal curve of the modified polybutadiene by copper catalysis in 100 μL alumina crucible. 
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 via

Experimental procedure: 

via

NMR spectroscopies: 

Figure V. 135: 1H NMR spectrum of modified polybutadiene by iron catalysis in C6D6. *C6D6 and residual solvents 
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Figure V. 136: 13C NMR spectrum of modified polybutadiene by iron catalysis in C6D6. *C6D6 and residual solvents 

Figure V. 137: 11B NMR spectrum of modified polybutadiene by iron catalysis in C6D6. *C6D6 and residual solvents 
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Thermogravimetric analysis: 

Figure V. 138: TGA thermal curve of modified polybutadiene by iron catalysis in 100 μL alumina crucible. 
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