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Résumé

Introduction et état de I'art

La polymérisation en émulsion consiste a polymériser par voie radicalaire un ou plusieurs
monomeres hydrophobes dans un milieu dispersé a phase continue aqueuse en présence de
tensio-actifs. Elle permet la formation de latex, soit une suspension aqueuse stable de
particules de (co)polymére idéalement sphériques de taille nanométrique. Depuis environ 60
ans, cette technique de polymérisation est largement exploitée dans l'industrie pour des
raisons économiques, techniques (vitesse de polymérisation élevée, hautes conversions et
masses molaires obtenues, faibles viscosités et toxicités, mise en ceuvre simple...), mais aussi
en raison des conditions de polymérisation et d’utilisation en phase avec les principes de la

chimie verte.

Malgré ces nombreux avantages, la polymérisation radicalaire en émulsion souffre des
limitations intrinseques a la polymérisation radicalaire, soit un contréle limité de la structure

des polymeres a I’échelle moléculaire.

Les derniéres années ont cependant connu un renouvellement considérable des concepts de
la polymérisation en émulsion a travers le développement des techniques de polymérisation
radicalaire contrélée (PRC). En contrélant efficacement la structure et les architectures
macromoléculaires, ces méthodes sont capables de donner naissance a de nouvelles

morphologies de particules inaccessibles jusqu’alors.

Parmi les différentes morphologies accessibles par polymérisation en émulsion, les
particules « coeur-écorce », possédant un coeur hydrophobe et une couronne hydrophile,
ont connu un intérét grandissant de par leurs propriétés de surface, élargissant ainsi leurs

domaines d’utilisation (liants, revétements, reconnaissance biologique, etc...).

En introduisant judicieusement a la surface des particules des fonctions chimiques capables
de jouer le role d’amorceurs ou d’agents de contrdle et grace aux méthodes de PRC, il est
alors possible de greffer des chaines de polymeére par la méthode de greffage «a partir de»

(Figure 1).



* Amorceur ou agent de transfert greffé en surface
@ Monomeére
Polymeére

o,o°,° ‘

Figure 1. Principe du greffage « a partir de ».

Généralement, la méthode SI-ATRP (Surface-Initiated Atom Transfer Radical Polymerization)
est la polymérisation radicalaire contrélée la plus employée pour le greffage «a partir de».
Cette technique assure le contréle de la polymérisation par I'emploi d'un complexe de métal
de transition de bas degré d’oxydation en combinaison avec un halogénure d’alkyle. Ce
complexe, capable de subir une oxydation a un électron par abstraction de I’halogéne de
I’halogénure d’alkyle, permet un équilibre entre une espéce active (radical propageant) du
polymére et une forme inactive du polymére (forme dormante) par un processus

d’oxydation-réduction réversible (Figure 2).

Espece dormant Espéce active
R R
|1 ) kact I1 ) .
--H,C—C—X + MX,/ligagnd =-—=— --H,C—C* + MX,,,/ligand
| N deact |
Ry Complexe métallique de R,

degré d'oxydation n

Figure 2. Schéma de I’'équilibre de terminaison réversible en ATRP.

Bien que largement utilisée pour le greffage de particules inorganiques telles que la silice,

cette méthode, SI-ATRP, n’a été que tres peu employée a partir de particules organiques.

L'utilisation de latex fonctionnalisés comme supports pour le greffage de polymére par la
méthode SI-ATRP a été décrite pour la premiére fois par I’équipe du professeur Charleux* en

2000. Ces travaux ont été par la suite repris par d’autres équipes, en particulier celle du

! Manuszak-Guerrini, M.; Charleux, B.; Vairon, J.P. Macromolecular Rapid Communications 2000, 21, 669-674



professeur Brooks® et celle du professeur Morbidelli®. La procédure généralement employée
consiste, dans une premiere étape, a fonctionnaliser la surface des particules de latex en
copolymérisant un inimere (monomeére porteur d’une fonction halogénure d’alkyle et
capable de jouer le role d’amorceur dans I'étape de greffage). Ainsi, les particules de latex
fonctionnalisées servent de support a la polymérisation en phase aqueuse de monomeres
hydrosolubles conduisant ainsi a la formation d’'une écorce hydrophile greffée de maniére
covalente (Figure 3). Par cette voie, un bon contréle des caractéristiques de la couronne de
polymére formée est obtenu en ajustant la concentration de surface des fonctions qui
amorcent ainsi que la concentration du monomeére hydrophile. La densité de greffage, la
longueur des chaines greffées ainsi que leur structure et leur fonctionnalité chimique
peuvent aussi étre modulées. Cependant, ces différents travaux ont été conduits dans des
conditions de synthése que l'on pourrait qualifier d’idéales (faibles taux de solide et
purification poussée des latex avant I'étape de greffage, utilisation de procédés sans tensio-

actifs).

cu(l) /L

e

Inimere
_—
A

Polymeérisation
X=dl, Br

radicalaire en
émulsion g Y
N\ W = S N

Greffage

Fonctionnalisation

Figure 3. Principe général de la fonctionnalisation et du greffage de particules de latex par SI-ATRP.

Le sujet de cette thése consiste a développer cette méthode de greffage afin de la rendre
compatible avec les contraintes industrielles. Les principaux objectifs sont donc a: (i)
fonctionnaliser I'extréme surface des particules selon un procédé industriel (procédé semi-
continu, formulation industrielle de latex) ; (ii) mettre au point des conditions de greffage en

présence de tensio-actifs et d’amorceur résiduel et cela a haut taux de solide.

2 Jayachandran, K. N.; Takacs-Cox, A.; Brooks, D. E.. Macromolecules 2002, 35, 4247-4257 (suivi de toute une
série d’articles tres détaillés)
3 Mittal, V.; Matsko, N.B.; Butté, A.; Morbidelli, M. European Polymer Journal 2007, 43, 4868-4881



Au regard des différents criteres précédemment définis, I'utilisation de I’ATRP est, parmi les
techniques de polymérisation radicalaire contrblée, la plus adaptée car elle permet de
fonctionnaliser facilement les particules de latex par simple copolymerisation de I'inimere,
celui-ci n‘interférant pas dans I’étape de polymérisation radicalaire en émulsion. De plus, la
structure chimique de I'inimére peut étre facilement modulée, élargissant ainsi la gamme
des amorceurs potentiels pour le greffage. Lors de I'étape de greffage, la polymérisation par
SI-ATRP peut étre conduite a température ambiante, et donc permet de s’affranchir d’'une

guelconque contribution de 'amorceur thermique résiduel.

Cependant, I'inconvénient majeur de I’ATRP provient de la sensibilité a I'air du métal de bas
degré d’oxydation, Cu(l), qui s’oxyde facilement en présence d’oxygene pour former du
Cu(ll). A cela s’ajoutent les fortes concentrations en complexe de cuivre (Cu/L) nécessaires
pour conduire de facon controlée la polymérisation, et contaminant de ce fait les produits.
Afin de pallier ces problemes, de nouveaux procédés d’activation catalytique ont été

développés.

Une de ces méthodes, développée par I'équipe du professeur Matyjaszewski® utilise comme
catalyseur le Cu(ll) qui est réduit in situ en Cu(l) par un agent réducteur tel que I'acide
ascorbique ou le Cu(0). Dérivée de I’ATRP, cette technique, connue sous le nom activateur
(ré)généré par transfert d’électron pour la polymérisation radicalaire par transfert d’atome
(A(R)GET ATRP) permet de conduire la réaction en présence d’oxygene ainsi que de diminuer

considérablement la quantité de catalyseur (Figure 4).

/L
Agent réducteur
Kot Espéce active
P-X + X-Cu(l)/L ~—=— o° 4 I
Espéce dormante deact
kp @ Ni

P-P
Figure 4. Mécanisme réactionnel de la polymérisation radicalaire contrélée par la méthode de I'activateur
(ré)généré par transfert d’électron (A(R)GET ATRP).

4 Matyjaszewski, K.; Jakubowski, W.; Min, K.; Tang, W.; Huang, J. Y.; Braunecker, W. A.; Tsarevsky, N. V.
Proceedings of the National Academy of Sciences 2006, 103, 15309-15314



Récemment une nouvelle méthode de polymérisation radicalaire contrélée a été développée
par le professeur Percec’, pronant un nouveau mécanisme réactionnel induit par transfert
d’électron. Cette polymérisation radicalaire vivante par transfert d’électron (Single electron
transfer living radical polymerization, SET-LRP) est fondée sur I'aptitude du métal au degré
d’oxydation n, X-Cu(l) a se dismuter pour former les métaux correspondants de degrés
d’oxydation n-1, Cu(0) et n+1 X,-Cu(ll). Le Cu(0) initialement introduit réagit avec
I’halogénure d’alkyle pour former un radical anion qui en présence de Cu(l) généré in situ

forme le radical propageant et du X-Cu(l) (Figure 5).

{[P,-—x]" + cu*/L}

kset \ kact

-Cu(1)/L
kdis
Espéce dormante Espéce a.ctive
P- Cu(0) + X,- /L P' +Mm kp
kdisp l
k
-Cu(l)/L t

2 P-P
K deact ( kldeact

{p,—x1" + cu*/L}
Figure 5. Mécanisme réactionnel de la polymérisation radicalaire vivante par transfert d’électron (Single
electron transfer living radical polymerization, SET-LRP).

Bien que le mécanisme réactionnel de la SET-LRP suscite de nombreux débats, cette
technique présente le grand avantage de conduire la réaction en la seule présence de Cu(0)

réduisant ainsi fortement la quantité de catalyseur dans les polymeéres finaux.

La réduction des quantités de cuivre représente une avancée importante pour de futures
applications industrielles. C’'est pourquoi, I'étape de greffage devra se dérouler selon des
conditions de polymérisation soit de type A(R)GET ATRP soit de type SET-LRP. Le terme de
polymérisation radicalaire contrélée induite par les métaux (MMRP), sera par la suite
employé, englobant ces deux techniques, soit A(R)GET ATRP utilisant les métaux zéro valents

comme agent réducteur, et SET-LRP.

> Percec, V.; Guliashvili, T.; Ladislaw, J. S.; Wistrand, A.; Stjerndahl, A.; Sienkowska, M. J.; Monteiro, M. J.;
Sahoo, S. Journal of the American Chemical Society 2006, 128, 14156-14165



Chapitre 2 : Etudes préliminaires
Une étude a été menée au préalable en solution afin de vérifier si les protocoles de MMRP
étaient viables dans I'eau et si I'amorcage de la polymérisation se déroulait bien a partir de

la fonction halogénure d’alkyle en présence du complexe de cuivre.

Pour cela, les polymérisations de monomeéres hydrophiles tel que le NAM (N-
acryloylmorpholine), I'HEA (acrylate de 2-hydroxyéthyle) et le MAPEG (methacrylate de
polyéthylene glycol) ont été menées dans |'eau avec seulement une partie du systéeme
catalytique. Dans ces conditions, aucune polymérisation n’a été observée a température
ambiante prouvant de ce fait que la présence de I'amorceur et du systéme catalytique dans
sa totalité (Cu(0) sous la forme d'un fil/PMDETA (Pentaméthyldiéthylénetriamine,

ligand)/CuBr;) est nécessaire pour le bon déroulement de la réaction.

D’autres expériences de contréle ont été conduites dans I'eau sans amorceur bromé mais en
présence de tensio-actif (Dodécylsulfate de sodium, SDS) ou d’un amorceur thermique tel
que le persulfate de potassium (KPS), le persulfate de sodium (NaPS), I'acide 4,4'-azobis(4-
cyanopentanoique) (ACPA) et de Cu(0)/PMDETA/CuBr,. Si aucun amorgage n’a eu lieu en
présence de tensio-actif, une polymérisation du NAM a été observée en présence du
catalyseur et de KPS ou NaPS. La réaction se déroulant a température ambiante, 'amorcage
de la polymérisation a été imputé a une réaction entre le catalyseur et 'amorceur de type
peroxyde. En présence d’un amorceur azoique (ACPA), aucune polymérisation n’a eu cours,

rendant donc possible la réaction de greffage des latex en présence de celui-ci.

Suite a ces expériences de contrdle, une série de polymérisations a été réalisée afin
d’optimiser les conditions expérimentales dans I'eau pour les transposer directement a la
réaction de greffage. Pour cela, différents parameétres ont été étudiés, comme la
concentration des différents composants du systéme catalytique (CuBr,, PMDETA) et la

nature de I’halogénure d’alkyle.

De fagon générale, les polymérisations menées dans I'eau ont présenté une courte période
de conversion rapide en monomeére (~1h) puis un arrét de la polymérisation. Une

dépendance entre la conversion finale et la concentration en CuBr,a été observée ;
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I"augmentation de la concentration en CuBr, entraine une baisse de la conversion finale ainsi

gue de la masse molaire finale du polymére.

A llinverse, 'augmentation de la concentration en PMDETA entraine une augmentation de la

conversion finale mais abaisse la masse molaire finale du polymére.

La nature de I'halogénure d’alkyle influence aussi fortement le déroulement de la
polymérisation. Les amorceurs de type bromure d'alkyle se sont présentés comme de bons
amorceurs des monomeres de type acrylate et acrylamide mais mauvais amorceurs pour les
méthacrylates. Les chlorures d’alkyle sont quant a eux mieux adaptés pour les
méthacrylates. Bien que la conversion des acrylates et acrylamides soit plus élevée en
présence du chlorure d’alkyle, il est apparu que les masses molaires étaient élevées et que la
distribution des masses molaires était large lorsque le couple R-Cl/CuCl, était utilisé par

rapport au couple R-Br/CuBr,, a conditions expérimentales identiques.

Au regard des résultats obtenus dans cette étude, différents parametres ont été fixés pour
les transposer a la réaction de greffage. Pour un meilleur compromis entre conversion et
concentration en catalyseur, un ratio molaire de 0,5/0,1 en PMDETA/CuBr, par rapport a
I'amorceur a été choisi. De méme, 'amorceur bromé a été retenu afin d’obtenir des chaines

de polymére avec de petites masses molaires.

Chapitre 3 : Synthése des latex fonctionnalisés

Les particules cceurs employées dans cette étude sont toutes des particules de
poly(méthacrylate de méthyle-co-acrylate de butyle), poly(MMA-co-nBA), synthétisées par
polymérisation radicalaire en émulsion par un procédé semi-continu, a 40% de taux de

solide, stabilisées par du SDS et I’ACPA a été employé en tant qu’amorceur thermique.

La majeure partie de I'étude concerne des particules réticulées. Celles-ci présentent
I’avantage de maintenir leur intégrité, les rendant plus maniables lors des différentes étapes

d’analyses. Cependant, des particules non réticulées ainsi que des particules obtenues a
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partir de semence de PS ont aussi fait I'objet d’études. De fagcon générale ces modifications

n’ont que tres peu affecté la synthése du latex, ou I'étape de fonctionnalisation.

Afin d’obtenir des particules de latex fonctionnalisées aptes au greffage, les fonctions brome
doivent étre localisées a I'extréme surface des particules et doivent étre réparties de fagon
homogene. De ce fait, la copolymérisation de I'inimere doit s’effectuer a la surface de la
particule et non dans la phase aqueuse, risquant de générer ainsi une population secondaire

de particules, ni au coeur des particules.

Le protocole général de synthése des particules de latex s’est déroulé en deux temps. Les
particules de latex ont été obtenues par polymérisation radicalaire en émulsion par procédé
semi-continu. Avant la consommation totale des monomeéres rentrant dans la composition
du ceoeur, soit 90% de conversion, un mélange comprenant du MMA, de I'acrylate de 2(2-
bromopropionyloxy) éthyle (BPEA, Figure 6) et du réticulant dans le cas des particules
réticulées, a été introduit en semi-continu dans le milieu réactionnel. Le MMA, monomere
relativement polaire, favorise la copolymérisation en surface des particules et la rapide
propagation des chaines favorise I'absorption des oligo-radicaux, évitant ainsi une nucléation

secondaire.

0] Br
A{ \/\0
(0}
Figure 6. Structure chimique de I'acrylate de 2(2-bromopropionyloxy) éthyle (BPEA).

Suivant ce protocole, des latex fonctionnalisés stables a 40% de taux de solide ont été
obtenus. De hautes conversions en BPEA (>95%) ont été mesurées par chromatographie en
phase gazeuse. Le diamétre moyen des particules est de l'ordre de 110 nm pour les
particules réticulées et 140 nm pour les non réticulées. Aucune population secondaire n’a
été observée par microscopie électronique a balayage ou par diffusion dynamique de la

lumiére (Figure 7).
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nombre pour le latex réticulé fonctionnalisé (Latex 41).

La localisation des fonctions brome en surface des particules a pu étre mise en évidence
grace aux mesures de ToF-SIMS (Time-of-Flight Secondary lon Mass Spectrometry). Cette
méthode d’analyse permet la détection des ions atomiques et moléculaires, sur une faible
profondeur d’échantillon (environ 2 nm). De plus, cette analyse est sensible a des

concentrations allant du ppm au ppb.

Pour tous les latex fonctionnalisés et dialysés, 'atome de brome (m/z = 78,913) a pu étre
détecté ainsi qu’un fragment moléculaire (m/z = 178,981) correspondant au groupe

bromopropionyloxy (Figure 8).
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Figure 8. Spectre ToF-SIMS en mode positif et negatif des latex non fonctionnalisé (L8) et fonctionnalisé (L26)

La quantification absolue du brome et des fonctions a base de brome n’a pas pu étre réalisée
par I'analyse ToF-SIMS. Cependant, une quantification relative a pu étre faite en comparant
les intensités normalisées des pics relatifs au brome des différents latex fonctionnalisés a
différents taux de BPEA. Par cette étude, nous avons vu une augmentation de I'intensité des

pics relatifs au brome pour les latex fonctionnalisés avec une concentration de BPEA allant



de1,5x10°43,9 x10” mol/gitex - Au dela de cette concentration, les intensités ne varient
plus, indiquant un recouvrement maximal de la surface par les fonctions a base de brome

(Figure 9).
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Figure 9. Variation de I'intensité normalisée des pics relatifs au brome en fonction de la concentration en BPEA
utilisée lors de la fonctionnalisation des latex.

Les latex fonctionnalisés ont été mis en présence de Cu(0) et CuCl,/PMDETA afin de tester
I'accessibilité des fonctions bromées ainsi que leur habilité a la réaction de transfert
d’halogeéne. Aprés cette réaction, les latex ont été dialysés puis analysés par ToF-SIMS. La
présence d’atome de chlore non présent initialement a été mise en évidence, prouvant de ce
fait que I'atome de brome était en surface des particules de latex et que la fonction le

contenant était apte a amorcer la réaction de greffage (Figure 10).
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Figure 10. Schéma de la réaction de transfert d’halogene et spectre ToF-SIMS, mode négatif du latex obtenu
apreés réaction de transfert d’halogéne.



Chapitre 4 : Greffage des particule de latex

Le greffage des particules a été mené a température ambiante a partir des latex non purifiés
a des taux de solide allant de 20 a 38%. Les conditions expérimentales ont été directement
adaptées a partir des polymérisations menées dans I'eau. Le NAM a été sélectionné comme
monomere, Cu(0) a été utilisé sous forme de fil et un ratio molaire par rapport au BPEA de

0,5/0,1 en PMDETA/CuBr; a été utilisé.

Généralement, de hautes conversions en NAM ont été obtenues apres 2-3h de réaction.
Cependant, il a été observé que la concentration en fonctions a base de brome influence
fortement la conversion. A des concentrations en brome inférieures a 7,3 x 10°® mMol/gLatex,
de faibles conversions finales (<50%) ont été obtenues, alors qu’une conversion supérieure a
70% a été atteinte pour des concentrations en brome supérieures a 10° mMol/gLatex
(Figure 11). En corrélation avec la conversion, une augmentation du diametre des particules
a été observée pouvant aller de 10 nm a 100 nm. Cette variation est fortement influencée

par la concentration en brome de surface et par la concentration en NAM.

0,9 1 1,4 x 10°° mol/g, ey
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Figure 11. Conversion en NAM en fonction du temps pour le greffage de latex a différentes concentrations de
BPEA (mol/g,atex) €n présence de Cu(0)/PMDETA/ CuBr.

Sous certaines conditions, un gel a été formé par réactions de couplage inter-particulaires.
Ces réactions ont été favorisées a faible concentration de CuBr,, quand la désactivation n’est

pas assez efficace pour maintenir une faible concentration en radical propageant. De plus,
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lorsque le greffage s’effectue en présence d’un grand ratio monomere/Br, |'épaisseur de la
couronne augmente. De ce fait, la distance entre les particules diminue fortement,

augmentant aussi les réactions de couplage inter-particulaires.

La preuve du greffage a pu étre démontrée a partir des latex dialysés par la mise en évidence

de la présence du groupe amide caractéristique du NAM par FT-IR et par ToF-SIMS.

wooi ‘
. - ares unmag
2 j
o ;
5 T T Y T R Vi
% ]‘ I’ T — Lawvca BI cHc
« \
1800 1600 1400 1200 1000 800
Nombre d'onde {cm-1)
55 C;H,NO*
. 150003 PN cHgNor GHaN.OT GHNO,! |
E annnn O O
Mass [mz]
25000 4
1 25
% 150004 CNO
3 "
(-]
Q | 42 85
so0y | ‘ L | 55 LA |
0= st T " .
2 Y/ 60 0
Mass [miz]

Figure 12. Spectre FT-IR et spectre ToF-SIMS en mode positif et négatif d’un latex greffé avec du poly(NAM).

La présence d’'une couronne hydrophile a la surface des particules confere a celles-ci une
tres bonne stabilité colloidale par stabilisation stérique. C'est pourquoi, la stabilité des latex
a été mesurée en présence d’'une solution concentrée en CaCl, ainsi que par un test de
gel/dégel. Il a été constaté que les latex greffés étaient stables au cycle de gel/dégel ainsi
que sous force ionique élevée confirmant le greffage d’une couronne de poly(NAM) a la

surface des particules (Figure 13).
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m Latex non Latex greffé
greffé dialysé Latex greffé
- . | '.-
-

E 3

Test de stabilité en présence d’une LatakBet Lated greffé
solution de CaCl, (2.25 M greffé dialysé

Figure 13. Tests de stabilité des latex greffés a la force ionique et au cycle gel/dégel.

- - - S

Suite a ces résultats, I’étude du greffage s’est étendue a d’autres monomeres hydrophiles
tels que I'HEA, le (M)APEG, le PAM 100, le NIPAM, et 'AMPS. Bien que les résultats en
termes de conversion et stabilité colloidale obtenus avec ces monoméres étaient moins bons
gue ceux obtenus avec le NAM, il a pu étre démontré que cette méthode de greffage

pouvait s’appliquer a une grande gamme de monomeres hydrophiles.

Dans une autre étude, différents métaux ont été utilisés pour le greffage des particules. Tout
en gardant les mémes conditions expérimentales, Cu(0) a été remplacé par Fe(0), Zn(0) et

Al(0).

En présence de Fe(0), seulement 13% de conversion ont été atteints. Les latex obtenus
présentent alors des diametres finaux proches des diametres initiaux et une faible stabilité a

la force ionique. Tous ces résultats indiquent un faible greffage.

Un bon greffage du poly(NAM) a été induit par Zn(0), donnant des résultats similaires a ceux
obtenus avec Cu(0) dans les mémes conditions: conversion >90%, augmentation du
diametre des particules comprise entre 20 a 40 nm, bonne stabilité en présence d'une

solution de CaCl, a 2,25M.

Parmi les différents métaux testés, Al(0) n’appartient pas au groupe des métaux de
transition. Cependant, grace a un potentiel rédox tres favorable, Al(0) réduit CuBr, pour
générer Cu(l), activateur de la polymérisation. Par ce mécanisme, un bon greffage du
poly(NAM) a été obtenu avec I’Al(0) (hautes conversions, augmentation du diametre des

particules, bonne stabilité en présence d’une solution de CaCl;, a 2,25M).
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Conclusion
L’objectif de cette these consistait a développer une méthode de greffage des particules de
latex en utilisant la polymérisation radicalaire contrélée par transfert d’atome induite par les

métaux, dans des conditions acceptables industriellement.

Afin de mieux maitriser cette technique une étude a été menée en solution. Celle-ci nous a
permis de vérifier et d’optimiser les protocoles de polymérisation radicalaire controlée par le

cuivre dans 'eau.

Le systeme MePEG-Br/PMDETA/CuBr;, de rapport molaire 1/0,5/0,1 a été retenu. Bien que
sous ces conditions le controle de la polymérisation n’ait pas été atteint, la réaction a été
suffisamment efficace (hautes conversions, faibles masses molaires et faible concentration

en complexe de cuivre) pour justifier ce choix.

L’avantage de cette technique repose sur le fait que I'amorcage de la réaction ne se déroule
gu’a partir de I'amorceur halogéné par un mécanisme de transfert d’halogéne en présence
du catalyseur. Ainsi, la réaction de greffage des particules ne peut étre amorcée qu’a partir

des fonctions halogénées de surface.

La fonctionnalisation des particules a été menée par polymérisation radicalaire en émulsion
en utilisant un protocole en adéquation avec ceux employés dans I'industrie (procédé semi-
continu, hauts taux de solide, présence de tensio-actif). La présence des fonctions brome a la
surface des particules a été mise en évidence grace aux analyses ToF-SIMS. Par cette méme
technique, 'accessibilité ainsi que I’habilité des ces fonctions a la réaction de transfert

d’halogéne ont été testées.

L'étape de greffage des particules fonctionnalisées a été menée selon les critéres
précédemment définis: haut taux de solide, présence de tensio-actifs et d’amorceur

résiduels.

A partir des conditions préalablement définies lors des polymérisations menées dans I'eau
(rapport molaire R-Br/PMFETA/CuBr, de 1/0,5/0,1), un bon greffage du poly(NAM) a été

obtenu (hautes conversions, augmentation de la taille des particules, augmentation de la
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stabilité colloidale). Grace aux différents tests de greffage, des critéres a respecter afin
d’obtenir un greffage efficace ont pu étre définis. Une concentration de surface en brome
suffisante est nécessaire pour atteindre des conversions élevées a des vitesses de
polymérisation également élevées. Une concentration minimum en CuBr, et un faible ratio
monomere/Br sont indispensables pour limiter/supprimer les réactions de couplage

inter-particulaires responsables de la formation de gels.

Si la plupart des greffages concernaient le poly(NAM), la méthode a été étendue avec succes
a d’autres monomeéres hydrophiles. D’autre métaux tels que Al(0), Zn(0) ont aussi permis

d’amorcer la réaction de greffage.

Au terme de ce travail, un systéme robuste de greffage a été mis en place. Bien que des
améliorations soient encore a fournir, les conditions de greffage définies sont conciliables
avec les contraintes industrielles. A la suite de ces travaux, une généralisation du protocole
pourrait étre envisagée afin qu’a partir d’un protocole « universel » une large gamme de
monomeres puissent étre greffés a la surface des particules, élargissant ainsi les potentiels

domaines d’applications.
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Abstract

Core-shell particles with a hydrophobic polymer core and a hydrophilic polymer shell are the
subject of many works as they can find a wide range of applications. Various strategies to
incorporate a hydrophilic polymer shell have been employed but there has been a growing
interest in the “grafting from” method with the development of controlled/living radical
polymerization (CRP) techniques and more particularly atom transfer radical polymerization

(ATRP).

The general principle of the “grafting from” strategy consists in introducing initiating groups
at the particle surface and in activating them to grow polymer chains via CRP. Due to fast
initiation and simultaneous growth of the chains, CRP allows grafting density and brush

thickness to be well-controlled.

In this context, the aim of this work was to incorporate a hydrophilic polymer shell at the
surface of polymer particles obtained from emulsion polymerization by post-synthesis
modification, using a “grafting from” approach based on aqueous metal-mediated radical

polymerization

The starting latexes were synthesized via classical radical emulsion copolymerization of n-
butyl acrylate and methyl methacrylate and were functionalized at their surface by a
comonomer bearing a Br-functional group (the so-called inimer). The latter was introduced
to play the role of the initiator in the grafting reaction, in the presence of the

Cu(0)/CuBr,/PMDETA catalytic system.

Conditions for which the grafting step could be performed at room temperature, using high
particle concentration in the presence of surfactant and initiator remaining from the
emulsion polymerization were identified. As far as we know, this is the first time such

grafting conditions have been applied with success from “real latexes”.
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Introduction

Latex noun, pl latexes or latices

1. The colorless or milky sap of certain trees and plants, such as the milkweed and the rubber
tree, that hardens when exposed to the air. Latex usually contains gum resins, waxes, and

oils, and sometimes toxic substances.

2. A manufactured emulsion of synthetic rubber or plastic droplets in water that resembles

the latex of plants. It is used in paints, adhesives, and synthetic rubber products.

The American Heritage® Science Dictionary Copyright © 2005 by Houghton Mifflin Company.

More than 10 million metric tons of latex are produced per year by emulsion polymerization
and they are used in a wide range of applications as adhesives, paints, binders, additives for
paper, textiles, construction materials. Acrylic latexes remain the leading emulsion polymer

product type.

Polymers produced by emulsion polymerization, particularly emulsions in waterborne paints
and coatings, have been of growing interest since the adoption of more stringent
environmental regulations concerning the emission of volatil organic compounds (VOCs).
Due to the increasing competition and public sensitivity to environmental issues, emulsion
polymer producers are forced to achieve an efficient production of high-quality materials,

via a safe and environmentally friendly process.



The latex surface modification offers a rather easy way to introduce new functionality or to
improve latex properties onto existing polymers. One of these possible modifications is to
bind covalently a polymer or a functional molecule using a surface-initiated reaction. In the
last decade, grafted particles or core-shell particles have been particularly investigated.
There has also been a growing interest in the “grafting from” method with the development
of Controlled/living Radical Polymerization (CRP) techniques. Due to fast initiation and
simultaneous growth of the chains, CRP allows grafting density and brush thickness to be
well-controlled. However, only a few examples of grafted latexes have been developed in
the industry, probably due to the difficulty to transpose such techniques at the industrial

scale.

In this context, the aim of this work is to incorporate a polymer shell at the surface of
polymer particles prepared via radical emulsion polymerization by post-synthesis
modification, using a “grafting from” approach based on aqueous CRP. The use of a single
type of functionalized particles as a platform to grow any kind of polymers with tailor-made
characteristics would allow targeting different applications from the same starting latex

recipe.

The choice of the CRP method used in the grafting step requires a procedure to introduce
the functionality at the particle surface and the use of “as-synthesized” concentrated
latexes, without elimination of the surfactant and of the remaining initiator, in the grafting
step. To fulfill both criteria, Surface-Initiated Atom Transfer Radical Polymerization (SI-ATRP)
was selected as it offers a versatile method to introduce the functionality via an inimer (i.e. a
monomer bearing an alkyl halide group able to serve as an initiator in ATRP) at the particle
surface. The latter can be polymerized by classical radical emulsion polymerization without
interference with the initiating and propagating radicals. Finally, the grafting reaction by SI-
ATRP can be performed at room temperature, hence preventing unwanted initiation by the
remaining radical initiator. All those criteria impede the use of others CRP methods such as
nitroxide-mediated polymerization (requiring elevated temperature) and reversible addition-
fragmentation chain transfer (in which the reactive group of the functional monomer will

react during the functionalization step).



However, a drawback of ATRP is the need for large quantities of catalyst (in particular
copper(l) halide), which contaminate the final product and are difficult to remove. Since a
few years, the use of copper metal has been particularly investigated because it is easier to
handle than Cu(l) or Cu(ll) salts. The role of Cu(0) in the mechanism of copper-mediated
polymerization is not fully understood and still under debates, but this will not be the focus
of this work since the main target of this project is the synthesis of new materials rather
than the kinetic study. It nevertheless offers an easy way to proceed and allows to decrease
the amount of copper complex which is of interest for potential industrial applications. The
couple Cu(0)/Cu(ll) was thus employed as a catalyst for our grafting reactions from latex

particles in agueous media at room temperature.

The general procedure is displayed on Figure 1, where, firstly the core particles are prepared
by conventional radical emulsion polymerization. At the end of this step, the latex particles
are covered with a thin layer of a polymer derived from an inimer (monomer with a halogen
atom which is able to initiate the ATRP). Finally, the functionalized particles are used as
substrates for copper-mediated polymerization in order to graft (from the surface) a

functional (controlled polymer) shell.

e -
Hydrophilic .:
monomer _ " ot
Surface functionalization Grafting from / O <

BPEA Cu(0) / Cu(ll) / PMDETA
 —— —_—
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nBA/MMA

Hydrophilic

(o] ! 0
I\
0. Br = O~ Br polymer
= \/\0 \ ® O)H

0
0
B
y &O\/\OJ\ el

2-(2-bromopropionyloxy)ethyl acrylate (BPEA)

Figure 1. General principle of the Cu(0)-mediated surface-initiated radical polymerization use in this work.



The present study will be arranged in four chapters and will start with a literature review
concerning the recent progresses in the area of Metal-Mediated Controlled Radical
Polymerization (MMCRP). Then, the synthesis of polymer particles exhibiting a hydrophilic

shell created via surface-initiated radical polymerization will be developed.

The second chapter will be devoted to metal mediated CRP in aqueous solution, from a
soluble ATRP initiator, as a model reaction for grafting reaction. This preliminary work aims

at defining the best conditions to be transposed to the grafting reaction.

The latex functionalization will be presented in the first part of chapter 3, followed by a

thorough surface analysis.

The surface-initiated polymerization will be described in chapter 4. The study will
demonstrate the success of the synthesis of a hydrophilic shell using metal-mediated radical

polymerization via chemical characterization and evolution of the latex final properties.



Chapter ©
Literature review

Introduction

100 million tons of polymers are produced annually under free radical polymerization (FRP)
conditions. However, as FRP is a chain growth polymerization method dominated by
termination and chain transfer events, precise tailoring of the macromolecular architecture

is difficult to achieve.

Therefore, living radical polymerization (LRP) also called controlled radical polymerization
(CRP) has received a growing interest in the polymer chemistry field as it allows the

production of new polymers with precise molecular architecture.

The concept of living polymerization was introduced in 1956 by Swarc' for the anionic
polymerization of styrene with an alkali metal/naphthalene initiator. He defined the anionic
polymerization as a “living” polymerization, characterized by polymer chains that grow with
monomer conversion. Anionic chain ends remain living in the sense that chain growth may

be reinitiated by the addition of monomer, thus the term “living”.

In 1955, Tobolsky® identified the peculiar behavior of thiuram disulfides in free radical
polymerization. Following these works, in 1982, Ostu® described the polymerization of MMA

in the presence of phenylazotriphenylmethane and benzyl dithiocarbamate. He
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demonstrated that these molecules so called iniferters could act simultaneously as initiator,
chain transfer agent, and terminator in a polymerization reaction. These works provided for

the first time a model for a controlled radical polymerization.

Since the 80’s and Otsu’s works, various methods began to emerge for controlled radical
polymerization such as nitroxide mediated polymerization (NMP) in 1985 by Solomon and
Rizzardo® and in 1993 by Georges>®, metal-mediated radical polymerization (MMRP) in 1995
by Matyjaszewski7 and Sawamoto® and reversible addition-fragmentation chain transfer

polymerization (RAFT) in 1998 by Moad and Rizzardo’.

All of these methods are based on a reversible and dynamic equilibrium between active
radical species and dormant covalent species (Figure 1.1). As the equilibrium is in favor of
the formation of dormant chains, the proportion of chain irreversibly terminated is thus

reduced.

kacl -
P-X - = P+ X
Dormant chain Kieasi k
+M \L P-P

Active chain
Figure 1.1. Dynamic activation/deactivation equilibrium in controlled radical polymerization.

Avoiding completely termination and irreversible chain transfer reactions is not possible
under these methods. The term “living” is thus not adapted and the term “controlled” is
more suitable. In 1995, Matyjaszewski'® defined the controlled polymerization as “a
synthetic method for preparing polymers with predetermined molecular weights (DP =
A[M]/[1]o), low polydispersity and controlled functionality, and also block polymers. Transfer
and termination are allowed in a controlled polymerization if their contribution is sufficiently
reduced by the proper choice of the reaction conditions such that polymer structure is not

affected.” The main differences between CRP and LP are illustrated in Figure 1.2.



Living Polymerization Controlled radical polymerization

Chain growth Chain or step growth

No chain breaking (no transfer/termination) Limited chain breaking possible
Slow initiation possible Fast initiation

Slow exchange possible Fast exchange

Uncrontrolled molecular weight possible Controlled molecular weight
High polydispersities possible Low polydispersities

Figure 1.2. Comparison between LP and CRP, adapted from Matyjaszewskilo.

As claimed by Matyjaszewski10 , controlled radical polymerizations have to fill the following

requirements.

e Constant propagating radical concentration
When determined by the activation-deactivation equilibrium, the propagating radical
concentration is constant during the polymerization. In consequence, a linear dependence of

In([M]o/[M],) on time is expected (Equation 1.1).

In (ijzln ml, =kp><[P°]><t Equation 1.1

1-x [m],
X: monomer conversion
kp: propagation rate coefficient (L.mol*.s™)
t: time (s)
[P°]: propagating radical concentration (mol.L"Y)

e Linear dependence of DP, on conversion
The degree of polymerization (DP,) is determined by the ratio of the concentration of
reacted monomer to the concentration of polymer chains, the latter corresponding to the

introduced initiator concentration (Equation 1.2).

[M],
i,

[M],: initial monomer concentration (mo/.L'l)
[l]o: initial initiator concentration (mo/.L'l)

DP, = conversion X Equation 1.2
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Due to fast initiation with respect to propagation and due to the negligible fraction of chains
irreversibly terminated (bimolecular termination and chain transfer reactions), the number
average molar mass (M,) increase linearly with the conversion (Equation 1.3).

M, =DP,xM

+M,,, Equation 1.3

mono

M,: number average molar mass (g/mol)

DP,: number average degree of polymerization
M mono: monomer molar mass (g/mol)

M.,:: chain end molar mass (g/mol)

e Low M, /M,
The molar mass dispersity (M,,/M,) is low in CRP if the initiation is fast and if the different
growing species exchange rapidely via dynamic equilibrium. In this case, M,,/M, follows the

Poisson distribution (Equation 1.4).

DP e 1
M, /M =1+ 1 i 1+ Equation 1.4
(1+DP,) Dp,

M../M,: molar mass dispersity
DP,: number average degree of polymerization

° Block copolymer
The polymerization resumes after the addition of a new feed of monomer that can be the
same as the first fed one or a different one hence leading to the formation of block

copolymers.

As already reported, most CRP techniques are based on a reversible and dynamic
equilibrium between active radical species and dormant species. However, depending of the
mechanism used to achieve the activation/deactivation equilibrium, 2 classes of CRP have
been distinguished: CRP based on reversible termination such as NMP or MMRP and CRP

based on reversible transfer such as RAFT.

The aim of this literature review is not to describe all these CRP methods. Only the metal-
mediated radical polymerization will be further developed as this technique will be

temptatively employed to grow chains from latex particles.
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1.1. Metal-mediated radical controlled polymerization

1.1.a. Historical development

In 1995, Matyajaszewki7 and Sawamoto® discovered at the same time and independently a
new method of controlled radical polymerization based on the principles of ATRA™ in which
the dormant-active equilibrium is catalyzed by a transition metal catalyst. The system
developed by Matyajaszewki used copper catalyst and was called atom transfer radical
polymerization (ATRP), whereas Sawamoto used a complex based on [Ru(ll)] and called this
method “transition metal-catalyzed living radical polymerization”. In this study, the term

metal-mediated (radical) polymerization will be further used.

Metal-mediated polymerizations are based on the reversible reaction of a low oxidation-
state metal complex, MX,/L (MX, represents the metal ion in oxidation state n, and L is a
ligand), with an alkyl halide (R-X). This reaction yields radicals and the corresponding high-
oxidation-state metal complex, MX,.1/L (Figure 1.3). The generated radicals propagate by
the addition of monomer units and provide “well-defined” polymer. They are deactivated by

the high-oxidation-state metal complex, MXn+1/L into dormant chains.

Dormant chain Active radical
| 2 act | :
""HEC—C—}-T + szn / ligand - ""HZC—C' + MX, .4 / ligand
| , deact L ey
R, Activator R, Deactivator
+M

Figure 1.3. Metal-mediated polymerization mechanism.

Since its discovery, metal-mediated polymerization has been the subject of growing interest
for the synthesis of polymers with well-defined molar mass and architecture. For instance,
about 11000 papers on ATRP have been published since 1995 In his last review,
Sawamoto™ described the major discoveries and developments of metal-mediated

polymerization, which are summarized as follows:
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Phase | (1995-2001)
Discovery of metal-catalyzed living radical polymerization
Establishment of the dormant-active equilibrium concept
Systematic development of metal catalysts and initiators
Living radical polymerization of common conjugated monomers

Precision synthesis for block, end-functionalized, (co)polymers

Phase 11 (2001-2008)
Extension to iron-based catalysts (abundant and safer)
Extremely active catalysts (reduction of catalyst concentration)
Removal, recovery, and recycling of metal catalysts
Living radical polymerizations of functionalized monomers
Precision synthesis of (multi)functional polymers
Bidirectional interaction with organic and organometallic chemistry particularly in
catalyst development
Extended applications in biology, biochemistry, medicine, and nanotechnology

Combination with other controlled systems (polymerizations/reactions)

While the main target in phase | was based on more fundamental interests (improvement in
control, clarification of the mechanism, block copolymerization, etc.), the demands for
metal-mediated polymerization have been shifted to more applied interests requiring new

development strategies (Figure 1.4).

10



REQUIREMENTS STRATEGIES

Immobilized, Supported, or Phase-
Transfer Catalyst

Synthesis of Controlled Polymers
Free from Catalyst Residues

Extremely Low Catalyst Load

___________.——-b'
Environmentally Friendly and )
| i talyst
nexpensive Catalysts Super-Active Catalysts with High
- - - Turnover Frequency (TOF)
Suppression of Side-Reactions for iy
High Molecular Weight Polymers
and Perfect Block Copolymerization Polymerization at Lower Temperature |
Application to Non-Protected Abundant and Safer Metals |
Functional Monomers
Removable, Recoverable, and/or
Reusable Catalysts
Biopolymers and Inorganic
Molecules: Interdisciplinary Polymerization in Low Volatile Solvent |
Extension
Functionality-Tolerant Robust Catalysts |

Tacticity and Sequence:
Advanced Control

Efficient and Quantitative End-
Functionalization and End-Capping

Figure 1.4. New requirements and strategies for metal-mediated polymerization. Reprinted with permission
from Ref 13. Copyright 2009 American Chemical Society.

1.1.b. Components of the system

Metal-mediated radical polymerization (MMRP) is a multi-component system, which has
been thoroughly investigated since it was developed. The main components are the initiator,
the monomers and a metal complex, including an activator and a deactivator species. The
choice of the solvent and the reaction temperature also significantly affected the

polymerization.

1.1.b.i. Initiator
In MMRP, fast and quantitative initiation is required to achieve well-defined polymers.
Generally halogenated-components (R-X) are employed as initiators. To facilitate the radical

generation, the R group must contain a conjugated or radical stabilizing group such as ester

14-15-16 17-18 19-20

(haloester) , ketone (a-haloketone) ™", phenyl (benzylic halides)™ ", nitrile (a-

2021 5r arenesulfonyl group (sulfonyl halides)***? (Figure 1.5). Alkyl halides (CCls

halonitriles)
or CBry) can also act as initiator but present poor initiation efficiencies. Moreover, multi
functional initiations and chain transfer reactions often took place in presence of those

initiators.

11
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The stabilization order in the initiators is CN > C(O)R > C(O)OR > Ph > Cl and increasing the
functional group number may increase the activity of the alkyl halide. Tertiary alkyl halides

are better initiators than secondary alkyl halides themselves better initiators than primary

. 24-25-26
alkyl halides .
CH, CH, CH,
CHy—CH-X CH,;—CH—X | CH—X | |
o CHy—CH—X CHy—C—X | CHy—C—CH—C—X
C=N c=0 (=0 c= =0
OC,Hq I 0OC,H, | I
OC,H, - OCH,  OCH,
X=Cl,Br, | X=Cl, Br, | X=Cl, Br X=8Br,| X=Cl, Br X=Cl, Br
Radical Stabilizing Phenyl Ester Nitrile Ester Pheny/Ester Ester
group
Monomer model Styrene Acrylate Acrylonitrile Methacrylate Styrene/Acrylate Methacrylate
Carbon radical Secondary Secondary Secondary Tertiary Secondary Tertiary

Figure 1.5. Examples for common ATRP initiators. Adapted from Sawamoto et al.”

Bromine and chlorine are the most frequently used halogen atoms. The bond strength order
in the alkyl halides is R-ClI > R-Br > R-I indicating that alkyl chlorides are the less efficient
initiators and alkyl iodides the most efficient ones. The selection of the halogen depends on
the metal complex and particularly on the halogen affinity of the metal so called
halophilicity, parameter that follows the Hard and Soft Acid Base (HSAB) theory?’. For

instance, “soft” Ru is more compatible with “soft” Br than Cl and “hard” Cl with “hard” Fe.

The choice of the halogen also depends on the monomer. For example, Cl is more suitable

for methacrylates and Br is more adapted for acrylates and styrenes.

1.1.b.ii. Monomer
Metal-mediated polymerization is based on the reversible activation on the carbon-halide
bond derived from polymer chain end. Thus, the carbon-halogen bond dissociation energy of
the dormant terminal groups depends on the conjugation effect. The more the monomer

presents conjugating group, the higher the resulting radical is stable.

15-28 14-29-30-31-32 and styrene7'14'33 are

Among the monomers, methyl methacrylate™", acrylate

the most used in metal-mediated polymerization.

12
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34-35-36-37-38 39-40-41

Metal-mediated radical polymerization of acrylonitrile , acrylamide , vinyl

pyridine*? and sodium (meth)acrylate**** have also been reported.

It is important to remind that each monomer leads to a unique atom transfer equilibrium
constant for active and dormant polymer species. Therefore, optimal conditions for
polymerization which include concentration and type of complex, temperature, solvent need

to be adapted for each monomer.

1.1.b.iii. Metal
In metal-mediated polymerization, the metal complex contributes to the activation and
deactivation processes. Metal complex with a low oxidation state first activates the carbon-
halogen bond of the initiator or of the corresponding dormant chain to generate an active
radical species. In this activation step, the metal complex is oxidized to a one-electron higher
oxidation state. After propagation of the radical formed with monomer units, the oxidized
metal complex gives back the halogen to the latter and returns to his original low oxidation
state. This catalytic cycle consists of a “one-electron” transfer, distinguished from other
oxidation/reduction catalysis via two-electron transfer. Therefore, the metal center needs to
present at least two states of valence with one electron difference. Moreover, it requires a
moderate halophilicity to accept and release a halogen atom. It is on the basis of these
requirements that transition metals have been employed for metal-mediated polymerization

(Figure 1.6).

13



Transition Metals
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Figure 1.6. Transition metals used in MMP.

Among the transition metals, copper, iron and ruthenium have been the most used for
metal-mediated polymerization. Metal-mediated polymerizations have been also achieved in
presence of chromium, nickel, zinc, molybdenum, manganese, rhenium and osmium. The list

and details of each system have been described in reviews 2.

Some complexes with cobalt®, rhodium*® and palladium®’ have been reported for metal-
mediated polymerization but catalytic cycle of those complexes involves an oxidative
addition. Therefore, these complexes might be less suitable for metal-mediated radical

polymerization via one electron transfer.

1.1.b.iv. Ligand
The main role of the ligand in metal-mediated polymerization is to solubilize the transition-
metal salt in the reaction medium and to adjust the redox potential of the metal for
appropriate reactivity48.
For copper mediated polymerization, nitrogen-based ligands are most frequently used*20°122,
The activity of copper complexed with N-based ligands decreases with the number of
coordinating site (N4 > N3 > N2 > N1). Namely, the activities of copper complexed with

multidentate ligands are higher than those complexed with monodentate ones and the

14
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activities of bridged or cyclic systems are higher than that of their linear analogues. Examples

of some N-based ligands are displayed in Figure 1.7.
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Figure 1.7. ATRP activation rate constants for various common bi, tri and tetradentate N-based ligands in
presence of Cu(l) (where X = Br or Cl) in MeCN at 22°C. Reprinted with permission from Ref 51. Copyright 2008
American Chemical Society.

Phosphorus-based ligands have been successfully used to complex rhenium®?, ruthenium®*

iron>>, rhodium®®, nickel” and palladium®’ but not for copper.

1.1.c. Metal-mediated polymerization developments

During the development of ATRP, it was noticed that unavoidable terminations between
macro-radicals led to a built-up of deactivating species shifting the equilibrium towards the
dormant state and further lowers the active radical concentration. This is known as the
persistent radical effect (PRE)*®. This increase in deactivator concentration slows down the
polymerization kinetics to such an extent that sometimes no polymerization is observed.

Another drawback of traditional metal-mediated polymerization is the relatively large
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amount of catalyst used, typically of the order of 0.1-1 mol % relative to monomer for ATRP.

Thus, the final product contains a significant amount of metal complex.

Therefore, intensive researches have been carried out in the last decade to overcome these
problems in particular the high catalyst concentration. In this purpose different development

strategies have emergedsg.

One of these strategies consists in removing the complex residue from the final product.

Different post-purification techniques®®°

have been developed including washing,
extraction, precipitation and filtration through silica gel particularly at the laboratory scale.
However, these methods use a large amount of solvents and complete separation of the
catalyst is not achieved particularly in presence of functional polymers that interact with the

metal complex.

Metal-mediated polymerizations have been performed in presence of supported catalysts so
as to remove and recycle it easily. Silica or crosslinked polystyrene substrates have been
usually employed as substrates. More recently, Shen at al.®? reported the metal-mediated
polymerization of MMA with a triamine ligand chemically attached to the surface of

magnetic particles (Fe304) providing an easy way to remove the catalyst with a magnet.

However, the most developed strategy to overcome the problem of the catalyst amount is

the development of highly active catalysts and highly efficient processes with the help of

62-63-64

numerous studies and particularly the determination of the activation rate constant,

kact and deactivation rate constant, kqeact in the activation/deactivation equilibrium.

1.1.c.i. Reverse/Simultaneous Reverse and Normal Initiation and activators generated
by electron transfer ATRP

With the development of new copper catalysts to polymerize less reactive monomers and/or
to employ smaller amounts of complex, the systems became more oxygen sensitive and thus

65-66-67-68

led to irreversible oxidation and loss of the ATRP activator.
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To overcome such oxidation problem, “reverse” ATRP (Figure 1.8) has first been developed

69-70

by Matyjaszewski and co-workers™ ", This new process permitted to start an ATRP reaction

with oxidatively stable, Cu(ll) complexes; Cu(ll) being reduced in situ to the activator Cu(l).

Standard radical initiation

-] —— 21"

"+ XML —=—=IX + M/L

+M
Formation of ATRP initiator ATRP propagation
kacr Active radical
XXMM T PX ML P+ X-M.MLL

deact

Dormant chain
+M
kp

Figure 1.8. Reverse ATRP mechanism. Adapted from Matyjaszewski71.

However, this procedure requires a catalyst concentration comparable to the concentration
of initiator and cannot be independently lowered. Moreover, pure block copolymers cannot

be formed with this technique.

Simultaneous reverse and normal initiation (SR&NI) was developed to overcome the
problem of the reverse ATRP by using dual initiating system comprising both standard free
radical initiators (e.g. Azobisisobutyronitrile, AIBN) and ATRP initiators (Figure 1.9). In SR&NI,
a low concentration of an active catalyst complex is generated by decomposition of a
standard free radical initiator, such as AIBN, in a standard reverse ATRP procedure, while the
majority of the polymer chains are initiated from an added alkyl (pseudo)halide via a normal

ATRP process.
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P-X + M"/L ——— T+ X-MTYL

k
Dormant chain
kp @ w

Active radical P-P
Figure 1.9. Simultaneous reverse and normal initiation ATRP (SR&NI ATRP) mechanism. Adapted from
Matyjaszewski71.

SR&NI was initially developed for bulk polymerization using macroinitiators to prepare block
copolymers’?. However SR&NI was quickly adapted to miniemulsion systems where the use

73-74

of an oxidatively stable catalyst precursor simplifies procedure and allows the

preparation of block, star, graft copolymers in heterogeneous media.

The main drawback of SR&NI is the formation of a small fraction of polymer chains initiated
by the added free radical initiator. Rapidly, SR&NI evolved into activators generated by
electron transfer (AGET)” from the deactivator using various reducing agents instead of a

conventional free radical initiator (Figure 1.10).

X,-Cu(ll)/L

Reducing agent

K Active radical
act

—_—

P-X + X-Cu(l)/L ~—— P* + X,-Cu(ll)/L

deact

Dormant chain
o () e
P-P

Figure 1.10. Activators generated by electron transfer ATRP (AGET ATRP) mechanism. Adapted from
Matyjaszewski71.

In AGET ATRP, the reducing agents are unable to initiate new chains (in contrast to organic
radicals). Thus no homopolymer is produced during block copolymerization under this
procedure. The principle of AGET was demonstrated using tin(ll) 2-ethylhexanoate’®,

77-78

ascorbic acid, glucose or triethylamine79 as the reducing agents. In 1998, Matyajaszewski
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and co-workers report that copper(ll) trifluoromethanesulfonate, Cu(OTf) complexes in the
presence of Cu(0) appeared to be an excellent catalytic species for styrene and methyl
methacrylate polymerization especially with the methylated triamine ligand.
Retrospectively, this work provides an example of AGET ATRP with the use of zero valent

copper as reducing agent®°.

1.1.c.ii. Activators (re)generated by electron transfer ATRP and initiators for
continuous activator regeneration

A major step toward reducing the amount of catalyst to ppm concentration was the

development of initiation techniques called activators (re)generated by electron transfer

81-82

(A(R)GET) and initiators for continuous activators regeneration (ICAR)"""°. The evolutions of

the component ratio for the different systems are shown in Table 1.1.

Table 1.1. Typical molar ratios of monomer (M), ATRP initiator (R-X), Cu(l)X, Cu(ll)X,, ligand, and reducing agent
or thermal radical initiator used in ATRP based methods. Adapted from Matyjaszewski’".

Method M/R-X/Cu(1)X/Cu(I1)X, Ligand Reducing agent Thermal radical initiator
ATRP 200/1/1/- 1 - -
Reverse ATRP 200/-/-/1 1 0.5
SR&NI ATRP 200/1/-/0.2 0.2 - 0.1
AGET ATRP 200/1/-/0.2 0.2 0.18 -
ICAR ATRP 200/1/-/<0.01 0.01 - <0.1
A(R)GET ATRP 200/1/-/<0.01 0.1 <0.1 -

Both A(R)GET ATRP and ICAR ATRP techniques are based on the generation in situ of the
activator species from Cu(ll) via the use of reducing agents or thermal initiators respectively

(Figure 1.11).
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Figure 1.11. Activators (re)generated by electron transfer ATRP (A(R)GET ATRP) and initiators for continuous
activators regeneration ATRP (ICAR ATRP) mechanisms. Adapted from Matyjaszewski84.

ICAR ATRP is distinguished from SR&NI procedures, as a larger excess of free radical reducing
agent with respect to copper complex is employed in ICAR ATRP. The radicals are slowly
generated during the reaction. With this technique, well controlled polystyrenes and
poly(meth)acrylates (My/M,, < 1.2) have been achieved with copper complex concentration

between 5 - 50 ppm®.

The limitations of ICAR ATRP are in the synthesis of block copolymers, because the free
radical initiator produces small amount of uncontrolled polymer chains. However, to
compare with SR&NI, this amount is much lower since the required amount of thermal

initiator is lower.

A(R)GET ATRP is a procedure that allows the use of ppm of catalyst in presence of

786 3scorbic

appropriate reducing agent such as tin(ll) 2-ethylhexanoate (Sn(EH),)"’, glucose
acid®’, phenolsg, hydrazine and phenyl hydrazinegl, excess inexpensive Iigandssg, nitrogen-
containing monomers” or zero valent metal’’. ARGET ATRP is an improvement of AGET
ATRP. In the AGET process, the activators are generated by electron transfer, whereas in
A(R)GET ATRP, the reducing agents constantly regenerate the ATRP activator, i.e. the Cu(l)

species, from Cu(ll) species irreversibly formed during termination processes.

The main advantages of A(R)GET ATRP are the possibility to perform the reaction without
removing inhibitors or oxygen77 and to prepare copolymers with higher molar masses while

retaining chain end functionality due to the limited side reactions’>.
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For an effective A(R)GET ATRP, some requirements were specified’’. The redox process
should avoid the generation of initiating radicals and thus side reactions. A large excess of
reducing agent has to be used. The concentration of the reducing agent has to take into
account the amount of Cu(ll) to be activated, the amount of air, radical traps (inhibitors),

and the amount of terminated polymer chains generated in the polymerization.

Moreover, a sufficient amount of deactivator species is required in order to fix the rate of
polymerization and control the reaction. In order to maintain the copper complex stability, it
was demonstrated that the use of ligands strongly bound to the transition metal to create a
highly active catalyst93 was necessary.

More recently, Matyjaszewski and co-workers™* %

proposed a new mechanism of ATRP
mediated through electrochemical (re)generation of activators (eATRP). Instead of a
reducing agent, the polymerization is initiated by applying a current potential. This
procedure permitted to control the ratio of activator to deactivator which allowed to

overcome drawbacks typically associated with conventional A(R)GET ATRP.

1.1.d. Zero valent metal-mediated polymerization

Since a few years, zero valent metal-mediated polymerization has gained in interest as it
offers many attractive advantages which include ppm concentrations of deactivator,
reduced polymerization costs, improved tolerance to oxygen, facile reaction setup, and

simple reducing agent removal.

Two methods using zero valent metal have been reported so far and are still the subject of
controversies. One approach developed by Matyjaszewski, consists in the use of zero valent
metal as a reducing agent in an A(R)GET ATRP procedure. In the second approach developed
by Percec, the zero valent metal act as an activator of the alkyl halide initiator via a single-

electron transfer living radical polymerization (SET-LRP).
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1.1.d.i. Single-electron transfer living radical polymerization
In 2006 Percec et al.”® reported a highly efficient polymerization of methyl methacrylate in
polar solvent, DMSO, in presence of sole Cu(0) and MegTREN indicating a change in the
reaction mechanism with respect to classical ATRP. This process was named single electron
transfer-living radical polymerization (SET-LRP) and utilized elemental copper as an

activating species in place of copper salts as in ATRP (Figure 1.12).

{P,--X] + Cu*/L}
‘\

X-Cul(l )/L
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5 Cu(0) + _-r||I"IL p ,,ﬂk
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Figure 1.12. Single electron transfer-living radical polymerization (SET-LRP) mechanism. Adapted from Percec™.

SET-LRP is based on the ability of Cu(0) to abstract a halogen atom from an alkyl halide®*®°,

The formed Cu(l) disproportionates into Cu(ll) that enables deactivation of the radicals and

Cu(0) that promotes reactivation to propagating radicals.

Since its introduction, SET-LRP has gained in interest as SET-LRP possesses several
advantages. Like in ARGET or ICAR ATRP, only a small amount of copper is present in
solution. The use of elemental copper enables simple removal of the metal that forms

particles in the reaction medium.

One typical characteristic of SET-LRP is the very high polymerization rate at room
temperature. Moreover, high molar masses are achieved due to “perfect chain-end

7% as well as the syntheses of multiblock copolymers'® or dendrimers'™

functionality
Nevertheless, a report by Matyjaszewski indicates only 51% of chain end functionality under

analogous reactions'®
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96-103-104 105-106
7

SET-LRP was reported for the polymerization of acrylates , methacrylates

acrylamides'?’. It is also so far the only method able to control the radical polymerization of

vinyl chloride®* %,

Generally, SET-LRP was carried out in presence of polar solvent, more suitable for the SET

process, i.e. for the disproportionation of Cu(l), such as DMSO%, alcohols'®, binary mixtures

109-110-111

of water and other organic solvents®™ and pure water . The Cu(l) constants

disproportionation depending of various solvent are listed in Table 1.2.

Table 1.2. Equilibrium constant for Cu(l) disproportionation (Kys,) in various solvents. Adapted from Percec'.

Solvent Kaisp
Acetone 0.03
DMF 1.82 x 10
DMSO 1.5-4.4
EtOH 3.6
H,0 0.89 x 10° - 5.80 x 10’
MeCN 6.3x107°"
MeOH 4-6.3x10°

Like in ATRP, the presence of a ligand is required to favor the disproportionation. Most of
the studies performed the reaction in presence of PMDETA, TREN and essentially

MecTREN®®,

1.1.d.ii. SARA ATRP
As already reported, in 1997°7, Cu(0) was first employed in ATRP to act as supplemental
activator in the presence of ligand to form the major activator, Cu(l)/L. Then, Cu(0)* was
employed as a reducing agent in A(R)GET ATRP to generate in situ the active species

X-Cu(1)/L from X,-Cu(ll)/L.

As Cu(0) behaves as a reducing agent and supplemental activator the process was called

113

“supplemental activator and reducing agent” (SARA) ATRP™™". The proposed mechanism for

SARA ATRP is displayed in Figure 1.13.
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Figure 1.13. Supplemental activator and reducing agent ATRP (SARA ATRP) and initiators for continuous

activators regeneration ATRP (ICAR ATRP) mechanisms. Adapted from Matyjaszewski114

1.1.d.iii. Outer sphere vs inner sphere electron transfer
Since its introduction, SET-LRP has been the subject of controversy and was sometimes
considered either as a form of ARGET ATRP****> or as a similar procedure as ICAR ATRP®.
The similarity between those polymerization techniques has led some researchers to
specifically test their systems to identify which mechanism is operating''’. SET-LRP
mechanism involves an outer-sphere electron transfer (OSET) from the Cu(0) to the alkyl
halide to form the Cu(l) species and a radical anions, in a similar way as that described by

Bell and co-workers*®,

Monteiro and co-workers'®® modeled the kinetics of the SET-LRP process and demonstrated
the disproportionation reaction of the formed Cu(l)X into Cu(ll) deactivator and nascent
Cu(0) species. In another study, Percec''® reported that the nature of the halide atom only
have a little role on the decomposition of the radical-anions. This is because cleavage of the
radical ion in the OSET process is an exothermic step, with only small energetic differences

between the halides used.

The stronger argument in favour of OSET is the use of SET-LRP for controlled radical
polymerization of vinyl chloride (VC)%. The polymerization of VC by CRP is quite challenging
as bimolecular termination and chain transfer reactions to the monomer and polymer are
not in favor of the establishment of sufficient deactivating species. In addition, VC dormant
chain reactivation is not possible when conventional ATRP mediators are used, and
deactivation of chains by halogen transfer becomes an irreversible chain ending event.

Under SET-LRP conditions, reactivation of dormant chains was possible with copper(0) due
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to more energetically favorable OSET activation. In addition, the concentration of
deactivating copper(ll) species was generated by disproportionation and therefore
independent of chain transfer or termination. These two factors enabled the controlled

polymerization of VC via SET-LRP with predictable molar masses.

Matyjaszewski claimed that the OSET process was not thermodynamically favorable which
resulted in a low probability of radical anion formation. Moreover, ISET should be much
faster than OSET**'9%120 e ~10" times faster according to Marcus analysis of electron
transfer processes as energy barrier (26.8 kcal/mol) is not in favour of OSET compared to the

energy barrier of ISET (13 kcal/mol) (Figure 1.14.)**".

RX"F , Cu(iyiL
1 T
ISET  [R--X--CulL |
kaci I
Cu'lL + R-X — XcuL +R* kp

o R

'yt +mRX- == " X+R

OSET-SW

R* + [X-Cu(IyL]*

R* +X,Cu(ll)

[R—=X~-Cu/LJ*

R* +X-Cu(ll)/L R* +X-Cu(ll)/L

11.0 keal/mol | ~18 keal/mol

5.8 keal/mol| 13 kcal/mol 5.1 kcal/mol

RX + Cu(l)L (Br-CH,CN + CuBr/TPMA in MeCN at 25 °C)

Figure 1.14. Comparison of the free energies during an ISET and OSET process for the reaction of
bromoacetonitrile with Cu(l)/TPMA catalyst in acetonitrile at 20°C. Reprinted with permission from Ref 121.
Copyright 2008 American Chemical Society.

Different kinetic and mechanistic studies concluded that alkyl halides preferentially react

122-123 ather than

with the soluble Cu(l)/MegTREN complex due to its very high ATRP activity
with solid Cu(0) that has a relatively small surface area. Thus, the Cu(0) serves above all as a
reducing agent and preferentially comproportionates into Cu(ll) and Cu(l), formed as a

“persistent radical” in the radical termination process.
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It was also observed that the disproportionation/comproportionation ratio is a relatively low

114 Since the

and for instance, only ~10% of CuBr/Me¢TREN disproportionates in pure DMSO
comproportionation dominates, Cu(l) is always present in the system and is the predominant

activator.

The mechanisms of SET-LRP and SARA ATRP are still under debate. However, as both of
these techniques offer many attractive advantages, numerous papers using zero valent
metal-mediated polymerization have been reported in the last years. Nevertheless, it was
noticed that some of them used various additional names such as metal(0) mediated
(controlled radical) polymerization, metal(0) catalyzed synthesis, transition metal-catalyzed
living radical polymerization. Therefore, the term metal-mediated polymerization will be

further used in this study and will refer to ATRP and SET based techniques.

1.1.d.iv. Various metals used
Among the transition metals used, copper is the most employed as copper catalysts are
superior in metal-mediated polymerization in terms of versatility and cost in both SARA

ATRP?7 102124 5 nd SET-LRP*,

For both processes, it appears that the surface area of the copper seems to be an important
factor in the reaction. Copper powders with particles ranging from the micrometer® to

126 scale have been used for the polymerization of MA under SET-LRP

nanometer (< 100 nm)
conditions. It was found that using smaller copper particles increased the surface area
available for activation and a larger polymerization rate was obtained. However, a slight
decrease in chain end fidelity was also observed when using nanosized powder due to the

substantially larger radical flux in the initial stages of the polymerization®®.

The use of copper wire provided a more uniform surface area for activation than Cu(0)
powder. It was found that the polymerization rate of SET-LRP was proportional to the copper

127

surface area with a reaction order of 0.44°". The same conclusion was reported for ARGET

ATRP and for ICAR ATRP'?%, i.e. a high surface area of Cu(0) leads to a higher rate of
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generation and termination of radicals by supplemental activation. It was also shown that

the rate of polymerization with copper wire could be enhanced by a pre-polymerization

129 61-130 62-131

treatment to remove copper oxides from the surface . Hydrazine and various acids
have been used to enhance the polymerization rate in SET-LRP of methyl acrylate with good
effect. Copper tubular reactor was also used for continuous SET-LRP but some broadening of

the molar masses distributions was observed®?.

Following the studies performed in presence of Cu(0), Fe(0), Zn(0) and Mg(0) were also used
in ARGET ATRP'®. It was concluded that the activity order of these metals was Zn(0) > Mg(0)

> Fe(0) as Fe(0) is a weaker reducing agent than Zn(0) or Mg(0).

Despite the poor reactivity of the metal, Fe(0) mediated polymerization is growing in interest

since Fe is environmentally friendly, cost-effective, biocompatible and abundant. Numerous

30-96-129-134-135 133-136

papers report on the polymerization in presence of Fe(0) in powder , wire

or tube®’.

Samarium™® and ytterbium139 have been also employed in SET-LRP for the polymerization of

acrylonitrile and methyl methacrylate respectively.

1.1.e. Metal-mediated polymerization in water solution

1.1.e.i. ATRP in water solution
Water is the most ideal solvent for environmental, safety and economic interest. However,
controlled radical polymerization performed in water is quite challenging as many problems

occur during the polymerization.

In general, aqueous phase polymerizations are classified into homogeneous and
heterogeneous systems. Details on heterogeneous systems have been the subject of many

140-141-142

reviews and will not be further discussed here.

The first successful reported agqueous ATRP was the polymerization of 2-hydroxyethyl

acrylate (HEA) in presence of Cu(l)Br/bipyridine as catalyst and methyl 2-bromopropionate
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143

or diethyl 2-methyl-2 bromomalonate as initiator™ . Following this work, aqueous ATRP of

neutral water soluble methacrylate, poly(ethylene oxide) methyl ether methacrylate
(PEGMA)*** was performed. It was shown that the reaction was faster in presence of water
by comparison with the polymerization of the same monomer in bulk, which demonstrated

145

that water affected the polymerization. Later studies on ATRP of PEGMA™™, sodium 4-

styrenesulfonate™*®**’, quaternized (alkylated) DMAEMA'¥*  potassium 3-sulfopropyl

0 151

methacrylate™® and N-isopropylacrylamide®" in protic media showed that addition of
organic solvents (methanol or DMF) led to slower and better-controlled polymerizations. The

same result was also found with the addition of a Cu(ll)-X, complex.

Developing a successful agueous ATRP needs some requirements, particularly concerning
the choice of the catalyst due to the occurrence of several side reactions** displayed in

Figure 1.15.

R” R-OH
- HX -
H,0 ki , RR (R™ + RH)

I Kact I
RX + Cul, —= R+ cu'L X

K disp u i U ,"‘ Kx(XCu"Lm)

M, k,

cu’ + oL, + mL cu'L, + X

H,0

Cu'Ly(H20) +  X(Hp0); (=1,..., )

Figure 1.15. Side reactions in copper mediated aqueous ATRP. Reprinted with permission from Ref 113.
Copyright 2006 John Wiley and Sons.

In polar solvents, the polymerization rates in ATRP are usually high even at ambient
temperature, and the polymerizations are accelerated as the amount of water in the solvent

is increased. Specific solvation of some polar monomers able to form hydrogen bonds with

152-153
ko o213,

protic solvents leads to a small increase in Moreover, copper-based ATRP

deactivators (X,-Cu(ll)/L) are relatively unstable in protic media and tend to dissociate,

148

forming the complex Cu(ll)/L™™. Thus, the decrease of the deactivator concentration leads
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not only to larger polymerization rate but also to an increase of the polydispersity of the

polymers produced, according to the Equation 1.5.

k_[RX
M, /M, =1+ p[ b X(E— 1) Equation 1.5
Koo X, -Cu(i)/L]) \ x

M,/M,: molar mass dispersity

ky,: propagation rate constant (L.mol s
kqeact: deactivation rate constant (L.mo/'l.s'l)
[RX]: alkyl halide concentration
[X>-Cu(ll)/L]: copper based deactivator

Cu(l) species are generally unstable in water and tend to disproportionate. However, the
stability of Cu(l) species could be improved with an appropriate ligand. In this purpose, many
studies of the copper complex stability in presence of several ligands have been

d 113-148-154-155

performe (Figure 1.16). The results of these works showed that Cu(l)/bidy is

more suitable for aqueous ATRP than Cu(l)/PMDETA.
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Figure 1.16. Disproportionation of Cu(l) in aqueous media in the presence of various ligands with N donor atoms
as a function of free ligand concentration (left, reprinted with permission from Ref 113. Copyright 2006 John
Wiley and Sons). Correlation between ATRP catalytic activity and disproportionation ability for several Cu(l)
complexes ([L] = 0.01 mM), 8 and 8" represents the stability constants of Cu(l) and Cu(ll) complexes respectively
(right, reprinted with permission from Ref 156. Copyright 2006 American Chemical Society).

According to the different works performed in water solution, it was concluded that the
control of the aqueous ATRP could be improved by selecting ATRP catalysts that possess a
high halogenophilicity (this value should depend upon the nature of the ligand and that of
the metal). It is preferable to employ catalysts containing large initial amounts of deactivator

and/or add extra halide salts to the system148'157'158.
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SR&NI**® and AGET ATRP?%161162 have been successfully performed in water solution. To
provide good results in terms of both control and DP,, the correct [Cu(ll)]/[reducing agent]
ratio and appropriate reducing agent nature are critical*®. The ideal process should have a
constant and high Cu(ll)/Cu(l) ratio, which is difficult to achieve over the whole
polymerization course by addition of a single reducing agent. In a recent work,
Matyjaszewski and co-workers reported the AGET ATRP of poly(ethylene glycol)
methacrylate (PEGMA) under continuous addition of ascorbic acid. Higher conversions were
achieved by continuous addition of the reducing agent but a slight increase of the M,,/M,,
value was observed due to irreversible termination reactions at high conversion or due to
the presence of dimethacrylate impurities. The synthesis of amphiphilic star polymers with
low molar mass dispersity (My/M,) and high molar mass by AGET ATRP using the “arm-first”

3

method was successfully performed in highly diluted aqueous media’® and lead to

arborescent polyelectrolytes™®”.

1.1.e.i. SET-LRP in water and in polar solvent
The solvent used in SET-LRP has a significant role as the disproportionation of the Cu(l) is a
key step in the process. As previously shown, the disproportionation of Cu(l) strongly
depends on the polarity of the solvent. Although some examples of SET-LRP in toluene®
have been reported, most of the works performed the SET-LRP in polar solvent such as

DMSO, alcohols and acetonitrile, MeCN'®,

Most aqueous SET-LRP are performed in binary solvent mixtures at different content of
water. In his last review article, Percec’® listed the different binary mixtures employed
(acetone/H,0, DMF/H,0, EtOH/H,0, MeOH/H,0) and concluded that the addition of H,0
increased the polarity of the medium and enhanced the degree of disproportionation of
X-Cu(l), thus enhances the k,"** and improves the molar mass predictability. Moreover, the
binary mixtures of polar organic solvents and water seem to be useful for the polymerization

107

of hydrophilic monomers such as N-isopropylacrylamide (NIPAM) -, poly(ethylene glycol)

monomethyl ether methacrylate (poly(PEGMA)), 2-ethylhexyl acrylate (2-EHA)*>166167,
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Rosen et al.'”’

investigated the solvent effect in the polymerization of NIPAM and N,N-
dimethylacrylamide (DMAAm) in polar and dipolar aprotic solvents. The authors observed a
“time dependence of disproportionation”, with increased disproportionation after greater
reaction time. This time dependence is more significant in aqueous media, due to the
insolubility of CuCl in H,0 and thus, might be just the result of the limited solubility of X-Cu(l)
crystals. This “time dependent disproportionation” is not expected for X-Cu(l) species
generated in situ because they are produced directly in solution. As expected, very fast
polymerizations were observed for both monomers with good control. However, in presence
of binary mixtures of organic solvents and water the polymerization was significantly
accelerated. To compensate the extremely fast activation and propagation, addition of
external CuCl, was required. However, the authors concluded that the presence of
solubilized CuCl,/L in the reaction mixture at the beginning of polymerization is only needed
to mediate deactivation and to suppress side-reactions in the very early stages of

polymerization. With sufficient extent of disproportionation and low levels of externally

added CuCl,, the levels of deactivator are internally rather than externally controlled.

The SET-LRP in pure water was also performed for acrylamide and N,N-dimethyl-N-
methacryloyloxyethyl-N-sulfobutyl ammonium at 25 °C in presence of 2-chloropropionamide
as initiator with Cu(0) powder in the presence of Mes-TREN'®. The SET-LRP of isobornyl
methacrylate'®® was also reported using EBiB, PMDETA. However for both examples, it was
observed that the polymerization was better controlled with addition of an organic solvent
(DMSO) due to a too fast disproportionation of Cu(l) in water’®. Interestingly, the rate of
spontaneous polymerization was observed to increase up to 80 mol % of water content in
DMSO after which it decreased. The decrease in the rate of polymerization above 80 mol %
of water was attributed to the decreased compatibility between the agqueous phase and the

hydrophobic monomeric phase”o.

More recently, the SET-LRP of HEA'! was successfully attempted in water using Cu(0), ethyl-
2-bromoisobutyrate (EBiB) as initiator and MegTREN, TREN or PMDETA as ligand. CuBr, was
used in all experiments. The concentration of the initiator was fixed at 0.34 mol/L and a

molar ratio 10/1/0.1/0.05-0.1 of HEA/EBiB/Ligand/CuBr, was selected. Generally, high
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conversions (>90%) were achieved in a very short reaction time (~1h). Final molar mass
values were comprised between 4 000 and 6000 g/mol with a dispersity <1.32. Direct
comparison of the kinetics of the polymerization performed in DMSO and in water, it was
showed that the SET-LRP was faster in water in similar experimental conditions, due to the
faster disproportionation rate. The effect of the chemical nature of the ligand was also
investigated and a better control of the reaction was achieved with MegTREN. No control at
the beginning of the reaction was observed in presence of TREN. The use of PMDETA led to a
faster polymerization than with MegTREN and the polymerization was also not well
controlled at the beginning. In this study, the synthesis of PEG-b-poly(HEA) using a PEG-Br as
macroinitiator was reported and a good control over the molar masses and the M,,/M,, was

observed.
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1.2. Core-shell particle via surface-initiated polymerization

1.2.a. Introduction

Emulsion polymerization allows the production of a wide range of polymers material such as
adhesives, paints, binders, additives for paper, textiles and construction materials. This is
due to the fact that emulsion polymerization process includes many advantages such as, the
production of waterborne latexes with high molar mass polymers with high polymerization
rate, the low viscosity of the reaction media and the production of polymeric materials with

high specific surface area.

However, classical radical emulsion polymerization suffers from the same limitations as
classical radical polymerization, i.e. non-control of the macromolecular architectures.
Moreover, the types of particle morphologies produced under classical emulsion

polymerization are limited.

Particle morphology strongly influences the latex properties and is thus important with
regard to applications. Particularly, many applications such as painting and coating depend
on latex surface properties. Therefore, there is a growing interest in the development of
polymer surface modifications. In particularly, modifications of latex particles have been the
subject of many researches for the preparation of various morphologies, most frequently

core-shell particles™®®.

Latex surface modification offers a rather easy way to introduce new functionality or to
improve latex properties. One of these possible modifications is to bind covalently a polymer

or a functional molecule using a surface initiated reaction.

Generally, polymer brushes could be prepared following two main strategies, the “grafting

to” and the “grafting from” (Figure 1.17).

The “grafting to” strategy consists in attaching preformed polymer chains via either
physisorption169 or chemisorption170 in which case the polymer is covalently bound to the

surface. However, to produce thick and very dense polymer brushes with this strategy is
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17 gy rthermore, with

difficult due to steric repulsions between the polymer chains
increasing polymer molar mass, the reactive group on the substrate surface becomes less

accessible for the polymer end-group.
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Figure 1.17. Synthetic strategies for the preparation of polymer brushes: (A) physisorption of diblock copolymers
via preferential adsorption of the red blocks to the surface (grafting to approach); (B) chemisorption via
reaction of appropriately end-functionalized polymers with complementary functional groups at the substrate
surface (“grafting to” approach); (C) polymer brushes grown via surface-initiated polymerization techniques
(“grafting from” approach). Reprinted with permission from Ref 173. Copyright 2009 American Chemical
Society.

In the “grafting from” approach, polymer chains are grown from functionalized surface by

17217417 allowing high brush density. Over the past decade,

surface-initiated polymerization
many surface-initiated polymerization strategies have been applied to the synthesis of
polymer brushes such as living ring-opening polymerization176, anionic polymerizationm,
living cationic polymerization178, ring-opening metathesis polymerization179, polymerization
under UV, However, most of the polymer brushes produced by the “grafting from”

method are prepared via surface-initiated controlled radical polymerization173'181.

Strategies employed for grafting from polymer films or fibers or from inorganic surface are

173

very similar to those used for polymer particles™"". For this work, only the surface-initiated

radical polymerization from latex particles will be further developed.
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1.2.b. Core-shell particles synthesis by conventional free radical polymerization

In conventional radical polymerization, core-shell particles are traditionally prepared by
seeded polymerizations, where the seed particles form the core and the second feed of
monomer forms the shell. Thus, the morphology is thermodynamically controlled and

182

depends on the polymer interfacial energy " (Figure 1.18). The core and the shell are not

covalently linked but composed of different polymer chains.
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Figure 1.18. Graphical representation for the prediction of the thermodynamic morphology of composite
particles. Adapted from Leiza and co-workers'®.

Under this process, the formation of a hydrophilic shell at the surface of hydrophobic core is
quite challenging as the hydrophilic monomer will preferentially polymerize in the water
phase. Nevertheless, this type of core-shell particles, which contain a hydrophobic core and
a hydrophilic shell, in particular a stimuli responsive shell, has become attractive for
scientists since such systems may combine the properties characteristic of both the core and

the shell.

Thermosensitive core-shell particles were first synthesized by Makino et al.*®*, Okubo and
Ahmad'®, and by Ballauff'®®. All these works reported the preparation of a shell of poly(N-

| 187-188

isopropylacrylamide), poly(NIPAM) onto a poly(styrene) (PS) core. Pichot et a and

Martinho et al.*®® used poly(methyl methacrylate) (poly(MMA)) substrate for the grafting of
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poly(NIPAM). Recently, Xiao et al'™® synthesized poly(acrylamide-co-styrene)-
poly(acrylamide-acrylic acid) thermosensitive particles.

186 First, the

Generally, the synthesis of such core-shell particles is performed in two steps
core-seed latex, PS or poly(MMA), is prepared by conventional radical emulsion
polymerization. Then, a small amount of the monomer NIPAM (5 wt%) is added, which
creates a thin shell of poly(NIPAM) onto the core particles. After complete polymerization of
the core, the poly(NIPAM) network shell is bounded to the core by a second seeded
emulsion polymerization in presence of crosslinker (N,N-methylenebisacrylamide), which is
carried out at T > LCST of the poly(NIPAM), i.e. >32°C. Most probably, the poly(NIPAM)
network is connected to the core particles by chain transfer in this step.

1 The cryo-TEM

The morphology of those particles was directly investigated by cryo-TEM
analysis showed inhomogeneities in the corona around the spherical PS core. It was
concluded that during the two-step process chain transfer does not lead to complete
attachment of the shell to the core and the strong swelling of the shell at room temperature

may lead to a partial detachment of the chains®.

Conventional radical polymerization allows the preparation of core-shell particles and under
appropriate conditions hydrophilic shell could be attached to the core particle. However,
control of the grafting density, the polymer chain location and the shell thickness are quite
challenging. Therefore, surface-initiated polymerization will be preferred to synthesize

hydrophobic core-hydrophilic shell particles.

1.2.c. Surface-photoinitiated polymerization

1.%% to prepare well-defined

Photo-emulsion polymerization was employed by Ballauff et a
PS-poly(NIPAM) core-shell particles. Via this “grafting-from’” method, the polymer layers are

formed by in situ polymerization initiated photo-initiator immobilized at the surface.

The procedure for surface-photoinitiated polymerization is performed in 3 steps. At first the

core particles are prepared by conventional emulsion polymerisation. Then, after 1 hour
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reaction in the first step when the styrene has not been fully converted, the particles are
covered with a thin layer of a specific monomer: 2-[p-2-hydroxy-2-methylpropiophenone)]-
ethylene glycol-methacrylate (HMEM) which acts as a photo-initiator. After the
functionalization step, the latex is exposed to UV radiation to initiate the shell-monomer

polymerization (Figure 1.19).

Surface Graftmg from

functionalization
HMEM

Standard emulsion
polymerization of

Styrene
Functionalization
?\ CH,
0 C 5 —\ ﬁ I

2-[p-2-hydroxy-2-methylpropiophenone)]-

ethylene glycol-methacrylate I 5 /} }7
(HMEM) /\T e

Figure 1.19. Schematic representation of core-shell particles preparation by photo-emulsion polymerization.

Adapted from Ballc:ufflg2

Different types of shell have been obtained using this procedure; core PS-shell poly((2-

228

methylpropenoyloxyethyl) trimethylammonium chloride)**®, core PS-shell poly(ethylene

glycol) methacrylate'®® and core PS-crosslinked shell poly(NIPAM)'*%,

Core-shell morphology was confirmed by cryo-TEM, dynamic light scattering (DLS) analyses
and it was concluded that surface-photoinitiated polymerization leads to a more

homogeneous cross-linked poly(NIPAM) shell than conventional emulsion polymerization.

1.2.d. Surface-initiated metal-mediated polymerization
With the development of controlled radical polymerization (CRP), the “grating from” method

173-181

has been extensively employed for the controlled synthesis of core-shell particles . Due

to fast initiation and simultaneous growth of the chains, CRP allows grafting density and
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brush thickness to be well-controlled. Moreover, CRP is tolerant to water and can thus be
conducted in an aqueous medium and it is also compatible toward a wide range of

monomers.

Controlled radical polymerizations such as reversible addition-fragmentation chain transfer

197

(RAFT)419519% - hitroxide-mediated radical polymerization (NMP) and photoiniferter

mediated polymerization (IMP)**® have been successfully employed for the synthesis of core-

shell particles for the creation of a hydrophilic shell*”**8!

. However, compared to other CRP
methods, ATRP has been most extensively used to produce polymer brushes because ATRP is
chemically versatile, compatible with a wide range of monomers and robust. Surface-
initiated ATRP (SI-ATRP) has been performed in organic solution or in water!/3199-200-201-202-203-204
and particularly used on silica particles. However, only a few examples used polymer
latexes'® resulting from a radical emulsion polymerization as substrate for surface-initiated

polymerization. This will be now further developed.

The use of aqueous functionalized latexes as support for surface-initiated ATRP (SI-ATRP) has
been reported for the first time by Manuszak-Guerrini et al.?®® in 2000. The grafting strategy
was to functionalize a crosslinked polystyrene latex with an inimer (i.e. a monomer bearing
an alkyl halide group able to serve as an initiator in ATRP) at the particle surface and to
activate it by a Cu(l) complex in the presence of a water-soluble monomer. Following this
206-207-

work, other teams used the same procedure to prepare core-shell particles by SI-ATRP

208-209-210 (i yre 1.20).

Surface functionalization Grafting from
Inimer Cu(l) /L
_ = —_—
Br S o
A Hydrophilic
Standard emulsion monomer
polymerization of
Styrene
\

Functionalization

Figure 1.20. Schematic representation of core-shell particles preparation by SI-ATRP.
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1.2.d.i. Latex functionalization
PS cores are usually used as substrate for SI-ATRP. Generally, PS latexes are prepared under
conventional radical emulsion polymerization without surfactant. Under this process, latexes
with low solids content (below 5 wt%) and large particles (above 500 nm) are usually
achieved. To produce smaller particles (92 nm), Manuszak-Guerrini et al.®® carried out the
emulsion polymerization in presence of cationic and non ionic surfactants, which were

further removed by dialysis.

Controlling the location of the initiating group at the extreme particle surface is the main
parameter to provide efficient grafting reaction. Different strategies to functionalize latex
particles have been reported to target a thin, uniform reactive layer at the surface and to

avoid secondary nucleation.

The strategy consisting in introducing the reactive group via (co)polymerization of the inimer

(Figure 1.21) was the most employed one. The case of polystyrene core particles and an

acrylate functional monomer has been particularly investigated by Mittal et a2 T

o
favor the synthesis of functionalized particles and to avoid secondary nucleation, the
introduction of the inimer along with a crosslinker had to be performed at 70% conversion of
the monomers polymerization in the first stage emulsion polymerization. The way the
functional monomer was introduced (shot or delayed addition; pure or mixed with styrene)

also had an effect on the uniformity of the functionalized shell. However, in the presence of

a crosslinker irregular morphologies could not be avoided.

(0] (0]
)ﬁro\/\o*r Br )\’(0\/\0)‘\(0
(0] (0]

205 215

2-(2-Bromo propionyloxy) ethyl methacrylate 2-(2-Chloro propionyloxy) ethyl methacrylate:
(CPEM) (CPEM)

o o}
/ 0O _ "~ )J\(Br P o _~ &Cl

207 202-203-204-212-213-214

2-(2-Bromo propionyloxy) ethyl acrylate 2-(Methyl 2-chloro propionato) ethyl acrylate
(BPEA) (MCBPEA)
Figure 1.21. Monomers bearing an ATRP initiator group used in emulsion polymerization for the functionalization

of latex particles.
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A new type of functionalization was reported by Min et al.*?

using post modification of PS
seed. In a first step, the crosslinked PS core was prepared under surfactant-free emulsion
polymerization. Then, the particle surface was modified by chloromethylation in THF
solution to functionalize particle surfaces with chlorine atom. In this work, the
functionalization and the SI-ATRP were performed in organic solvent, THF and cyclohexane

respectively.

In a recent study, Ishizu et al.*** described an easier way to immobilize bromide group at the
particle surface. In this case, functionalized crosslinked poly(MMA) particles were directly
prepared by surfactant free-emulsion polymerization in presence of CBr4 as a chain transfer
agent, providing a facile preparation of surface-immobilized ATRP initiators on colloidal

polymers. The SI-ATRP was also performed in organic solvent in this work.

One example reported the functionalization of latex particles using an amphiphilic block
copolymer prepared by ATRP as a stabilizer in emulsion ponmerization215. In this case, the Br
group at the end of the block copolymer is not covalently bound at the particle although

strongly anchored.

Generally, very little information has been reported concerning the quantification or the
location of the Br group using this two-step strategy probably due to the small amount of Br,
which makes it difficult to detect. The good incorporation of the Br group was indirectly

proven by performing the grafting reaction and controlling the location of the shell.

1.2.d.ii. SI-ATRP in water solution
In all instances, the grafting reaction by ATRP was carried out with diluted latexes (low solids
contents of ~5 wt%, except for the ref 215 in which the solids content was 16.6 wt%) and
latexes were carefully cleaned by dialysis and/or by centrifugation to eliminate all traces of
radical initiator (and to avoid the initiation of free chains in the aqueous phase when the

ATRP was performed at high temperature®®) and surfactant.
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In the case of latexes synthesized with persulfate initiators, the negatively charged particle
surface could affect the latex stability at the addition of ATRP cationic catalyst. The
stabilization was maintained by the addition of nonionic surfactant just before the grafting

reaction®*®.

SI-ATRP was usually performed at room temperature except for one example where the

polymerization took place at 70°C or 80°C*®.

X-Cu(1)’®, mixture of X-Cu(l)/X,-Cu(ll) or X-Cu(l)/Cu(0) powder?0°207-208:211-216-217-218 '\ 0 o
used as catalysts for the SI-ATRP in presence of various multidentate amine ligands such as
bipy, HMTETA and PMDETA. In some examples, supplemental free ATRP initiator was

207208216 o 35 to enhance the control of surface initiated

introduced in the latex serum
polymerizations. Brooks and co-workers reported the decrease of the molar mass and
dispersity of the chains grafted by aqueous ATRP. However, in the case of block
copolymerization, the addition of soluble initiator decreases the molar masses while

dispersity of the chains® remains unaffected.

A wide range of hydrophilic monomers has been successfully grafted at the particle surface
by SI-ATRP such as 2-hydroxyethyl acrylate (HEA)’®, 2-(methacryloyloxy)ethyl
trimethylammonium chloride (MAETACI)*®, methoxyethylacrylamide (MEA)?Y,
methoxypoly(ethylene  glycol)-based  N-substituted  acrylamide = macromonomers

)2, Nevertheless

(MPEGNAm)*® and a styrene derivative bearing a lactose residue (VBSAELA
N,N-dimethylacrylamide (DMAAmM)*%2¢27 and NIPAM*7?%2M haye been particularly

investigated.

No information concerning the kinetics of the SI-ATRP was reported but it appeared that
complete conversion was generally never achieved even after a long polymerization time
(24h%%2%) |t was attributed to the persistent radical effect and the accumulation of Cu(ll)
deactivator in the aqueous phase. Brooks and co-workers’® observed that the final
conversion was influenced by the monomer concentration. Monomer conversion increased

with increasing monomer concentration when using HMTETA/CuCl catalyst. At high
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monomer concentration, the latexes became very viscous, which probably affected the

diffusion of monomer and copper complex.

Characterization of the grafted chains (molar masses, molar mass distribution, mass of
chains per unit area of latex, etc.) have been particularly investigated by Brooks and co-

206-207-208-211-216-220-221
workers

. It was concluded that parameters such as the concentration of
monomer, of latex particles, of surface initiator, of deactivator [Cu(ll)], and of free ATRP

initiator has to be carefully adjusted to perform an efficient grafting.

At a constant grafted initiator concentration, the initial monomer concentration affects the
final conversion, the grafting density and the M, of the grafted chains and hences the shell
thickness. Those three parameters increased with increasing monomer concentration. Under
appropriate conditions, grafted chains with M, above 6 x 10° g/mol and grafting density of
0.8 chain per nm? have been achieved. However, Brooks and co-workers?®® distinguished the
global monomer concentration from the monomer concentration near the particle surface.
Results obtained for the polymerization of NIPAM indicated lower grafting densities
compared to those obtained with DMAAm under identical conditions. It was thus suggested
that, monomer type also influenced the grafting reaction. The accessibility and diffusion of
monomer near the interface depend on the chemical nature of the monomer and of the
surface. Thus, a monomer with affinity for a particular surface could concentrate there and

influence the early stages of the polymerization.

Increasing the concentration of the ATRP initiator increases the polymer grafting density.
However, the nature of the surface could also affect the polymerization. In presence of a
negatively charged latex (persulfate initiator), the positively charged catalyst is concentrated

208

at the particle surface and affects the polymerization”". Chain transfer reactions to the

complex can then occur as tertiary amines are known to be good radical chain transfer

agents®*.

The controlled character of the grafting reaction is influenced by the type of catalyst.

Generally, a good control of the SI-ATRP was achieved. Low M,,/M, were obtained, typically
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in the 1.2-1.6 range in presence of PMDETA and HMTETA as ligands. The addition of
supplemental deactivator, Cu(ll) leads to a decrease of the M,,/M, and M, values at similar
reaction time in accordance with ATRP mechanism. The addition of free ATRP initiator,
either hydrophilic or hydrophobic, led to a decrease of M,,, but did not improve the control
over the polymerization. In all instances, the presence of non-grafted polymer chains in the
latex serum was noticed and was attributed to chain transfer reactions to the ligand.
Recently, core-shell particles were prepared via a surface-initiated AGET ATRP procedure®®.
In this single work, Cu(ll) complex was used in presence of ascorbic acid to initiate the
polymerization.

The living character was evaluated by grafting block copolymers via a two-step SI-ATRP?"2%,
An increase of the molar mass and thickness of the hydrophilic layer was observed, proving

an efficient re-initiation in the second step.

Different analyses were used to characterize the core-shell particles. The most current
techniques are cryo-TEM, DLS, IR, NMR and elementary analysis if the shell contains a
characteristic atom not present in the core. In the case of poly(NIPAM), variation of the
particle size was monitored at different temperatures. Particles bearing a poly(NIPAM) shell
exhibited a change in the chain conformation leading to a reduction of their hydrodynamic
diameter upon an increase in temperature above the LCST. Efficient grafting reactions were

proven as the variations of the diameter were completely reversible.

All the experimental conditions for the preparation of core-shell particles from latex particles

via SI-ATRP in water medium are listed in Table 1.3.
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Table 1.3. Overview of surface-initiated ATRP performed at room temperature in water medium from PS
functionalized particles.

Ref Inimer Complex Ligand Shell
2017 BPEM CuBr bipy poly(HEA) and poly(MAETACI)
202"  MCPEA CuCl / CuCl,/ Cu(0) HMTETA poly(DMAAm) and poly(NIPAM)

poly(DMAAm), poly(NIPAM) and poly(MEAm)
poly(DMAAmM)-b-poly(NIPAM),

203° MCPEA CuCl / CuCl,/ Cu(0) HMTETA
poly(DMAAm)-b-poly(MEAmM)
poly(NIPAM)-b-poly(MEAm)
bl HMTETA poly(NIPAM)
204 MCPEA CuCl / CuCl,/ Cu(0)
PMDETA poly(NIPAM)-b-poly(DMAAmM)
205 BPEA CuBr / CuBr,/ Cu(0) HMTETA poly(NIPAM)
212° MCPEA CuCl / CuCl,/ Cu(0) HMTETA poly(NIPAM)
213 MCPEA CuCl / CuCl,/ Cu(0) HMTETA poly(NIPAM)
214" MCPEA CuCl / CuCl,/ Cu(0) bipy poly(MPEGNAm)
215 MCPEM CucCl, / ascorbic acid TPMA poly(VBSAELA)

a) Reaction performed at 70-80°C
b) Addition of non ionic surfactant (Brij 35)
c) Addition of free ATRP initiator

1.2.d.iii. SI-SET-LRP
So far, no example of core-shell synthesis by SI-SET-LRP from latex particles and no example

of SI-SET-LRP performed in pure water have been reported.

Huang and co-workers reported the preparation of amphiphilic block copolymer micelles by

the “shell-first” method??%?%

. A double hydrophilic graft copolymers, poly(NIPAM)-b-
[poly(HEA)-g-poly(2-vinylpyridine)] was prepared by metal-mediated polymerization in
organic media. As the poly(NIPAM) is thermo-responsive, the copolymer exhibited
“schizophrenic” micellization properties including thermo and pH-responsive behaviors in
aqueous medium by a suitable combination of solution temperature and pH. The backbone
was first prepared by SET-LRP of NIPAM and HEA at 25°C, using Cu(l)Br/tris(2-
(dimethylamino)ethyl)amine as a complex in DMF/H,0 mixture. Chloromethylation of the

formed diblock copolymer poly(NIPAM)-b-poly(HEA) was performed with 2-chloropropionyl
chloride to give a macroinitiator. Then the poly(NIPAM)-b-[poly(HEA)-g-poly(2-
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vinylpyridine)] double hydrophilic graft copolymer was synthesized by ATRP using
Cu(l)Br/dHbpy as a copper complex in DMF/H,0 mixture. Regarding the experimental
conditions, it is quite surprising that two different mechanisms were proposed, but the
authors justified the SET-LRP process by the in situ generation of Cu(0) by the

disproportionation of Cu(l).

5 6

Poly(NIPAM) was attached onto silicon®”®> and cellulose®*® substrate by “grafting from”
method in DMF and MeOH/H,0 mixture respectively. Both examples used the term surface-
initiated SET-LRP and performed the SET-LRP in presence of Cu(l)/L which disproportionate
to generate Cu(0) in situ. Whatever the real mechanism, the grafting was proven in both
cases. For the grafting of poly(NIPAM) onto silicon wafers, a good control of the surface
initiated polymerization was observed but it was noticed that the addition of Cu(ll)Br, and
free initiator at the beginning of the polymerization was necessary for reversible radical
generation and suppression of termination reactions. Poly(NIPAM) chains grafted from
cellulose nanocrystals were less controlled (M,,/M, > 2.1) but the controlled character was

improved in presence of Cu(ll)Br,.

The use of Cu(0) alone for surface initiated polymerization was reported in one single
example??’.  Poly(2-(dimethylamino) ethyl methacrylate) (poly(DMAEMA)), poly(2-
(diethylamino)ethyl methacrylate) (poly(DEAEMA)), poly(2-(dimethylamino)ethyl acrylate)
(poly(DMAEA)), poly(2-(tert-butylamino) ethyl methacrylate) (poly(TBAEMA)) were grafted
onto silicon wafer substrate using different conditions (catalyst systems, solvents, and

temperatures) These experiments are listed in Table 1.4.
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Table 1.4. Reaction conditions for surface-initiated polymerization of DMAEMA, DEAEMA, DMAEA and TBAEMA
brushes from silicon wafer substrates using ATRP [1-4] and SET-LRP [5-8] methods. Adapted from Ding and co-
workers””’

Ref Monomer Dry Polymer Cataslysts Ligand Solvent T°C Reaction
Thickness time
(nm) (°C) (h)
1 DMAEMA 29174 CuBr / CuBr, bipy IPA/H,0 40 48
2 DEAEMA 17+£2.2 CuCl / CuCl, HMTETA MeOH 60 72
3 DMAEA 34+5.9 CuCl / CuCl, Me6TREN Bulk 90 72
4 TBAEMA 20+0.7 CuCl / CuCl, HMTETA Bulk 90 72
5 DMAEMA 54+58 Cu(0) bipy Bulk 40 10
6 DEAEMA 21+1.9 Cu(0) HMTETA Bulk 40 4
7 PDMAEA 6+0.6 Cu(0) Me6TREN DMSO 60 72
8 TBAEMA 17+6.4 Cu(0) HMTETA DMSO 75 96

The authors compared surface-initiated ATRP and surface-initiated SET-LRP and
demonstrated that the SET-LRP polymerizations proceeded faster and/or at relatively lower
temperatures than the ATRP. The grafting was monitored by IR and XPS measurements but

few information concerning the controlled character were reported.

1.2.e. Core-shell properties
“Smart”’ nanoparticles, i.e. core-shell particles bearing stimuli responsive shell (T or pH), may
have several important advantages for applications based on adsorption—desorption

processes.

For instance, Ballauff and co-workers immobilized metal nanoparticles (Ag, Au and Pd) inside
the poly(NIPAM) shell prepared via surface-photoinitiated polymerization and used them as

smart “nanoreactors’’>*®?%

. The catalytic activity of the nanoparticles was modulated by a
thermodynamic transition. At low temperature, metallic nanoparticles embedded in such a
network were fully accessible by the reactants. Above the transition, however, the shrinking
of the network was followed by a concomitant slowing down of the diffusion of the
reactants within the network. Thus the rate of reactions catalyzed by the nanoparticles was

slowed down considerably. In this way, the network could act as a ““nanoreactor’” that can

be opened or closed upon a change of temperature (Figure 1.22).
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Figure 1.22. Schematic representation of thermosensitive core-shell particles bearing metallic nanoparticles.
Adapted from Ballauff and co-workers.

Recently, PEG-based N-substituted acrylamide macromonomers grafted via SI-ATRP from the
surface of polystyrene latexes showed good protection against nonspecific protein
adsorption from blood plasma compared to the corresponding bare surfaces?®. A similar
result was obtained with polystyrene particles coated with lactose residues, which enhanced

protection against adsorption of bovine serum albumin®®.

More generally, core-shell particles with a hydrophilic shell are sterically stabilized and the

corresponding latexes present a very good colloidal stability.
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1.3. Conclusion

Since its discovery, metal-mediated polymerization (MMP) has been intensively studied as it

is a versatile technique for the synthesis of value-added polymers for novel applications.

MMP has become more and more attractive for potential applications with the development
of new systems presenting high efficiency at low catalyst concentration. The different
parameters affecting the process have been the subject of numerous studies and are

relatively well understood.

However, with the development of new methods, in particular ARGET ATRP and SET-LRP,
some questions concerning the mechanism have emerged and are still under debate. The
opposition between these two mechanisms leads to the emergence of numerous papers and
various additional names which tend to be confusing. Whatever the real mechanism
involved, the use of Cu(0) offers a rather easy way to proceed, allows the decrease the

amount of catalyst and might have quite promising efficiency in water solution.

One potential application of CRP and particularly MMP is the preparation of core-shell
particles by the “grafting from” process. Contrary to conventional radical polymerization,
MMP allows the preparation of core-shell particles with a shell covalently bound to the core
with high grafting density and good control of the shell thickness. Moreover, as the initiation
takes place only at the particle surface, new morphologies can be achieved, in particularly

core-shell particles with hydrophilic shell.

Particles grafted with hydrophilic polymer chains, particularly those with stimuli responsive
properties, have been intensively investigated as they may have several important
advantages for applications based on adsorption—desorption processes and the parameters
affecting the most important outcomes (such as grafting density, chain length, and shell

thickness) are now correctly understood.
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However, the conditions of the synthesis (low solids contents, cleaned latexes, surfactant
free latex) in those studies are not viable at the industrial scale. Moreover, most of these

works were performed in normal ATRP conditions.

Therefore, the aim of this study was to find the best conditions for an efficient surface-
initiated polymerization from latex particles. One of the main aim, is to develop
functionalized particles as a platform to grow any kind of polymers. The functionalization
procedure has to be compatible with industrial latex formulations, the initiating group has to
be in minimum amount at the extreme particle surface and to be able to initiate a wide
range of monomers. As the grafting reaction will be performed from “as-synthesized”
latexes, the conditions with the surface-initiated polymerization have to be adjusted so as to
avoid possible interactions of the remaining surfactant and initiator. Moreover, those
conditions have to prevent latex destabilization, high viscosity and/or gel formations which
may occur in the grafting of concentrated latex (high solids content). At last, for potential
applications, the concentration of metal complex (metal salt/ligand) has to be the as low as

possible.

Considering the previous literature survey and the goal we intend to reach, different
parameters have to be adjusted, in particular the conditions for the grafting reaction as they

are far from those generally used.
A catalyst system able to initiate efficiently the grafting reaction in water has to be the first

target. Therefore, before any surface-initiated polymerization, Cu(0) mediated

polymerization will be studied in water solution. This is the aim of the next chapter.
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Chapter &
Copper-mediated
polymerization in water

Introduction

The use of Cu(0) in metal-mediated controlled radical polymerization has been particularly
investigated as it offers a way to decrease the complex amount. Actually, despite the
growing interest in Cu(0)-mediated polymerization observed in literature, only few
examples'™? report the use of this technique in pure water. Those studies have been only

very recently published and were not available when this work started.

As already reported in the previous chapter, performing copper-mediated polymerization in
water is quite challenging as several side reactions may affect the good control of the
polymerization3. Generally, a high activation rate constant (k,.) is observed in water, which
favors the generation of active radicals and thus increases termination processes>. Moreover
partial dissociation of the halide ion from deactivator complex may occur in water solution
providing a poor deactivation of the propagating radicals®. The choice of an appropriate
ligand is all the most important in aqueous media since the performance of copper based
complexes relies on the stability of the complexes. In water, some complexes Cu(ll)/L and

more particularly Cu(l)/L are unstable and suffer from disproportionation that affects their
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activity4. At last, poor control of the polymerization may be caused by hydrolysis of the

carbon-halogen bond, which decreases the chain-end functionality4.

In the particular case of aqueous A(R)GET ATRP, it was observed that an excess of halide salt
favors the reformation of deactivator complex, which tends to dissociate in water*>®,
However, this solution could not be employed in our system as an increase in the ionic force

may destabilise the latex.

Therefore, before performing copper-mediated polymerization in presence of latex, some
experiments have been carried out in water solution to better understand the

polymerization behaviour.

To simplify the system, the reactions were performed in a homogeneous aqueous medium.
Different types of hydrophilic monomers were tested with different catalyst systems. Three
different initiators (Figure 2.1) were synthesized. The chemical structure of these initiators
was chosen so as to be as close as possible to the BPEA chemical structure and to lead to

water-soluble species.

H,C o H,C 0 H5C 0
’ \ON gﬂ‘)\Br ’ \ON i\’H\q \ON 5 Br
o] 0 o

MePEG-Br 500 MePEG-Cl 430 MePEG(CH,),-Br 500
Figure 2.1. Chemical structures of the initiators used for copper-mediated polymerization in aqueous medium.

The aim of this study is to determine the best polymerization conditions in order to

transpose them to the grafting reaction, i.e:

- A well defined initiation: as our initiation system is multi-component, the system
composition has to be carefully chosen to avoid unwanted reactions such as non-controlled
radical production and to control the kinetics of the initiation. Control experiments are

required to check the possible reactions between the different components. The obtained
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results will directly influence the choice of the composition for the grafting reaction but also

the latex formulation.

- A high conversion: remaining monomer is not allowed for potential application.
Complete or high monomer conversion has to be achieved and preferentially for a wide

range of monomers.

- A controlled character: the controlled character of the copper-mediated radical
polymerization is not the main target of this preliminary work. However, the tuning of the
deactivator concentration and the absence of side reactions are of concern. Indeed, as the
grafting polymerization on latexes will be performed at high solids content, termination via
interparticle radical coupling will favour gel formation. By adjusting the deactivator
concentration to reduce the propagating radical concentration, gel formation might be
avoided. To direct the location of the chain polymer at the particle surface via covalent
bonds, transfer reactions need also to be avoided. Transfer reactions could generate non
grafted polymer and the accumulation of free polymer in the water could destabilize the

latex by depletion effect.
This chapter will be devoted to the implementation of a model system in water. For

this purpose, control experiments carried out in water will be presented in a first part. The

influence of the different parameters studied will be reported in the second part.
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2.1. Control experiments in water at room temperature

2.1.a. A true multicomponent system

Copper-mediated polymerization being based on a redox reaction, the presence of another
redox couple, which might be able to initiate the polymerization, is prohibited. Therefore,
control experiments were performed in water in presence of different component

combinations (Table 2.1).

Three different hydrophilic monomers were selected (Figure 2.2): poly(ethylene glycol)
methyl ether methacrylate (PEGMA 300, Mn = 300 g/mol), 2-hydroxyethyl acrylate (HEA)

and an acrylamide, N-acryloylmorpholine (NAM).

Table 2.1. Control experiments performed in water at room temperature.

Ref Monomer M/MePEG-Br/PMDETA/CuBr,/Cu(0) wire* Conv. (NMR)  Time
CVSET Nature conc. (mol/L) (molar equiv.) (%) (h)
22 PEGMA 300 0.12 13/1/0/0/0cm 2 4
34 HEA 0.58 -/0/0/0/7cm 0 4
89 HEA 0.14 43/1/0/0/0cm 0 7
90 HEA 0.16 88/0/1/0/0cm 0 7
91 HEA 0.14 88/0/1/0/15cm 0 7
93 HEA 0.13 43/1/05/0.2/0cm 0 7
92 HEA 0.13 88/0/1/0.5/1.5cm 0 7
37 NAM 0.23 -/0/0/0/7cm 0 4
49 NAM 0.30 37/1/05/0.1/0cm 0 4
94 NAM 0.11 35/1/0/0/0cm 0 7
95 NAM 0.11 64/0/1/0/0cm 0 7
96 NAM 0.11 64/0/1/0/1.5cm 0 7
97 NAM 0.11 64/0/1/0.5/1.5cm 0 7

*Copper wire: g =1 mm
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0 0 N
OCH3 OH o}
Poly(ethylene glycol) 2-hydroxyethyl acrylate N-Acryloylmorpholine
methyl ether methacrylate HEA NAM
PEGMA

Figure 2.2. Chemical structures of the water soluble monomers used for copper-mediated polymerization in
aqueous medium.

For all control experiments, no initiation was observed (the very low conversion obtained
with PEGMA 300 could be neglected). No reaction thus takes place if all the components
needed for an AGET ATRP initiation (ATRP initiator, Cu(0) and PMDETA/CuBr;) are not

present.

2.1.b. Side-initiation in presence of the components present in the latexes
As the grafting reaction will be performed in the presence of raw latex, it was important to
check that the remaining surfactant and initiator will not induce unwanted initiation. Control
experiments were also performed in the presence of the surfactant or of the thermal

initiator used in the emulsion polymerization.

These experiments were carried out in presence of NAM, Cu(0), PMDETA/CuBr; in the

absence of halogenated initiator (Table 2.2).

Table 2.2. Control experiments performed in presence of Cu(0)* PMDETA, CuBr, NAM, in water at room
temperature with additional components, 3h reaction time.

Ref NAM NAM/PMDETA/CuBr, Additional components Conv. (NMR)
CVSET  conc. (mol/L) (molar equiv.) Nature conc. (mol/L) (%)

110 0.28 65/1/0.4 KPS 0.004 25

111 0.30 70/1/0.5 NaP$S 0.004 15

113 0.50 115/1/0.4 SDS 0.002 0

114 0.30 70/1/0.4 Disponil FES77 2.5 mg/mL 0

115 0.30 76/1/0.5 ACPA 0.003 0

* All experiments were performed in presence of 1.5 cm Cu(0) wire (8 =1 mm)
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No polymerization took place in presence of a water soluble azo-initiator (ACPA).

In the presence of potassium persulfate (KPS) or sodium persulfate (NaPS), 25% and 15% of
NAM conversion were obtained, respectively. At this reaction temperature (25°C) thermal
decomposition is not conceivable. The initiation observed for CVSET 110 and 111 is probably
induced by the presence of PMDETA or/and CuBr; or/and Cu(0) but the true initiating system
was not further investigated as all the components, PMDETA/CuBr;, and Cu(0) are necessary

for the copper-mediated polymerization.

0% conversion was obtained in presence of the anionic surfactants SDS and Disponil FES77

and thus, both of those surfactants could be used for the latex synthesis (Figure 2.3).
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SDS Disponil FES77

Figure 2.3. Chemical structures of the surfactants used in the control experiments.
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2.2. Model system in water

2.2.a. Influence of the CuBr, concentration

In copper-mediated polymerization, the polymerization rate depends only on the
[X-Cu(1)/L]/[X-Cu(l1)/L] ratio’. Theoretically, [Xo-Cu(ll)/L] could be decreased as long as an
adequate concentration of CuBr; is maintained during the polymerization to achieve a well

controlled polymerizations.

Different polymerizations were carried out to optimize the CuBr; initial concentration. These

experiments are listed in Table 2.3 and the corresponding kinetics are shown in Figure 2.4.

Table 2.3. Copper-mediated polymerizations performed in presence of MePEG-Br 500 (8 x 10° mol/L), Cu(0)*,
PMDETA, NAM, in water at room temperature. Variation of the CuBr,initial concentration.

Ref CuBr, NAM/MePEG-Br/PMDETA ~ Time Conv. (NMR)  Myu”  Muep”  Mu/M,”
CVSET  (molar equiv.) (molar equiv.) (h) (%) (g/mol)  (g/mol)
48 0 34/1/0.6 2 100 5250 211300 4.2
47 0.02 32/1/06 2 100 5040 64300 6.3
46 0.04 34/1/0.7 2 100 5260 10600 10.5
31 0.10 37/1/0.6 4 85 4940 6900 2.5
45 0.20 36/1/0.6 6 52 3150 3200 1.9
59 0.30 37/1/05 6 27 1920 1900 1.6
60 0.40 40/1/0.5 6 22 1740 1600 1.5
61 0.50 37/1/0.5 6 27 1900 1200 1.3
44 0.60 32/1/06 6 24 1600 1200 1.2

* All experiments were performed in presence of 7 cm Cu(0) wire (¢ =1 mm)
% Theoretical M, calculated at final reaction conversion (M, s, = M#((Myone/Ny) X cONv.))
o Number-average molar mass and M,,/M,, determined by SEC in DMF with a PMMA calibration

Before any comment concerning the kinetic of the copper-mediated polymerization or the
molar mass evolution, it is important to remind that the samples have been analyzed
without removing the copper complex. Thus, samples might evolve before characterizations
are performed. It was particularly true for SEC measurements for which, after drying of the
the sample under vacuum, it was sometimes observed that polymerizations already started

or coupling reactions occurred during the sample preparation.
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0 eq (CVSET 48)
0,04 eq (CVSET 46)
A A 40,1eq (CVSET31)
0,2 eq (CVSET 45)
¢ 0,3 eq (CVSET 59)
® 0,4 eq (CVSET 60)
m 0,5 eq (CVSET 61)
A 0,6 eq (CVSET 44)

Conversion

Time (h)

Figure 2.4. Copper-mediated polymerizations performed in presence of MePEG-Br 500 (8 x 10~ mol/L), Cu(0),
PMDETA, NAM, in water at room temperature. Effect of the CuBr, concentration on the conversion of NAM.
(The lines are simple guides for the eyes and have no physical meaning).

Based on Figure 2.4, it seems that the polymerization rate decreased when CuBr,
concentration is increased. However, as the first sample was withdrawn at almost final

conversion, it is difficult to determine the true polymerization rate.

Generally, the final conversions decreased when the initial concentration of CuBr; increased

and final M, exp and My/M, decreased.

Three different behaviors were observed (Figure 2.4):

- 0 to 0.1 molar equivalents of CuBr, with respect to MePEG-Br 500: complete or very
high conversions (>75%) were achieved after ~1h together with high molar masses and

broad mass molar distributions.

- 0.2 to 0.4 molar equivalents of CuBr, with respect to MePEG-Br 500: conversions
increased to reach a plateau after 1h. The final conversions were low and the final My ex
were close to the targeted M, theo but the My,/M, remained still high for a controlled radical

polymerization.
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- 0.5 to 0.6 molar equivalents of CuBr, with respect to MePEG-Br 500: a strong
inhibition was observed up to 2h and conversion increased very slowly. The final M e, Were

close to the targeted M, e, and the M,/M, values were low (<1.5) as expected for a

controlled radical polymerization.

Figure 2.5 displays the size exclusion chromatograms of the final polymer obtained at
different CuBr, molar equivalents. Generally, gaussian peaks were obtained, which were
narrow for high CuBr, concentrations and became broad for low CuBr, concentrations.

Complete consumption of the initiator was obtained at the end of the copper-mediated

polymerization.

CuBr, concentration

* MePEG-Br 500
Initiator

= ]

* 52% conv. CVSET 45 (0.2 eq)

* 27% conv. CVSET 61 (0.5 eq)

2 25 3 35 4 4.5 5 5.5 6 6.5 7 7.5 8 85 9
logM (g/mol)

Figure 2.5. Size exclusion chromatograms of the final polymer for copper-mediated polymerizations performed

in presence of MePEG-Br 500 (8 x 10° mol/L), Cu(0), PMDETA, NAM, in water at room temperature at different
CuBr,molar equivalents.

A more accurate kinetics was followed over the case of the polymerization CVSET 61 (Figure

2.6) as the conversion slowly increased with the time and did not stop before 1h reaction

time.
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* 20 % conv. t=5h
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Figure 2.6. Evolution of the size exclusion chromatograms with monomer conversion for CVSET61 performed in
presence of MePEG-Br 500 (8 x 10° mol/L), Cu(0), NAM/PMDETA/CuBr, (37/0.6/0.5 molar equivalents with
respect to initiator) in water at room temperature.

After 1h reaction time, 0% of conversion was achieved but a peak at M,? = 1 300 g/mol was
observed. This result might be explained by bimolecular reactions between two initiator
molecules during the first stage of the polymerization or during the sample preparation as

the M, is twice the molar mass of the initiator.

Matyjaszewski and co-workers® reported that, at low polymerization rate, Cu(ll) species are
able to abstract a hydrogen atom to generate a double bond and HBr from growing
polymeric chain via a single electron oxidation process. This process essentially takes place
at low monomer concentration and high Cu(ll) concentration, i.e. in our conditions.

However, no trace of the formation of new ethylenic protons has been detected by *H NMR.

After 6h of reaction 27% of conversion was obtained for CVSET 61 and the initiator was not
completely consumed. Data indicate that polymer chains achieved the final molar mass
(Mnb = 1 200 g/mol) rapidly and stopped growing. Polymer chains were slowly initiated, grew
rapidly and stopped growing. Short chains were constantly generated during the copper-
mediated polymerization. Since the concentration of NAM and the M, were low, it is
difficult to determine the nature of the polymer and three possible structures could be
proposed: MePEG-MePEG, MePEG-poly(NAM,) and MePEG-poly(NAM,)-MePEG, x remaining

low.
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To achieve high conversion, the required [CuBr,;] has to be low but no control of the
polymerization could be obtained in this case. At the opposite, low molar masses and low

M../M, were obtained at high [CuBr,] but the conversion was very low within 6h.

The best compromise between high conversion and controlled character was obtained with

0.1-0.2 molar equivalent of CuBr, with respect to MePEG-Br 500.

2.2.b. Influence of the ligand

Ligands (L) are necessary to perform metal-mediated polymerization. The performance of
copper based complexes relies on the stability of the Cu(l)/L and Cu(ll)/L complexes. In
water, Cu(l)/L complexes are generally unstable and may suffer from disproportionation that
affects their activity. Therefore, it is all the most important, in aqueous media, to choose the

appropriate Iigand4'10.

2.2.b.i. Nature of the ligand
Three N-based multidentate ligands commonly used in metal-mediated polymerization
(Figure 2.7), 2,2-bipyridine (bipy), tris[2-(dimethylamino)ethyllamine (Me¢TREN) and
1,1,4,7,7-pentamethyldiethylene triamine (PMDETA) were selected in this purpose. The

experiments were listed in Table 2.4.

H3C\N/CH3
I N\_ ("
H3Cf \/\ET]/\/ \CH3 \ /
CH, H3C\N/\/N\/\N/CH3 =N N
I |
CH,4 CH,
1,1,4,7,7-pentamethyldiethylene triamine tris[2-(dimethylamino)ethyl]amine 2,2'-Bipyridine
PMDETA Me,TREN bipy

Figure 2.7. Chemical structures of the ligands used in this study.
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Table 2.4. Copper-mediated polymerizations performed in presence of MePEG-Br 500, Cu(0)*, NAM, CuBr, in
water at room temperature in presence of different ligand.

Ref Ligand [MePEG-Br] NAM/MePEG-Br/CuBr, Time  Conv. (NMR)
CVSET Nature (molar equiv.) conc. (10° mol/L) (molar equiv.) (h) (%)

84 bipy 0.4 10 32/1/0.2 23 7

98 bipy 0.8 8 43/1/0.2 23 10

99 MegTREN 0.2 8 42/1/0.2 23 15

100 MegTREN 0.5 8 42/1/0.2 7 17

101 PMDETA 0.5 8 44/1/0.2 2 48

* All experiments were performed in presence of 7 cm Cu(0) wire (¢ =1 mm)

Conversions obtained with bipy and MegTREN were very low even at high molar equivalents

with respect to MePEG-Br 500.

The best conversion was obtained with PMDETA. PMDETA is a common ligand that exhibits
the advantage to be less expensive than MegsTREN and less toxic than bipy. For all these

reasons, PMDETA was selected as a ligand for the rest of this study.

2.2.b.ii. Influence of the PMDETA concentration

The performance of copper-based ATRP complex strongly depends on the stability constants
of the Cu(ll) and Cu(l) complexes with the chosen ligand. High stability constants are
required in order to prevent catalyst deactivation through competitive coordination of
monomer and/or polymer and to obtain high catalytic activity. PMDETA is well known for
the high activity it confers to copper-based catalyst, but also for the poor stability in water of
the later, due to very fast disproportionation of the Cu(l) complex*!. Nevertheless, there is a
possibility to overcome this problem by optimizing the [PMDETA]/[CuBr]*? ratio, i.e. in our
case by optimizing [PMDETA]/[CuBr;].

Copper-mediated polymerization were carried out in presence of MePEG-Br 500, NAM,

Cu(0), CuBr,/PMDETA at different PMDETA concentrations (Table 2.5).

74



(2]

Table 2.5. Copper-mediated polymerizations performed in presence of MePEG-Br 500 (1), Cu(0)*, NAM, CuBr, in
water at room temperature at different PMIDETA concentrations.

Ref PMDETA [MePEG-Br]  NAM/I/CuBr, Time  Conv. M,y  Mueo  Mu/M,”
(NMR)
conc.
CVSET  (molar equiv.) (10°mol/L)  (molar equiv.) (h) (%) (g/mol)  (g/mol)
53 0 8 35/1/0.1 4 47 2820 31700 1.9
52 0.2 10 30/1/0.1 4 60 3010 4000 2.7
43 0.5 9 31/1/041 4 85 4230 5800 3.1
31 0.6 8 37/1/0.1 4 85 4940 6 900 2.5
54 0.9 9 35/1/0.1 2 9% 4400 6 400 4.6

* All experiments were performed in presence of 7 cm Cu(0) wire (¢ =1 mm)
° Theoretical M, calculated at final reaction conversion (M, s, = Mi+((Myone/Ny) X cOnv.))
o Number-average molar mass and M,,/M,, determined by SEC in DMF with a PMMA calibration

47% of conversion and high final molar mass (Mn = 31 700 g/mol) were obtained in absence
of PMDETA (CVSET 53). This result could be explained by the NAM chemical structure in
which the presence of the morpholine group may help the complexation of Cu (Figure 2.2).

NAM could then play the role of ligand.

Conversion

0 eq (CVSET 53)
0.2 eq (CVSET 52)
A 0.5 eq (CVSET 43)
¢ 0.9 eq (CVSET 54)
‘

0 1 2 3 4 5
Time (h)

Figure 2.8. Copper-mediated polymerizations performed in presence of MePEG-Br 500 (1), Cu(0)*, NAM, CuBr,
in water at room temperature. Effect of the PMDETA concentration on the NAM conversion.

As shown in Figure 2.8, the conversion increased with increasing [PMDETA].
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Figure 2.9. Size exclusion chromatograms of the final polymer for copper-mediated polymerization of NAM
performed in presence of MePEG-Br 500 (8 x 10~ mol/L), Cu(0), PMDETA, in water at room temperature at
different PMIDETA molar equivalents.

The final molar masses, except for CVSET 53, were close to the targeted molar masses but
M,,/M,, remained very high for a controlled polymerization. For CVSET 31 and 54, initiator
still remained (Figure 2.9) due to possible bimolecular reactions or chain transfer

reactions>****®induced by a excess of PMDETA .

Considering the conversion (85%) and the molar masses achieved, the value of 0.5 molar
equivalent of PMDETA with respect to MePEG-Br 500. These conditions are selected for the
rest of the study as they are a good compromise between PMDETA concentration and low

molar masses.

2.2.c. Influence of the type of monomer
Different monomers were polymerized in presence of MePEG-Br 500, Cu(0), PMDETA/CuBr,

(0.5/0.1 eq mol with respect to initiator). Reaction conditions are listed in Table 2.6.
As the initiator MePEG-Br is particularly suitable for acrylate monomers, high conversions

(>98%) were achieved 2-hydroxyethyl acrylate (HEA) and poly(ethylene glycol) methyl ether

acrylate (APEG 480). However, no control of the molar masses and broad molar mass
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distributions were observed. Thus it could be concluded that the activation/deactivation

process was not efficient to achieve a good control.

With sodium acrylate (NaA), only 31% of conversion was obtained, which was relatively low
compared to the other acrylate monomers. The polymerization of sodium (meth)acrylate
strongly depends on the pH and an optimal pH of 8-9 was found. Under their acidic form,
those monomers could poison the complex by coordinating with the transition metal.
Moreover, under acidic conditions, N-based ligand could be protonated”. As our
polymerization took place at pH~7, part of the sodium acrylate might be under its acidic

form and lead to low conversion.

Table 2.6. Copper-mediated polymerizations performed in presence of MePEG-Br 500 (1), Cu(0)*, PMDETA (L),
CuBr,, in water at room temperature with different monomers. 4h reaction time.

b)

Ref Monomer M/ 1/L/CuBr, [MePEG-Br] Conv. (NMR) Mo Myep  Mu/M,
conc.
CVSET Nature (molar equiv.) (10 mol/L) (%) (g/mol)  (g/mol)

15 HEA 63/1/0.6/0.1 8 98 7620 38500 4.4
24 HEMA 31/1/05/0.1 9 59° 2910 - -

16  PEGMA300 20/1/05/0.1 8 8 970 - -

56 APEG 480 9/1/0.5/0.1 9 100 4550 10 600 1.7
28 NaA 45/1/0.7/0.1 9 31 1810 - -

17 NaMA 42/1/06/0.1 8 16 1220 - -

31 NAM 37/1/0.6/0.1 8 85 4940 6900 2.5

* All experiments were performed in presence of 7 cm Cu(0) wire (¢ =1 mm)

° Theoretical M, calculated at final reaction conversion (M, s, = Mi#((Myone/Ny) X cONv.))

o Number-average molar mass and M,,/M,, determined by SEC in DMF with a PMMA calibration
o Polymer precipitation after 2h

- Not determined due to poor polymer solubility

At the opposite, low conversions were obtained in presence of methacrylate monomers
(PEGMA 300 and NaMA) which could be explained by the fact that the initiator is not
suitable for methacrylate monomers. DMF SEC data were not reported due as poly(NaMA)

and poly(NaA) samples were not very soluble in DMF.

The polymerization of NAM showed a high conversion (85%) and M, Was close to the

M theo targeted. M,,/M,, remained still high (i.e. 2.5) for a controlled radical polymerization.
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2.2.d. Influence of the type of initiator

As demonstrated in the previous paragraph, finding an initiating system adapted for all kinds
of monomers is difficult. In particular, ATRP is influenced by the nature of the halogen atom.
Bromine-based initiators are suitable for acrylates, while chlorine-based initiators are more

adapted to methacrylates (based on the C-halogen bond energy).

Using a chlorine-based initiator is one possibility to improve control over methacrylate
polymerization by shifting the equilibrium toward the dormant chains and hence avoiding a
too high concentration of radicals that induces termination. Another possibility studied here,
was the halogen exchange (I-X»/Cu(ll)X)*®. The halogen exchange method from Br-based
initiator to Cl-based end-groups allows the use of alkyl halides with low reactivity in the
polymerization of monomers that forms a more reactive dormant species, such as a
methacrylate. Taking advantage of the stronger alkyl-chlorine bond, the rate of initiation
increases relative to propagation and leads to a better controlled polymerization of

methacrylate monomers. These experiments are listed in Table 2.7.

Table 2.7. (M)APEG copper-mediated polymerizations performed in presence of Cu(0)* PMDETA (L), CuX,, in
water at room temperature, 4h reaction time. Influence of the nature of the halogen atom in both the initiator
and the copper complex (I-X,/Cu(ll)X,).

Ref Monomer Initiating system M/1/L/cu™ [ Conv. (NMR)
CVSET (molar equiv.) (10” mol/L) (%)

16 PEGMA 300 MePEG-Br 500 / CuBr, 20/1/05/0.1 8 8

19 PEGMA 300 MePEG-Br 500 / CuCl, 13/1/05/0.1 9 10

55 PEGMA 300 MePEG-CI 430 / CuCl, 15/1/0.6/0.1 8 91

56 APEG 480 MePEG-Br 500 / CuBr, 85/1/05/0.1 9 100

57 APEG 480 MePEG-CI 430 / CuCl, 85/1/05/0.1 9 70

* All experiments were performed in presence of 7 cm Cu(0) wire (¢ =1 mm)

In presence of the chlorine-based initiator the conversion of PEGMA (CVSET 55) was much
higher than the conversion obtained in presence of the corresponding bromine-based
initiator (CVSET 16). This clearly indicates that the Br-based initiator is not suitable for the
polymerization of methacrylate and a better initiation is achieved with Cl-based initiator.
However for CVSET 55, as shown in Figure 2.10, high molar mass was achieved and the
initiator was slowly consumed with time indicating that MePEG-CI did not provide a good

control of the polymerization.
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Figure 2.10. Copper-mediated polymerization performed of PEGMA in presence of Cu(0), PMDETA, in water at
room temperature, 4h reaction time. Evolution of the size exclusion chromatograms with monomer conversion
for CVSET 55 (MePEG-Cl/CuCl,).

No improvement in terms of conversion was observed in the PEGMA conversion when CuCl,
(CVSET 19) was used instead of CuBr, (CVSET 16). However, only 0.1 equivalent molar with
respect to the initiator was used for the halogen exchange and the amount of Cl may be too

low to achieve a complete halogen exchange. This might explained this last result.

A slight decrease of the APEG conversion was observed in presence of MePEG-Cl initiator.

Evolution of the molar masses with monomer conversion was followed for CVSET 56 and 57

(Figure 2.11).

CVSET 56 CVSET 57
Initiator . t=0 Initiator * t=0

N

. s *
Conversion ¢ 3
.

A . 0, -
* 91% conv. t=1h Conversion A 30% conv. t=1h
l 3 * 60% conv. t=2h

. o, e -
92% conv. t=2h 5% comy. t3h

+ 100% conv. t=4h §

\

1 J . T_("/\

2 25 3 3.5 4 4.5 5 5.5 2 25 3 3.5 4 4.5 5 5.5 6 6.5
logM (g/mol) logM (g/mol)

Figure 2.11. Copper-mediated polymerizations performed of APEG in presence of Cu(0), PMDETA, in water at
room temperature, 4h reaction time. Evolution of the size exclusion chromatograms with monomer conversion
for CVSET 56 (X-Br/CuBr,, left) and CVSET 57 (X-Cl/CuCl,, right).
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For both reactions, polymer chains achieved the final molar mass rapidly and stopped
growing. No evolution of the molar mass with conversion was observed. It was noticed that

the initiator was slowly consumed with time in particular with the Cl-based initiator.

Following the results obtained with the MePEG-Cl initiator and PEGMA, the same study was
performed with NAM (Table 2.8).

Table 2.8. Copper-mediated polymerizations of NAM performed in presence of MePEG-X, (I, 8 x 10°M), Cu(0)*,
PMDETA (L), CuX, in water at room temperature. Influence of the nature of the halogen atom in both the
initiator and the copper complex (1-X,/Cu(ll)Xy).

Ref  Time Initiating system NAM /1/L/Cu®™  Conv.(NMR)  Mnw?  Myew Mu/M,”
CVSET h (molar equiv.) (%) (g/mol) (g/mol)
31 4 MePEG-Br 500 / CuBr, 37/1/06/0.1 85 4940 6900 2.5
45 6 MePEG-Br 500 / CuBr, 36/1/0.6/0.2 46 2850 3200 1.9
60 6 MePEG-Br 500 / CuBr, 40/1/05/0.4 22 1742 1600 1.5
61 6 MePEG-Br 500 / CuBr, 37/1/05/05 27 1910 1300 1.3
78 4 MePEG-Br 500 / CuCl, 38/1/0.6/0.2 44 2860 4800 1.7
77 4 MePEG-Cl 430 / CuBr, 32/1/0.5/0.2 71 3600 34600 2.1
75 5 MePEG-CI 430 / CuCl, 30/1/0.5 /0.1 83 4050 75800 35
72 4 MePEG-CI 430 / CuCl, 32/1/05/0.2 95 4790 21700 35
74 5 MePEG-Cl 430 / CuCl, 32/1/05/0.4 62 3250 9400 1.8
76 5 MePEG-CI 430 / CuCl, 31/1/05/05 47 2490 9300 1.9
85 6  MePEG(CHs),-Br 500 / CuBr, 34/1/0.5/0.2 58 3300 1440 4.9

* All experiments were performed in presence of 7 cm Cu(0) wire (¢ =1 mm)
% Theoretical M, calculated at final reaction conversion (M, s, = Mi#((My0ne/Ny) X cONv.))
& Number-average molar mass and M,,/M,, determined by SEC in DMF with a PMMA calibration

For fixed CuX; concentration, the final conversions were higher with the -Cl/CuCl, than with
the -Br/CuBr; system. Kinetics in presence of MePEG-Cl| and various [CuCl,] are displayed in
Figure 2.12. The molar masses obtained with -Cl/CuCl, were not in line with the theoretical

values and the molar mass distributions were broad.
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Figure 2.12. Copper-mediated polymerizations of NAM performed in presence of MePEG-X, (I, 8 x 10°M), Cu(0),
PMDETA, CuX, in water at room temperature. Influence of the CuCl, concentration and of the nature of the
halogen atom in both the initiator and the copper complex (I-X./Cu(ll)X,) on the NAM conversion.

For CVSET 78 (MePEG-Br/CuCl,) the final results were close to those obtained for CVSET 45
(MePEG-Br/CuBr,) in terms of monomer conversions and final molar masses. But SEC data
obtained for those polymers showed the presence of remaining initiator for CVSET 78
(Figure 2.13). In presence of CuCl,, the initiation was not quantitative and thus, Cl-based

initiators are not suitable for the polymerization of NAM.

CVSET 45 Initiator CVSET 78
* t=0
* 40% conv. t=2h

Initiator

* t=0

* 46% conv. t=3h

* 45% conv. t=4h

2 25 3 3.5 4 4.5 5 2.0 25 3.0 3.5 4.0 4.5 5.0
logM (g/mol) logM (g/mol)

Figure 2.13. NAM copper-mediated polymerizations performed in presence of Cu(0), PMDETA, in water at room
temperature. Evolution of the size exclusion chromatograms with monomer conversion for CVSET 45
(X-Br/CuBr,, left) and CVSET 78 (X-Br/CuCl, right).

Lower conversion (71%) was achieved in presence of R-Cl/CuBr, (CVSET 77) compared to the

conversion (95%) obtained in presence of R-CI/CuCl, (CVSET 72). It seems that the system
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R-Cl/CuBr; leads to a better activation/deactivation and thus, this system is more suitable for
the NAM polymerization. However, for both polymerizations (CVSET 77 and 72) high molar
masses were obtained, initiator still remained at the end of the polymerization and the

molar masses did not evolve with the conversion (Figure 2.15).
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N

s °
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Initiator
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Y
s %
1
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i
L/' \
— T o T T T T T —S———
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logM (g/mol) logM (g/mol)

Figure 2.14. Copper-mediated polymerizations of NAM performed in presence of Cu(0), PMDETA, in water at
room temperature. Evolution of the size exclusion chromatograms with monomer conversion for CVSET 77
(MePEG-Cl/CuBr,, left) and CVSET 72 (MePEG-Cl/CuCl, right).

No significant improvement was observed in presence of MePEG(CHs),-Br 500 initiator
(CVSET 85, Table 2.8) while a more efficient initiation was expected in presence of a tertiary

192021 ‘Noreover, the presence of remaining initiator was also observed (Figure

alkyl halides
2.15). The final molar mass was close to the targeted molar mass but the M,,/M,, very high

for a controlled character.

CVSET 85

Initiator

\ . t=0

* 45% conv. t=30min

* 55% conv. t=4h

2.0 2.5 3.0 3.5 4.0 45 5.0 5.5
logM (g/mol)

Figure 2.15. Copper-mediated polymerization of NAM performed in presence of Cu(0), MePEG(CH3),-Br
(8 x 10° M) and PMDETA/CuBr, (0.5/0.2 molar equivalents with respect to initiator) in water at room
temperature. Evolution of the size exclusion chromatograms with monomer conversion for CVSET 85.
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This study concerning the initiator clearly indicates that the type of initiator and the

initiating system influence the copper-mediated polymerization in water.

The initiating system MePEG-Br/CuBr; leads to 100% and 85% of conversion for APEG (CVSET
57) and NAM (CVSET 31) respectively as only 8% of conversion was achieved for PEGMA.
This system is thus more suitable for acrylate and acrylamide monomers. For PEGMA, higher

conversion was obtained in presence of MePEG-CI/CuCl, (91%, CVSET55).

The study of the polymerization of NAM performed in presence of different initiating
systems has shown that at same Cu(ll) concentration, higher conversions were achieved with
MePEG-CI/CuCl, (95%, CVSET 72) than MePEG-Br/CuBr, (46%, CVSET 45), but final polymers

presented higher molar masses and M,,/M,..

The same conversions (~¥45%), molar masses (~3000 g/mol) and M,,/M, (~1.9) were obtained
in presence MePEG-Br/CuBr, (CVSET45) and MePEG-Br/CuCl, (CVSET 78). However, the
presence of remaining initiator was observed for CVSET 78 which indicates that CuBr; is
more suitable for the polymerization of acrylamide monomers. Therefore, bromine-based
initiator and CuBr, were selected for our study as initiating system for the metal-mediated

polymerization.
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2.3. Conclusion

Performing copper-mediated polymerization in water solution was a way to get a better
understanding of the system we planed to use for the surface grafting of our latexes. As
such, although the control features of the different systems studied was checked, the main
goal of this chapter was to identify condition that will allow a good initiation of the system.
The results of the different studies allowed us to determine the best parameters for latex

formulation and grafting reaction.

Control experiments demonstrated that initiation takes place only in the presence on all
components required for an ATRP, i.e initiator, PMDETA/CuBr;, and Cu(0). While unwanted
reactions were not observed in presence of anionic surfactant such as SDS, the presence of
thermal initiator, in particularly peroxides affected the initiation. Therefore, the use of an

azo-type initiator (ACPA) will be more adapted for the latex synthesis.

From the results obtained in water solution, even though it presented a poor activity in
presence of methacrylate monomers, the bromine-based initiator was selected. PMDETA
and CuBr, at 0.5/0.1 molar equivalent with respect to the MePEG-Br was also selected as it
was the best compromise in terms of conversion and concentration. Under these conditions
(CVSET 31), 85% of conversion was obtained and the final polymer presented low molar

mass (7 000 g/mol).

As the copper-mediated polymerizations performed in water solution were generally very
fast, no information concerning the evolution of the molar masses has been determined.
Under some cases, it was observed that the molar masses did not increase with the
monomer conversion. On the other hand, the initiator was slowly consumed during the
polymerization and most of the time, part of it still remained at the end of the
polymerization. Polymer chains were constantly generated during the polymerization, grew
rapidly and then terminated. The presence of a larger rate of termination reaction observed
in water solution may indeed be strongly reduced if the reaction is situated on a latex
surface due to difficulty for two radicals to “see” each other. These comments are of real

interest for future transposition to the grafting of latex.
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The system thus ressembles to a conventional free radical process in which the control of

the chain growth is not efficient. However, it relies on an initiation that only takes place from

the alkyl halide species.

To transpose these results to latex surface grafting, it is first necessary to design a

halogenated functionalized latex. This is the purpose of the following chapter.
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2.4. Experimental part

2.4.a. Materials
All products were used as received and are reported in Table 2.9. Deionized water was

employed in all the experiments.

Table 2.9. List of the products

MW
Products Purity Supplier

g/mol
ACPA 4,4’-Azobis(4-cyanopentanoic acid) 280.28 >98% Aldrich
APEG Poly(ethylene glycol) methyl ether acrylate ~ 480 - Aldrich
bipy 2,2'-Bipyridine 156.18 >99.9% Aldrich
- Bromoisobutyryl bromide 229.90 98% Aldrich
- 2 Bromopromionyl bromide 215.87 97% Aldrich
- 2-Chloropropionyl chloride 126.97 97% Aldrich
Cu(0) Copper wire (¢ =1 mm) 63.55 >99.9% Aldrich
CuBr, Copper Il bromide 223.35 >99% Aldrich
CucCl, Copper Il chloride 134.45 >99.99% Aldrich
CH,Cl, Dichloromethane anhydrous 84.93 >99.8% Aldrich
Disponil FES77 Sodium lauryl ether sulfate - - Cognis
Ets;N Triethylamine 101.19 >99% Aldrich
HEA 2-Hydroxyethyl acrylate 116.12 96% Aldrich
HEMA 2-Hydroxyethyl methacrylate 130.14 97% Aldrich
KPS Potassium persulfate 270.32 >99.99% Aldrich
PEGMA Poly(ethylene glycol) methyl ether methacrylate ~ 300 - Aldrich
MePEG-OH 350 Poly(ethylene glycol) methyl ether ~300 - Aldrich
MegTREN Tris[2-(dimethylamino)ethyl]amine 230.39 - Aldrich
NaA Sodium acrylate 94.04 97% Aldrich
NAM N-Acryloylmorpholine 141.17 97% Aldrich
NaMA Sodium methacrylate 108.07 99% Aldrich
NaPS Sodium persulfate 238.10 >99% Aldrich
PMDETA 1,1,4,7,7-Pentamethyldiethylene triamine 173.30 99% Aldrich
SDS Sodium dodecyl sulfate 288.38 >99% Aldrich
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2.4.b. Synthesis of the initiators
The initiators were synthesized according to a protocol published previously22 (Figure 2.16).

The amounts of the reactants used for the synthesis are summarized in Table 2.10.

0
H,C 0
Hac\H\Br 3 ‘\0/{/\/ H)\Br
0]

Br

2-Bromopropionyl bromide MePEG-Br 500
o
Et;N, CH,Cl,
H.C HsC (o}
Hac\“o/{r\/oa—H + 3 q —— 3 \Ok\/ * al
7 4h, ice bath 0
cl
MePEG-OH 350 2-Chloropropionyl chloride MePEG-CI 430
(0]
CH H5C (0]
3 3 \O/{’\/ Br
CHy Br 7
0]
Br
Bromoisobutyryl bromide MePEG(CH,),-Br 500

Figure 2.16. Water soluble initiators syntheses.

Table 2.10. Synthesis of the initiators: amounts of the reactants used.

MePEG-Br 500 MePEG-CI 450 MePEG(CHjs),-Br 500
Reactants
g mol g mol g mol
2-Bromopropionyl bromide 71.24 0.33 - - - -
2-Chloropropionyl chloride - - 49.86 0.39 - -
Bromoisobutyryl bromide - - - - 37.93 0.17
MePEG-OH 350 105 0.30 165 0.3 52.5 0.15
EtsN 33.39 0.33 33.39 0.33 16.69 0.17
CH,Cl, 305 3.6 305 3.6 150 1.8

In a typical example (MePEG-Br 500) a solution of 2-bromopropionyl bromide
(71.24 g, 0.33 mol) in 45 mL of CH,Cl,, was added dropwise to a stirred solution (cooled in an
ice bath) of methoxypoly(ethylene glycol) 350 (105 g, 0.30 mol) and triethylamine (33.96 g,
0.33 mol) in 185 mL of CH,Cl,, during 3 hours under an atmosphere of argon. After complete
addition, the reaction was further stirred at room temperature for 24 hours. The precipitate
was removed by filtration and the organic phase was washed with water (3 x 50 mL). It was
then dried over magnesium sulfate and CH,Cl, was evaporated under vacuum to give a

yellowish liquid.
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MePEG-Br 500 : 300 MHz *H NMR (CDCls): & (ppm) = 4.37 (g, 1H, CH), 4.28 (m, 2H, CH,-0),
3.69 (m, 2H, CH,-0), 3.61 (s, 22H, CH,-0), 3.51 (m, 2H, CH,-0), 3.34 (s, 3H, CH3), 1.79 (d, 3H,
CHs)

MePEG-Cl 430 : 300 MHz *H NMR (CDCl3): & (ppm) = 4.35 (q, 1H, CH), 4.23 (m, 2H, CH,-0),
3.66 (M, 2H, CH,-0), 3.56 (s, 22H, CH,-0), 3.46 (m, 2H, CH,-0), 3.29 (s, 3H, CHs), 1.61 (d, 3H,
CHs)

MePEG(CHs),-Br : 300 MHz H NMR (CDCls): & (ppm) = 4.24 (m, 2H, CH»-0), 3.66 (m, 2H,
CH,-0), 3.56 (s, 22H, CH,-0), 3.46 (m, 2H, CH,-0), 3.29 (s, 3H, CHs), 1.85 (s, 6H, CHs )

2.4.c. Copper-mediated polymerization in water

In a typical copper-mediated polymerization example CVSET31 (Table 2.6), 30 g H,0, 0.12 g
MePEG-Br, 1.3 g NAM, 0.027 g PMDETA, 0.25 mL CuBr, solution at 0.1 M, 0.08 g trioxane
(NMR reference) were mixed in a 50 mL round flask closed with a septum and deoxygenated
with N, for 30 min. 7 cm Copper wire was introduced under N, through the septum. The
reaction was stirred in a water bath at 25 °C. Samples were periodically withdrawn to
monitor the monomer conversion by NMR. The final sample was dried under vacuum at
room temperature, dissolved in DMF and filtered over a 0.20 um pore-size PTFE membrane

before molar mass measurements by SEC.

2.5. References

! Rajendrakumar, K.; Dhamodharan, D. Journal of Polymer Science Part A: Polymer Chemistry
2011, 49, 2165-2172

2 Nicol, E.; Derouineau, T.; Puaud, F.; Zaitsev, A. Journal of Polymer Science Part A: Polymer
Chemistry 2012, DOI: 10.1002/pola.26185

3 Braunecker, W. A.; Tsarevsky, N. V.; Gennao, A.; Matyjaszewski, K. Macromolecules 2009,
42, 6348-6360

4 Tsarevsky, N. V.; Pintauer, T.; Matyjaszewski, K. Macromolecules 2004, 37, 9768-9778

> Bortolamei, N.; Isse, A. A.; Magenau, A. J. D.; Gennaro, A.; Matyjaszewski, K. Angewandte
Chemie International Edition 2011, 50, 11391-11394

6 Konkolewicz, D.; Magenau, A. J. D.; Averick, S. E.; Simakova, A.; He, H.; Matyjaszewski, K.
Macromolecules 2012, 45, 4461-4468

88



’ Magenau, A. J. D.; Kwak, Y.; Matyjaszewski, K. Macromolecules 2010, 43, 9682—-9689

8 Hornby, B. D.; West, A. G.; Tom, J. C.; Waterson, C.; Harrisson, S.; Perrier, S.
Macromolecular Rapid Communications 2010, 31, 1276-1280

9 Matyjaszewski, K.; Davis, K.; Patten, T. E.; Wei, M. Tetrahedron 1997, 53, 15321-15329
19 Tsarevsky, N. V.; Matyjaszewski, K. ACS Symposium Series 2006, 937, 79-94

" Tsarevsky, N. V.; Braunecker, W. A.; Matyjaszewski, K. Journal of Organometallic

Chemistry 2007, 692, 3212-3222

12 Huang, J.; Pintauer,T.; Matyjaszewski, K. Journal of Polymer Science Part A: Polymer
Chemistry 2004, 42, 13, 3285-3292

3 Davis, K. A.; Paik, H.j.; Matyjaszewski, K. Macromolecules 1999, 32, 1767-1776
% Xia, J.; Matyjaszewski, K. Macromolecules 1997, 30, 7697-7700
15 Roos, S. G.; Muller, A. H. E. Macromolecular Rapid Communications 2000, 21, 864-867

16 Bednarek, M.; Biedron, T.; Kubisa, P. Macromolecular Chemistry and Physics 2000, 201, 58-
66

7 Matyjaszewski, K.; Xia, J. Chemical Review 2011, 101, 2921-2990

18 Peng, C.H., Kong, J., Seeliger, F., Matyjaszewski, K., Macromolecules 2011, 44, 7546-7557
19 Goto, A.; Fukuda, T. Macromolecular Rapid Communications 1999, 20, 633-636

20 Matyjaszewski, K.; Goebelt, B.; Paik, H.-j.; Horwitz, C. P. Macromolecules 2001, 34, 430-440

21 Matyjaszewski, K.; Paik, H.-j.; Zhou, P.; Diamanti, S. J. Macromolecules, 2001, 34, 5125-
5131

22 Matyjaszewski, K.; Gaynor, S.K.; Kulfan, A.; Podwika, M. Macromolecules 1997, 30, 5192-
5194

89






Chapter ©
Latex
Functionalization

Introduction

Since this work is devoted to the use of raw latexes and could have potential industrial
applications, the composition of such latexes has to be carefully studied to avoid any
undesired interaction with the grafting step. The latex composition also has to be the closer
as possible to industrial formulations. Polymer latexes based on n-butyl acrylate (nBA) and
methyl methacrylate (MMA) were selected. The glass transition temperature (Tg) of the
poly(MMA-co-nBA) copolymer is easily adjustable over a wide range of temperatures by
simply changing the composition without altering fundamentally the experimental protocol.
A common anionic surfactant, SDS, was selected since it does not initiate by itself any kind of
unwanted reaction (chapter 2). The use of peroxides as initiators is prohibited. As
demonstrated in chapter 2, the remaining peroxides could interfere with the ATRP initiating
system and thus impact the grafting step. An azo-type initiator, 4,4’-azobis(4-
cyanopentanoic acid) (ACPA) was selected. The protocol used to synthesize the
functionalized latexes was imposed by our industrial partner. A typical semi-continuous

process was selected.
Controlling the location of the Br-containing group at the extreme surface of the particle is a
key point to obtain an efficient initiation. As described in the literature review chapter, the

synthesis of functionalized latexes has been particularly investigated by Morbidelli* et al. so
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as to obtain the best conditions for a surface functionalization. To favour the synthesis of
functionalized crosslinked particles and to avoid secondary nucleation, the introduction of
the inimer had to be performed at 70% conversion of the monomers. Following this work,
we decided to proceed with a similar protocol adapted to our system. The functional
monomer 2-(2-bromopropionyloxy)ethyl acrylate, (BPEA, Figure 3.1) was used in a very low
amount to introduce a thin layer of brominated groups able to initiate the polymerization
from the surface. BPEA, was thus added at the end of the latex synthesis before complete
conversion of the core monomers (~ 90%). During this step, MMA was used as a comonomer
for two main reasons. MMA, as a rather polar monomer, might prevent the burial of the
bromine atoms during the functionalization step. Moreover, fast chain propagation allows
the good adsorption of the oligoradicals and thus prevents their precipitation and the

generation of a second crop of particles.

Wowo Br

(o]
Figure 3.1. 2-(2-bromopropionyloxy)ethyl acrylate (BPEA) chemical structure.

This chapter will be devoted to the synthesis of Br-functionalized latex particles. In a first
part the synthesis of functionalized crosslinked and non-crosslinked latexes will be
presented. A second part will be devoted to the analysis of the particle surface by Time-of-
Flight Secondary lon Mass Spectrometry (ToF-SIMS) to show the presence of the bromide-
base groups at the surface of the particles. A study concerning the halogen transfer ability
will also be presented. The experimental procedure will be described in the last part of this

chapter.
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3.1. Functionalized latex synthesis

3.1.a. Synthesis of poly(MMA-co-nBA) crosslinked functionalized latexes

Crosslinked latex particles were synthesized via free-radical emulsion copolymerization of
MMA and nBA using ACPA as initiator at 70°C. A semi-continuous process was employed and
particles were crosslinked with 1,4-butanediol diacrylate (Figure 3.2), a divinylic monomer,
in order to maintain their shape and integrity during the various analyses and purification

steps.

/\”/0\/\/\0)]\/
0]

Figure 3.2. 1,4-Butanediol diacrylate (BDDA) chemical structure.

After conversion of 90% of the core monomers, a feed of BPEA, MMA and BDDA was
employed to functionalize the latexes. The experimental conditions are reported in Table 3.1.
Table 3.1. Synthesis* of poly(methyl methacrylate-co-n-butyl acrylate) (poly(MMA-co-nBA)) latex particles

crosslinked  with  1,4-butanediol diacrylate (BDDA) and functionalized at the surface by
2-(2-bromopropionyloxy)ethyl acrylate (BPEA). T = 70 °C.

Latex Composition Composition Shell/core BPEA Overall BPEA  Final diameter
number” of the core of the shell weight ratio conv. content D (DLS)
nBA/MMA/BDDA MMA/BPEA/BDDA

(wt%) (Wt%) (wt%) (%) (mol/glatex)  (nm / dispersity)
2 30.7/66.7/2.6 - - - 0 125/0.03
31 30.7/66.7/2.6 95.0/1.8/3.2 5.1/94.9 95 1.5x10° 110/ 0.02
28 30.7/66.7/2.6 88.5/8.8/2.7 6.0/94.0 98 7.5%x10° 114 /0.02
44 30.7/66.7/2.6 81.3/1.7/2.0 5.9/94.0 98 1.5x 10° 128 /0.04
15 30.7/66.7/2.6 65.0/32.5/2.5 7.5/92.5 95 3.9x10° 110/0.03
26; 41; 42 30.7/66.7/2.6 48.6/49.0/2.4 9.7/90.3 97 7.3x10° 116 /0.02

* The experimental procedure is described in the Experimental Part
o Simplified references. Refer to the Experimental Part

Almost quantitive conversions of BPEA were obtained as assessed by gas chromatography.
The final latexes exhibited high solids content and were stable. Based on the electron

microscopy and dynamic light scattering (DLS) analyses of the final latexes (Figure 3.3), a
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monomodal particle size distribution was observed, indicating the absence of secondary

nucleation.

Size distribution by number
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Figure 3.3. Scanning electron microscopy image and particle size distribution from DLS of the latex 41.

3.1.b. Kg scale transfer

After the successful synthesis of a monomodal latex, a test was performed at a larger scale.
The synthesis was carried out following the same procedure in a 5L reactor. In this case,
after 2 hours no polymerization was observed and the reaction was stopped for safety

reasons.

The long inhibition time in the 5L reactor was attributed to a long nucleation step. The
nucleation depends on the rate of formation of the radicals, a process that strongly depends
on a lot of parameters (temperature, initiator, surfactant...). Controlling the nucleation step
is a key point to control the polymerization rate and the particle size distribution. The
addition of a seed at the start of the reaction is a way to control the nucleation. As our goal
was to obtain well defined and isometric particles, the nucleation stage has to be the
shortest possible. For this reason, the protocol was modified and a polystyrene (PS) seed
(Vorprodukt T 33 wt%) was added in the formulation at 1.5 wt% of the core composition

(Table 3.2).
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Table 3.2. Synthesis* of poly(methyl methacrylate-co-n-butyl acrylate) (poly(MMA-co-nBA)) latex particles
crosslinked with 1,4-butanediol diacrylate (BDDA) in the presence of a PS seed at T = 80°C and functionalized at
the surface by 2-(2-bromopropionyloxy)ethyl acrylate (BPEA) at T = 70 °C.

Latex Composition of the core Composition Shell/core Overall BPEA  Final diameter
number® PS/nBA/MMA/BDDA of the shell weight ratio content D (DLS)
MMA/BPEA/BDDA
(Wt%) (Wt%) (Wt%) (mol/glatex)  (nm / dispersity)
50 1.5/30.7/653/25 81.2/1.6/2.2 5.9/94.1 1.5x10” 135/0.01
53 1.5/293/66.7/25 329/65.8/1.3 1.5/98.5 1.5x 10" 138/0.01
52 1.5/295/66.5/25 49.0/48.6/2.4 8.7/91.3 7.1x 10° 130/0.03

* The experimental procedure is described in the Experimental Part
o Simplified references. Refer to the Experimental Part

High BPEA conversions were obtained with the PS seeds and latexes exhibited narrow
particle size distribution (Figure 3.4). They were stable at 40% solids contents. Except a slight
increase of the particle size, the presence of the seeds did not affect the latex synthesis in

terms of stability, monomer conversion and particle size distribution.
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Figure 3.4. Particle size distribution from DLS of the latex 50 (shell/core weight ration 5.9/94.1) (left) and 53
(shell/core weight ration 1.9/98.5) (right).

3.1.c. Synthesis of poly(MMA-co-nBA) non-crosslinked functionalized latex particles

Crosslinked particles have the advantage to maintain their shape integrity for analytical
purpose but for potential applications in film formation, crosslinked particles are not
adapted. Therefore, we have also synthesized a series of non-crosslinked poly(MMA-co-nBA)
latexes using the same protocol as before, in a 5L reactor in the presence of a PS seed latex.

The experimental conditions are reported in Table 3.3.
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Table 3.3. Synthesis* of non-crosslinked poly(methyl methacrylate-co-n-butyl acrylate) (poly(MMA-co-nBA))
latex particles in presence of a PS seed at T = 80°C, functionalized at the surface by 2-(2-
bromopropionyloxy)ethyl acrylate (BPEA).

Latex Composition Composition Shell/core BPEA  Overall BPEA Final diameter
number” of the core of the shell weight ratio conv. content D (DLS)
PS/nBA/MMA MMA/BPEA
(wt%) (wt%) (Wt%) (%) (mol/guatex) (nm / dispersity)
51 1.5/33.3/65.2 83.1/16.9 5.8/94.2 >99 1.5%x 107 135/0.01
8 1.5/33.3/65.2 51.0/49.0 9.7/90.3 - 7.1x10° 138/0.01

* The experimental procedure is described in the Experimental Part
o Simplified references. Refer to the Experimental Part

Regarding BPEA conversion and particle diameter, the final latex characteristics were very
similar to those of the crosslinked latexes synthesized with PS seeds. The particle size
distribution obtained by DLS was narrow. A population of small particles was observed by

SEM for the latex 8 but in a tolerable amount (Figure 3.5).

Size distribution by number

Number (%)

68 79 91 106 122 142 164 190 220 255 295

Diameter (nm)

G‘j -
Figure 3.5. Scanning electron microscopy image and particle size distribution from DLS of the non-crosslinked
latex 8.
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3.2. Particle surface analysis by ToF-SIMS

The structure of the inimer and the use of MMA, a rather polar monomer, were conditions
selected to prevent the burial of the bromine atom during the functionalization step.
Nevertheless, it was important to check the location of the Br functions due to the very low
amount of BPEA used during the functionalization step and to the presence of remaining

core monomers, particularly the accumulation of nBA caused by the composition drift.

ToF-SIMS analysis was thus selected to detect the Br-functional group at the surface of our
latexes as already done in a few papers>>*. This surface analysis technique is based on the
m/z detection of secondary ions emitted (positively charged and negatively charged as
obtained in two separate data acquisitions) following the bombardment of solids using
primary ions in the keV range. If a limited number of primary ions are used for this purpose
(static conditions), the information depth is limited to a few atomic layers. Moreover, this
technique allows the detection of very low amounts (detection limit of ppm to ppb), which is
appropriate considering the quantity of BPEA involved in the surface modification of our

latexes.

The latexes were first carefully dialyzed to remove all non-converted monomers and water-
soluble oligomers and the dried powder was then pressed onto an indium foil at room
temperature. The glass transition temperature of the particle being 52°C for crosslinked
latex and 50°C for the non-crosslinked latex (as determined by DSC, i.e., above room
temperature) a good shape stability and the absence of film formation by chain
interdiffusion is expected. This is an important point when targeting the surface analysis

exclusively.
Figure 3.6 displays ToF-SIMS spectra in the positive and negative modes in selected m/z

ranges. It illustrates the main observations at the surface of latexes before and after the

surface modification with the BPEA inimer.
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Figure 3.6. Positive ion mode ToF-SIMS spectrum (m/z = 50-200) for (a) latex 2, (b) latex 26. Negative ion mode
ToF-SIMS spectrum (m/z = 20-100) for (c) latex 2, (d) latex 26.

The spectra obtained for the latex 2 (non-functionalized) in the positive mode (Figure 3.6.a)
and in the negative mode (Figure 3.6.c) present peaks characteristic for poly(MMA)? (as well
as other peaks detected in the non illustrated m/z ranges). This confirms that the analyzed
latexes had the expected chemical structure (see also Table 3.4) without significant

contamination (see e.g. Br and Cl ubiquitous contamination in Table 3.4).

After surface functionalization with the BPEA inimer, ToF-SIMS spectra of latex 26 in both
the positive mode (Figure 3.6.b) and the negative mode (Figure 3.6.d) indicate that the main
signatures of the latexes are still detected, which is consistent with the intended limited
extent in surface modification. In addition, peaks characteristic for bromopropionyloxy-
group were detected. The most obvious signature was Br, which was detected in the
negative mode with both isotopes in the expected isotopic ratio (50/50) at m/z = 78.913 and

m/z = 80.911 (corresponding to Br’, m/z = 78.918 and to 2!Br, m/z = 80.916). However, it
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was important to confirm that the high relative intensity for "Br” was a direct signature for
bromopropionyloxy-group and not a signature for Br contamination noticed by the very
slight amount detected for the unmodified latex 2 (see in Table 3.4). The detection of peaks
in the positive mode at m/z = 178.981 corresponding to C5H802798r+, m/z = 178.971 and a
peak at m/z = 180.972 (corresponding to CsHgO,*'Br", m/z = 180.969) brought this
confirmation. The relative intensity for 179" for the latex 2 is not due to the presence of
BPEA. The peak 179" is detected at m/z = 179.122 (corresponding to CgH3Os') instead of m/z

= 178.971, excluding any relation to the bromopropionyloxy-group.

ToF-SIMS is not a quantitative analysis since this method depends on matrix effect. The
absolute quantification of the bromide concentration at the particle surface is therefore not
possible. Nevertheless, comparing the normalized peak intensities offers a way to compare

the different samples at different BPEA concentrations (Table 3.4).

Table 3.4. ToF-SIMS normalized intensity (in %o) for various characteristic peaks*.

Entry Overall BPEA? Characteristic signatures Characteristic signatures

content for core latex for bromopropionyloxy-group

I59+ |85- I79- I179+
ZCHE o] +
cHy0-cac' SH=CL o 795, - [H’CAOJ\\/&I
(mol/gpol) 5

2 0 13.7+2.2 219126 0.9+0.2 1.2+03
31 3.75x10° 16.5+1.0 27.3+1.8 3.7+0 1.4+0.2
28 1.87x10° 16.7 £0.7 17.2+7.2 54+2.2 2.0+0.2
50 3.75x10° 17.8+1.6 16.6+2.7 9.8+3.7 2910.1
51 3.75x10° 169+1.6 15.7+0.9 15.1+0.5 34103
53 3.75x 10 17.3+1.7 16.2+19 5.1+0.2 1.8+0.3
15 9.75x 10 16.0+0.4 18.8+3.1 39.9+3.6 7.4+0.7
26 1.83x 10" 13.4+3.6 155+25 39.8+4.7 6.6+1.1

*Peaks at : m/z = 59" corresponding to C,H;0, * and m/z = 85 corresponding to C,HsO,, characteristic of the
core latex; m/z = 79" corresponding to Br and m/z = 179" corresponding to C5H80279Br+, characteristic of
bromopropionyloxy -group

“ BPEA = mOIBPEA/mpO/y(MMA-CO-nBA)
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As expected, when the BPEA concentration used for surface modification increased,
characteristic signatures for the bromopropionyloxy-group varied accordingly in normalized
intensity. But for the latexes 15 (9.75 x 10 mol/gpo, BPEA) and 26 (1.83 x 10™ mol/gpoy
BPEA), the similar values obtained could be explained by the very limited information depth
of the ToF-SIMS technique. BPEA might be more incorporated in latex 26 than in latex 15 but
the amount in the sample depth probed by ToF-SIMS was similar. A maximum covering of

the particle surface seems to be reached at 9.75 x 10° mol/gpoly BPEA.

The crosslinked latex (50) and the non-crosslinked latex (51) were functionalized using the
same BPEA concentration (3.75 x 10 mol/gpoy). Similar ToF-SIMS data were obtained for
these two latexes. The functionalization step does not seem to depend, in this case, on the

core structure although different swelling properties are expected.

Reducing the amount of BPEA is a criterion for potential applications. Latex 53 was
synthesized with a concentrated functional shell in order to increase the local BPEA
concentration without increasing the overall BPEA amount (Table 3.2). Both latexes 50 and
53 were synthesized at 1.5 x 10° mol/giatex BPEA but the composition MMA/BPEA/BDDA of
the functionalized shell was respectively 81.2/1.6/2.2 and 32.9/65.8/1.3. Regarding the
ToF-SIMS data, the bromopropionyloxy-group amount detected at the surface of the particle
for the latex 53 was close to the BPEA amount detected for the latex 50. The amount of the
MMA/BPEA monomer mixture used during the functionalization of the latex 53 was

decreased and was probably not sufficient to reach a total surface coverage.
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3.3. Halogen transfer ability

Prior to any polymerization from the surface, and in order to assess the accessibility of the
surface anchored Br toward a halogen exchange reaction with water-soluble species, the
latex was further subjected to a reaction with Cu(0) and CuCl,/PMDETA. The switch from Br
signature to Cl one should show that activation of the alkyl bromide group of BPEA is

possible and would further confirm the appropriate location of bromopropionyloxy-group.

Cu(0) / Cucl, / PMDETA

25°C

. 0 0
Br F
D, = J\\ O~ A = /t L . /L
(_ j:)/ 0 ( T, ( Y 0 W
Figure 3.7. General principle of halogen transfer reaction.
The halogen transfer reactions performed with latexes are summarized in Table 3.5 and
described in the experimental part. The functionalized latex (26 and 42) with the highest

BPEA concentration (7.3 x 10° mol/giatex) Was chosen and a control reaction with the non-

functionalized latex (2) was also performed.

Table 3.5. Halogen transfer reactions performed at 25°C in presence of Cu(0*) and PMDETA/CuCl,.

Entry Functionalized latex BPEA? BPEA/PMDETA/CuCl,
(Mol/gatex) (molar equivalent)
2G2 2 0 0/1/0.5
26 G6 26 7.4x10° 1/05/01
42 G23 42 1.4x10° 1/05/1

* All experiments were performed in presence of 1 cm Cu(0) wire (8 =1mm)
o BPEA = mOIBPEA/mTota/ latex
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Figure 3.8. Positive ion mode ToF-SIMS spectrum (m/z = 60-200) for (a) latex 2 G2, (b) latex 26 G26 (m/z = 200-
500), (c) latex 42 G23.
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Figure 3.9. Negative ion mode ToF-SIMS spectrum (m/z = 20-100) for (d) latex 2 G2, (e) latex 26 G6, (f) latex 42
G23.
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Figure 3.8.a) and Figure 3.9.d) displays the ToF-SIMS spectra in the positive and negative
mode respectively for the latex 2 G2. As expected, no characteristic signature for the
presence of Cl"was observed and the ToF-SIMS data of latex 2 G2 are very similar to those of
latex 2 (Table 3.6). No reaction or absorption of chloride atom at the particle surface is
observed if reaction with Cu(0)/CuCl,/PMDETA is performed in the presence of a non

functionalized latex.

Table 3.6. ToF-SIMS normalized intensity (in %o) for various characteristic peaks*.

Entry Characteristic signatures Characteristic signatures for Characteristic signature for Cl
for core latex bromopropionyloxy-group
|59+ |85- |79- |179+ |35-
fCH; o +
cHy0-cac' Cszc\ﬁ_O_ 795, - [H’CAOJ\\/&I 3c)-
0

2 13.7+2.2 219126 0.9+0.2 1.2+0.3 0.5+0.5
2 G2 179+0.1 16.8+6.7 1.8+1.8 1.3+03 04+0.1
26 G6 14.30.6 189+1.6 14.1+0.7 24+0.2 89116
42 G23 11.0+8.6 124+2.0 9.1+1.3 1.7+£15 21.6+4.8

*Peaks at : m/z = 59" corresponding to C,H;0," and m/z = 85 corresponding to C,HsO,, characteristic of the
core latex; m/z = 79 corresponding to ”Br and m/z = 179" corresponding to CsHg0,”°Br’, characteristic of
bromopropionyloxy-group, m/z = 35 corresponding to 3CI, characteristic of the ion exchange reaction between
Br and Cl but contribution from Cl ubiquitous contamination cannot be excluded.

Figure 3.9.e) and f) were obtained after reacting a functionalized latex with CuCl,/PMDETA in
the presence of Cu(0). The characteristic signatures for bromopropionyloxy-group ("°Br’ but
as well as CsHgO,°Br*) are still detected but with a significantly lower normalized intensity
(Table 3.6). Cl was detected in the negative mode with both isotopes (and in the expected
isotopic ratio): a peak at m/z = 34.970 (corresponding to *°CI, m/z = 34.969) and a peak at
m/z = 36.967 (corresponding to Cl, m/z = 36.966) in a higher level than the ubiquitous
contamination. This confirmed an exchange reaction, most likely based on the radical
process that is required for initiation and controlled propagation (based on the

activation/deactivation equilibrium of ATRP).
It was expected that peaks similar to 179/181", thus possibly CsHsO,>>Cl* and CsHg0,>’CI*

could be detected but they were not identified even for the latex 42 G23 obtained with 1

molar equivalent of CI" with respect to BPEA. The absence of a peak at m/z = 135
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(CsHg0,>>Cl") did not invalidate the halogen transfer but could be attributed to an absence of

fragmentation, during the ToF-SIMS analysis.

Two characteristic peaks were also observed in the positive mode only for the functionalized
latex 26 G6 (Figure 3.8.b) and 42 G23 (data not illustrated). A peak at m/z = 236.099 was
attributed to the presence of PMDETA/Cu complex and a peak at m/z = 501.237 to the
presence of PMDETA/SDS/Cu complex.
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3.4. Conclusion

In this chapter the functionalization of polymer particles with an inimer bearing an ATRP

initiator functional group (BPEA) was studied.

A successful protocol was found to synthesize functionalized latexes by emulsion
polymerization in a semi-continuous process. Some improvements on the initial protocol,
such as the addition of a PS seed latex, were performed in order to scale up the
functionalization of the particle without modification of the final latex characteristics. The
obtained latexes were all stable at 40 % of solids content and exhibited a narrow particle size

distribution.

Although a high BPEA conversion was obtained and no secondary nucleation was observed
by classical analytical tools, a more accurate control of the location of the bromide group
was the main point of this study. The presence of the bromide atom at the particle surface
was assessed by ToF-SIMS analysis and was indeed detected for all functionalized latexes. A
molecular fragment of the bromopropionyloxy-group bearing the bromine atom was also
observed, attesting the presence of BPEA covalently bound at the particle surface.
Bromopropionyloxy-group was detected at low concentration (3.75 x 10° mol/gpoly) and its
characteristic signature increased with the increase of BPEA concentration to a maximum of

9.75x 10° mol/gpoly-

A halogen atom exchange reaction performed with the functionalized latex in the presence
of Cu(0) and PMDETA/CuCl, demonstrated the possible activation of the surface alkyl
bromide group of BPEA by water soluble active species. The characteristic signal of bromine
was replaced by the characteristic signal of chlorine that confirmed a halogen transfer

reaction that is required for an ATRP mechanism.

After the successful introduction of BPEA and the assessment of the good accessibility of the
alkyl bromide group, functionalized latexes were further used as substrates for the surface-
initiated polymerization of hydrophilic monomers. This study will be developed in the next

chapter.
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3.5. Experimental part

3.5.a. Materials
All products were used as received and are listed in Table 3.7. Deionized water was

employed in all experiments.

Table 3.7. List of the products

Mw
Products Purity Supplier
g/mol
ACPA 4,4’-Azobis(4-cyanopentanoic acid) 280.28 >98% Aldrich
BDDA 1,4-Butanediol diacrylate 198.22 - BASF
Cu(0) Copper wire (¢ = 1mm) 63.55 >99.9% Aldrich
CuBr, Copper Il bromide 223.35 >99% Aldrich
Cudl, Copper ll chloride 134.45 >99.99% Aldrich
Disponil SDS Sodium dodecyl sulfate 288.38 15 wit% aq solution Cognis
MMA Methyl methacrylate 100.12 - BASF
NaHCO; Sodium hydrogen carbonate 84.01 0.07 M aq solution BASF
NAM N-Acryloylmorpholine 141.17 97% Aldrich
NaOH Sodium hydroxide solution 40.00 0.25 M aq solution BASF
nBA n-Butyl acrylate 128.17 - BASF
PMDETA 1,1,4,7,7-Pentamethyldiethylene triamine 173.30 99% Aldrich
PS seed (29 nm) Vorproduckt T6772 - 33 wt% BASF

3.5.b. BPEA synthesis

The inimer 2-(2-bromopropionyloxy)ethyl acrylate (BPEA) was synthesized by reaction of 2-
hydroxyethyl acrylate (Sigma Aldrich, 96%) and 2-bromopropionyl bromide (Sigma Aldrich,
97%), according to a protocol published previously>. A solution of 2-bromopropionyl
bromide (79.33 g, 0.38 mol) in 50 mL of CH,Cl,, was added dropwise to a stirred solution
(cooled in an ice bath) of 2-hydroxyethyl acrylate (40.64 g, 0.35 mol) and triethylamine
(38.96 g, 0.38 mol) in 220 mL of CH,Cl,, during 3 hours under an atmosphere of argon. After
complete addition, the reaction was further stirred at room temperature for 24 hours. The
precipitate was removed by filtration and the organic phase was washed with water (3 x 50
mL). It was then dried over magnesium sulfate, filtered and CH,Cl, was evaporated under

vacuum. The obtained yellow oil was distilled under vacuum in the presence of 0.5 wt% of
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hydroquinone to give a colorless liquid. 300 MHz *H NMR (CDCls): & (ppm) = 6.44 (d, 1H,
CH,=), 6.13 (dd, 1H, =CH), 5.87 (d, 1H, CH,=), 4.41 (m, 5H, H,C-O and CH-Br), 1.83 (d, 3H,
CHs).

3.5.c. Synthesis of poly(MMA-co-nBA) crosslinked latex

In a typical example (latex 26 in Table 3.1), a monomer in water emulsion was first prepared
using 260 g of deionized water, 26.5 g of SDS solution, 5.6 g of sodium hydrogen carbonate
solution, 88 g of nBA, 190 g of MMA, and 7.3 g of BDDA. An aqueous solution of ACPA
initiator (6.28 g of the solution prepared with 48 g of deionized water, 3.0 g of ACPA and
11.7 g of NaOH aqueous solution 0.25M) was introduced into a 2-liter reactor preloaded
with 138 g of deionized water, equipped with a thermocouple, a cooling condenser and a
paddle stirrer, and heated at 70 °C. After 15 minutes, the monomer-in-water emulsion was
gradually added to the reactor for a total time of 180 minutes while 56.5 g of the residual
initiator solution was fed during 215 minutes. After complete addition of the monomer
emulsion (achieving 92% conversion), a mixture containing 15 g of the BPEA inimer, 15 g of
MMA and 0.7 g of BDDA was added during 30 minutes and the reaction medium was stirred
at 70 °C for 60 more minutes and then cooled to room temperature. The final latex had a
solids content of 40 wt% (obtained by gravimetric analysis). The particle diameter was

determined using DLS. The conversion of BPEA was determined by gas chromatography.

3.5.d. Synthesis of poly(MMA-co-nBA) crosslinked latex with PS seed
In a typical example (latex 50 in Table 3.2), a monomer in water emulsion was first prepared

using 929.4 g of deionized water, 125.0 g of SDS solution, 26.0 g of sodium hydrogen
carbonate solution, 416.1 g of nBA, 884.1 g of MMA and 34.2 g of BDDA. An aqueous
solution of ACPA initiator (29.5 g of the solution prepared with 259.1 g of deionized water,
14.1 g of ACPA and 21.8 g of NaOH aqueous solution 0.25M) was introduced into a 5-liter
reactor preloaded with 843.4 g of deionized water and 61.5 g of Vorproduckt T, equipped
with a thermocouple, a cooling condenser and a paddle stirrer, and heated at 80 °C. After 15
minutes, the monomer-in-water emulsion was gradually added to the reactor for a total
time of 180 minutes while 265.5 g of the residual initiator solution was fed during 215

minutes. After complete addition of the monomer emulsion (achieving 92% conversion), the
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temperature was decreased at 70°C and a mixture containing 14.2 g of the BPEA inimer, 69.6
g of MMA and 1.9 g of BDDA was added during 30 minutes and the reaction medium was
stirred at 70 °C for 60 more minutes and then cooled to room temperature. The final latex
had a solids content of 40 wt% (obtained by gravimetric analysis). The particle diameter was

determined using DLS. The conversion of BPEA was determined by gas chromatography.

3.5.e. Synthesis of poly(MMA-co-nBA) non crosslinked latex with PS seed

In a typical example (latex 51 in Table 3.3), a monomer in water emulsion was first prepared
using 930.8 g of deionized water, 125.0 g of SDS solution, 26.0 g of sodium hydrogen
carbonate solution, 452.1 g of nBA, 884.1 g of MMA. An aqueous solution of ACPA initiator
(29.5 g of the solution prepared with 259.1 g of deionized water, 14.1 g of ACPA and 21.8 g
of NaOH aqueous solution 0.25M) was introduced into a 5-liter reactor preloaded with 842.0
g of deionized water and 61.5 g of Vorproduckt T, equipped with a thermocouple, a cooling
condenser and a paddle stirrer, and heated at 80 °C. After 15 minutes, the monomer-in-
water emulsion was gradually added to the reactor for a total time of 180 minutes while
265.5 g of the residual initiator solution was fed during 215 minutes. After complete addition
of the monomer emulsion (achieving 92% conversion), the temperature was decreased at
70°C and a mixture containing 14.2 g of the BPEA inimer, 69.6 g of MMA was added during
30 minutes and the reaction medium was stirred at 70 °C for 60 more minutes and then
cooled to room temperature. The final latex had a solids content of 40 wt% (obtained by
gravimetric analysis). The particle diameter was determined using DLS. The conversion of

BPEA was determined by gas chromatography.

3.5.f. Halogen transfer mediated by Cu(0)/CuCl,/PMDETA

For the example 26 G6 (Table 3.6), 5 g of latex 26 were carefully deoxygenated with a
nitrogen flow for 30 minutes. A deoxygenated mixture of 0.03 g (0.5 eq mol with respect to
BPEA) of PMDETA, and 0.36 g (0.1 eq mol with respect to BPEA) of a CuCl, aqueous solution
at 0.1 M were slowly added under stirring. The reaction medium was heated at 25°Cand a1
cm length piece of copper wire was introduced. The reaction was stirred for 6h. The copper
wire was removed and the latex was dialyzed against water for 2 weeks (the water medium
was changed 4 times per day) using a Spectra/Por® dialysis membrane (cut-off at 12 000-14

000 Da), dried at room temperature, grinded to a powder for ToF SIMS analysis.
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For the examples 42 G23 and 2 G2 (Table 3.6), 5 g of latex and 15 g of deionized water were
carefully deoxygenated with a nitrogen flow for 30 minutes. A deoxygenated mixture of 0.03
g (0.5 eg mol with respect to BPEA) of PMDETA, and 3.6 g (1 eq mol with respect to BPEA) of
a CuCl, aqueous solution at 0.1 M and 5g of water were slowly added under stirring. The
reaction medium was heated at 25°C and a 1 cm length piece of a copper wire was
introduced. The reaction was stirred for 6h. The copper wire was removed and the latex was
dialyzed against water for 2 weeks (the water medium was changed 4 times per day) using a
Spectra/Por® dialysis membrane (cut-off at 12 000-14 000 Da), dried at room temperature,

grinded to a powder for ToF SIMS analysis.

3.5.g. Latex references
The latexes synthesized in this chapter are listed in Table 3.8. The principal characteristics

are reported and the latex references were simplified in the main text.

Table 3.8. Functionalized latexes synthetized in this study.

Latex New entry Latex’ Overall BPEA”
number content

(mOI/gLatex)

GK90-2 2 Cross-linked poly(MMA-co-nBA) 0
GK2808-31 31 Cross-linked poly(MMA-co-nBA) 1.5x10°
GK2808-28 28 Cross-linked poly(MMA-co-nBA) 7.5x10°
GK2808-44 44 Cross-linked poly(MMA-co-nBA) 1.5x 107
GK2808-50 50 Cross-linked poly(MMA-co-nBA), PS seed 1.5x10”
GK2808-53 53 Cross-linked poly(MMA-co-nBA), PS seed 1.5x10”
GK28008-51 51 Non cross-linked poly(MMA-co-nBA), PS seed 1.5x 107
GK2808-15 15 Cross-linked poly(MMA-co-nBA) 3.9x10°

GK2808-26; 41;42  26;41; 42 Cross-linked poly(MMA-co-nBA) 7.3x10°
GK2808-52 52 Cross-linked poly(MMA-co-nBA), PS seed 7.1x10°
GK98-8 8 Non cross-linked poly(MMA-co-nBA) 7.1x10°

% 40 % solids content
b,
)BPEA = mOIBPEA/mTota/ latex

109



©

3.6. References

! Mittal, V.; Matsko, N.B.; Butté, A.; Morbidelli, M. Polymer 2007, 48, 2806-2817

2 Davies, M.C., Lynn, R.A.P.; Davis, S.S.; Hearn, J.; Vickerman, J.C.; Paul, A.. J. Colloid
Interface Sci. 1993, 161, 83-90

* Davies, M.C.; Lynn, R.A.P.; Hearn, J.; Vickerman, J.C.; Paul, A.J.; Watts J.F. Langmuir 1996,
12, 3866-3875

* Ihalainen, P.; Backfolk, K.; Sirvio, P.; Peltonen, J. Colloids and Surfaces, A 2010, 354, 320-
330

> Matyjaszewski, K.; Gaynor, S.K.; Kulfan, A.; Podwika, M. Macromolecules 1997, 30, 5192-
5194

110



Chapter @
Surface-initiated
Polymerization

Introduction

Core-shell particles prepared by conventional radical emulsion polymerization are usually
obtained under a thermodynamic control. Generally, after the polymerization of the core, a
second monomer feed is added to form the shell. In this case, the core and the shell are not
covalently linked and the resulting core-shell morphology depends only on the polymer
interfacial energy’. In particular, obtaining particles with a hydrophilic hairy layer according
to this procedure is not possible. The hydrophilic monomer will preferentially polymerize in
the water phase. Surface-initiated polymerization is one way to synthesize a hairy shell

covalently bound to the core, and to avoid free polymer in the water phase.

A conventional batch procedure was chosen for the surface-initiated polymerization and the
reactions were carried out at room temperature. Except dilutions, latexes were used
“as synthesized”, i.e. without purification such as dialysis and/or centrifugation. A latex
destabilization was observed during the first grafting reactions (not reported) when pure
hydrophilic monomer was introduced and despite the precautions taken. To overcome this

difficulty, agueous solutions of the hydrophilic monomers were further employed.
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The reagent concentrations were directly adapted from the model experiments performed

in water solution (chapter 2) and for a typical grafting reaction PMDETA/CuBr, was used in a

0.5/0.1 molar ratio with respect to BPEA. Cu(0) wire was used as a reducing agent.

For a better understanding of the study, the latexes used in this chapter are listed in Table

4.1. The main characteristics are reported and the latex references were simplified.

Table 4.1. Functionalized latexes used in this study.

Latex New entry Latex” Shell/core Overall BPEA” Final diameter
number weight ratio content D (DLS)
(wt%) (mol/giate)  (nm / dispersity)
Crosslinked
GK90-2 2 - 0 125/0.03
poly(MMA-co-nBA)
Crosslinked 6
GK2808-31 31 5.1/94.9 1.5x10 110/0.02
poly(MMA-co-nBA)
Crosslinked 5
GK2808-50 50 5.9/94.1 1.5x10 135/0.01
poly(MMA-co-nBA), PS seed
Crosslinked 5
GK2808-15 15 7.5/92.5 3.9x10 110/0.03
poly(MMA-co-nBA)
GK2808- Crosslinked 5
26; 41; 42 9.7/90.3 7.3x10 115 /0.02
26; 41; 42 poly(MMA-co-nBA)
Non-crosslinked 5
GK98-8 8 9.7/90.3 7.1x10 140 /0.01

poly(MMA-co-nBA)

%140 % solids content

b)
BPEA = mOIBPEA/mTomI latex

This chapter will be developed into two main studies. Surface-initiated polymerization of

NAM will be presented in the first part. The success of the grafting reaction will be evaluated

via different analyses. The surface-initiated polymerization of different hydrophilic

monomers will be illustrated in the second part and the use of several metals other than

Cu(0) for metal-mediated surface-initiated polymerization will be reported in the last part of

the chapter.
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4.1. Control experiments

Control experiments were performed in presence of a non-functionalized latex (2) and a

functionalized latex (42) at 7.3 x 10° mol/giatex BPEA and are listed in Table 4.2.

Table 4.2. Control experiments performed at room temperature, in presence of the latexes 2 and 42.

Entry BPEA? NAM NAM/BPEA/PMDETA/CuBr,/Cu(0)”  Time Conv. Final solids
(NMR)  content®

(MOl/Blatex)  (8/8polymer) (molar equiv.) (h) (%) (wt%)
261 0 0.13 10/0/1/0.5/1.5cm 5 0 37
42G14  4.6x10” 0.25 55/1/0/0/0cm 6 0 32
42G15  4.6x10° 0.25 55/1/0/0/1cm 6 0 31
42G17  4.6x10° 0.25 55/1/05/0.1/0cm 6 0 31
42G18  4.6x10” 0.25 55/1/05/0/1cm 6 0 31

7 BPEA = mO/BPEA/mTomI latex
o Cu(0) wire (= 1mm)
“ Obtained by gravimetry. Identical to initial solids content as NAM is non volatil

As expected no polymerization was observed in presence of functionalized latex and only a

part of the initiating system (42 G14; 42 G15; 42 G17 and 42 G18).

No polymerization was obtained with a non-functionalized latex (2 G1) in presence of

PMDETA/CuBr, and Cu(0).

Control experiments in presence of latex corroborated the results obtained in water. There

was no side initiation from residual ACPA, SDS or from components of the catalytic system.

So, surface-initiated polymerization could be now attempted as it was proven that no side

reaction may occur in presence of remaining surfactant and initiator.
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4.2. Surface-initiated polymerization of NAM in presence of Cu(0)

Following the results obtained in copper-mediated polymerization performed in water
solution, NAM was selected as a hydrophilic monomer. NAM is a neutral monomer soluble in
many organic solvents. It carries an amide group that can easily be detected by FT-IR since

not present in the monomers of composing the core.

4.2.a. Surface-initiated polymerizations at different BPEA concentrations

4.2.a.i. Core-shell latex synthesis
Surface-initiated polymerizations were performed in presence of latexes synthesized at
different BPEA concentrations. These experiments are listed in Table 4.3 and the

experimental protocol is described in the experimental part.

Table 4.3. Surface-initiated polymerizations of NAM performed at 25 °C in presence of PMDETA/CuBr, and
Cu(0)* from crosslinked poly(MMA-co-nBA) latex particles functionalized at the surface by BPEA, at different Br
concentrations.

Entry BPEA?  NAM® NAM/BPEA/PMDETA/CuBr, Time Conv. D (DLS) Final solids
(NMR) after grafting content ¢

(mol/giatex)  (8/8p01y) (molar equiv.) (h) (%) (nm / dispersity) (Wt%)

31G2 1.4x10° 0.05 97.5/1/0.6/0.10 8 30 120/0.08 38
31G1 1.1x10° 0.22 4415/1/0.8/0.15 1 Formation of a gel

50G1 1.1x10° 0.05 95/1/05/0.1 1 Formation of a gel

50G2 7.3x10° 0.10 21.6/1/05/0.1 6 50 170/0.20 20
15G6 2.1x10” 0.05 41/1/05/0.1 7 100 105/ 0.03 24
15G2 2.0x10° 0.26 20.5/1/05/0.1 7 93 210/0.30 30
15 G4 1.9x10° 0.42 33.3/1/05/0.1 7 71 270/0.30 31
26 G3 6.1x10° 0.13 5.0/1/06/0.1 6 96 140/ 0.04 38
41 G4 49x10° 0.23 89/1/05/0.1 4 86 120/ 0.06 33
42 G1 46x10° 0.25 9.7/1/05/0.1 6 85 120/0.01 31
26dG1  1.1x10° 0.40 13.3/1/05/0.1 6 88 260/0.20 8.6

* All experiments were performed in presence of 3.5 cm Cu(0) (6= 1mm)
o BPEA = mO/BPEA/mTomI latex at t=0

b
) [NAM] = mNAIVI/mcore particles
“ Obtained by gravimetry. Identical to initial solids content as NAM is non volatil

The first observation is that NAM is polymerized and conversion from 31% (31 G2) to
complete conversion (15 G6) were obtained. According to the control experiments, it could

reasonably be concluded that the polymerization of NAM was initiated by the surface
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bromide groups. Moreover the experiment 26d G1 was performed in presence of the
dialyzed latex 26. The results are very similar to those obtained in presence of raw latex (26,

41, 42) confirming again that ACPA and SDS do not interfere with the grafting process.

Eventually, 41 G4 and 42 G1 were performed in the same conditions from latexes 41 and 42
synthesized following the same procedure. Very similar results were obtained indicating a

good reproducibility of the surface-initiated polymerization under those conditions.

1
0.9 1 6
31 G2 1.4 x10” mol/g,tex
0.8 1 )
4 50 G2 7.3 x10° mol/g,, e,
0.7 - 26 G3 6.1 x 10”° Mol/gjy1ex
5 06- ¢ 41G4 4.9 X 10”° MOI/g,,1ex
[7,]
Q - ¢, A
2 05 R
o A
O 04 - 4
0.3 1
0.2 A
0.1 1
0 £ T T T T T T ‘ ‘
0 1 2 3 4 5 6 7 8 9

Time (h)

Figure 4.1. Conversion of NAM measured by 'H NMR analyses vs time for the surface-initiated polymerizations
performed at 25 °C in presence of PMDETA/CuBr, and Cu(0)* from crosslinked poly(MMA-co-nBA) latex particles
at different BPEA concentrations.

Figure 4.1 displays the polymerization kinetics. In general, polymerizations reached a plateau
after 2-3h reaction time. For 31 G2 an inhibition time of 3h was observed. A plateau was also

reached after 2h reaction time.

Low conversions were obtained with latexes 31 (31%) and 50 (50%) corresponding to a low
amount of bromopropionyloxy-groups, i.e. 1.4 x 10° and 7.3 x 10° mol/gitex respectively.
Higher conversions from 71% (15 G4) to 100% (15 G6) were achieved for the latexes with
higher bromopropionyloxy-group concentration (>1.9 x 10” mol/gate), Meaning that a

minimum Br-group is necessary to provide an efficient surface-initiated polymerization.
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Comparing 15 G2 and 41 G4 in Table 4.3, no significant differences were obtained in term of
final conversions (93%, 86% respectively) although the amount of bromopropionyloxy-group
avaibale is doubled from 15 G2 to 41 G4 (Table 4.3). However, as suggested by ToF-SIMS
results (chapter 3, Table 3.4) the concentration of bromide group at the particle surface was

not different for those two latexes, which could be then considered as a similar substrates.

Latex 15 was used as a substrate for surface-initiated polymerization at different NAM
concentrations. 15 G6, 15 G2 and 15 G4 were carried out in presence of PMDETA/CuBr;
(0.5/0.1 molar equivalent with respect to BPEA) and respectively at 0.05, 0.26 and 0.42
gnam/Bpoly(MMA-co-nea).  Surprisingly, the final conversions decreased when the NAM
concentration was increased. One possible explanation, is a competitive copper ions
complexation between NAM and PMDETA? (chapter 2, Table 2.5) deacreasing thus the

concentration of the active species Cu(l)/PMDETA.

The final latex diameters increased with increasing NAM conversion. Generally, they were in
a range of 120 to 140 nm with a low dispersity value. In some examples, much higher final
diameters were achieved with however high dispersity indicating aggregation. For 31 G1 and
50 G1 gels were formed after only 1h reaction time. At high substrate concentration, short
interparticle distance may favor interparticle cross-linking via radical termination. Gel

formation was avoided with a higher dilution (51 G2).

4.2.a.ii. Stability test and viscosity analysis
A hairy layer at the particle surfaces provides steric repulsions and improves the colloidal
stability. Sterically stabilized latexes are particularly insensitive to electrolytes and are

resistant to freeze-thaw cycles.
To prove the efficient grafting of the hydrophilic shell and the resulting improved stability of

latexes, tests were performed in presence of a high concentration of CaCl, or after 3 freeze-

thaw cycles (Table 4.4).
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Non grafted 26 G3
latex dialyzed

Non grafted 26 G3
latex dialyzed

Figure 4.2. Stability tests to freeze-thaw cycles for 26 and 26 G3 latexes grafted with poly(NAM).

Table 4.4. Stability tests to freeze-thaw cycles and CaCl, high concentration and latex viscosity measurements
for latexes grafted with poly(NAM).

Entry Solids  Poly(NAM)” D (DLS) before D (DLS) after Critical CaCl, Latex
content freezing 3 freeze-thaw aggregation viscosity
cycles conc.
(Wt%) (8/800y)  (nm/dispersity) (nm / dispersity) (M) (10° Pa.s)
Non grafted 3
- . . <4. .
latex (26) 40 100/ 0.03 785/0.8 <45x10 0.9
Non grafted
Latex (26) 20 - 100/0.10 1500/0.5 <45x10° -
+ Poly(NAM)
31G2 38 0.15 120/0.08 6 000/ 0.5 <45x10° 2.4
50 G2 20 0.05 170/0.20 3000/1 <45x10° -
15 G6 24 0.05 105 /0.03 110/ 0.06 >2.25 1.6
15 G2 30 0.24 210/0.30 190/0.25 >2.25 22.1
15 G4 31 0.29 270/ 0.30 235/0.30 >2.25 287.7
26 G3 38 0.29 140/0.04 145 /0.05 >2.25 2.6
41 G4 33 0.19 120/ 0.06 120/0.03 >2.25 -
42 G1 31 0.21 145/ 0.05 150/ 0.08 >2.25 -
26d G1 8.6 0.25 260/0.2 230/0.24 >2.25 2.7

* Obtained by gravimetry. Identical to initial solids content as NAM is non volatil
" M ( 9/901,) X COnversion

Non grafted latexes either pure or in presence of free poly(NAM) were destabilized after

freeze-thaw tests and in presence of low a CaCl, concentration (< 4.5 x 10°M).

Poly(NAM) grafted latexes obtained with high NAM conversions (15G6, 15 G2, 15G4, 26
G3,41 G4 and 42 G1) remained stable after 3 freeze-thaw cycles (low variations of the
particle diameter and dispersity) and under high ionic strength (CaCl, aqueous solution

>2.25 M). Latex 26 G3 was dialyzed and also tested. 26 G3 and 26 G3 dialyzed latexes
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remained stable after 3 freeze-thaw cycles whereas latex 26 (non grafted latex) was

destabilized (Figure 4.2).

For 31 G2 and 50 G2, the poor stability did not invalidate the grafting. These results could be
imputed to the particle morphology. Considering the low bromopropionyloxy-group
concentration at the particle surfaces, only a few polymer chains were most probably
grafted and the particles were not completely covered by the shell. Instead of hairy layer
particles, at low bromide group concentration, surface-initiated polymerization has probably
generated “patched” particles and their stabilization is not high enough to survive the

stability tests.

In general, the latexes formed by grafting poly(NAM) chains were stable and exhibited a high
viscosity. They became more viscous when the poly(NAM)/core ratio increased (series 15,
Table 4.5). Except for 15 G2 and 15 G4, the final viscosity values were below 3 mPa.s for a

solids contents above 25 wt%.

As shown in Figure 4.3, the presence of poly(NAM) at the particle surface allowed the good
dispersion of the grafted latex in CH,Cl, whereas a phase separation was observed between
the organic phase and the non grafted latex. As the core of the grafted latex was crosslinked
and due to the propensity of poly(NAM) to be soluble in water but also in a range of organic
solvents, core-shell particles stabilized the H,0/ CH,Cl, interface. Thus a Pickering emulsion

was probably formed.
A better redispersion in water was also noticed for the grafted latex powder 26 G3 (180 nm,

PDI =0.1) than for the non grafted latex (multipopulation, PDI = 0.5). Initial particle diameters
were 145 nm (PDI = 0.05) and 115 nm (PDI = 0.02) respectively.
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Figure 4.3. Grafted latex stability dispersed in different solutions.

4.2.a.iii. FT-IR analysis
Even though all the stability tests showed the evidence of grafting, FT-IR analyses were
performed to further confirm that the poly(NAM) was covalently bound to the core. Latexes
were dialyzed against water using a Spectra/Por® dialysis membrane (cut-off at
12 000-14 000 Da) to remove the water phase content (i.e. including non grafted species)

before the analysis.

On the FT-IR spectra of the poly(NAM) (Figure 4.4), a band at 1 640 cm™, corresponding to
the amide group (amide | stretching vibration) was observed. This band, not detected for
the non grafted latex, was also observed after thorough cleaning of the grafted latexes,

confirming the efficient incorporation of poly(NAM) in the latex by covalent bonding.

To determine quantitatively the poly(NAM) content, a calibration curve was first planned by
mixing non grafted latex and poly(NAM) at different ratios. The non grafted latex exhibits a
specific ester band at 1725 cm™ (ester stretching vibration). This bond being present in all
latexes and corresponding to the same amount of C = O groups (core of all latexes), it was
used as an internal reference. The intensity ratio of the amide band and the ester band was
plotted against gnam/Ecore- However, the resulting plot was not linear and the analyses were
not reproducible particularly for the low ratios of poly(NAM). The quantitative
determination of the grafted poly(NAM) was thus not sufficiently accurate to use this

technique.
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Figure 4.4. FT-IR analyses of dialyzed grafted latexes.

4.2.a.iv. ToF-SIMS analysis
Dialyzed grafted latexes were also analyzed by ToF-SIMS to confirm the location of the
poly(NAM). Despite the hydrophilic nature of the polymer, it was important to check
whether the poly(NAM) was at the extreme particle surface and whether this surface was

completely or only partially modified.
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Figure 4.5. (a) Positive ion mode (m/z = 50-200) and (b) negative ion mode (m/z = 20-100) ToF-SIMS spectra for
the latex 26 G3.
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Few N-based signatures detected for non-functionalized latex (2) and for non-grafted latexes

(31, 15 and 26) were due to the use of ACPA as an initiator, which contains a -CN group.

Figure 4.5 corresponds to the spectra obtained for the latex 26 G3 in negative and positive
modes. Additional N-based signatures were observed and assigned to characteristic peaks of
poly(NAM) such as those at m/z = 26.004 (corresponding to CN', m/z = 26.003), m/z = 42.007
(corresponding to CNO’, m/z = 41.998), m/z = 70.038 (corresponding to CsHsNO®, m/z =
70.028), m/z = 86.064 (corresponding to C;HgNO®, m/z = 86.060), m/z = 114.069

(corresponding to CsHgNO,", m/z = 114.055) and at m/z = 142.095 (corresponding to

C7H12N02+, m/z = 142087)

The presence of new N-based signatures was confirmed by the normalized intensity values

reported in Table 4.5.

Table 4.5. ToF-SIMS normalized intensity (in %o) for various characteristic peaks*.

Entry  Characteristic signatures Characteristic signatures Characteristic signatures for
for core latex for bromopropionyloxy-group poly(NAM)
I59+ |85- I79- I179+ |26- I42- I142+
C/H1,NO,"
ZCHE o +
cmo-cz¢t  MTN o~ TBr [H:C”“OJY a'l CN” CNO [o’_\w ] :
i Y CH,
0 Q 0)
2 13.7+£2.2 219+26 09+0.2 1.2+0.3 58+0.2 04101 1.6+0.2
31 16.5+1.0 273+1.8 3.7+0.0 1.4+0.2 74+06 0501 1.8+0.2
31G2 16.8+1.2 15.6+5.0 14+04 1.5+0.0 15.8+0.1 2.7+0.5 3.7+0.1
15 16.0+04 18.8+3.1 39.9+3.6 7.4+0.7 44+0.2 0300 2.0+£0.0
15G2 55111 48+4.7 54+26 1.1+0.2 19.1+69 5.8+3.9 9.1+1.4
26 13.4+3.6 155+25 39.8+4.7 6.6+1.1 57+13 0.3z%0.1 1.5+0.2
26G3  7.0x0.5 9.1+13 4.7+0.2 1.1+0.1 23.7+26 75+ 1.1 8.1+0.8

*Peaks at : m/z = 59 corresponding to C,H;0," and m/z = 85 corresponding to C,HsO,, characteristic of the
core latex; m/z = 79 corresponding to ”Br and m/z = 179" corresponding to CsHg0,”°Br’, characteristic of
bromopropionyloxy-group;, m/z = 26" corresponding for a major part to CN" but contribution from C,H, cannot
be excluded, m/z = 42" corresponding to CNO  and m/z = 142" corresponding to C,0,H,N".

9 A possible ion structure for C,0,H;,N* resulting from the poly(NAM) fragmentation

The normalized intensity values for core latex specific peaks significantly decreased, which

illustrated a significant grafting of poly(NAM) at the surface for 15 G2 and 26 G3 latexes. For
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31 G2 the characteristic signature of the poly(MMA-co-nBA) remained still high, but an
increase in the intensities of the characteristic N-based signatures indicated the grafting of
poly(NAM). The hydrophilic shell grafted at particle surfaces with low bromine

concentration, was probably not dense enough to cover completely the particle surface.

Br was still detected but the specific peaks for bromopropionyloxy-moiety (i.e. CsHg0,°Br*
and CsHg0,%'Br*) not anymore. The normalized intensity for 179" was back to the value
previously observed (and not corresponding to CsHgO,'Br") for the latex 2. This result is
consistent with polymerization mechanism in which chains are extended from
bromopropionyloxy-group while maintaining a dormant Br end-group. If CsHg0,'°Br* was as
expected not detected anymore, peak combining poly(NAM) and Br end-group was however

not detected.

The latexes were dialyzed before the ToF-SIMS measurements. However, as already
reported in chapter 3.3, a few amount of SDS remained in the latex and was detected at
m/z = 265". Moreover, characteristic peaks of copper complex were detected. The peak at
m/z = 236" and the peak at m/z = 501" were respectively attributed to the complex

PMDETA/Cu and PMDETA/Cu/SDS.

Table 4.6. ToF-SIMS normalized intensity (in %o) for various characteristic peaks*.

Entry  Characteristic signatures Characteristic signatures Characteristic signatures for
for SDS for copper complexes CuBr,
|265- I236+ I501+ I221-
5 sDS 2y
|I | el ] N | o C‘u wizz CUBrz
CyyHse—0—5—0" AN p~NL ,N;}\éﬂ;wx
l! | |
2 0.6+0.1 0.3+0.1 00 0.1+0
31 09+0.1 0.310.1 00 -
31G2 0.2+0.1 1.3+0.1 0.1+0 0.1+0
15 0.3+0.1 030 00 -
15 G2 0.6+0.5 09+0.7 0.5+0.2 0.1+0
26 0.5+0.2 0.2+0 00 -
26 G3 1.0+£0.2 1.2 0.2 050 0.1+0

*Peqks at : m/z = 265 corresponding to C;,Hs0,S , characteristic of SDS; m/z =236 corresponding to CoH,3N;Cu®
and m/z = 501" corresponding to C,3H;,N;0,Cu’, characteristic of copper complexes; m/z = 221" corresponding
CuBr,.
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The intensities of CuBr, characteristic peak were identical for the different samples and

rather low, indicating that the dialyses were efficient for all the samples.

For the grafted latexes, the intensities of copper complexes increased with respect to those
obtained for non grafted latexes. These results confirmed again that the copper complexes

were most likely trapped in the poly(NAM) shell.

4.2.a.v. Electrospray charge-detection mass spectroscopy
Recently, electrospray charge-detection mass spectrometry (ECD-MS) has been successfully
used by the LASIM and LCPP teams to determine molar masses and molar mass distributions
of polymer particles®. By this method, the particles are directly ionized without alteration of
their structure. The charge and velocity of the charged particles are first measured under
static conditions. Then under voltage gradient, the charged particles are accelerated. The
m/z ratio is determined from velocity measurements and acceleration voltage. The mass of
each individual ion is then calculated from the knowledge of m/z ratio and the charge z. The

general principle of the technique is displayed in Figure 4.6.

metal flight tube
single rayed .
plectrosp
jon ___,.? m/z
Charge sensitive b oy

preamplifier
& shaping amplifier

Figure 4.6. Principle of charged detection mass spectrometry applied to weighing electrosprayed latex particles.
Reprinted with permission from ref 3. Copyright 2012 American Chemical Society.

The CD-ESI analyses were performed for 42 (functionalized latex) and 42 G1 (poly(NAM)

grafted latex. Both latexes were cleaned by dialysis before measurements.

Figure 4.7 displays the amplitude of the image-charge signal, which is proportional to z and

the time-of-flight for the two samples.
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Figure 4.7. Amplitude (mV) vs ToF (us) for the non grafted latex 42 and for the grafted poly(NAM) latex 42 G1.

Both latexes have been successfully charged. However, it appeared that more ions have
been detected for the grafted poly(NAM) latex 42 G1. In this case, the ion population is

denser and centered at higher amplitude. The time of flight was also shorter.

It seems thus that in the presence of a poly(NAM) shell, the particles are better ionized.
Mass-charge diagrams and charge spectra histogram (Figure 4.8) confirmed that the grafted
latex is 30% more charged that non grafted latex at a same mass (M = 580 MDa). All these

results confirm again that the poly(NAM) was grafted at the surface of the particle.
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Figure 4.8.Mass-charge diagram (left) and charge spectra histograms (right) for the non grafted latex 42 and
for the grafted poly(NAM) latex 42 G1.

124



4]

Since the non-grafted latex are poorly charged, only part of the population has been
detected, i.e. the more charged and larger particles. Therefore, the determination of the
molar mass of the non-grafted latex is not possible by this method. The molar mass average

(~ 600 MDa) is certainly over estimated.

For the grafted latex, a molar mass average of ~450 MDa have been determined. This value
is in adequation with the calculated molar masses 540 MDa and 340 MDa from the particle
diameter obtained by DLS (hydrated particles) and TEM (dry particles) respectively assuming
a density of 1.15 for the polymer.

4.2.a.vi. Serum analysis
Grafted latexes were cleaned by centrifugation to determine the water soluble content. As
grafted latexes were very stable, a complete separation of the serum and latex particles was
difficult to achieve. A very small amount of grafted particles was still present in the serum
(confirmed by DLS). Nevertheless, the serum was dried and analyzed by 'H NMR

spectroscopy.
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Figure 4.9. "HNMR spectra of the dried serum residues obtained by centrifugation of grafted latexes in D,0.
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Figure 4.9 displays *H NMR spectra of grafted latex dried serum. The presence of poly(NAM)
in a small amount was detected but since a few amount of latex particles still remained in
the serum, part of the signal might be attributed to grafted poly(NAM). This did not allow

the quantification of the non-grafted poly(NAM), which appeared to be anyway rather small.

Latexes 42 and 42 G1 were further analyzed by analytical ultracentrifugation (AUC). By this
technique, latex particles are fractionated under ultracentrifugation according to their size,
density and are detected with absorbance optics. In general, AUC is used to determine
particle size distribution®. It is also possible to detect the presence of water soluble content
by measuring the turbidity variations of the water phase media. With this method, oligomers
were not detected in the latex 42 G1 confirming again the low amount of non-grafted

polymer chains.

4.2.b. Surface-initiated polymerization with different cores

Crosslinked particles are convenient for analysis purposes as their integrity is maintained.
But, for potential applications, these latexes are not adapted, particularly for film formation.
Therefore a non-crosslinked latex (8) was used as a substrate for surface-initiated

polymerization (Table 4.7).

Table 4.7. Surface-initiated polymerizations of NAM performed at 25 °C in presence of PMIDETA/CuBr, and
Cu(0)* from crosslinked and non-crosslinked poly(MMA-co-nBA) aqueous latex particles functionalized at the
surface by BPEA (4.6 x 10 mol/quatex)**.

Entry NAM Time Conv. D” (DLS) Final solids  Critical CaCl,
(NMR)  after grafting  Content”  aggregation conc.

(8/8poly) 3 (molar equiv.) (h) (%)  (nm/ dispersity) (wt%) (M)
42 G1
Crosslinked 0.25 9.7 6 85 120/0.01 31 >2.25
8G1
0.25 9.6 6 94 230/0.30 31 >2.25

Non-crosslinked

" All experiments were performed in presence of 3.5 cm Cu(0) (2= 1mm) and PMDETA/CuBr, at 0.5/ 0.1 molar
equivalent with respect to BPEA

- BPEA = mO/BPEA/mTotaI latex at t=0

o [NAM] = mNAM/mcore particles

® Initial particle diameters: 115 nm (0.02) for latex 42 and 140 nm (0.01) for latex 8

“ Obtained by gravimetry. Identical to initial solids content as NAM is non volatil
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For both grafting experiments, the conversion of NAM reached a plateau at high conversion
values after 2h reaction time (Figure 4.10). It was noticed that in presence of non-crosslinked

latex, the final conversion was higher.
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Figure 4.10. Particle size (DLS) and conversion of NAM measured by "H NMR analysis vs time for the Cu(0)
surface-initiated polymerizations from crosslinked and non-crosslinked latex.

The main difference between those two substrates was the final particle size. The particle
diameter for latex 8 G1 was 230 nm with high dispersity (0.3), whereas it was only 120 (with
narrow particle size distribution) for the crosslinked latex. This difference in particle size may
then be attributed to aggregation. Stability test results obtained for the non-crosslinked

latex 8 G1 and crosslinked latex 42 G1 were nevertheless very similar.
Latex 8 G1 was dialyzed against water to remove the hydrosoluble content. The polymer was

fully soluble in CDCl; and was analyzed by *H NMR in CDCl; to confirm the presence of
poly(NAM).
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Figure 4.11. "HNMR spectra of non-crosslinked latexes in D,0 obtained after dialysis. Latex 8 corresponding to a
non grafted latex and latex 8 G1 to a poly(NAM) grafted latex.

Based on the 'H NMR spectra (Figure 4.11) of 8 and 8 G1 dialyzed latexes, the broad peak at
3.2 ppm corresponding to CH,-N of the morpholine ring corroborated the grafting of

poly(NAM) chains.

4.2.c. Surface-initiated polymerization at different copper complex concentrations

The effect of the copper complex concentration (PMDETA/CuBr,) was studied for the
grafting reaction from latexes 41 and 8. The concentration of PMDETA/CuBr, was decreased
but the molar ratio PMDETA/CuBr, was maintained at 0.5 with the same amount of Cu(0).
The experiments performed at various copper complex concentrations are listed in Table

4.8.
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Table 4.8. Surface-initiated polymerizations of NAM performed at 25 °C in presence of PMDETA/CuBr, and
Cu(0)* from crosslinked and non-crosslinked poly(MMA-co-nBA) aqueous latex particles functionalized at the
surface with the help BPEA in presence of various copper complex concentrations.
Entry BPEA”  NAM” NAM/BPEA/PMDETA/CuBr, Time Conv.(NMR) D (DLS) Final solids
after grafting  content”

(mol/giatex) (8/8p01) (molar equiv.) (h) (%) (nm / dispersity) (wt%)
41G4 49x10° 0.23 89/1/05/0.1 4 86 120/0.06 33
41G1 4.6x10° 0.26 9.9/1/0.25/0.05 5 89 130/0.05 31
41G2 49x10° 0.25 9.7/1/0.1/0.025 2 Formation of a gel
8G1 46x10° 0.25 9.6/1/05/0.1 6 94 230/0.30 31
8G3 4.7x10° 0.25 95/1/0.25/0.05 1 Formation of a gel

* All experiments were performed in presence of 3.5 cm Cu(0) (6= 1mm)
o BPEA = mO/BPEA/mTotaI latex at t=0

b
) [NAM] = mNAM/mcore particles
“ Obtained by gravimetry. Identical to initial solids content as NAM is non volatil

For the latex 41, stable suspensions were obtained in presence of 0.5/0.1 and 0.25/0.05
molar equivalents of PMDETA/CuBr, with respect to BPEA. A gel was formed at 0.1/0.025
molar ratio of PMDETA and CuBr;, (41 G2). It could be concluded that a minimum complex
concentration is necessary to avoid gel formation. Based on the kinetic curves of Figure 4.12,
by increasing the copper complex concentration, the polymerization rate decreased. Again, a
minimum amount of deactivator (CuBr,) is required to decrease the concentration of

propagating radicals and so the probability of interparticle coupling.

For the non-crosslinked particles, a gel was formed at 0.25/0.05 molar ratio of PMDETA and
CuBr,. The initial diameter of the non-crosslinked particles was higher than that of the
crosslinked particles, 140 nm and 115 nm respectively. Since non-crosslinked particles
diameter could increase due to the swelling process, interparticle coupling reactions were

also favored as the interparticle distance decreased.
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Figure 4.12. Conversion of NAM measured by 'H NMR analyses vs time for the Cu(0) surface-initiated
polymerizations from crosslinked and non-crosslinked latex at various copper complex concentrations.

4.2.d. Two-step grafting reaction
In ATRP, the chain ends of the grafted polymer chains should normally be capped with an
active halogen atom. ToF-SIMS of the grafted latex has demonstrated the presence of Br-

group at the particle surface that may be able to reinitiate a second polymerization step.

In this purpose, surface-initiated polymerization was performed using latex grafted with
poly(NAM). Sodium 4-styrene sulfonate (NaSS) was chosen as a second hydrophilic
monomer. Two kinds of protocol were tested. As grafted latexes already contained copper
complex, one test was carried out without additional PMDETA/CuBr,. For the other test, a
molar ratio of PMDETA/CuBr; (0.5/0.1) was added with respect to BPEA. These experiments
are listed in Table 4.9.

130



4]

Table 4.9. Surface-initiated polymerizations of NaSS performed at 25 °C in presence of PMDETA/CuBr, and
Cu(0)* from crosslinked poly(MMA-co-nBA) latex particles grafted with poly(NAM) shell (41 G4 and 41 G20**).

Entry BPEA”  NaSS” NaSS/BPEA/PMDETA/CuBr, Time Conv.(NMR) D (DLS) Final solids
after grafting content”

(mol/giatex) (8/8pol) (molar equiv.) (h) (%) (nm / dispersity) (Wt%)
41 G4 R2 2.4x10° 0.3 34/1/05/01 6 100 210/0.1 17
41G4R3 2.5x10° 0.3 35/1/0/0 6 34 145 /0.03 18
41G20R2 2.2x10° 0.2 35/1/05/01 6 81 195/0.04 15
41G20R3 2.2x10” 0.2 35/1/0/0 6 0 120/0.04 15

* All experiments were performed in presence of 1 cm Cu(0) (= 1mm)
**41 G4 and 41 G20 were synthesized following the same conditions and exhibited the same characteristics
% BPEA = MOlgpen/Miotal latex at =0 CAlculated with the BPEA concentration of the non-grafted latex

b
) [NG.SS] = mNaSS/mLatex particles grafted with poly(NAM)
“ Obtained by gravimetry. Identical to initial solids content as all hydrophilic monomers are non volatil

The final conversions were influenced by the presence of additional copper complex (Figure
4.13). In presence of added PMDETA/CuBr,, high conversions were achieved. At the

opposite, low or no polymerization was observed in absence of additional copper complex.
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Figure 4.13. Particle size evolution and conversion of NaSS measured by "H NMR analyses vs time for the
surface-initiated polymerizations from crosslinked poly(MMA-co-nBA) latex particles grafted with poly(NAM)
shell in presence or not of copper complex.

We have shown earlier in this chapter that the influence of NAM concentration on the

polymerization kinetics was explained by a possible competitive copper ion complexation
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between NAM or poly(NAM) and PMDETA, reducing the amount of the active species
Cu(l)/PMDETA. It could thus be concluded that, during the grafting reaction, part of the
complex is trapped in the poly(NAM) shell, reducing the amount of copper complex in the
water phase directly in contact with Cu(0). Consequently, without additional PMDETA/CuBr,

the polymerization rate was low as the complex was segregated within the poly(NAM) shell.

For 41 G4 R2 and 41 G20 R2, 100% and 81% of conversion were achieved respectively. The
particle diameters increased with conversion from 140 nm to ~200 nm. A high dispersity
value (0.1) due to possible aggregation for 41 G4 R2 was noticed. But both final latexes were

stable.

Electron microscopy observations of the dried latexes were performed by TEM and SEM

(Figure 4.14).

41 G4 R2 : Shell poly(NAM)- poly(Nass) =

Figure 4.14. Transmission electron microscopy (top) and scanning electron microscopy image (bottom) of 41, 41
G4 and 41 G4 R2 (from left to right).

The core particles (41) observed by SEM were spherical and their surface was smooth.
Poly(MMA) depolymerizes under electron beam and no observation of the core was possible
by TEM. But after the formation of the poly(NAM) shell, the particle integrity was

maintained during the analysis. The observation of the core-shell particle surface by SEM
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displayed a modification, as they appeared significantly rougher. After the polymerization of
NaSS the particle surface was smoother again. By TEM observations, no variation of the

morphology was however noticed.

To confirm the incorporation of poly(NaSS), the dialyzed latex 41 G20 R2 was analysed by FT-
IR. As displays in Figure 4.15, FT-IR spectrum for latex 42 G20 R2 exhibited new peaks and
more particularly, a band centered at 1 009 cm™ resulting from the vibrations of the phenyl

ring was observed, attesting the presence of poly(NaSS).
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Figure 4.15. FT-IR spectra of the dialyzed latex grafted with poly(NAM) (top) and of the latex grafted with
poly(NAM)-poly(NaSS) (KBr pellet).

The increase of the particle size indicated a growth of the shell. But it was difficult to
conclude on the real initiation sites, either the functionalized poly(NAM) chains or the non-
converted Br-group at the surface. For this purpose, ToF-SIMS analyses were performed so
as to locate the poly(NaSS). As the ToF-SIMS is an analysis of extreme surface, it is possible
to draw conclusion on the extreme surface composition. If a second poly(NaSS) shell is

polymerized from poly(NAM), the main signature detected will be poly(NaSS). If the
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poly(NaSS) polymerized from the core surface (i.e from non reacted Br-group), both

poly(NaSS) and poly(NAM) will be detected.
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Figure 4.16. Negative ion mode ToF-SIMS spectra (m/z = 50-200) for (d) latex 26, (e) latex 42 G1 grafted with
poly(NAM), (f) latex 41 G20 R2 grafted with poly(NAM)-poly(NasSS).

134



Latex 26 & d)
Core particle §
poly(MMA-co-nBA) u
Positive ion mode el b i
60 80 100 120 140 160 180
Mass [miz]
i 55
250003 e)
Latex 42 G1 2 200003 70
Grafted latexes 2 150003 114
Wlth pOIy(NAM) 4 10000_5 81 48 126 142
Positive i 50003 100
ositive ion mode o P e A O OO [ DR alk "
(1] 80 100 120 140 160 180
Mass [mv'z]
aa000 57 f)
Latex 41 G20 R2 & 60000
Grafted latexes 2 40000
, o 69 127
with poly(NAM)-poly(NaSS) 200009 | 8% pg 114 155
Positive ion mode 0 | . |.|I.L|L '.l T 4__Inu1ID|1I il .'t SPNTPNS. [N p———
6 80 100 120 140 160 180
Mass [miz]

Figure 4.17. Positive ion mode ToF-SIMS spectra (m/z = 50-200) for (d) latex 26 core particle, (e) latex 42 G1
grafted with poly(NAM), (f) latex 41 G20 grafted with poly(NAM)-poly(NaSS).

The ToF-SIMS spectra in negative and positive modes are different after the different

reaction steps attesting a surface modification (Figure 4.16 and Figure 4.17).

For the latex grafted with poly(NAM) and poly(NaSS), the normalized intensity of the
characteristic signature for the core and the poly(NAM) decreased (Table 4.10) but
surprisingly no characteristic signature for the poly(NaSS) appeared. A characteristic peak at
m/z = 79.9 (corresponding to SO3’) was still detected in negative mode but the peak intensity
was very low and ubiquitous contamination could not be excluded. Generally, ToF-SIMS
spectra of benzene ring exhibit characteristic peaks at m/z = 77 (corresponding to C¢Hs'),
m/z = 91 (corresponding to C;H;'), m/z = 103 (corresponding to CgH;'), m/z = 105
(corresponding to CsHs') and m/z = 115 (corresponding to CsH;*)>. Those peaks were not

observed in the positive ion mode spectrum.
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Table 4.10. ToF-SIMS normalized intensity (in %o) for various characteristic peaks*.

Entry Characteristic Characteristic Characteristic
signatures signatures signatures
for core latex for bromopropionyloxy-group for poly(NAM)
|59+ |79— I179+ |142+
CHLNO,'
o] +
+ 79q,. - Br +
CH,0-C=0 Br H c/\o)K( N
3 2 O\_,zNﬁ(\CHJ
0 a)
Latex 26 13.7£2.2 0.940.2 1.2+0.3 1.6+0.2
Core
Latex 42 G1 6.8+1.1 59106 1.3+0.2 11.5£0.2

Shell Poly(NAM)
Latex 41 G20 R2
Shell Poly(NAM) 4.1+0.5 3.4 0.6 0.6+0.0 33101

Poly(Nass)

*Peaks at : m/z = 59 corresponding to C,H;0," and m/z = 85 corresponding to C,HsO,, characteristic of the
core latex; m/z = 79 corresponding to ”Br and m/z = 179" corresponding to CsHg0,”’Br’, characteristic of
bromopropionyloxy-group; m/z = 26" corresponding for a major part to CN" but contribution from C,H, cannot
be excluded, m/z = 42" corresponding to CNO  and m/z = 142" corresponding to C,0,H,N".

A possible ion structure for C,0,H;,N" resulting from the poly(NAM) fragmentation

In conclusion, NaSS was polymerized by surface-initiated polymerization from grafted
poly(NAM) particles, based on FT-IR analyses. But the ToF-SIMS data suggested a burial of

the poly(NaSS) chains either during the drying, or during the polymerization.
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4.3. Surface-initiated polymerization of different hydrophilic monomers in
presence of Cu(0)

The surface-initiated polymerization of NAM was successful and the different analyses of the
grafted latexes have demonstrated that the shell was covalently bound at the core surface.
Following this study, the surface-initiated polymerization method was extended to other

hydrophilic monomers display in Figure 4.18 and in Table 4.11.
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Figure 4.18. Chemical structure of AMPS, Sipomer PAM 100, NaSS and NIPAM.

Table 4.11. Surface-initiated polymerizations of different hydrophilic monomers performed at 25 °C in presence
of PMDETA/CuBr, and Cu(0)* from crosslinked and non-crosslinked poly(MMA-co-nBA) latex particles
functionalized at the surface with the help of BPEA.

Entry BPEA? Monomer Time Conv. D (DLS) Final solids  Critical CaCl,
(NMR) after grafting content” aggregation
conc.
(molar
(Mol/gisie) Nature (g/gpoy)” equiv) (h) (%) (nm/dispersity)  (wt%) (M)
31G3 1.4x10° HEA 0.05 135.8 8 20 110/0.03 40 <45x10°
15G5 2.1x10° HEA 0.07 7.2 7 100 125/0.02 25 <1
42G12 4.2x10° HEA 0.07 2.5 6 92 135/0.02 25 >2.25
8 G7 4.7x10” HEA 0.13 5.9 6 96 190/0.03 30 >2.25
31G11 1.2x10° AMPS 0.07 92.8 1 Formation of a gel
15G3 2.2x10° AMPS 0.06 3.3 7 38 105/0.01 25 <1
42G20 3.1x10° PAM100 0.05 0.7 4 100 125/0.04 17 <45x10°
8G8 4.6x10° PAM100 0.05 0.7 6 100 145/0.03 25 <4.5x10°
31G8 1.4x10° APEG 0.05 34.7 8 64 120/0.06 38 <45x10°
15G7 2.1x10° PEGMA 0.05 2.0 1 100 115/0.05 26 <0.18
15G8 2.1x10” NaSS 0.05 2.8 4 100 135/0.03 22 <1
41G19 4.5x10° NIPAM 0.12 4.6 6 100 165 /0.07 28 <0.09

* All experiments were performed in presence of 3.5 cm Cu(0) (6= 1mm) and PMDETA/CuBr, at 0.5/ 0.1 molar
equivalents with respect to BPEA
:j BPEA = mO/BPEA/mTomI latex at t=0
[NAM] = mNAI\/I/mcore particles
“ Obtained by gravimetry. Identical to initial solids content as all those hydrophilic monomers are non volatil
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The polymerizations were carried out in presence of Cu(0), PMDETA/CuBr; (0.5/0.1 molar

equivalent with respect to BPEA). Different latexes were used as substrate in Table 4.11.

In general, all hydrophilic monomers polymerized. It was however noticed that in presence
of a low Br-group concentration, the conversion was low. High conversions were achieved in
presence of latexes 15, 41, 42 and 8, corresponding to a high Br-group concentration. The

same results were obtained with NAM.

The stability to high CaCl, concentration was not as good as the one described for latexes
grafted with poly(NAM). For instance, critical CaCl, aggregation concentration for latex 15 G6

in presence of 0.05 gyaw/g,0y Was higher than 2.5M.

For latex 31 G3, the poor stability could be explained by an incomplete coverage of the

particle surface by the shell. The same result was obtained for latex 31 G2 (0.15 gyaw/gpol)-

For the latexes at high Br-group concentration, the amount of hydrophilic monomer was
probably too low particularly for APEG, PEGMA and PAM 100. The targeted DP, was low and

the resulting shell thickness was probably too thin to lead to good steric stabilization.
This study concerning the hydrophilic monomers was not the subject of many investigations.

However, it is a preliminary work to generalize the grafting protocol to other hydrophilic

monomers than NAM and it should be further explored.
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4.4. Surface-initiated polymerization of NAM in presence of different metals

Among the transition metals used in metal-mediated polymerization, copper was the most

studied one due to its high catalytic activity.

As already reported in the literature review, for the development of MMP, Cu(0)-mediated
polymerization has gained in interest as it allows the reduction of copper complex
concentration, facilitates reaction setup and metal removal. However, the inherent
problems of copper could not be completely eradicated. Therefore, there is a growing

interest in using other zero valent metals such as Fe(0), Zn(0) instead of Cu(0).

4.4.a. Surface-initiated polymerization
Following the results obtained in presence of Cu(0), surface-initiated polymerizations were

also tested in presence of different metals.

These experiments are listed in Table 4.12 Latex particles bearing the highest
bromopropionyloxy-group concentration were used as substrate (latexes 41 and 42). All the
experiments were performed in presence of 7 x 10 mol/Lagueous Br-group, PMDETA/CuBr,

(0.5/0.1 molar equivalents with respect to the BPEA).

Table 4.12. Surface-initiated polymerizations of NAM performed at 25 °C in presence of PMDETA/CuBr, and
zero valent metal* from crosslinked poly(MMA-co-nBA) latex particles functionalized at the surface by BPEA, 6h
reaction time.

Entry Metal Conv D (DLS) Final solids content Critical CaCl,
after grafting of the grafted latex = aggregation conc.
(%)  (nm/dispersity) (wt%) (M)
42 G1 Cu wire, g=1mm, 3.5 cm 85 120/0.01 31 >2.25
42 G2 Al foil, 2 cm? 94 125/0.02 30 >2.25
41 G5” Al foil, 2 cm? 98 140/0.11 33 >2.25
41 G6 Fe wire, g=1mm, 3.5 cm 13 140/0.14 30 <0.45x10°
41 G7 Zn disk, 1.5cm x 1 mm 90 120/0.01 32 >2.25
41 G13 AlL,0; Powder, 0.09 g 24 110/0.01 30 <0.45x10°

" BPEA concentration: 7 x 10 mol/Laqueous PMDETA/CuBr, 0.5/0.1 molar equivalents with respect to BPEA
% Initial diameter: D = 115 nm, PDI =0.02
®’1/0.25/0.05 molar equivalents BPEA/PMDETA/CuBr,
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Figure 4.19. NAM conversion vs time for surface-initiated polymerizations performed at 25 °C in presence
PMDETA/CuBr2 at 0.5/0.1 molar equivalents with respect to BPEA (7 x 10-2 mol/Laqueous) from functionalized
latex 41 and 42 in presence of several metals.

High conversions were obtained by surface-initiated polymerization in presence of Zn(0), and
Cu(0). The increase of the particle size and the good stability in highly concentrated CaCl,
solutions indicated that the grafting was successful. In presence of latex and of the three
metals tested, the conversion increased during all the reaction (>85%, within 6h, Figure

4.19).

Low polymerization rate and low conversions were obtained with Fe (13%) and might be
explained by the poor reactivity of the Fe(0) in comparison with Zn(0) and Cu(0) as already

reported by Matyjaszewski and co-workers®.

Among the different metals used in this study, Al(0) was the only one not belonging to the
transition metals group. However, the redox potential difference of AI**/Al(0) (-1.66V) and
Cu®*/Cu(0) (+0.34V) is suitable for the redox reaction. Therefore, Al(0) was used for surface-

initiated polymerization as the polymerization mechanism involves the reduction of CuBr,.

All the results obtained for the polymerization in presence of Al(0) indicate an efficient

grafting reaction, i.e. high conversion (>85%), an increase of the particle diameter and good
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a stability in highly concentrated CacCl; solutions. The low conversion obtained in presence of
Al,O3 (24%) clearly indicates that Al(0) is mainly responsible for the reaction and not the

surface oxide.

ToF-SIMS analyses were performed for the latexes 42 G1 (Cu) and 42 G2 (Al). As illustrated in

Table 4.13, N-based signatures were detected for all these grafted latexes.

Table 4.13. ToF-SIMS normalized intensity (in %o) for various characteristic peaks*.

Entry  Characteristic signatures  Characteristic signatures for Characteristic signatures for
for core latex bromopropionyloxy-group poly(NAM)
|59+ |85— |797 I179+ IZG— |42— |142+
CH1,NO,"
fCHa o +
cho-cadt SN - 795, [H:CAOJ\rBfI N CNO- [o"—\w ]+
i s CH,
0 o] a)
2 13.7+2.2 219126 0.9+0.2 1.2+0.3 5.8+0.2 04+0.1 1.6+0.2
26 13.4+3.6 15.5+25 39.8+4.7 6.6+1.1 5713 0.3+0.1 1.5+0.2
42 G1
(Cu) 6.8+1.1 5.6+0.5 5.9+0.6 1.3+0.1 299+55 82+16 11.5+0.7
42G2
(Al) 4.4+0.6 9.3+0.2 4.1+0.3 09+0.1 25615 11.5+0.1 7.1+0.6

*Peaks at : m/z = 59" corresponding to C,H;0," and m/z = 85 corresponding to C,HsO,, characteristic of the
core latex; m/z = 79 corresponding to ”Br and m/z = 179" corresponding to CsHg0,”’Br’, characteristic of
bromopropionyloxy-group;, m/z = 26" corresponding for a major part to CN” but contribution from C,H, cannot
be excluded, m/z = 42" corresponding to CNO  and m/z = 142" corresponding to C,0,H,N".

A possible ion structure for C,0,H,,N" resulting of the poly(NAM) fragmentation

For the latex 42 G1 (Cu) and the latex 42 G2 (Al), the normalized intensity values for core
latex and bromopropionyloxy-group specific peaks decreased, which indicates a rather high

grafting density of poly(NAM).

In this study, surface-initiated polymerizations were successfully performed in presence of
different zero valent metals. Regarding the different results, Zn(0) is more suitable to replace
Cu(0) than Fe(0). More interestingly, an efficient grafting reaction was obtained in presence

of Al(0).
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4.4.b. Removal of the copper salt

The studies of metal-mediated polymerization performed in water indicated that the
presence of CuBr, was also necessary to achieve a better initiation. For the surface-initiated
polymerization, CuBr, was required to prevent gel formation. Therefore, reducing the

amount of copper complex during the polymerization was not possible.

Recently, Bicak and co-workers’ have proposed a simple method for the removal of copper

from ATRP mixtures, based on chemical reduction of the Cu(ll) by zinc powder.

Following this work, the same experiments were performed in our latexes. The grafted latex
42 G1 was slowly stirred in presence of Zn(0) or Al(0) during 6h at room temperature. As
displayed in Figure 4.20, the blue coloration was faded for the latexes 42 G1 Al and 42 G1 Zn
after the reaction. Moreover, the metal pieces (Al and Zn) were covered with a thin layer of
Cu(0). A slight re-coloration was noticed after the metal removal indicating the oxidation of

Cu(l) generated by the redox reaction.

Figure 4.20. Latexes coloration after the copper removal experiments.

The amount of Cu in dry latexes was determined by elemental analyses (Table 4.14).

Table 4.14. Amount of Cu (wt% of the solids content) for the latex 42 G1 after grafting reaction and after copper
removal experiments in the presence of Zn (42 G1 Zn) and Al (42 G1 Al).

Latex Amount of Cu

(wt% of the solids content)

42 G1 0.120
42 G1 Al 0.018
42 G1Zn 0.017
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For the initial grafted latex 42 G1, 0.12 wt% of Cu was determined; value relatively close to

0.10 wt% expected based on the amount of the CuBr; initially introduced.

After copper removal experiments, the amount of Cu was drastically decreased from 0.12

wt% to 0.018-0.017 wt%.
Despite the fact that Cu was still remained after the copper removal experiments, this

technique allowed to decrease the amount of Cu in the final product and to remove the blue

color.
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4.5. Conclusion

The aim of the study was to find the best surface-initiated polymerization procedure to graft
a hydrophilic shell at the surface of raw latex particles. Different analyses were performed to
prove that the hydrophilic shell was initiated from the surface bromide groups but none of
them allowed quantification of the amount of grafted chains. Moreover, the grafted chains

were not isolated and the living or controlled character was not studied.

Generally, the grafting reaction was efficient in terms of conversion and final colloidal
stability improvement. The experimental conditions of an efficient grafting were determined

and three main parameters were adjusted.

For an efficient polymerization, a minimum BPEA concentration is required at the particle
surface. In our case, this minimum was obtained with the latex functionalized with a
concentration at 3.9 x 10” mol/giatex Of BPEA. Surface-initiated polymerizations from latexes
with low bromopropionyloxy-group concentration were also achieved but low conversion
and poor colloidal stability were obtained. These latexes are not adapted for the synthesis of
particles bearing a hydrophilic shell but could be used for different applications for which the
complete surface coverage is not necessary, i.e. for the grafting reaction of functional

molecules.

The rate of the surface-initiated polymerization depended on the complex concentration
(PMDETA/CuBTr,). A gel formation was observed at low copper complex concentration and
probably resulted from interparticle coupling due to a high concentration of propagating
radicals. In contrast, by increasing the CuBr, the concentration of propagating radical

decreased and thus gel formation was avoided.

The solids content of the latex also influenced the formation of gel. Particularly the
hydrophilic monomer/particle ratio has to be carefully adjusted. At high solids contents, the
interparticle distance is too small. The probability of interparticle cross-linking via radical
termination will increase for long hydrophilic chains. For the same reason, the hydrophilic

monomer/Br ratio has to be controlled to avoid high viscosity and gel formation.
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The study of the influence of all these parameters allowed a better understanding of the
behaviour of our surface-initiated polymerization system and a good prediction of the final
latex characteristic that may be achieved. As a result, Figure 4.21 can be put forward to
schematically illustrate the influence of monomer, initiator and latex concentrations on the
final latex properties at constant complex molar ratio 1/0.5/0.1 BPEA/PMDETA/CuBr,. The

different experimental parameters are represented depending of the targeted application.

For hydrophobic-core particles bearing a hydrophilic-shell, high Br concentration at the
particle surface is necessary. In this case, high solids content and dense shell could be
obtained. At the opposite, for specific applications requiring only a few amount of functional
monomer, surface-initiated polymerizations have to be performed at low solids content and

low BPEA surface concentration.
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Figure 4.21. Schematic representation of the surface-initiated polymerization. Influence of monomer, BPEA and
latex concentrations on the gel formation. The influence of the complex concentration ratio is not reported.
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Copper-mediated surface-initiated was also successfully achieved for the polymerization of
different hydrophilic monomers, such as HEA, AMPS, PAM 100, NaSS and NIPAM. This is a
preliminary work to generalize the grafting protocol to other hydrophilic monomers than

NAM and should be further investigated.

Cu(0) has also been replace by Zn(0), Fe(0) and Al(0) for the grafting reactions. Except for
Fe(0), the surface-initiated polymerizations obtained with Zn(0) and Al(0) were very similar
to those obtained in presence of Cu(0). Those results are quite promising for potential

applications as it is possible by this way to reduce/replace the copper.
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4.6. Experimental part

4.6.a. Materials
All products were used as received and are listed in Table 4.15. Deionized water was

employed in all the experiments.

Table 4.15. List of the products

Products Mw Purity Supplier
g/mol
Al(0) Aluminium foil 26.98 - -
Al,O, Aluminium oxide neutral, Brockmann | 101.96 99% Acros
AMPS 2-Acrylamido-2-methylpropane sulfonic acid 207.25 - BASF
APEG Poly(ethylene glycol) methyl ether acrylate ~ 480 - Aldrich
Cu(0) Copper wire (@ = 1mm) 63.55 >99.9% Aldrich
CuBr, Copper Il bromide 223.35 >99% Aldrich
Fe(0) Iron wire (¢ =1 mm) 55.85 >99.99% Aldrich
HEA 2-Hydroxyethyl acrylate 116.12 96% Aldrich
PEGMA Poly(ethylene glycol) methyl ether methacrylate ~ 300 - Aldrich
NAM N-Acryloylmorpholine 141.17 97% Aldrich
NaSS Sodium 4-vinylbenzenesulfonate 206.19 > 90% Aldrich
NaTS Sodium p-toluenesulfonate 194.18 95% Aldrich
NIPAM N-lsopropylacrylamide 113.16 97% Aldrich
PAM 100 Phosphate esters of poly(ethylene glycol) ~390 i Rhodia
monomethacrylate
PMDETA 1,1,4,7,7-Pentamethyldiethylene triamine 173.30 99% Aldrich
Zn(0) Zinc 65.38 >99.9% Riedel-de Haén

4.6.b. Metal-mediated surface-initiated polymerization

For a typical example, 42 G1 (Table 4.3), 25 g of latex 42, 7 g of deionized water and 0.1 g of
sodium p-toluenesulfonate diluted in 1 mL water were mixed and carefully deoxygenated
with a nitrogen flow for 30 minutes. A deoxygenated mixture containing 2.5 g NAM, 0.16 g
PMDETA, 2 mL of CuBr; aqueous solution at 0.1 M and 2 g water was slowly added under
stirring. The reaction medium was heated at 25°C and a piece of a copper wire was
introduced (3.5 cm/¢ = 1 mm). Samples were periodically withdrawn to monitor the
conversion by 'H NMR after dilution in D,0. The copper wire was removed at the end of

reaction and the latex was dialyzed against water for 2 weeks (the water medium was
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changed 4 times per day) using a Spectra/Por® dialysis membrane (cut-off at 12 000-14 000

Da), dried at room temperature, grinded to a powder for further analysis.

4.6.c. Surface-initiated polymerization from grafted poly(NAM) particles

For a typical example, 42 G4 R2 (Table 4.9), 5 g of latex 42 G4, 5 g of deionized water were
mixed and carefully deoxygenated with a nitrogen flow for 30 minutes. A deoxygenated
mixture containing 0.2 g NasSS, 0.026 g PMDETA, 0.5 mL of CuBr;, aqueous solution at 0.1 M
and 2 g water was slowly added under stirring. The reaction medium was heated at 25°C and
a piece of a copper wire was introduced (1 cm/¢ = 1 mm). Samples were periodically

withdrawn to monitor the conversion by 'H NMR after dilution in D,0.

4.6.d. Stability tests

For ionic strength stability tests of raw and dialyzed grafted latexes, a drop of latex
dispersion was added to 5 mL solutions of CaCl, with concentrations of 4.5 mM, 9.0 mM,
22.5 mM, 45 mM, 91 mM, 0.18 M, 0.47 M, 1 M, and 2.25 M. The colloidal stability of the

dispersion was assessed by a simple visual test.

For freeze-thaw stability tests, a 2 mL dispersion of grafted particles was frozen for 2 h and
then thawn. This cycle was repeated three times. The colloidal stability of the dispersion was

assessed by DLS measurements.

4.6.e. Electrospray charge-detection mass spectroscopy

The charge detection-mass spectrometer analyses were performed of a custom-built
instrument with an ESI source and vacuum interface that generate the ion beam directly
towards the charge detector. ESI solutions are prepared diluting the dialyzed latex to a
concentration of around 1.10™ NPs/L in water/methanol (50/50 v/v). The charge detection
device (CDD) is used in a single pass mode, was built after Keaton and Stradling pattern. The
signal induced on the tube is picked up by a JFET transistor and is amplified by low-noise,
charge-sensitive preamplifier and then shaped and differentiated by a home-built amplifier.
The signal is recorded with a waveform digitizer card that records the entire waveform for
each ion passing through the detector tube at a sampling rate of 10 MHz. The pulses have

time duration of ~60 us and sampling rates are large enough to preserve the shape of the
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signal. The data are transferred to a desk-top computer where they are analyzed to compute
the charge and mass of each ion. The present signal processing and data transfer rates allow
the acquisition of up to 2500 events per second. A user program calculates the time
between the maxima of positive and negative pulses, the amplitudes of the two pulses and

the ratio between their absolute values.

4.7. References

! Sundberg, D. C; Durant, Y. J. Polymer Reaction Engineering 2003, 11, 379-432

2 Tang, W.; Kwak, Y.; Braunecker, W.; Tsarevsky, N. V.; Coote, M. L.; Matyjaszewski, K.
Journal of the American Chemical Society 2008, 130, 10702-10713

* Doussineau, T.; Bao, C. Y.; Antoine, R.; Dugourd, P.; Zhang, W.; D’Agosto, F.; Charleux, B.
ACS Macro Letters 2012, 1, 414-417

* Wohlleben, W.; Lechner, M. D. Colloid and Polymer Science 2008, 286, 149-157
> Delcorte, A.; Segda, B. G.; Bertrand, P. Surface Science 1997, 381, 18- 32

® Zhang, Y.; Wang, Y.; Matyjaszewski, K. Macromolecules 2010, 44 , 683- 685

7 Canturk, F.; Karagoz, B.; Bicak, N. Journal of Polymer Science: Part A: Polymer Chemistry
2011, 49, 3536—-3542

149






Conclusion

The aim of this work was to add a polymer shell at the surface of polymer particles prepared
via radical emulsion polymerization by post-synthesis modification, using a “grafting from”

approach based on aqueous metal-mediated radical polymerization.

The literature review concerning the recent progresses in the area of metal-mediated
controlled radical polymerization (MMCRP) has shown that this method has been intensively
studied as it is a versatile technique for the synthesis of value-added polymers with novel
applications. Since its discovery, great efforts have been done to develop highly efficient
systems with low amounts of metal complex. Recently, the use of Cu(0) has been particularly
investigated since it offers a rather easy way to proceed and it allows the decrease the

complex concentration.

However, only few examples have reported metal-mediated polymerization in water
solution. Therefore, before any grafting reaction, a part of this study was devoted to metal-
mediated polymerization in aqueous solution, using a soluble initiator based on a

halogenated PEG, as a model reaction for grafting.
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Metal-mediated polymerization in water

Copper-mediated polymerization was first performed in water. The goal of this study was
not to control the polymerization of hydrophilic monomers but rather to get a better

understanding of the system we planed to use for the surface grafting of our latexes.

Copper-mediated polymerizations of hydrophilic monomers were performed at room
temperature using a water soluble initiator (MePEG-X), Cu(0) wire and PMDETA/CuX,. The
influence of different parameters such as, the concentration of the components, nature of

the initiating system and nature of the monomer were studied.

Generally, the different polymerizations performed in water solution were very fast. The
conversions increased during the first hour to reach a plateau. Final conversions were
directly influenced by PMDETA and CuBr, concentration. High conversions were obtained in

presence of a low concentration of CuBr, with high PMDETA concentration.

A dependence between final molar masses and the initiating system has been observed. Low
CuBr;, concentration led to high molar masses. Generally, the use of MePEG-CI/CuX;, or
MePEG-Br/CuCl, generated polymer chains with high molar masses. Moreover, initiator still

remained at the end of the polymerization, indicating a slow and partial initiation.

Due to a fast polymerization, it was not possible to determine in an accurate way the molar
mass evolution. In some examples, it was observed that the molar masses did not increase
with the monomer conversion. Polymer chains were constantly generated during the
polymerization, grew rapidly and then terminated under probably an irreversible
mechanism. However, the transposition to latex surface initated polymerization may be
interesting since in that case, radicals will be segregated at the particle surface. The
probability for two growing macroradicals to “see” each other will diminish and thus the rate

of termination reactions may be minimized.

152



Based on the different results (final conversion and final molar mass), a model system has
been defined in which Cu(0) and MePEG-Br/PMDETA/CuBr, were used in 1/0.5/0.1 molar

ratio as it was the best compromise in terms of conversion and concentration.

Besides, control experiments performed with a part of the initiating system demonstrated
that initiation took place only in the presence of all the components required for an ATRP, i.e
initiator, PMDETA/CuBr;, and Cu(0). Moreover, this initiation only took place on the alkyl

halogen species which is a key point to achieve an efficient “grafting from” reaction.

Therefore, despite the fact that the control of the copper-mediated was not fully achieved,
metal-mediated polymerization was a suitable technique to perform the “grafting from”

reaction.
As observed in this study, to control a MMRP in water is quite challenging. Thus, even if this

work is not complete, it provides a preliminary work in this field of growing interest. Namely,

the recent progresses in this area have been published very recently (2009-2012).

Latex functionalization

To provide an efficient grafting reaction, controlling the location of the initiating group at the
extreme particle surface is the main parameter. Different strategies to functionalize latex
particles have been already reported to target a thin and uniform reactive layer at the

surface, and to avoid secondary nucleation (see Chapter 1).

In this study, the strategy to functionalize latex particles consisted in introducing the reactive
group via copolymerization of the inimer, the BPEA. A successful protocol was found to
design functionalized latexes by emulsion polymerization in a semi-continuous process. To
achieve high BPEA conversion at the particle surface and to avoid secondary nucleation,
BPEA mixed with MMA was introduced before complete conversion of the core monomer,

typically at 90% of conversion.
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Under these conditions, high conversion of BPEA was achieved and no secondary nucleation

was observed.

Despite the structure of BPEA and the use of MMA to prevent the burial of the Br atom
during the functionalization step, different characterization tools were employed to check

the location of the bromide group.

The presence of the bromine atom at the particle surface was assessed by ToF-SIMS analysis
and was indeed detected for all functionalized latexes. A molecular fragment of the
bromopropionyloxy-group was also observed, attesting the presence of BPEA covalently

bound at the particle surface.

To complete the study, a halogen transfer reaction was performed from functionalized
latexes to assess the accessibility and the activation of the surface bromide group. This
reaction was carried out with the functionalized latex in the presence of Cu(0) and
PMDETA/CuCl,. A switch from Br signature to Cl one was indeed observed by ToF-SIMS. It
confirmed that the bromine atom at the particle surface allowed the exchange reaction that

is required for surface-initiating polymerization.

Surface-initiated polymerization

Surface-initiated polymerization of NAM was carried out from raw latexes, applying directly
the experimental conditions defined from metal-mediated polymerizations performed in

water solution.

Generally, the grafting reaction was efficient in terms of conversion and final colloidal
stability improvement. The proof of the grafting of poly(NAM) was confirmed by FT-IR,
ToF-SIMS and stability tests. From this study, the criteria for efficient surface-initiation have

been determined.
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A minimum concentration of bromide group was required at the particle surface. At low
bromopropionyloxy-group concentration, low conversion and poor colloidal stability were
obtained indicating a poor grafting density and/or a low shell thickness. Thus, latexes
functionalized with a low amount of bromine atoms were not adapted for the synthesis of
particles bearing a hydrophilic shell. However they could be used for different applications
where the complete particle surface coverage is not necessary such as the “grafting onto” of

specific molecules or macromolecules.

The complex concentration (PMDETA/CuBr;) strongly influenced the polymerization rate.
Moreover, at low complex concentration, gel formation was observed probably caused by
interparticle coupling due to a high concentration of propagating radicals. Therefore, a
minimum amount of CuBr, was necessary to decrease the concentration of propagating
radical and thus avoid interparticle coupling reaction. However, a simple procedure was
successfully applied to remove the copper complex in the final latex using zero valent metal
pieces. This technique, based on chemical reduction of the Cu(ll) by Zn(0) or Al(0), allowed

the reduction of copper complex concentration, so as the reduction of the blue color.

The solids content of the latex also influenced the formation of gel. Particularly the
hydrophilic monomer/particle ratio has to be carefully adjusted. At high solids contents, the
interparticle distance was too small, increasing thus the probability of interparticle cross-
linking via radical termination. For the same reason, the hydrophilic monomer/Br ratio has

to be controlled to avoid high viscosity and gel formation.

As the aim of our project was to grow any kind of polymers from a single type of
functionalized particles, the surface-initiated polymerization was extended to other
hydrophilic monomers such as HEA, AMPS, PAM 100, NaSS and NIPAM. These studies were a

preliminary work to generalize the grafting protocol.

In a complementary study, Cu(0) was also successfully replaced by Zn(0) and Al(0) for the

grafting of poly(NAM). Taking advantage of the high redox potential difference of Zn**/zn(0)
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(-0.76V) or APP*/AI(0) (-1.66V) and Cu®'/Cu(0) (+0.34V), Zn(0) and AI(0) were used as

reducing agents to generated Cu(l) from CuBr; in agreement with A(R)GET ATRP mechanism.

In this study, conditions in which grafting could be performed at room temperature, using
high particle concentration in the presence of surfactant and initiator remaining from the
emulsion polymerization step were identified. It was the first time such grafting conditions

have been applied with success from “real latexes”.

The overall work presented in this manuscript has been the subject of one publication

(Macromolecules 2012, 45, 2972-2980) and one patent (submitted in Feb. 2012).
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Annexes
Characterization
techniques

Characterization techniques

A.1.'H NMR spectroscopy

'H NMR spectroscopy for kinetic analysis (i.e., conversion of the monomer in the aqueous
polymerization) was performed in 5 mm diameter tubes in D,0 solution at 25 °C using a
Bruker Avance 300 (300 MHz) spectrometer. The chemical shift scale was calibrated on the
basis of the solvent peak (6 = 4.79 ppm) and sodium p-toluenesulfonate was used as an

internal reference (aromatic H peaks).

Monomer conversion was calculated following the Equation A.1.

-1 l,,o : Peak integral of thevinylic proton of the monomer at to

X = mt

/ l,,. : Peak integral of the vinylic proton of the monomer att

MO0

Equation A.1. Equation for monomer conversion calculation.

For the sample analyzed in presence of H,0, a broad and intense peak characteristic of H,O

was observed at 4,79 ppm but latter did not influence the vinylic peaks shift.
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A.2. Size exclusion chromatography (SEC)

The SEC analyses were performed in DMF at 70 °C with 0.01 mol.L"" of LiBr, at a flow rate of
1 mL/min. All polymers were analyzed at a concentration of 2.5 - 5 mg/mL after filtration
through a 0.20 um pore-size PTFE membrane. Separation was performed with a guard
column and three PSS GRAM columns (7um, 300x7.5mm). The average molar masses
(number-average molar mass M, and weight-average molar mass M,,) and the dispersity
index (PDI = M,/M,) were derived from the RI signal by a calibration curve based on
poly(MMA) standards. The calibration was constructed with narrow molar mass standards
from 580 g/mol to 3 053 000 g/mol. A third-degree polynomial regression was applied.

WinGPC Unity software was used for data collection and calculation.

Before measurement, samples were dried under vacuum at room temperature. It was
noticed that sometime polymerizations or coupling reactions started under these conditions

(already occurring for the sample t=0, monitored by NMR).

A.3. Dynamic light scattering (DLS)

The intensity-average diameters of the latex particles and the dispersity factor were
measured by dynamic light scattering (DLS) at a temperature of 25°C using a Zetasizer Nano
Series (Nano ZS) from Malvern Instrument using the Zetasizer 6.2 software. The instrument
was calibrated with a standard polystyrene latex in water exhibiting a particle size of 220+ 6

nm. Before measurements, the latex samples were diluted with deionized and filtered water.

A.4. Gas chromatography (GC)

Gas chromatography (GC) of the polymer dispersions was used to determine the residual
amount of BPEA inimer. It was performed with a HP6890N equipment from Agilent
Technologies with a 30 m column (DB 5, 5% polydiphenylsiloxane / 95%
polydimethylsiloxane) and a temperature ramp of 8°C/min from 120 °C to 280 °C. The

injection temperature was 280°C.
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A.5. Differential scanning calorimetry (DSC)

Differential scanning calorimetry (DSC) was measured in a Q2000 by TA Instruments. The
instrument was calibrated with adamantane, water and indium. For determination of the
glass transition temperature, 8-9 mg were placed in an aluminum pan. The sample was
rapidly cooled from 150 °C to — 110°C and afterwards scanned with a heating rate of

2 K/min. Glass transition was determined at the half step height (according to 1ISO 11357-2)

A.6. Transmission electron microscopy (TEM)

For transmission electron microscopy (TEM), samples were dropped on a carbon-coated
copper grid and dried under air. The TEM images were examined at an accelerating voltage
of 120 kV with a Philips CM120 transmission electron microscope (Centre Technologique des

Microstructures (CTp), University Claude Bernard Lyon 1, Villeurbanne)

7.7. Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) images were examined on a FEI QUANTA 250 FEG
scanning electron microscope, at an acceleration voltage of 15 kV (Centre Technologique des
Microstructures (CTu), University Claude Bernard Lyon 1, Villeurbanne). A drop of the
particle suspension was placed on a formvar film on a 200 mesh copper grid, dried and

covered by a thin layer of Gold/Palladium (Sputtering Au/Pd with Baltec MED020 — 5.9 nm).

A.8. Time-of-Flight Secondary lon Mass Spectrometry (ToF-SIMS)

Time-of-Flight Secondary lon Mass Spectrometry (ToF-SIMS) measurements were carried out
at the Laboratoire des Sciences Analytiques, University Claude Bernard Lyon 1 (Villeurbanne)
using a Physical Electronics TRIFT Il ToF-SIMS instrument operated with a pulsed 22 keV Au®
ion gun (ion current of 2 nA) rastered over a 300 umx300 um area. An electron gun was
operated in pulsed mode at low electron energy for charge compensation. lon dose was kept
below the static conditions limit. Data were analyzed using the WinCadence™ software.
Mass calibration was performed on hydrocarbon secondary ions. Before the analysis, the
latexes were dialyzed in water for 2 weeks using a Spectra/Por® dialysis membrane (cut-off
at 12 000-14 000 Da), dried at room temperature, grinded to a powder and this powder was

pressed onto an indium foil. Data were normalized to the total intensity minus H*" intensity
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(because of its critical dependence on slight variations in the experimental settings) and
minus the intensity of peaks related to ubiquitous contamination or to the sample
preparation (i.e. Na* and In" in the positive mode and F in the negative mode). Standard

deviations were calculated from measurements performed on three different areas.

A.9. Fourier transform infra-red (FT-IR)

Fourier transform infra-red (FT-IR) analyses were performed on a Nicolet iS10 spectrometer
with an ATR diamond crystal and a DTGS KBr detector. The data were measured with a
resolution of 4 cm™ from 525 cm™ to 4000 cm™. A background spectrum was collected and
subtracted from the sample spectrum. The latexes were dialyzed against water for 2 weeks
using a Spectra/Por® dialysis membrane (cut-off at 12 000-14 000 Da), dried at room
temperature, grinded to powder and then dissolved in dichloromethane. A drop of the

dispersion was deposited onto the diamond crystal, dried and then analyzed.

A.10. Viscosity measurement

Viscosity measurements were performed at 25°C using a parallel-plate (25 mm in diameter)
geometry fixture on a TA Instruments AR2000ex rheometer. The shear rate was fixed at
50 s and the gap between the upper plate and the Peltier plate was set at a distance of

1000 pm.

A.11. Stability tests

The ionic strength and freeze-thaw stability of the grafted latexes was tested (raw latexes or
dialyzed latexes). A drop of latex dispersion was added to 5 mL solutions of CaCl, with
concentrations of 4.5 mM, 9.0 mM, 22.5 mM, 45 mM, 91 mM, 0.18 M, 0.47 M, 1 M, and
2.25 M. The colloidal stability of the dispersion was assessed by a simple visual test. A 2 mL
dispersion of grafted particles was frozen for 2 h and then thawn. This cycle was repeated

three times. The colloidal stability of the dispersion was assessed by DLS measurements.
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A.12. Electrospray charge-detection mass spectroscopy (ECD-MS)

The charge detection-mass spectrometer analyses were performed of a custom-built
instrument with an ESI source and vacuum interface that generate the ion beam directly
towards the charge detector. ESI solutions are prepared diluting the dialyzed latex to a
concentration of around 1.10' NPs/L in water/methanol (50/50 v/v). The charge detection
device (CDD) is used in a single pass mode, and was built after Keaton and Stradling pattern.
The signal induced on the tube is picked up by a JFET transistor and is amplified by low-
noise, charge-sensitive preamplifier and then shaped and differentiated by a home-built
amplifier. The signal is recorded with a waveform digitizer card that records the entire
waveform for each ion passing through the detector tube at a sampling rate of 10 MHz. The
pulses have time duration of ~60 us and sampling rates are large enough to preserve the
shape of the signal. The data are transferred to a desk-top computer where they are
analyzed to compute the charge and mass of each ion. The present signal processing and
data transfer rates allow the acquisition of up to 2500 events per second. A user program
calculates the time between the maxima of positive and negative pulses, the amplitudes of

the two pulses and the ratio between their absolute values.
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ABSTRACT: The copper-mediated radical polymerization of o mimaﬂm et L vl
N-acryloylmorpholine initiated from the surface of latex

. . ) . Standard emulsion i
particles in water was studied to form hydrophobic core/ |polymerization e N L
hydrophilic shell particles. The latexes were synthesized via [ofme&MMA S0 s mtn?.-:(::;nm
classical radical emulsion polymerization and were function- M
alized at their surface by a comonomer bearing a Br-functional 9 '
group (the so-called inimer). The latter was introduced to 7 o " N

initiate the grafting reaction, in the presence of the Cu(0)/
CuBr,/PMDETA (1,1,4,7,7-pentamethyldiethylenetriamine)
catalytic system. Conditions in which the grafting step could

o o

M-acryioyimoerpholine (NAM)

1-{ s omaproplongonyiethyl acrylate (BFEA]

be performed at room temperature, using high particle concentration in the presence of surfactant and initiator remaining from
the emulsion polymerization were identified. The success of the functionalization and grafting steps was evaluated by TOF-SIMS
(time-of-flight secondary ion mass spectrometry), by FTIR, and by the final properties of the so-formed core—shell particles. It is
the first time such grafting conditions have been applied with success from “real latexes”.

Bl INTRODUCTION

Core—shell particles with a hydrophobic polymer core and a
hydrophilic polymer shell have been the subject of many
studies' > as they can find a wide range of applications in fields
such as coatings, paints, adhesives, impact modifiers, support
for biological molecules, etc. Various strategies to incorporate a
hydrophilic polymer shell have been employed with the use for
instance of an amphiphilic block copolymer as a stabilizer in
emulsion polymerization or via emulsion copolymerization of
the hydrophobic monomers with a water-soluble (macro)-
monomer. There has also been a growing interest in the
“grafting from” method"*™® with the development of
controlled/living radical polymerization (CRP) techniques.”
The general principle of the “grafting from” strategy consists in
introducing initiating groups at the particle surface and in
activating them to grow polymer chains via CRP. Because of
fast initiation and simultaneous growth of the chains, CRP
allows grafting density and brush thickness to be well-
controlled.”*~® Among the various CRP methods, atom
transfer radical polymerization (ATRP) has been particularly
used on different colloidal substrates, in organic solution, or in
water.*”"*7® The latter mainly include silica particles, whereas
only a few examples are related to the use of polymer latexes,”
resulting from a free-radical emulsion polymerization recipe.
The use of functionalized latexes as support for aqueous
surface-initiated ATRP (SI-ATRP) has been reported for the
first time by Manuszak-Guerrini et al.'® in 2000. The grafting

W ACS Publications © 2012 American Chemical Society 2972

strategy was to functionalize a cross-linked polystyrene latex
with an inimer (i.e., a monomer bearing an alkyl halide group
able to serve as an initiator in ATRP) at the particle surface and
to activate it by a Cu(I) complex in the presence of a water-
soluble monomer. Following this seminal work, other teams
have used the same strategy to prepare core—shell particles by
SI-ATRP."' ™" Mittal et al.'*'” studied the functionalization
process by the inimer so as to find the best conditions for the
SI-ATRP of N-isopropylacrylamide. To favor the synthesis of
functionalized particles and to avoid secondary nucleation, the
introduction of the inimer along with a cross-linker had to be
performed at 70% conversion of the monomers in the first stage
emulsion polymerization. Another method to functionalize a
latex by surface halide groups was chloromethylation of
polystyrene particles as described by Min et al."® More recently,
Liu et al."’ proposed an easier way to immobilize bromide
group at the surface of cross-linked poly(methyl methacrylate)
(polyMMA) particles using CBr, as a chain transfer agent in
the emulsion polymerization step. A different approach for SI-
ATRP from latex particles was performed without covalently
incorporating the initiator at the particle surface.”® The authors
took advantage of the Br functional group at the hydrophilic
end of an amphiphilic block copolymer previously prepared via
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Scheme 1. General Principle of the Cu-Mediated Surface-Initiated Radical Polymerization Used in This Work
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ATRP and used as a stabilizer in the emulsion polymerization
process. It was further reacted as the initiating site for the
ATRP of a water-soluble monomer, hence leading to the
formation of a second hydrophilic shell. In all instances, the
grafting reaction by ATRP was carried out with diluted latexes
(low solids contents of ~S wt %; except in ref 20 in which the
solids content was 16.6 wt %) that were carefully cleaned by
dialysis and/or by centrifugation to eliminate all traces of low
molar mass initiator and surfactant.

In this context, the aim of this work was to incorporate a
hydrophilic polymer shell at the surface of submicrometric
polymer particles from emulsion polymerization by postsyn-
thesis modification, using a “grafting from” approach based on
aqueous CRP. The use of a single type of functionalized
particles as a platform to grow any kind of hydrophilic polymers
with tailor-made characteristics (see Scheme 1) would allow to
target different applications from the same starting latex recipe.
It also offers the opportunity to incorporate a polymer shell
that cannot be introduced in another way (via the amphiphilic
block copolymer strategy for instance) without impacting the
features of the grafted particles.

To reach this goal, we considered the following key points:
(i) the choice of the CRP method and the possibility to
functionalize the latex particles with an inimer suitable for the
selected technique; (ii) the ability to perform the grafting
reaction from “as-synthesized” concentrated latexes, without
elimination of the surfactant and of the remaining initiator. To
fulfill both criteria, ATRP was selected as it uses a variety of
alkyl halide initiators that can be easily turned into inimers. The
latter can be polymerized via classical radical emulsion
polymerization without interference with the initiating and
propagating radicals. Finally, the method can be performed at
room temperature, hence preventing unwanted initiation by the
remaining radical initiator. All those criteria impede the use of
other CRP methods such as nitroxide-mediated polymerization
(performed at elevated temperature) and reversible addition—
fragmentation chain transfer (in which the reactive group of the
functional monomer will react during the functionalization
step). However, a drawback of ATRP is the need for large
quantities of catalyst (in particular copper(I) halide), which
contaminate the final product and are difficult to remove. The
reduction of the amount of copper has been achieved through
the use of techniques such as activators (re)generated by
electron transfer (A(R)GET).*' Since a few years, the use of
copper metal has been particularly investigated because Cu(0)
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is easier to handle than Cu(I) or Cu(Il) salts. As a reducing
agent for Cu(Il) in A(R)GET ATRP* or as an activator in
single electron transfer living radical polymerization (SET-
LRP),> the role of Cu(0) in the mechanism of copper-
mediated polymerization is not fully understood and still under
debate® but will not be the focus of this work. In all cases,
however, it offers a rather easy way to proceed and allows to
decrease the amount of catalyst. The couple Cu(0)/Cu(II) was
thus employed as a catalyst for our grafting reactions from latex
particles in aqueous media at room temperature. The use of
AGET ATRP with Cu(II) and ascorbic acid as a reducing agent
has been reported in a single article.”> However, the grafting of
polymer chains from latex particles has never been performed
with Cu(0) in concentrated latex, in the presence of surfactant
and residual initiator (“real” latex). With the aim of studying
the efficiency of the reaction, the aqueous SI-ATRP of N-
acryloylmorpholine (NAM), used as a model of neutral water-
soluble monomer, was considered and the effect of the
concentrations of both the inimer and the Cu(0)/CuBr,
catalyst (with 1,1,4,7,7-pentamethyldiethylenetriamine, PMDE-
TA, as a ligand) was evaluated.

B EXPERIMENTAL PART

Materials. Sodium dodecyl sulfate (DISPONIL SDS, 15 wt %
aqueous solution) was purchased from Cognis. Sodium hydrogen
carbonate (NaHCOj3, 0.07 M aqueous solution), NaOH solution (0.25
M aqueous solution), n-butyl acrylate (nBA), methyl methacrylate
(MMA), and 1,4-butanediol diacrylate (BDDA) were obtained from
BASF. 4,4-Azobis(4-cyanopentanoic acid) (ACPA, >98%), N-
acryloylmorpholine (NAM, 97%), 1,1,4,7,7-pentamethyldiethylenetri-
amine (PMDETA, 99%), CuBr, (>99%), CuCl, (99.999%) and
copper wire (>99.9%; diameter = 1 mm) were used as received from
Sigma-Aldrich. Deionized water was employed in all the experiments.
The inimer 2-(2-bromopropionyloxy)ethyl acrylate (BPEA) was
synthesized by an esterification reaction between 2-hydroxyethyl
acrylate (Sigma-Aldrich, 96%) and 2-bromopropionyl bromide
(Sigma-Aldrich, 97%), according to a protocol published previously,>®
and briefly described here. A solution of 2-bromopropionyl bromide
(79.33 g, 0.38 mol) in 50 mL of CH,Cl, was added dropwise to a
stirred solution (cooled in an ice bath) of 2-hydroxyethyl acrylate
(40.64 g, 0.35 mol) and triethylamine (38.96 g, 0.38 mol) in 220 mL
of CH,Cl,, during 3 h under an atmosphere of argon. After complete
addition, the reaction was further stirred at room temperature for 24 h.
The precipitate was removed by filtration, and the organic phase was
washed with water (3 X S0 mL). It was then dried over magnesium
sulfate, and CH,Cl, was evaporated under vacuum. The obtained
yellow oil was distilled under vacuum in the presence of 0.5 wt % of
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Table 1. Synthesis” of Poly(n-butyl acrylate-co-methyl methacrylate) (Poly(nBA-co-MMA)) Latex Particles Cross-Linked with
1,4-Butanediol Diacrylate (BDDA) and Functionalized at the Surface with 2-(2-Bromopropionyloxy)ethyl Acrylate (BPEA) (T

=70 OC)
latex composition of the core composition of the shell
no. #nBA/MMA/BDDA (wt %) MMA/BPEA/BDDA (wt %)
Lo 30.7/66.7/2.6
L1 30.7/66.7/2.6 95.0/1.8/3.2
L2 30.7/66.7/2.6 65.0/32.5/2.5
L3 30.7/66.7/2.6 48.6/49.0/2.4

“The experimental procedure is described in the Experimental Part.

shell/core weight BPEA overall BPEA content final diameter D from
ratio (wt %) conv (%) (mol/gpater) DLS (nm)
0 112
5.1/94.9 95 1.5 x 107 110
7.5/92.5 95 39 x 107° 110
9.7/90.3 97 7.3 %1078 116

hydroquinone to give a colorless liquid. 300 MHz 'H NMR (CDCL,):
5 (ppm) = 6.44 (d, 1H, CH,=), 6.13 (dd, 1H, =CH), 5.87 (d, 1H,
CH,=), 441 (m, SH, H,C—0O and CH-Br), 1.83 (d, 3H, CH;).

Characterization Techniques. NMR. 'H NMR spectroscopy
for kinetic analysis (i.e., conversion of the monomer NAM in
the surface-initiated aqueous polymerization) was performed in
S mm diameter tubes in D,O solution at 25 °C using a Bruker
Avance 300 (300 MHz) spectrometer. The chemical shift scale
was calibrated on the basis of the solvent peak (6 = 4.79 ppm),
and sodium p-toluenesulfonate was used as an internal
reference (aromatic H peaks).

DLS. The intensity-average diameters of the latex particles and the
dispersity factor were measured by dynamic light scattering (DLS) at a
temperature of 25 °C using a Zetasizer Nano Series (Nano ZS) from
Malvern Instrument using the Zetasizer 6.2 software. The instrument
was calibrated with a standard polystyrene latex in water exhibiting a
particle size of 220 + 6 nm. Before measurements, the latex samples
were diluted with deionized water.

Gas Chromatography. Gas chromatography (GC) of the polymer
dispersions was used to determine the residual amount of BPEA
inimer. It was performed with HP6890N equipment from Agilent
Technologies with a 30 m column (DB S, 5% polydiphenylsiloxane/
95% polydimethylsiloxane) and a temperature ramp of 8 °C/min from
120 to 280 °C. The injection temperature was 280 °C.

SEM. Scanning electron microscopy (SEM) images were examined
on a FEI QUANTA 250 FEG scanning electron microscope, at an
acceleration voltage of 15 kV (Centre Technologique des Micro-
structures (CTy), Claude Bernard University, Lyon, France). A drop
of the particle suspension was placed on a Formvar film on a 200 mesh
copper grid, dried, and covered by a thin layer of gold/palladium
(sputtering Au/Pd with Baltec MED020-5.9 nm).

DSC. Differential scanning calorimetry was measured in a Q2000 by
TA Instruments. The instrument is calibrated with adamantane, water,
and indium. For determination of the glass transition temperature, 8—
9 mg was placed in an aluminum pan. The sample was rapidly cooled
from 150 to —110 °C and afterward scanned with a heating rate of 2
K/min. Glass transition was determined at the half step height
(according to ISO 11357-2).

FTIR. Fourier transform infrared analyses were performed on a
Nicolet iS10 spectrometer with an ATR diamond crystal and a DTGS
KBr detector. The data were measured with a resolution of 4 cm™
from 525 to 4000 cm™. A background spectrum was collected and
subtracted from the spectrum. The latex were dialyzed against water
for 2 weeks using a Spectra/Por dialysis membrane (cutoff at 12 000—
14 000 Da), dried at room temperature, grinded to powder, and then
dissolved in dichloromethane. A drop of the dispersion was deposited
onto the diamond crystal, dried, and then analyzed.

ToF SIMS. Time-of-flight secondary ion mass spectrometry (ToF-
SIMS) measurements were carried out using a Physical Electronics
TRIFT II ToF-SIMS instrument operated with a pulsed 22 keV Au*
ion gun (ion current of 2 nA) rastered over a 300 ym X 300 ym area.
An electron gun was operated in pulsed mode at low electron energy
for charge compensation. Ion dose was kept below the static
conditions limit. Data were analyzed using the WinCadence software.
Mass calibration was performed on hydrocarbon secondary ions.
Before the analysis, the latexes were dialyzed in water for 2 weeks using
a Spectra/Por dialysis membrane (cutoff at 12 000—14 000 Da), dried
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at room temperature, and grinded to a powder, and this powder was
pressed onto an indium foil. Data were normalized to the total
intensity minus H*/~ intensity (because of its critical dependence on
slight variations in the experimental settings)>” and minus the intensity
of peaks related to ubiquitous contamination or to the sample
preparation (i.e, Na" and In* in the positive mode and F~ in the
negative mode). Standard deviations were calculated from measure-
ments performed on three different areas.

Viscosity Measurements. Viscosity measurements were performed
at 25 °C using a parallel-plate (25 mm in diameter) geometry fixture
on a TA Instruments AR2000ex rheometer. The shear rate was fixed at
50 57!, and the gap between the upper plate and the Peltier plate was
set at a distance of 1000 ym.

Stability Tests. The ionic strength and freeze—thaw stability of the
grafted latexes were tested (raw latexes or dialyzed latexes). A drop of
latex dispersion was added to S mL solutions of CaCl, with
concentrations of 4.5 mM, 9.0 mM, 22.5 mM, 45 mM, 91 mM, 0.18
M, 047 M, 1 M, and 2.25 M. The colloidal stability of the dispersion
was assessed by a simple visual test. A 2 mL dispersion of grafted
particles was frozen for 2 h and then thawn. This cycle was repeated
three times. The colloidal stability of the dispersion was assessed by
DLS measurements.

Synthesis of Poly(MMA-co-nBA) Cross-Linked Functional-
ized Latex Particles. In a first step, functionalized, cross-linked latex
particles were synthesized via free-radical emulsion polymerization in
an automated reactor at the BASF Laboratories for Advanced
Materials and Systems Research. Particles were cross-linked with 1,4-
butanediol diacrylate, a divinylic monomer, in order to maintain their
shape and integrity for analytical purposes. In a typical example (latex
L3 in Table 1), a monomer in water emulsion was first prepared using
260 g of deionized water, 26.5 g of SDS solution, 5.6 g of sodium
hydrogen carbonate solution, 88 g of nBA, 190 g of MMA, and 7.3 g of
BDDA. An aqueous solution of ACPA initiator (6.28 g of the solution
prepared with 48 g of deionized water, 3.0 g of ACPA, and 11.7 g of
NaOH aqueous solution 0.25 M) was introduced into a 2 L reactor
preloaded with 138 g of deionized water, equipped with a
thermocouple, a cooling condenser, and a paddle stirrer, and heated
at 70 °C. After 15 min, the monomer-in-water emulsion was gradually
added to the reactor for a total time of 180 min while 56.5 g of the
residual initiator solution was fed during 215 min. After complete
addition of the monomer emulsion (achieving 92% conversion), a
mixture containing 15 g of the BPEA inimer, 15 g of MMA, and 0.7 g
of BDDA was added during 30 min, and the reaction medium was
stirred at 70 °C for an additional 60 min and then cooled to room
temperature. The final latex had a solids content of 40 wt % (obtained
by gravimetric analysis). The particle diameter was determined using
DLS. The conversion of BPEA was determined by gas chromatog-
raphy. All data are summarized in Table 1.

Copper-Mediated Surface-Initiated Polymerization of NAM.
The latexes (raw or slightly diluted in water) with a low amount of
sodium p-toluenesulfonate (4 mg/g,.,) were deoxygenated with a
nitrogen flow for 30 min. A deoxygenated mixture of NAM,
PMDETA, 0.1 M CuBr, aqueous solution, and additional water was
slowly added under stirring. The reaction medium was heated at 25
°C, and a piece of a copper wire was introduced (0.14 cm/g .y, i€,
12.6 cm?/g) er)- Samples were periodically withdrawn to monitor the
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Table 2. Surface-Initiated Polymerization of N-Acryloylmorpholine (NAM) Performed at 25 °C from Cross-Linked Poly(n-
butyl acrylate-co-methyl methacrylate) Aqueous Latex Particles Functionalized at the Surface with 2-(2-

Bromopropionyloxy)ethyl Acrylate (BPEA)

overall D from DLS final solids
BPEA after grafting  content of the final
functionalized content NAM NAM/BPEA/PMDETA/CuBr, time conv (nm) grafted latex” viscosityb

entry latex (m0l/grae)  (8/Gpolymer) (molar equiv) (h) (%) /dispersity (wt %) (103 Pas)  color®
LI1G1 L1 14 x 107¢ 0.05 97.5/1/0.6/0.10 8 30 120/0.08 38 2.4 *
L1G2 L1 1.1 x 1076 0.22 441.5/1/0.8/0.15 1 formation of a gel %
L2G1 L2 2.1x107° 0.05 4.1/1/0.5/0.10 7 100 105/0.03 24 1.6 EEE
L2G2 L2 26 x107° 0.26 20.5/1/0.5/0.10 2 40 171/0.09 37 333 Aok
L2G3 L2 20x107° 0.26 20.5/1/0.5/0.10 7 93 210/0.3 30 22.1 EEE
L2G4 L2 1.9 X 107° 0.42 33.3/1/0.5/0.10 7 71 270/0.3 31 287.7 sk
L3GO L3 6.6 % 107° 0 0/1/0.5/0.10% 6
L3G1 L3 6.1x107° 0.125 5.0/1/0.6/0.09 6 96 140/0.04 38 2.6 seokskokok
L3G2 L3 49 x 107° 023 8.9/1/0.5/0.10 4 86 119/0.06 33 1.6 sokskok
L3G3° L3 55%x107° 0.25 10.9/1/0.5/0.10 8 79 140/0.03 41 1.7 seofskokok
L3G4 L3 47 x 10°° 0.25 9.9/1/0.2/0.05 S 89 130/0.05 31 5.9 sokok
L3GS L3 4.8 x 107° 0.25 9.7/1/0.1/0.025 2 formation ofa gel %
1L3G6" L3 1.1 X 107° 0.40 13.3/1/0.5/0.10 6 88 260/0.2 8.6 2.7 ok

Control Experiments

L0G1 L0 0 0.13 9.8/0/1/0.5/(Cu(0) wire: 1.5 cm) S 0
L3G7 L3 34x10°° 0.15 6.3/1/0/0/(Cu(0) wire: 0 cm) S 0
L3G8 L3 34x10°° 0.15 6.1/1/0/0/(Cu(0) wire: 1 cm) S 0
L3G9* L3 34x10°° 0.15 6.0/1/0.7/0/(Cu(0) wire: 1 cm) S 9
L3G10¥ L3 34x10°° 0.15 6.3/1/0.7/0.15/(Cu(0) wire: 0 cm) S 11

“Obtained by thermogravimetric analysis—includes the nonreacted NAM, Wthh is nonvolatile. At 20 wt % solids (except latex L3G6 measured at 8
wt %). “Color qualitative scale: s (light blue) to s (dark blue). CuCIZ instead of CuBr, “Two successive feeds of NAM (feed 1: 81%
conversion in 2 h; feed 2: 67% conversion in 8 h — overall conversion = 79%).”The latex L3 was dialyzed before the grafting reaction, to remove the

initiator and surfactant. $Latex destabilization.

Number (%}

51

59 68 T8 81 106 122 142 164 190

Diameter (nm)

Figure 1. Scanning electron microscopy image and particle size distribution from DLS of the final latex L3.

conversion by "H NMR after dilution in D,0. All reaction details and
exact quantities are reported in Table 2.

B RESULTS AND DISCUSSION

Surface Functionalization of Latex Particles with the
BPEA Inimer. The latex particles were based on methyl
methacrylate and n-butyl acrylate and were slightly cross-linked
with 1,4-butanediol diacrylate to maintain their integrity during
the analyses. The experimental conditions are reported in Table
1. The surface functionalization of such latex particles has been
already reported in the literature.'®'” The functional monomer
BPEA was used in a very low amount to introduce a thin layer
of brominated groups able to initiate the polymerization from
the surface. The main requirements that had to be fulfilled are
the absence of secondary nucleation and a high conversion of
BPEA with a preferential location at the particle surface. BPEA
was thus added at the end of the latex synthesis before
complete conversion of the core monomers (~90%). During
this step, MMA was used as a comonomer, to ensure an
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efficient anchoring of the adsorbed oligoradicals by fast chain
propagation and to avoid their precipitation and the generation
of a second crop of particles. The final conversion of BPEA was
high as assessed by gas chromatography (see Table 1). On the
basis of the scanning electron microscopy and DLS analyses of
the final latexes (Figure 1), a monomodal particle size
distribution was observed, indicating the absence of secondary
nucleation.

Because of the very low amount of BPEA used and due to
the remaining core monomers present during the functionaliza-
tion step, it was important to check the location of the inimer.
Burial of the inimer may actually occur during the polymer-
ization, even though the use of additional MMA should lead to
a rather polar polymer that remains preferentially at the particle
surface. ToF-SIMS has already been used to detect functional
groups at the surface of synthetic latex particles®®>° and was
selected for the present analytical purpose. This surface analysis
technique is based on the m/z detection of secondary ions
(positively charged and negatively charged as obtained in two

dx.doi.org/10.1021/ma300236r | Macromolecules 2012, 45, 2972—-2980
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Figure 2. Positive ion mode ToF-SIMS spectrum (m/z = 50—200) for (a) latex L0, (b) latex L3, (c) latex L3GO (m/z = 200—300), and (d) latex
L3Gl1. Negative ion mode ToF-SIMS spectrum (m/z = 20—100) for (e) latex L0, (f) latex L3, (g) latex L3GO, and (h) latex L3G1.

Table 3. ToF-SIMS Normalized Intensity (in %o) for Various Characteristic Peaks” for Latexes L0, L1, L2, L3, L3G0, L3G1, and

characteristic signature for Cl

characteristic signatures for polyNAM

L3G3 (see Table 2)
characteristic signatures for core characteristic signatures for
latex BPEA

entry 159+ 185— 179— Il79+
Lo 13.7 £ 22 219 + 2.6 09 +0.2 12 +£03
L1 16.5 + 1.0 273 £ 1.8 370 14 +02
L2 16.0 + 0.4 18.8 + 3.1 39.9 + 3.6 74+ 0.7
L3 134 + 3.6 185 £ 2.5 39.8 + 4.7 6.6 + 1.1
L3GO 14.3 £ 0.6 189 + 1.6 14.1 £ 0.7 24 +£02
L3G1 7.0 +£ 0.5 9.1 +13 47 £ 02 1.1 +£0.1
L3G3" 54 +0.1 72+ 05 24 % 0.1 09 +0

B 26~ 2 e
0.5 +£ 0.5 5.8 +£02 04 + 0.1 1.6 £ 02
0.6 + 0.2 74 + 0.6 0.5+ 0.1 1.8 £ 02
02+0 44 +02 03+0 20+ 0
02+0 57+ 13 03 +0.1 1.5+ 02
89 + 1.6 3.7 +£05 04 +0 1.6 + 0.1
0.7 £ 0.1 237 £ 2.6 75 £ 1.1 8.1+ 0.8
7.0 £ 34 29.1 + 04 105 £ 0 84 + 0.1

“Peaks at: m/z = 59% corresponding to C,H;0," and m/z = 85~ corresponding to C,H;O,”, characteristic of the core latex; m/z = 79~
corresponding to "’Br~ and m/z = 179" corresponding to CsHgO,”*Br, characteristic of BPEA; m/z = 35~ corresponding to °Cl”, characteristic of
the ion exchange reaction between Br and Cl but contribution from Cl ubiquitous contamination cannot be excluded (it is especially the case for
L3G3); m/z = 26~ corresponding for a major part to CN™ but contribution from C,H,” cannot be excluded, m/z = 427 corresponding to CNO~
and m/z = 142* corresponding to C,0,H,,N*. “Measurements performed only on two areas and therefore poorly accurate.

separate data acquisitions) emitted following the bombardment
of solids using primary ions in the keV range. If a limited
number of primary ions are used for this purpose (static
conditions), the information depth is limited to a few atomic
layers. Moreover, this technique allows the detection of very
low amounts® (detection limit of ppm to ppb), which is
appropriate considering the quantity of BPEA involved for
surface modification of the latexes. The latexes were first
carefully dialyzed to remove all nonconverted monomers and
water-soluble oligomers, and the dried powder was then
pressed onto an indium foil at room temperature. The particles
being cross-linked and their glass transition temperature being
52 °C (as determined by DSC, i.e., above room temperature) a
good shape stability and the absence of film formation by chain
interdiffusion is expected. This is an important point when
targeting the surface analysis exclusively.
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Figure 2 displays ToF-SIMS spectra in the positive and
negative modes in selected m/z ranges. It illustrates the main
observations at the surface of latexes before and after the
various steps of the surface modification (modification with
BPEA inimer, test for ion-exchange, surface-initiated polymer-
ization of NAM). Table 3 provides normalized intensity values
(in %o) for secondary ion peaks specific to the latexes and to
the various surface modifications. Figures 2a and 2e correspond
to the spectra obtained on the latex LO (nonfunctionalized) in
the positive mode (m/z = 50—200) and in the negative mode
(m/z = 20—100), respectively. ToF-SIMS spectra display peaks
characteristic for polyMMA®® (as well as other peaks detected
in the nonillustrated m/z ranges), i.e, in the displayed m/z
range, a peak at m/z = 59.014 (corresponding to C,H;0,", m/z
= 59.013) and those at m/z = 31.016 (corresponding to
CH;07, m/z = 31.018), m/z = 55.018 (corresponding to

dx.doi.org/10.1021/ma300236r | Macromolecules 2012, 45, 2972—-2980
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C3H;07, m/z = 55.018), and m/z = 85.029 (corresponding to
C,H;0,7, m/z = 85.029). This confirmed that latexes had the
expected chemical structure (see also Table 3) without
significant contamination (see e.g. Br and Cl ubiquitous
contamination in Table 3).

After surface functionalization with BPEA inimer, both ToF-
SIMS spectra of latex L3 in the positive mode (Figure 2b) and
in the negative mode (Figure 2f) indicate that the main
signatures of the latexes are still detected, which is consistent
with the intended limited extent in surface modification. In
addition, peaks characteristic for BPEA were detected. The
most obvious signature was Br, which was detected in the
negative mode with both isotopes (and in the expected isotopic
ratio): a peak at m/z = 78913 (corresponding to ’Br~, m/z =
78.918) and a peak at m/z = 80.911 (corresponding to *'Br~,
m/z = 80.916). However, Br being ubiquitous contamination
(see in Table 3 the very slight amount detected for the
unmodified latex L0), it was important to confirm that the high
relative intensity for ’Br™ was a direct signature for BPEA. The
detection of peaks in the positive mode at m/z = 178.981
corresponding to CyHgO,””Br', m/z = 178.971—see BPEA
chemical structure in Scheme 1) and a peak at m/z = 180.972
(corresponding to CsHgO,*' Br*, m/z = 180.969) brought this
confirmation.

Table 3 (entries LO—L2) indicates that when modifying the
BPEA concentration used for surface modification (see entries
LO—L2 in Table 1), characteristic signatures for BPEA varied
accordingly in normalized intensity. ToF-SIMS data are known
to be highly dependent on severe matrix effects, which hinder
any absolute quantification from these data. However, when
comparing similar samples only varying as a function of the
BPEA content, matrix effects can be considered as close enough
to allow a semiquantitative comparison of normalized
intensities for characteristic signatures of BPEA, ie.,, Br. In
addition, the relative intensity for 179" for the latex LO in Table
3 is not due to CiHzO,””Br* (179" is detected at m/z =
179.0975 for L0, excluding any relation to BPEA), but the value
was given to allow the reader to identify the relevance of the
increase in normalized intensity for that specific signature (thus
relevant for L2 and L3 but not for L1). It can then be
concluded here that BPEA is significantly less detected for latex
L1 compared to latexes L2 and L3. For the latter two latexes,
similar values could be related to the very limited information
depth of the ToF-SIMS technique. BPEA might be more
incorporated in L3 than in L2, but the amount in the sample
depth probed by ToF-SIMS was similar. As expected, for
latexes L2 and L3, a more significant decrease in normalized
intensity was observed for the core polymer characteristic peaks
(especially C,H;O,”), which is consistent with the larger
introduction of BPEA at the surface of these latexes.

Prior to any polymerization from the surface, and in order to
assess the accessibility of the surface anchored Br toward an ion
exchange reaction with water-soluble species, the latex L3 was
further subjected to a reaction with Cu(0) and CuCly/
PMDETA (entry L3GO, Table 2). The change of Br signature
to Cl one should show that activation of the alkyl bromide
group of BPEA is possible and further confirm the appropriate
location of BPEA. Figure 2g displays the ToF-SIMS spectrum
in the negative mode for the latex L3GO, obtained by reacting
the latex L3 with CuCl,/PMDETA in the presence of Cu(0).
The characteristic signatures for BPEA (”Br~ but as well
CsHO,"Br*) are still detected but with a significantly lower
normalized intensity (see Table 3). It was expected that peaks
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similar to 179*/181%, thus possibly CiHzO,**Cl* and
CH0,%Cl*, could be detected, but they were not identified
(data not illustrated). It can be due to the low CuCl,
concentration used in this experiment. Still, Cl was detected
in the negative mode with both isotopes (and in the expected
isotopic ratio): a peak at m/z = 34.970 (corresponding to **Cl~,
m/z = 34.969) and a peak at m/z = 36.967 (corresponding to
¥Cl7, m/z = 36.966) in a higher level than the ubiquitous
contamination. This confirmed an exchange reaction, most
likely based on the radical process that is required for initiation
and controlled propagation (based on the activation/
deactivation equilibrium).

Surface-Initiated Polymerization of NAM. The success-
ful introduction of BPEA and the accessibility of the alkyl
bromide groups being confirmed, the latexes L1, L2, and L3
were further used as substrates for the surface-initiated
polymerization of NAM in the presence of Cu(0), CuBr,,
and PMDETA. This monomer was selected as a good model
for water-soluble neutral monomer, which can be easily
characterized due to the amide group that is not present in
the core monomers. The reactions were carried out at room
temperature without purification and at high solids content of
the initial latexes. The conditions are summarized in Table 2.
The reagent concentrations were adapted from solution
polymerizations performed in water (nonreported here) to
avoid too fast polymerizations. Typically, the CuBr,/BPEA
molar ratios were in the 0.025—0.15 range, while the molar
ratio PMDETA/CuBr, was around S. The conversion of NAM
was monitored by "H NMR spectroscopy in D,O. In general, it
appeared that most of the polymerizations reached a conversion
plateau at rather high conversion values after 2—3 h reaction
time (Figure 3).

1 P,
i * L1G1
ob | s L3G1
A - 4 = L3G2
s b7/4 * L1364
g . ,-"J-F = L3G6
| J
5 [
S 04 i
Iy .
02/
!
0 = ¥ :
0 2 4 ] 8 10
Time (h)

Figure 3. Conversion of NAM measured by "H NMR analysis vs time
for the Cu-mediated surface-initiated polymerizations of NAM from
the latexes L1 and L3.

Even though all control experiments showed that there was
no polymerization initiation from residual ACPA, or from other
components of the catalytic system (see Table 2, control
experiments), we still intended to confirm that the polymer-
ization of NAM was initiated by the surface bromide groups,
creating a covalently attached hairy polyNAM layer. For this
purpose, the grafted latexes were dialyzed against water, dried,
and analyzed first by FTIR and for one of them by ToF-SIMS.
Besides the C=O band at 1725 cm™ (ester stretching
vibration) that was observed on the FTIR spectra of the
analyzed latexes (Figure 4), the band at 1640 cm™" typical of
the amide group (amide I stretching vibration) was evidenced
for the cleaned latexes L3G6, L3G1, and L3G3. These results
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Figure 4. FTIR analysis of the latexes L3, L3G1, L3G3, and L3G6
cleaned by dialysis and dried and of polyNAM.

thus confirm the incorporation of polyNAM in the latex by a
covalent bonding. The strong stability provided by the grafting
of polyNAM chains (see following section) did not allow us to
cleanly centrifuge the final grafted latex to determine the water-
soluble content, which appeared to be very small on the basis of
the NMR analysis performed on the collected serum.

The experimental conditions and the hydrophilic nature of
NAM are in favor of the creation of a hydrophilic shell rather
than polyNAM domains engulfed within the polymer core.
ToF-SIMS analyses were performed on L3GI grafted latex to
confirm this assumption (see Figure 2 and Table 3). Figures 2d
and 2h correspond to the spectra obtained on the latex L3G1 in
the positive mode (m/z = 50—200) and in the negative mode
(m/z = 20—100), respectively. Peaks characteristic to polyNAM
are detected such as those at m/z = 26.004 (corresponding to
CN~, m/z = 26.003), m/z = 42.007 (corresponding to CNO~,
m/z = 41.998), m/z = 114.069 (corresponding to CsHgNO,',
m/z = 114.055), and at m/z = 142.095 (corresponding to
C,H;,NO,*, m/z = 142.087). This is confirmed by normalized
intensity values in Table 3. The few N-based signatures already
detected for L0, L3, and L3GO are due to the use of ACPA as
an initiator. Peaks characteristic of the core latex and Br are still
detected (Figure 2d,h and Table 3). The normalized intensity
values for core latex specific peaks significantly decreased,
which illustrates a significant grafting of polyNAM at the
surface. On the other hand, Br is still detected but not anymore
the peaks specific to BPEA, i.e.,, C;HgO,”’Br* and C;HzO,%'Br*
(see Table 3). The normalized intensity for 179" is back to the
value previously observed—and not corresponding to
CsHgO,”’Br*—for the latex LO. This result is consistent with
the polymerization mechanism in which chains are extended
from BPEA units while maintaining a dormant Br end group. If
CsHO,”Br* was as expected not detected anymore, no peak
combining polyNAM and Br end group was however detected.
The latex L3G1 should contain a low amount of polyNAM (see
Figure 4), but this is not apparent in ToF-SIMS data. It should
be reminded that the ToF-SIMS information depth is limited to
the top surface where NAM polymerization is expected to start
while FTIR information depth is larger, allowing the detection
of the increase in the amount grafted.

Bulk and surface analyses thus confirmed the efficiency of the
grafting reaction. The effect of the experimental conditions on
the polymerization yield and kinetics was then examined from
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the information displayed in Table 2 and in Figure 3. It first
appeared that the polymerization was slow and the final NAM
conversion was low at the lowest amount of BPEA (core latex
L1). For higher BPEA concentrations (latexes L2 and L3), the
grafting kinetics were faster but not significantly different from
each other (see experiments L2G1 and L3G1 in Table 2). For
both core latexes and irrespective of the added concentration of
NAM, the final conversion was generally above ~80% and
sometimes higher than 90%. Thus, a minimum BPEA
concentration was needed to ensure a high surface concen-
tration (as suggested by the ToF-SIMS results) along with good
accessibility of the bromide group at the surface. Upon
polymerization of NAM, the hydrodynamic diameter of the
particles determined by DLS increased (Table 2). When a
narrow particle size distribution (dispersity below 0.1) was
maintained, the final diameters reached values as high as 140
nm, corresponding to a maximum hydrodynamic layer
thickness of ~12 nm. In a few examples the final diameter
was much higher (above 170 nm), but the dispersity was also
high (above 0.1), indicating the presence of aggregates, most
likely in very low concentration. In general, the core—shell
latexes formed by grafting polyNAM from L2 and L3 remained
very stable and became more viscous when the NAM/BPEA
molar ratio was increased (see Table 2). Nevertheless, the
viscosity values remained acceptable in most cases, i.e., below 6
mPa-s. Moreover, the latexes exhibited a blue color that was
more or less intense depending on the experiments (the lower
the Cu(Il) absolute concentration, the lighter the color; see
Table 2). In some examples a gel was obtained within short
polymerization time and could not be diluted, indicating
interparticle cross-linking via radical termination, which is not
surprising at such high substrate concentration (i.e., short
interparticle distance).

A series of grafting reactions were performed with the core
latex L2 as a substrate and varying concentrations of NAM in
the system, exhibiting an average molar ratio with respect to the
overall BPEA of 4.1 (entry L2G1, Table 2), 20.5 (entries L2G2
and L2G3, Table 2), and 33.3 (entry L2G4, Table 2). The
initiator and catalyst concentrations remained the same in all
four experiments. Note that the relative proportion of NAM to
BPEA was kept rather low, anticipating that the initiating
efficiency of BPEA would not be 100%, as only part of it would
be really accessible at the extreme surface. This corresponded
to amounts of NAM from S up to 42 wt % with respect to the
core polymer. Except for entry L2G2 (short reaction time), the
final conversion decreased from 100% to 71% when the amount
of NAM was increased. The overall amount of grafted
polyNAM however increased from 0.05 g/g,qyme for entry
L2G1 to 0.30 g/gyoiymer for entry L2G4. The influence of the
initial concentration of NAM on the final conversion is not very
clear but might possibly be explained by competitive copper
ions complexation between monomer and PMDETA.*>* The
same trend was also observed for experiment L3G1 with the
lowest concentration of NAM in comparison with the other
grafting experiments from latex L3 (L3G2 to L3G6). With
0.125 g/gyoiymer Of initial NAM, the final conversion was 96%,
whereas it remained below 90% when NAM concentration was
increased. The final particle diameter was larger when the
amount of NAM was increased, and the particle size
distribution became broader, indicating both the formation of
a hydrophilic shell and the generation of aggregates via possible
interparticle radical coupling reactions.
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The effect of the concentration of the catalytic system was
explored in grafting latex L3 with NAM in the presence of
decreasing concentrations of PMDETA and CuBr, (entries
L3G2, L3G4, and L3GS in Table 2), while keeping a similar
molar ratio between both and keeping the same amount of
Cu(0) wire. When the PMDETA/CuBr, molar ratio was 0.5/
0.1 (L3G2) or 0.2/0.05 (L3G4), the kinetics and the features of
the grafted latex were similar. In contrast, when it was further
decreased to 0.1/0.025 (L3GS) the reaction led to a gel. At
such low deactivator content, the concentration of propagating
radicals would be enhanced and would favor interparticle
coupling reaction and the formation of gel. Eventually, the latex
L3 was cleaned by dialysis before performing the grafting
reaction in experiment L3G6 (Table 2). Although the
polymerization of NAM was performed under diluted
conditions, the results were very similar to the grafting
reactions performed from raw latexes. This last result is a
clear indication that residual initiator and surfactant do not
interfere with the grafting process.

To conclude this part, robust conditions for an efficient Cu-
mediated surface-initiated polymerization at room temperature
were found from Br-functionalized latex particles that were not
cleaned, i.e., in the presence of remaining radical initiator and
SDS surfactant.

Colloidal Stability of the Grafted Latexes. In the
previous section, we showed that core—shell latexes were
obtained using surface-initiated polymerization of NAM. Such
latexes coated by a neutral hydrophilic polymer may exhibit
improved stability toward high ionic strength and freeze—thaw
cycles. Demonstrating this improved stability would be an
additional proof of the success of our grafting procedure. The
corresponding data reported in Table 4 showed that, for all

Table 4. Stability Tests to Freeze—Thaw Cycles and CaCl,
Concentration of the Latexes L2 and L3 Grafted with
PolyNAM

D from DLS critical
before freezing D from DLS after 3 freeze—thaw  CaCl,
entry (nm)/dispersity cycles (nm)/dispersity conc (M)
L3 101/0.03 783/0.8 <0.004S
L2G1 105/0.03 112/0.06 0.0045
12G3 210/0.30 193/0.25 >2.25
L2G4 270/0.3 235/0.3 >2.25
L3G1 140/0.04 146/0.05 >2.25
L3G1“ 145/0.05 150/0.08 >2.25
L3G2 119/0.06 113/0.03 >2.25
L3G3 140/0.03 147/0.002 >2.25
L3G4 130/0.05 180/0.08 >2.25
L3G6 260/0.2 230/0.24 >2.25

“Dialyzed latex.

grafted latexes, the stability to three freeze—thaw cycles was
strongly improved since none of them underwent coagulation,
while the nongrafted latex L3 did not remain stable. Similarly,
an amazing stability of the grafted latexes under high CaCl,
concentration (2.25 M) was shown (except for L2G1 with the
lowest amount of grafted polymer). This is a strong evidence
for the presence of the non ionic grafted polyNAM shell that

protects the particles from irreversible aggregation.
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B CONCLUSION

This article proposes, for the first time, robust conditions for
grafting hydrophilic polymer chains using copper-mediated
polymerization from concentrated bromide-functionalized latex
particles, used “as synthesized” via classical emulsion polymer-
ization. All steps were assessed very carefully by various
analytical techniques, in particular ToF-SIMS. The latter
evidenced the consumption of the initiating sites and the
presence of a hydrophilic polymer layer at the particle surface.
The grafting reaction was shown to be efficient from both the
kinetic point of view and the final latex properties. For such a
purpose, the main conditions to respect are (i) the need for
sufficient Br surface concentration to maintain a fast reaction
and high final conversion, (ii) the need for sufficient Cu(Il)
initial concentration to avoid gel formation, and (iii) the
control of monomer/Br ratio to avoid too high viscosities. In
the conditions studied, the grafted chains were not isolated, and
it is thus impossible to conclude on their living character or on
the control over their molar mass, which might be expected
from an ATRP reaction. Although this was not the focus of this
work, such a conclusion is of interest for fundamental
understanding and should be studied further.
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In the last years, there has been a growing interest in the “grafting from” methods with the
development of controlled/living radical polymerization (CRP) techniques and more
particularly atom transfer radical polymerization (ATRP)." Most studies were devoted to the
grafting of polymer chains from inorganic surfaces, for instance silicon wafers or silica
particles. Differently, polymer substrates have been much less studied. Core-shell particles
with a hydrophobic polymer core and a hydrophilic polymer shell are the subject of many
works” as they can find a wide range of applications. The idea to apply the “grafting from”
technique to create such core-shell particles via surface-initiated ATRP (SI-ATRP) was first
reported by Manuszak-Guerrini et al.” in 2000. The grafting strategy was to functionalize a
crosslinked polystyrene latex with an inimer (i.e. a monomer bearing an alkyl halide group
able to serve as an initiator in ATRP) at the particle surface and to activate it by a Cu(l)
complex in the presence of a water-soluble monomer. Following this seminal work, other
teams have used the same strategy to prepare core-shell particles by SI-ATRP.*>°

In this context, the aim of this work was to incorporate a hydrophilic polymer shell,
poly(N-acryloymorpholine), at the surface of polymer particles from emulsion polymerization
by post-synthesis modification, using a “grafting from” approach based on aqueous copper-

mediated radical polymerization (Scheme 1).
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Scheme 1: General principle of the Cu-mediated surface-initiated radical polymerization

The starting latexes were synthesized via classical radical emulsion copolymerization of n-
butyl acrylate and methyl methacrylate and were functionalized at their surface by a
comonomer bearing a Br-functional group (the so-called inimer). The latter was introduced to
play the role of the initiator in the grafting reaction, in the presence of the
Cu(0)/CuBr,/PMDETA catalytic system. Since a few years, the use of copper metal has been
particularly investigated because Cu(0) is easier to handle than Cu(I) or Cu(Il) salts. If the
mechanism of copper mediated polymerization is not fully understood and still under
debates,’ it offers a rather easy way to proceed and allows to decrease the amount of catalyst.

Conditions in which the grafting step could be performed at room temperature, using high
particle concentration in the presence of surfactant and initiator remaining from the emulsion
polymerization were identified. The success of the functionalization and grafting steps was
evaluated by ToF-SIMS (time-of-flight secondary ion mass spectrometry), by FTIR and by
the final properties of the so-formed core-shell particles. It is the first time such grafting

conditions have been applied with success from “real latexes”.
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Efficient metal-mediated surface-initiated polymerization from raw

polymer latex in water.

Virginie Chabrol, Didier Léonard, Matthias Zorn, Bernd Reck, Franck D’ Agosto, Bernadette

Charleux

The incorporation of a hydrophilic polymer shell at the surface of latex particles was studied
using a grafting from approach based on aqueous copper-mediated radical polymerization.
Latexes were synthesized via classical emulsion polymerization and functionalized at their
surface with a Br-functional group which played the role of the initiator in the grafting
reaction. Conditions under which the grafting could be performed at 25°C, using a real latex
(no elimination of the surfactant and of the radical initiator), in the presence of Cu’, CuBr,

and PMDETA were identified.
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Functionalized latex particles as substrates for metal mediated radical
polymerization

The incorporation of a hydrophilic polymer shell at the surface of latex particles was studied using a
“grafting from” approach based on aqueous metal-mediated radical polymerization. Latexes were
synthesized via classical emulsion polymerization and functionalized at their surface by a comonomer
bearing a Br-functional group (the so-called inimer), which played the role of the initiator in the
grafting reaction. Conditions under which the grafting could be performed at 25°C, using a real latex
(no elimination of the surfactant and of the radical initiator), in the presence of CuBr, N,N,N,N",N"-
pentamethyldiethylenetriamine (PMDETA) and zero valent metal, in particularly Cu(0), were
identified. The success of the functionalization and grafting steps was evaluated by ToF-SIMS (time-
of-flight secondary ion mass spectrometry), by FT-IR and by the final properties of the so-formed core-
shell particles.

Keyword: Grafting from, Core-shell particle, Emulsion polymerization, Metal mediated polymerization

Greffage par polymérisation radicalaire par transfert d’atome d’une écorce
hydrophile a la surface de particules de latex fonctionnalisées

Le sujet de cette thése consiste a incorporer une couronne de polymere hydrophile a la surface de
particules de latex par amorgage et croissance en utilisant la polymérisation radicalaire contrélée par
transfert d’atome induite par les métaux. Les particules de latex, obtenues par polymérisation
radicalaire en émulsion ont été fonctionnalisées avec un « inimére », monomeére comportant une
fonction halogénée capable de jouer le réle d’amorceur dans I'étape de greffage. Cette étape de
greffage a ensuite été effectuée en présence de CuBr,, PMIDETA et d’un métal a valence zéro tel que le
cuivre, a température ambiante a partir de latex non post-purifiés (présence de tensio-actif et
d’amorceur résiduels et a taux de solide élevés). Au cours du processus, I'incorporation de I'inimére et
de la couronne hydrophile a été vérifiee par ToF-SIMS (time-of-flight secondary ion mass

spectrometry), par FTIR et par I'étude des propriétés colloidales des latex greffés.

Mots Clés : Greffage a partir de, Particule cceur-écorce, polymérisation en émulsion, Polymérisation

radicalaire par transfert d’atome induite par les métaux



