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Introduction générale

Les copolymeéres greffés constituent une classe @d@eriaux polymeres
particulierement intéressants car leurs propripgas/ent étre modulées en fonction de
la nature du squelette, de la composition, de fareat de la densité des greffdniss
peuvent présenter des applications variées emtentensioactifs, vecteurs de principes

actifs, compatibilisants, nanomatérigux.

Les propriétés des copolymeres greffés et la pdisside moduler celles-aria
leur structure nous ont amenés a nous intéressateaclasse particuliere de polymeres.
Plus précisément, notre travail s’inscrit dans ddre de la synthése de copolymeéres
greffés a squelette 1,4-polybutadiene et polyoXaormene possédant une haute densité

de greffons de nature diverse, éventuellement gohpes.

La polymérisation par ouverture de cycle par mésgh(ROMP) a été choisie
pour la synthése du tronc, car celle-ci, grace aeldppement de nouveaux amorceurs
bien définis & base de ruthénidnest réalisable dans des conditions controlées. Ell
présente d’autre part 'avantage de conduire, darsas des monomeéres dérivés du
cyclobutene, & un polybutadiene strictement —1,4ntrst pas aisément accessible par
d’'autres techniqgues de polymérisation. L'approchgraiing through», aussi
dénommeée « technique macromonomere », a été claisielle permet de synthétiser
des copolymeres possédant une densité de greffignsrtante puisque chaque unité

constitutive porte deux chaines polymeres.

Contrairement aux dérivés du norbornene pour ldsgqurenombre relativement
important de travaux ont été rapportés dans lardittre, les dérivés du cyclobutene
n'ont été que peu étudiées en raison principalerdenta difficulté de synthése des
monomeres correspondants. La mise au point audeilaboratoire d’'une méthode
efficace et s(re de préparation de I'anhydrideatyaténique par I'équipe de F. Hbiet
permis la préparation de nouveaux dérivés utilesmlgn tant que monomeres pour la
ROMP? Les précédents travaux conduits au laboratoire mwintré que des

macromonomeres cyclobuténiques peuvent étre piparépolymérisation radicalaire

! Hadjichristidis, N.; Pispas, S.; Pitsikalis, Matriou, H.; Lohse, D. Braft copolymers, Encyclopedia of
Polymer Science and Technolpgy Ed., Jonhn Wiley & Sons, Inc., Hoboken, New-Y@R04

2 (a) Sakuma, S.; Hayashi, M.; Akashi, Mdv. Drug. Deliv. Rev2001, 47, 21-37. (b) Xu, P.; Tang, H.;
Li, S.; Rew, J.; Van Kirle, E.; Murdoch, W. J.; Resji M.; Shen, YBiomacromolecule2004 5, 1736-
1744,

® Grubbs R. H. (Ed.Handbook of Metathesisol. 3, Wiley-VHC, Weinheim2003

4 Gauvry, N.; Comoy, C.; Lescop, C.; HuetSynthesid 999 574-576.

® Lapinte, V.; de Frémont, P.; Montembault, V.; Fone, L.Macromol. Chem. Phy2004 205, 1238-

1245.
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controlée par transfert d’atome (ATRP) — tout eésprvant la double liaison du
cyclobutene — en utilisant des amorceurs cyclobgi&s renfermant un ou deux
groupements bromoisobutyryle amorceurs d’ATRP. Lgalymérisation par ROMP a
conduit a des troncs de type 1,4-polybutadiéne fégefpar divers homo- ou
copolymére$. Cette méthode souffre toutefois des limites inhi&e & la fois & la
technique macromonomeéere et a [I'ATRP. En effet, lalympérisation de

macromonomeéres ne permet pas d’accéder & des nmskires élevééset ATRP

n'est utilisable qu’avec un nombre relativementténde monomeres.

Le premier objectif de ce travail a été de divegsifa nature des greffons en
utilisant soit la polymérisation RAFTReversible Addition-Fragmentation chain
Transfe), soit la chimie «click ». Deux stratégies de thgse de macromonomeres
amphiphiles ont donc été considérées au cours ttaval (Figure 1) :

 La premiere consiste en la synthése de macromomrsmeée poly(oxyde
d’éthyléne) (POE) a extrémité oxanorbornéne ouabydiene a partir de POE
commerciaux par réaction de chimie « click » quisesceptible de conduire a
des conversions quantitativés.

* La deuxieme repose sur la polymérisation RAFT adé¢ade dérivés du
cyclobutéene renfermant un groupement apte a jauedlé d’agent de transfert
de chaine. Cette stratégie permet de synthétisemde&romonomeres a partir
d'une large gamme de monomeéres en raison de leatai@ de la technique

RAFT vis-a-vis de nombreux groupements fonctionfels

cyclobuténe Oxanorborn‘éne
ou cyclobutene
(0]

Ry R, SN
R1, R, : Agent RAFT ou groupe “click-able" groupe "click-able™— \\\\

Figure 1. Structure des précurseurs de macromonomeres pobahles en ROMP.

® Morandi, G.; Montembault, V.; Pascual, S.; Legoupy Fontaine, LMacromolecule®006 39, 2732.

" (a) Hadjichristidis, N.; latrou, H.; Pitsikalis,.MMays, JProgr. Polym. Sci2006 31, 1068. (b)

Hadijichristidis, N.; Pitsikalis, M.; latrou, H.; $pas, SMacromol. Rapid. Commu2003 24, 979.

8 (a) Kolb, H.; Finn, M. G.; Sharpless, K. Bngew. Chem. Int. E@001, 40, 2004. (b) Binder, W. H.;
Sachsenhofer RMacromol. Rapid Commu007, 28, 15. (c) Fournier, D.; Hoogenboom, R. Schubert
U. S.Chem. Soc. Re2007, 107, 3654. (d) Lutz, J.FAngew. Chem. Int. EQ007, 46, 1018.

® Chiefari, J.; Chong, Y. K.; Ercole, F.; Krstina, Jeffery, J.; Le, T. P. T.; Mayadunne, R. T. Wegijs,

G. F.; Moad, C.L.; Moad, G.; Rizzardo, E.; ThangHSMacromolecule4998 31, 5559.

2
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Le second objectif de ce travail a consisté a metiee les moyens d’améliorer
la polymérisation des macromonomeres en solution ljpdilisation de systemes
amorceurs de Grubbs de derniere génération et@daaii la ROMP en milieu agueux
dispersé de macromonomeres amphiphiles.

Le premier chapitre de ce mémoire est consacréeaétude bibliographique
portant sur les voies d’acces aux macromonomerésuetpolymérisation par ROMP

pour accéder a des copolyméres greffés.

La synthése des macromonomeres dérivés du cyclabetede I'oxanorbornene
par chimie « click » fait 'objet d’'un deuxieme g¢ite. Nous avons détaillé la synthese
des précurseurs cyclobuténe et oxanorbornéne gtiecoent un ou deux groupements
« click-ables » et leur réaction en chimie « chclavec un poly(oxyde d’éthylene)

(POE) fonctionnalisé afin d’accéder aux macromomnesieorrespondants.

Le chapitre trois porte sur la synthése des macnomersa-cyclobutényle par
la polymérisation RAFT ainsi que la combinaisorligke» et RAFT pour accéder a des
macromonomeres poly(oxyde d’éthyléne)-b-pdWy(sopropyl acrylamide) POB-
PNIPAM.

Enfin, le quatrieme chapitre présente la synthese adpolymeres greffés a
squelette 1,4-polybutadiene et polyoxanorbornémégpROMP en solution a partir des
macromonomeres. L'étude du comportement des macrmmenes en solution aqueuse

et des essais préliminaires ROMP en milieu agué&pedsé sont également présentés.
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Chapter I: Bibliography study of macromonomers synthesis and their ROMP in solution

Introduction

The development of well-defined based-molybdenuthk@sed-ruthenium catalysts has
allowed to use ring-opening metathesis polymearatiROMP) as a living
polymerization method to synthesize regular graftjpatymers with controlled
molecular and structural parameters. These grafblgomrs can been synthesized
according to three general strategies: the “grgfonto” method, in which side chains
are preformed and then attached to the main chalymer backbone; the “grafting
from” method, in which the site chains are formeahf active sites on the main chain
backbone, these sites are able to initiate thenpalization leading to the synthesis of
graft copolymer; the “grafting through” method oacnomonomer method, in which the
macromonomers, oligomeric or polymeric chains lmgaa polymerizable end-group,
are polymerized to give the graft copolymer.

The most commonly used method is the “grafting tghduwor macromonomer method
which allows the control of grafts, backbone lengiimd grafting density. In such
method, the polymerization of macromonomers affolatash polymers with an
extremely high density of branching, since each onmgric unit bears a polymeric
chain as a side group. Depending on the graft keagt the degree of polymerization,
the graft copolymer may adopt several conformationsolution, such as bottlebrush,
comb-like, star-like of flower-like. The “graftintprough” method requires the previous
synthesis of macromonomers, which are polymer cheamtaining a polymerizable
end-group. Nowadays, the synthesis of macromonooarde accomplished by almost
all the available polymerization techniques. Amortgem, controlled/living
polymerization processes allow the synthesis of ptexnand well-defined polymer

architecture$.

ROMP is a versatile and an efficient synthetic tetyg for the polymerization of
unsaturated constrained rings such as norbornexanodoornene, cyclobutene or
cyclooctene by using metal alkylidene initidtoThe absence of chain transfer and
termination reactions in such polymerization systenallows synthesis of
homopolymers, block copolymers or graft copolymeith narrow molecular weight

distributions, and precise control of the functiggain both the initiation and the
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termination site§:* Moreover, the large number of catalyst systemsdas transition
metals available can tolerate a wide range of fanatities and the polymerization may

be operated under mild conditions, such as roonpéeature and short time.

In this chapter, we thus introduce almost all exasgor precise synthesis of graft
copolymers by combination of living ROMP and congdlliving polymerization

technigues such as anionic polymerization, ringaapge polymerization (ROP) and
reversible-deactivation radical polymerization (RB)Raccording to the “grafting

through” method, both in solution and in dispersestiia”

Combination of ROMP and controlled/living polymetiion methods has allowed to
synthesize graft copolymers, which offer uniquetoarover the molecular weight, the

molecular weight distribution, and chain-end fuactlization.

I- Synthesis by living anionic/cationic polymerizaiton

Among the living polymerization methods, anionicywokrization is the first technique
which has been combined with ROMP to synthesizaft gopolymers.

[-1. Synthesis by living anionic polymerization

In 1989, Nortoret al. presented the first synthesis of polynorborngqslystyrene by
the copolymerization ob-norbornenyl polystyrene (PS) macromonomdds (Scheme
I-1) and norbornene (NB)The macromonometd1 were prepared according to a two-

step procedure. Hydroxyl-functionalized PS have nbesynthesized by anionic

“In this chaper, the synthesis of dendritic macroomers was not considered. For more information, see
references: (a) Percec, V.; SchlueterMacromoleculesl997 30, 5783-5790.(b) Percec, V.; Holerca,
M. N. Biomacromolecule200Q 1, 6-16. (c) Rajaram, S.; Choi, T.-L.; Rolandi, M.; FréthJ. M. J. J.

Am. Chem. So007 129 129 96199621. (d) NystrémA.; Malkoch M.; Furg I.; Nystrom D.;
Unal K.; Antoni, P.; Vamvounis G.; Hawker C.; Wooley K.; Malmstrom,E.; Hult, A.
Macromolecules2006 39, 7241-7249
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polymerization of styrene (Sty) frorsecbutyllithium as the initiator. The hydroxy
functionality has then been used to react with Bsamene-2-carbonyl chloride to form
o-norbornenyl-PS macromonomer. A series of macrome@nsmvere obtained with

number-average molecular weight, measured by si@desgon chromatography with PS
calibration M, secps ), between 610 and 10 000 g/mol and low polydispersdex
(PDI) in the range of 1.07-1.13.

]/O

O n

M1
Scheme I-1o-norbornenyl PS macromonomErssynthesized by Norton and

coworkers’

The graft copolymers were synthesized by copolyration of macromonomevl and
NB at 80 °C using WCYSn(CH), as the catalyst in chlorobenzene and a
norbornene/macromonomer ratio range between 30/15804l. The crude products

clearly contained a small amount of unreacted macnmamer and they were purified
by precipitation in a methanol/acetone mixture. THe secps Of graft copolymers

ranged between 15 000 and 105 000 g/mol but the RBie broad from 1.1 to 6.1.

The Sty/NB molar ratios and the percentage of graftthe purified graft copolymers
were determined by proton nuclear magnetic resanapectroscopy'l NMR). Their

values indicated that the graft copolymer compositvas well controlled by adjusting
the monomer/macromonomer feed ratio, the maximuntcemage of grafts per

T ™. In this report, this symbol on “ROMP-able” macrmmomers has been used to represent a
mixture ofendo/exaliasterecisomers.
~: This symbol on “ROMP-able” macromonomers has bagged to represent purexo

diastereoisomers
-~ This symbol has been used to represent pundediasterecisomers
“\.: This symbol on “ROMP-able” macromonomers has based when no information about the
stereochemistry has been given.
~~: This symbol on cyclobutenyl “ROMP-able” macromamers has been used to represecis atereo
chemistry.
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main-chain of copolymer obtained was only 3%. Tésulting films cast from solution
were clear and transparent, indicating that phaparation occurs in domains smaller

than the wavelength of visible light.

Feastet al. reported the first homopolymerization by ROMP winorbornenyl PS
macromonomer$i2 andM3 (Scheme [-2). The macromonomers were synthesiged b
anionic polymerization of Sty, fromecbutyllithium as the initiator, which was then
reacted with NB-dicarbonyl chloride to giwé2 or with NB-carbonyl chloride to give
M3.%8

Scheme I-2w-norbornenyl-PS macromonomers synthesized by Beastoworker§?®

The homopolymerizations were first realized fromcnoanonomerM2 using the
Schrock | and Il catalysts (Scheme [-3) in benzé®eThe macromonomeévi2, with
number-average degree of polymerizatiap() of 4, 7 and 9 of Sty for each side
chain, was successfully polymerized with narrow P& 1.16) for a
macromonomer/initiator ratio< 27. However, when attempts were made with
macromonomers ofbR,s 14, 24 and 46, in the same way, the size exelusio
chromatography (SEC) traces showed two peaks. derimolecular weight peaks all
had the same retention time as the macromonomersamdaccompanied by a higher
molecular weight peak due to the graft copolymeapipears that, as the length of the
PS block in the macromonomer is increased, thethestes reaction becomes sterically
inhibited and eventually stops.

A relationship between length of PS in macromonoaret length of polynorbornene

(PNB) backbone of graft copolymer was establisiR&@MP of the macromonom&t2,
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with DP, of 6 for Sty, was performed with a complete macroormer conversion for a

macromonomer/initiator ratio of 30.

For the ROMP of macromonomer withp, of 25 for Sty and macromonomer/initiator
ratios of 5 and 11, the limit on the length of PR&ckbone chain turns out to be less
than 5 macromonomer repeating units. It was fourad, tas the length of PS in the
macromonomer was increased, the length of the PBi&dmne chain in the graft
copolymer was decreased, an observation ascribsteric hindrance

On the other hand, with only one graft per NB reépsat (M3, DP, = 13), the ROMP
was achieved with a complete conversion with a oraonomer/initiator ratio up to
200. The results clearly suggest that, with onggRR2& on the NB unitNI3), in contrast

to two PS grafts on the same NB urii2), graft copolymers with relatively long
backbone and side chains can be prepared, probaladyconsequence of lowered steric
hindrancé®

Iso-Pr iso-Pr iso-Pr ; iso-Pr iso-Pr/©\iso-Pr
'I\Il lhl ) w
(H3C)3C—O\\““" 7/'0 (H3C)3C_O\\|\l lll IMO P (F30)3C—O\“‘ ““““ 7/'0

H H H
0 0 0
C(CH3)3 C (C H3)3 C(C F3)3
a) b) c)

Scheme I-3Mo-based metathesis catalysts a) Schrock I, bh)o8kHI and ¢) Schrock
.

Héroguezet al. have also reported the synthesiswefiorbornenyl-PS macromonomer
M4 and o-norbornenyl-PS macromonomevl5 (Scheme 1-4), by the anionic
polymerization of Sty:'® The w-norbornenyl-PS macromonom&t4 was obtained
through deactivation of living PS anions by a noneme-based deactivator, whereas the

a-norbornenyl-PS macromonomérl5 was derived from a norbornene-containing
carbanionic initiator. Both macromonomers were g with M, ¢ ps ranging

from 1 900 and 12 500 g/mol and low PDIs (1.02-1.05
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M4 M5
Scheme I-4®- anda-norbornenyl-PS macromonomers synthesized by Hémgund

coworkers>*?

The ROMP ofM4 (M, sec ps = 2 700 g/mol) in the presence of Schrock Il catiaigs

toluene at room temperature (rt) allowed a completenversion for

macromonomer/initiator ratios between 10 and 1@0the case of macromonomers
exhibiting higherM, sec ps (4 800 and 11 000 g/mol), conversions ranging f@&o

98 % were obtained. The graft copolymers were abthwith low PDIs (1.2-1.5) and
the number-average molecular weights, measuredizay exclusion chromatography
with laser light scattering detectom ), ranged between 4.1x1@nd 4.9x1®
g/mol. This was the first work on the homopolymatian of macromonomers that
afforded access to samples of desired compacityhowit any fractionation or
purification depending on two factors: the sizeh®f macromonomer and ther, ’s of

polymacromonomet.

One family of macromonomeid5 (m =2 600 g/mol) has also been subjected
to ROMP, with macromonomer/initiator ratios of 1091&nd Schrock Il catalyst as the

initiator in toluene at rt. The polymerizations westompleted after 30 min. The graft

copolymers were obtained with low PDIs (1.2-1.50av ;s between 3.7xband

3.0x10 g/mol°

Chenget al. reported a living linking method for the prepavatiof the polystyrene-
poly(2-vinylpyridine) macromonomeM6 (Scheme I-5)and its transformation into
“double-brush” graft copolymers. The macromonomer synthetic method is based on

the terminal functionalization reaction of a livingolymer with a norbornenyl-
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functionalized living linking agent, followed by thpolymerization of a second

monomer, 2-vinylpyridine, initiated by the resultingcroinitiator.

M6
Scheme I-5Norbornenyl-P33-poly(2-vinylpyridine) macromonomers synthesized by

Cheng and coworkers.

ROMP of macromonomevlé with Grubbs | catalyst (Scheme I-6) in CR@t rt gave
brush copolymers having unique double-brush archite with each main-chain repeat
unit carrying a diblock graft at block junction. ta&f 4-6 h of polymerization, high
macromonomer conversion (74-94%) was observed mw@bromonomer/initiator ratios
between 10 and 25. The PDI values of copolymerewer (1.13-1.19), however, the

apparentM, sgcps Values of polymer were only 31-42% of the calcudateimber-

average molecular weight\{,, ) values, in agreement with the unusual compactokss

densely grafted structure of copolymer relative liteear structure of polystyrene

standards.

10
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~N._N>Mes N\Mes
PC N\Mes Mes
Cl\l Y3 C|\r \
cl—Ru=x ~Ru=x 7 N— N—R
| Ph Cl Ph N Ru—\ u—\
PCys PCy3 — c|
Br /N| / |
&l <
Br
Gl Gll Gl GllII'

Scheme I-6 Ru-based metathesis catalysts: (Gl) Grubbs I, (Gti)bbs II, (GllI)
Grubbs 11l and (GIII') Grubbs III'.

The synthesis of macromonomers by anionic polyragdm has also been extended to
others monomers. Héroguez's group was the firstrdport the preparation of
a-norbornenyl poly(ethylene oxide) (PEO) macromonamil7 (Scheme I-7) by
anionic polymerizatiort? Thea-norbornenyl-PEO macromonomavsre prepared from
hydroxymethylnorbornene and ethylene oxide (EOhwiumber-average molecular

weight, measured by size exclusion chromatographyh WPEO calibration

(M, secpeo ), ranging from 1 500 to 4 700 g/mol and low POIHE-1.07).

. n Do
Ab/\OH PhZC -H,K Ab/\ Lb/\ /<\/ >\/©
THF, 25°C
< >_/ M7

Scheme I-7 a-norbornenyl-PEO macromonomer synthesized by H&angnd
coworkers:?

ROMP of macromonomersm = 1 500 and 2 800 g/mol) using Schrock Il
catalyst (Scheme [-3) as the initiator and toluas¢he solvent at rt allows to achieve a
complete conversion witlbR, = 5-25 and relative low PDIs (< 1.3). In the cade
macromonomers of higheWI_n (4 700 g/mol), the polymerization yield alwaysadleed

a plateau value of 30%. Use of 1,2-diethoxyethantha solvent makes an increase of
the polymerization yield to 90%. This solvent, whics a stronger base than the
repeating units of PEOs, helps to prevent the dnatidn of the metal vacant sites of
the initiator by the oxygen atoms of PEO and alldiws polymerization to proceed

11
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almost to completion. With macromonomers of higH\siTrn (11 000 g/mal), no

polymerization occurred at all. In all cased,, s of graft copolymers were much

higher than the targeted values because the oxgwmens of the PEO macromonomer
were prone to interact with the metal carbene, thedproportion of initiator available
for coordination with the olefinic unsaturation dfie macromonomer obviously

decreased.

Héroguez’'s group synthesized then a series of mogingl macromonomers including
PS, PEO, polybutadiene (PBu) M§-M13) (Scheme 1-8) by anionic

(co)polymerizatiort®*’

0 /
e O A A
nl_J n2 nl/ n2

M9

M8
(@) j\%\/\%/
sec-Bu
o} =
M r m n

M10
M11
(0]
O
O</\/ sec-Bu 0
n m
M12
M13

Scheme I-8 Norbornenyl-PS, -PBu and -PEO macromonomers syizibe by

Héroguez and coworketd?’

The w-norbornenyl-PBu macromonomén8 was obtained through deactivation of

living polybutadienyl anions by a norbornene-bas#ehctivator, whereas the-

12
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norbornenyl-PBu macromonomevl9 was derived from a norbornene-containing

carbanionic initiator (Scheme 1-8).Both macromonomers were obtained with low
PDIs (< 1.06) andM , secps ranging from 1.6x10to 1.8x10 g/mol and contairtis-
1,4-PBu units,trans-1,4-PBu units and 1,2-PBu units. It is well essti®d that

hydrocarbon solvents and lithium as counterion weggiired to obtain PBu with high
1,4-PBu units. The polymerization being carried auttoluene, the PBu samples
obtained did not exhibit more than 14% of 1,2-PBitsu The ROMP was successfully
realized in the presence of Schrock | catalysbinene which shows no interaction with
the double bonds of PBu. The polymers were obtaimgd low PDIs (< 1.29) and

M. s between 2.7x10and 1.6x1® g/mol. Others catalysts (Schrock IV catalyst,
(RuChLPPhR)(=CH-CH=C(Ph))) showed a lower efficiency of polymerization.

The o- and w-norbornenyl P$-PBu macromonomerM10 and M11 (Scheme 1-8)
were prepared by sequential anionic polymerizatain Sty and butadiene (Bu)
following two pathways. The first route was basedtloe deactivation of growing PBu
anions by norbornene-based deactivatiod1@). The second route was the
polymerization of Sty and Bu using norbornene-baaeibnic initiator M11).*4*°
Because of the higher reactivity of Bu, Sty wasypwrized first in the two synthetic

routes. The macromonomek$l0 and M11 were homopolymerized with Schrock I
catalyst in toluene at rt. The polymers were olediwith M |, s between 4.1x1and

1.8x1G g/mol and PDls of 1.24-1.40.

Thea andw-norbornenyl P$-PEO macromonomefd12 andM13 (Scheme [-8) were
prepared by the same methods thah0 and M11.*°* The homopolymerizations of
PEObH-PS macromonomevi12 or PSh-PEO macromonomévi1l3 were realized with
Schrock Ill catalyst in toluene to form star-shap®dck copolymers (Scheme 1-9).
Macromonomer/initiator ratios of 10 and 20 weredute ROMP of macromonomers
M12 and M13, respectively. Amphiphilic spheres with hydrophilor hydrophobic

outer layers (Scheme 1I-9) were obtained with cobteptenversions of macromonomers,

with PDIs of 1.10-1.40 and witM ,, ¢ of 4.0x10-1.36x10 g/mol***’

13
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| E‘\
~ L / P o
foT
/ wwny PEO

PS
Scheme I-9 Amphiphilic spheres of PS/PEO synthesized by a ¢coation of ROMP

and anionic polymerizatioff:*’

The copolymerization between different (macro)moamrhas allowed the synthesis of

various topologies. Umbrella-like, dumbbell-shag&theme 1-10) copolymers were

prepared by sequential copolymerizatiolM#f (M | i..ps = 2 700 g/mol) (Scheme |-4)

and cyclooctadiene (COD) with Schrock Il catalystthe initiator, in toluene at H.
With the umbrella-like copolymers synthesis, the ptate conversion of first step
(polymerization oM4) was confirmed by SEC characterization. In a sdciap, COD
was introduced in a single portion to the reactmixture, but the distribution of
m of these final umbrella-like copolymers was laf@e), reflecting the slow
initiation rate of cycloolefin by the living alkyglene species carried by PS
macromonomers. However, the PDI of umbrella-like atpmers could be narrowed
down to 1.3 through the dropwise addition of CODtia second step witM ,, ¢ of
copolymers ranging from 3.5x1@0 1x1G g/mol. The dumbbell-shaped copolymers
were obtained by sequential ROMPM5 (Scheme 1-4), COD and agdit6. The SEC
results of PS polymacromonomer, umbrella-like cgp@r and dumbbell-shaped one
indicated that initiation of each of these sequéntpolymerizations occurred
quantitatively. Because of the heterogeneity of position, the authors chose to rely on

NMR to evaluate theM, of the copolymers which ranged from 1x1® 3.1x16

g/mol.

14
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PS

Umbrella-like Dumbbell-Shaped
Scheme I-10Umbrella-like and dumbbell-shaped copolymers offs/*

The sequential and statistical polymerizationsaaf tifferent incompatible norbornene-

terminated macromonomekg4 (M, = 2 700 g/mol) (Scheme I-4ndM7 (M, =2

800 g/mol) (Scheme I-7r M4 (M, = 1 600 g/mol) andi8 (M, = 2 200 g/mol)

(Scheme 1-8) were shown to give rise to Janus-tgpd miktoarm architectures
(Scheme 1-11). The conversion of the polymerizatiovas complete with

macromonomers/initiator ratios of 20-50, and theatgmers were obtained with

M ,.s between 3.3x10and 9.6x16g/mol and relative low PDIs (< 1.45).

§ & ~nwny PEO or PBuU
PS

NavavVavy

Scheme I-11Janus-type and miktoarm architectures of PS/PE@Bor’

By the ROMP of PEO/PS/PBu macromonomers, the asitta@signed various
architectures with unprecedented and peculiar tmgpes: Janus-type structures,
heteroarmed spheres, amphiphilic architectures thatdl compact polymeric
architectures that behave like unimicella systenth whemically different inner part
and outer layer. It can be anticipated that someéhete copolymers might find a

specific application in the future.

Recently, Hérogueet al. investigated the synthesis @horbornenyle-functionalized
PEO macromonomeid14 andM15 (Scheme 1-12°

15
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Ai/O\é/\oﬁ;\/OvR

M14: R = COOH
M15: R = Gentamicin sulfate

Scheme I-120-norbornenylo-functionalized PEO macromonomers synthesized by

Héroguez and coworket8.

a-Norbornenyl PEO macromonomer was first synthesiaedording to the same
method as already used for the synthesiM@fwith a M, sgc of 3 640 g/mol and a

low PDI (1.09). a-Norbornenyle-carboxylic acid PEO macromonoméil4 and
a-norbornenyle-gentamicin sulfate PEO macromonom&t5 were then obtained by
nucleophilic substitution from the hydroxyl end-gpoufunctionality of the
a-norbornenyl PEO macromonomer. Carboxylic acid greas chosen because it could
permit the anchoring on biomaterial surface anddbal delivery of the drug on the site
of infection. The triamino-functionalized gentamiculfate, a wide-spectrum antibiotic
usually used to prevent infections in orthopedigsety, was chosen as it could easily
linked on o-modified macromonomers through a pH-sensitive imigmad. High
functionalization yields of 75 and 99% were obtdingth both macromonomeid14
and M15, respectively. Statistical copolymerization ™14, M15 and NB was
conducted in the presence of Grubbs | catalyst wilh14/M15/NB/initiator ratio of
4/4/160/1. The use of a dichloromethane (DCM)/ethamxture (35/65 v/v) for ROMP
allowed to obtain high monomer and macromonomer emmans £ 92%). The
polynorbornene, insoluble in the medium, precipgato form nanoparticles with
hydrophobic core and hydrophilic PEO shell. Becaokéts hydrophilic properties,
gentamicin sulfate is essentially located on thetigga shells. Nanoparticles had
z-average diameters of about 350 nm in DCM/ethamdtture with a narrow
distribution (~0.3). Gentamicin sulfate-functiorzald nanoparticule system has proven

its ability to be used as a pH-controlled drug\dsly system.
Chenget al. presented the synthesis wexonorbornenyl PEO macromonomigil6°

(Scheme I-13) by the same anionic polymerizatiothoa: as reported by Héroguet

al. ?

16
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o
0
OH ﬁ
O O\
M 50 M Oﬁﬁo R

Mn1
M16 R = Paclipaxel

Scheme I-13a-norbornenyl PEO macromonomer and monomer syntbgsiy Cheng

and coworkers?

Herein, theexcoxanorbornene diastereocisomer was chosen as “Rae#?-group due
to its high polymerization reactivityM16 was obtained with a number-average
molecular weight measured by proton nuclear magne#sonance spectrometry

(Mpnvr) Of 2 400 g/mol and a PDI of 1.1. Monoménl containing paclitaxel, a

potential anti-cancer agent, was synthesized throagmulti-step synthesis. The
statistical copolymerizations M16 andMn1l were realized using both Grubbs I and IlI
catalysts in DCM at rt wittM16/initiator ratios of 25 and 100. Equimolar amouats
M16 and Mn1l were used to maintain significant grafting denstyd drug loading.
When short backbones were target®td §/initiator ratio of 25), both Grubbs IIl and |
catalysts were efficient initiators for ROMP andrgaraft copolymers with low PDIs
(1.04-1.11) within 15 min and 3 h, respectively.wéwer, when highvi16/initiator
ratio of 100 was targeted, the ROMP initiated bylghs | catalyst became sluggish and
yielded graft copolymer with a relative high PDI11084 within 19 h. In contrast, ROMP
initiated by Grubbs Ill catalyst was completed withi.5 h and produced a graft
copolymer with a low PDI of 1.09. Each graft copobr contains high amount of
paclitaxel, up to 24 wt%, as attested’byNMR analysis. Under neutral conditions.
pH = 7.0, the release of paclitaxel on graft copwy was relatively slow but was much
enhanced at pH of 5.5 as over 90% of the paclitmagkties were released within 6 h

due to highly efficient cleavage of the acid-sewmsitycloacetal linkages.

Li et al. prepared an a-norbornenyl-poly(methyl methacrylate) (PMMA)
macromonomeM17 (Scheme I-14) by anionic polymerization of methydthacrylate
(MMA) using NB-CHLi as the initiator. Two norbornenyl-PMMA macromoners

were obtained Witm of 1 400 and 1 900 g/mol and PDI of 12 A polymer-
supported ruthenium carbene complex, generatedsitu, for the ROMP of
macromonomers was used in order to overcome tlael\chmtage of Grubbs catalysts of
being highly moisture and oxygen sensitive as sstggeby the authors.

17
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o
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Mﬂ RUClz(PPhg)Z(:C:CH'tBU)
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|

M17 polymer-supported ruthenium carbene complex

Scheme I-14a-norbornenyl-PMMA macromonomer and polymer-suppbrtghenium

carbene complex synthesized by Li and coworkers.

ROMP of macromonomers was carried out using efheCh(PPh),(=C=CHBu) and
its polystyrene-supported counterpart generategitu as an initiator in DCM at 2%C.
Yield of the ROMP catalyzed by the polymer suppbntathenium carbene complex
(99%) was higher than that obtained by the homameneuthenium carbene complex
(75%) and PDIs of graft copolymers were roughly Hane (2.5-2.6). One possible
explanation of such high PDI of graft copolymerthe weakII-coordination binding
between the benzene ring on polystyrene chaingwhenium atom in the ruthenium-
carbene complex, which reduced the possibility i highly labile metallocarbene
species bimolecular disproportionation terminatimhich is unnegligible without

supportt?2

In 1994, Grutkeet al. presented the synthesis of norbornenyl poly(pherey/loxide)
macromonomersM18 (Scheme 1-15) by a two-step procedure: Cu(ll)-gatd
polymerization from 4ert-butyl-2,6-dimethylphenol with 4-bromo-2,6-dimetpienol
as the monomer, and esterification of the hydrosyt-group of polymer with 5-

norbornene-2-carboxylic acid chlorié®.

Mn2

M18

Scheme I-15(Macro)monomers and monomer synthesized by Grutlecaworkerg?

Five poly(phenylene oxide) macromonomers were obthivith M, secps in the range

of 3 000 to 13 000 g/mol and PDI of 1.63-1.73. ROM®Bpolymerization of
macromonomeM18 and monomeMn2 (Scheme I-15) was realized in toluene with

18



Chapter I: Bibliography study of macromonomers synthesis and their ROMP in solution

RuCk (hydrate) for 48 h at 11%C with a macromonomer/initiator molar ratio of 60/1
andM18/Mn2 molar ratios of 1/6-1/20. Graft copolymers wereanttd with yields of

20-45% andM , secps Of copolymers ranged between 1.3%20d 2.5x19g/mol. The

copolymers were composed of both soft and hard setgnand these materials may

find potential uses as thermoplastic elastomerslaer-toughened plastics.

Emrick et al. have reported the only one example of synthesisRDMP of a PEO
macromonomer obtained by anionic polymerizationhwd “ROMP-able” entity
different from norbornene. Two a-cyclooctenyl-PEO macromonomersvil9

(Scheme I-16)vere obtained with PDI of 1.1 anM, gecpss of 1 200 and 2 300

g/mol ?*

ratios of cycloocten& 19 (91/9-80/20) with a 250/1 (macro)monomers/initiatatio

Amphiphilic graft copolymers were prepared by dgpwerization of different

using Grubbs Il catalyst and 1-hexene as the ctraimsfer agent in DCM at rt. The
M secps ranged from 1.5x10to 4.2x1d g/mol and PDIs of 1.9-2.1 were obtained.

The copolymers showed comonomer incorporation itite graft copolymer in

agreement with the feed ratios. The macromonol&® (weight-average molecular
weight (M_W) = 4 400 g/molwas also copolymerized with cyclooctene and monomer
Mn3 (Scheme I-16) for membrane coating applications. @let copolymer was
prepared using Grubbs 1l catalyst from Mn3/M19/cyclooctene/Glll ratio of
40/40/110/1 and had m of 3.5x1¢ g/mol and PDI of 1.7. The phenylazide-

functionalized graft copolymers have been appliead am antifouling coating for

poly(vinylidene fluoride) ultrafiltration membranes

NH(Boc)
0
0
oo™ O QWH
o]

M19 Mn3 Mn4
Scheme I-160-cyclooctenyl-PEO macromonomer and monomers syizins

by Emrick and coworkerg:?®
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The ROMP copolymerization of 50/3@n4/M19 (M, gecps = 1 200 g/mol) molar

mixture was performed, using Grubbs Il catalysaM19/initiator molar ratio 060 in
50/50 DCM/methanol (MeOH) at rt. The Boc-protectpentalysine/PEO graft

copolymer was characterized by SEC in tetrahydesfuTHF) to giveM , secpeo Of

36 000 g/mol and PDI of 1.7. The combination ohtigcattering in solution at both
high and low ionic strengths and SEC results shatlvatithe copolymer chains likely
formed aggregated structures composed of an averfaggee chains in water. The
copolymers were used for deoxyribonucleic acid (DNAmplexation and delivery

vectors?®

[-2. Synthesis from commercial PEO synthesized by anionic polymerization

Numerous works of synthesis of graft copolymers RMP of macromonomers
obtained from commercial PEO monomethyl ether switled by anionic

polymerization have been reported.

Emrick’'s group presented the-cyclooctenyl macromonomeM20 synthesis by

esterification between an end-functionalized cayboxacid cyclooct-5-enyl ester and
two commercial PEO monomethyl ether of moleculargiveof 750 and 1 000 g/mol
(Scheme 1-175° Macromonomers were then copolymerized with cydiene in the

presence of Grubbs | and Il catalysts in DCM aamtl a (macro)monomers/initiator
molar ratio ranging from 100 to 500. Initial molaatios of macromonomer to
cyclooctene range between 1/1 and 1/9.5. By usingplés | catalyst, the conversion is

higher than 75%, and nearly complete with Grubbsalhlyst. The graft copolymers
were obtained withM , sccps between 1.4xT0and 5.4x1D g/mol and with PDIs of

1.21-2.20. These copolymers were expected to presasibilities for the synthesis of
biofunctional macromolecules based on polyolefingth potential applications in

implant and biomedical coating.
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OOM O/\/OV Oi

M20
Scheme I-17 w-cyclooctenyl-PEO macromonomer synthesized by Boar

coworkers?®

Sankaranet al. were interested in the synthesis by chemical nwatibn of three

classes of ROMP (macro)monomers: luminescent argttrethemiluminescent
transition-metal-containing monomelig5), biologically compatible macromonomer
(M21) and bioconjugable monomeM6) for drug delivery and tissue engineering

applications (Scheme I-18}.

N
N/\/O<\/\>/ N | TN
44

M =Ru, Ir, Os |
Mn5

M21

/\40

HN NH
0 P ’
O N
MN/\/ \/\O/\/ S
(0]
(@)
Mn6

Scheme I-18w-oxanorbornenyl-PEO macromonomer and monomers ssizibd by

Sankaran and coworkefs.

Macromonomer M21 was synthesized by Mitsunobu coupling ofxo7-
oxabicyclo[2.2.1]-hept-5-ene-2,3-dicarboximide aREO monomethyl etherppn =
44). The ROMP was used to efficiently combine thecramonomemM21 and two
monomers into amphiphilic di- and triblock copolyime The sequential
copolymerization oMn5, M21 andMn6 was realized with Grubbs Il catalyst as the
initiator andMn5/M21/Mn6/initiator ratios between 10/2/0/1 and 20/5/3/1DEM at

rt. Most copolymerizations were complete in lesanti20 min. Metal-containing
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polymers could only be characterized by spectrascopethods because of their
interaction with the SEC stationary phase. THeNMR analysis shows a quantitative
incorporation of (macro)monomers into these gradpatymers. Finally, the self-

assembly of copolymers in aqueous media formednsizelles with diameters between
4.2 and 43 nm and multiple luminescent metal uimtsheir interior, biocompatible

units to protect this core, and bioconjugable arcbnjugation units in their corona.
These micellar aggregates were stable in the buaffeleous conditions required for
biological detection.

Shi et al. also presented the macromonomer synthesis from PB@omethyl ether
1 000 g/mol and isocyanate-functionalized cyclooef& Theinfrared (FTIR) spectrum
showed that the isocyanate group has completelgtaga The number-average

molecular weight measured by matrix assisted ldssorption/ionization-time of flight
(MALDI-TOF) mass spectrometr ..., and PDI of macromonomév22 (Scheme

[-19) are 1 085 g/mol and 1.02, respectively. Thmpotymerizations of PEO
macromonomemMM22 and cyclooctene were performed in the presencerablés I
catalyst in DCM at rt with (macro)monomers/initiatonolar ratio of 250 and

macromonomer percentage from 5 to 20%. Four copaignwere obtained with

M, secps from 1.15x10 to 2.69x10 g/mol and with PDIs of 1.64-2.54.

Oyt

Scheme I-19m-cyclooctenyl-PEO macromonomer synthesized by Stiicoworkers®

The surface properties of polycycloocter®EO films were evaluated through water
contact angle and X-ray photoelectron spectroscO§S). Water contact angle
decreased from 87.7to 65.8 along with increasing the content of PEO. Protein
adsorption results showed that polycyclooctgie=0O copolymers had significant
effect on preventing bovine serum albumin (BSA)nfrabsorbing onto the polymer

surface
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Alfred et al. have described the synthesis of (oxa)norbornenetiftnalized PEO
macromonomers (Scheme 1-20) by esterification reactof commercial PEO
monomethyl ether 1 100 and 2 000 g/mol with (ox&)nomene derivativeS. The
authors presented the first homopolymerization &yV® of PEO macromonomers.
Norbornenyl-PEO macromonomeévi23 andM24 with respectively one and two chains

of PEO were obtained from PEO monomethyl ether. @ranorbornenyl PEO

macromonomeiM25 was also synthesized and contains two PEO chainkl of =

1 100 g/mol.
0 O
o) fro)
T, grsbh gtk
\é/\oj/zs \6/\0725
o} o) o}
M23 M24 M25

Scheme 1-20w-norbornenyl-PEO an@d-oxanorbornenyl-PE@acromonomers

synthesized by Alfred and coworkeérs.

The SEC and NMR characterizations of macromonomi&4 andM25 showed a few
percent residual PEO which was only removed afbtéyrperization of macromonomers
by precipitation from diethyl ether. The authonstfinvestigated the polymerization of

macromonomeM23 with Grubbs IIl catalyst in THF at rt, and were @b polymerize
this macromonomer tM , secps Of 1.5x1d g/mol with a macromonomer/initiator ratio

of 18. However, the PDI obtained was broad (1.&) #re molecular distribution was
multimodal. The ROMP of macromonomévi24 and M25 in the same conditions as
previously described with macromonomer/initiatdiaaf 27 and 8 foM24 andM25,
respectively, gave a quantitative conversion a#@rmin. The PDIs were low (1.04-
1.17). The facile ability oM24 andM25 to polymerize with PDIs below 1.17 suggests
that the imide ifVI23 plays a central role in its inability to yield poters with narrow
PDI, the difficulties seem to be caused by the doatibn of PEO with the imide
functionality. The characterization of graft copolgr from M25 by static light

scattering (SLS) shows that it was aggregated tenvavith aM ,, found by SLS larger
by a factor of three than the value obtained by SECHF.
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Le et al. presented the synthesis of PEO macromonadvs by “click” reaction®

Three macromonomers (Scheme [-21) were preparechtitpively from azide-
functionalized PEO monomethyl ether bf, 500, 2 000 and 5 000 g/mol and alkyne-

functionalized oxanorbornene by copper catalyzeddeaalkyne cycloadditions
(CuAAC) “click” reaction. Pureexaoxanorbornene diastereoisomers were chosen as
“ROMP-able” group because of their higher reagiivilhk ROMP than theirendo

o (0]
MN“@N&O%
N:N’ n

0

M26 n=11, 44, 105

counterparts.

Scheme I-21w-oxanorbornenyl-PEO macromonomers synthesized kgnide
coworkers®

The Grubbs Ill catalyst was used for the ROMP of thacromonomers. The
macromonomer oM , 500 g/mol (n = 11) was easily polymerized to ngaantitative
yield in DCM at rt in 1-4 h up to a macromonometiator molar ratio of 100. The

copolymers were obtained witd , secps ranging between 9 900 and 29 300 g/mol and

with PDIs of 1.06-1.17. However, macromonomersvbf 2 000 and 5 000 g/mol were

only able to form copolymers with relatively shokackbone length with a
macromonomer/initiator ratio of 10/1. ROMP with hé& macromonomer/initiator

ratios (50-100) was also realized but the convardid not overcome 60%.

Grubbset al. reported the macromonomer synthesis from PEO metiorhether and
norbornene derivatived:** MacromonomeM27 (Scheme 1-22) was prepared from an
azide-functionalized compound containing a drug el alkyne-functionalized
norbornene with quantitative conversions. Variogsies of macromonomers were
synthesized, which contain hydrophilic chains, lopdrobic chains or doxorubicin
(DOX) or camptothecin (CT) drugs?
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Scheme 1-22»-norbornenyl-PEO macromonomers synthesized by Gralgoup® =3

M27 allowed to synthesize bivalent-brush polymers dairig anticancer drugs with

M s from 3.3x10 to 4.99x10 g/mol and PDI of 1.04-1.38 by ROMP in the

presence of Grubbs IlI' catalyst (Scheme 1-6) inND@t rt. The “grafting through”
approach ensured that the weight percentage ofldadsged onto the brush copolymers

was the same as the weight percentage of drug onmieromonomer and is
independent ofD_F>n and conversion. Thus, copolymers carry 8.5% CT aR®b%

DOX, respectively. These values could be incredsedhortening the length of the
PEO or designing a macromonomer linked to more ¢mndrug molecul&:

For the macromonomévi28 (Schema I-22)the authors pursued a two-stage process to
rapidly generate a series of azide-functional bregbolymers with variabIeD_Pn and

hydrodynamic radii. Graft copolymers were prepadgdROMP ofM28 with Grubbs
[II' catalyst in DCM at rt, quenching of the polynwation by addition of ethyl vinyl
ether, solvent exchange, and finally treatment watlium azide for further attachment

of a drug-alkyne derivative. The polymer characwion data demonstrated that

ROMP ofM28 was well-controlled up to the higheﬁ@n tested (400) withtM ;|5 up
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to 1.96x16 g/mol and low PDlIs (1.04-1.27). Chloride-azide lege reaction occurred
with equal efficiency for each_Pn value. All polymers were highly soluble (>100
mg/mL) in water. Aqueous dynamic light scatteri}.§) measurements confirm that
their nanoscopic dimensions increased WitR, and were tunable over a broad range

(radii from 3 to 25 nm) of relevant sizes for drgjivery applications. Then, the drug
(DOX) was attached to the polymevéa CuAAC reaction and very high (>97%)
conversions were reached. The authors are currerpioring applications for these

materials in drug delivery:

The macromonomévi29 (Scheme I-22) was synthesized from aminohydroxyDRIRd
exanorbornene anhydride. PEO 600 g/mol was foundréwige the desired solubility
while retaining high reactivity during ROMP. Mestddeaving groups were added to
the end of the PEO chain for later displacementaoloactive fluoride. The sequential
copolymerization of (macro)monomeav29 andMn7 was carried out using Grubbs III’
catalyst withM29/initiator ratios in the range 150-1200 and@9/Mn7 ratio of 3/1.

All copolymerizations were complete in 30 min aheé block graft copolymers were
obtained with low PDI (1.01-1.78) an¥ 5 up to 1.22x10 g/mol. Block graft

copolymers were then dispersed in water to formeti@s. The cross-linking reaction of
cinnamoyl groups was accomplished by irradiatiorthe micelles with UV light in
degassed water at rt. The conversion of the reactaskept between 15 and 25% to
remain the solubility of nanoparticles. Fluoride-dds transported in nanoparticles
hydrated and the fluoride-18-functionalized nantipl®s were used as aim vivo

molecular imaging agenit.

Miller et al. studied the organization of amphiphilic graft clypeers PNBg-PEO at
the airwater interfacé’ The copolymer was synthesized by anionic polymédna

according to a literature procedtfrand consists in a PNB backbone Wittﬁ of 50,

and each repeating unit has a grafted PEO siden owdh a D_Pn of 20. Graft

copolymer has been spread at the air-water ineti@dorm stable thin films. Neutron
reflectometry has been used to determine the lasganization and the distribution of
water in the near surface region occupied by theagpfilm. An examination of the

reflectivity due to the PEO layers suggests thas itomposed of two layers, one of
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which has an uniform density of PEO segments with second having a parabolic
decay of segments. The exponent for the dependénice BEO total layer thickness on
the density of grafting of the water surface wad60i.e., stronger than predicted by
theory for a brush-like layer. The near surfaceewdyer self-partial structure factor
could not be fitted with the often used uniformdaynodel. Attempts to model this
parameter using multiple uniform layer models @aaabolic increase in water number
density could not reproduce the features obserxperamentally, suggesting that the
near surface water layer is organized in a moreptexmanner than hitherto suspected

when in the presence of PEO.

Chenget al. studied the conformation of PN®PEO in solvents with different polarity
by small angle neutron scattering (SAN3Y.he copolymer was synthesized by ROMP

of norbornenyl-PEO macromonomer and was composea BNB backbone with a
DP, of 50, and each repeat unit has a grafted PEOcsigie with aDP, of 6.6. The

results demonstrated that the conformation of sti&iNBg-PEO polymer is controlled
by interactions between the backbone, side chants tae solvent molecules. In
deuterated toluene, the global conformation of BB backbone is not perturbed
significantly by the presence of short PEO sideirchand is described by the form
factor of random-coil on length scales longer tA8rA in 0.5 wt.% solution. In water,
the chains are partially contracted already af@%nd the global conformation at this
temperature is closed to cylindrical. At 7@, most of the polymers precipitate and the
remaining few percent of the individual polymerstive solution collapse to form

compact ellipsoids

All macromonomers synthesized by anionic polyméiara and their
homopolymerization were summarized in the Table. IFlhe living anionic
polymerization has emerged as an important metbodhe synthesis of a variety of
complex architectures of macromonomers with col@doimolecular characteristics.
The macromonomers were synthesized by two metHadstionalization of polymer
chain, obtained by anionic polymerization (self-mamiecommercial), by a “ROMP-
able” group such as NB, oxanorbornene or cyclo@tenanionic polymerization from
a “ROMP-able” group-containing carbanionic initiatoMost of the works are
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concentrated on the “ROMP—-able” NB group basedtsrhigh reactivity in ROMP.

Oxanorbornene entity was also noticed as "ROMP:algup because of its
probability of biocompatibility of the resulting &ft copolymers (Entries 14 & 15, Table
I-1). A series of macromonomers were obtained wifferent polymer chains such as

PS, PEO, PBu, PMMA or poly(phenylene oxide). Thatlsgsized macromonomers
present aM_n range from 500 to 18 000 g/mol and have relatoxe PDIs € 1.84)

(Table I-1), containing one or two polymer chawwkjch is a homopolymer or a diblock
polymer. ROMP technique has been performed forsgmhesis of graft copolymers
using essentially Schrock and Grubbs catalysts. gra& copolymers were obtained

with relative low PDIs (1.04-2.50) and a wide ranng_n (MnLLS: 1.17x16-

1.96x10 g/mol, M, ¢zcps : 9-9x10-2.7x10 g/mol). It has been noted that the degree of

polymerization of macromonomers is highly dependent the chain length of
macromonomers. It was shown that the macromonoreases to propagate as a
consequence of steric hindrance induced by the dfizke macromonomer. By using

NB and Grubbs III' catalyst as high reactive “RONBle” group and initiator, the

ROMP of macromonomers was well-controlled up toyvdgh D_Pn tested (400), with

M s UP 1O 1.96x1Bg/mol and low PDI (1.27) (Entry 13, Table I-1).&lkequential

and statistical polymerization of macromonomerdhwihacromonomers gave various
topologies of graft copolymer such as umbrella;lilembbell-shaped, Janus-type or
miktoarm (Entries 6-10, Table I-1) .
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Table I-1. Macromonomers synthesized by anionic polymerizadiod their homopolymerization by ROMP

Macromonomer Graft copolymer
ROMP Nature of M x10° monomer M x10* Macromonomer
Entry o _ n,SEC PDI Initiator [ o 4 n.SEC PDI o Reference
functionality chain (g/mol) [initiator], (g/mol) conversion (%)
1 NB bisPS 12-21 1.06-1.12 5-30 n.d 1.07-1.1 h.d
Schrock 1, 1l 6-8
2 NB PS 1.45-13.2 1.03-1.11 5-200 1.3-27 1.07-2.01 n.b
3 NB PS 1.9-12.5 1.02-1.0% Schrock Il 10-100 07-3 1.20-1.50 95-100 9-10
4 NB PS 2.9 1.08 Grubbs | 10-25 1.17-4.06 1.13-1.19 74-94 11
5 NB PEO 15-11 1.05-1.07 Schrock Il 5-25 4.65632. 1.05-1.7 30-100 12
6 NB PBu 1.6-18 <1.06 Schrock | 10-50 2.7-16 <1.29 ~100 13
7 NB PEOBb-PS
5.53-7.70 1.02-1.03 Schrock Il 10-20 4.0-18.6 1.10-1.40 100 16, 17
8 NB PSb-PEO
9 NB PSb-PBu
3.4-5.8 1.03-1.84 Schrock | 10-50 4.1218 1.24-1.40 86-97 14, 15
10 NB PBub-PS
Supported
11 NB PMMA 1.4-1.9 1.27 50 10.7 2.50 99 20
Grubbs |
monoPEOQO,
12 NB ) 2.2 ~1.05 Grubbs 1l 10-27 1.5-5.0 1.04-1.60 n.d 29
bisPEO
13 NB PEO 3.5 ~1.04 Grubbs 1II’ 15-400 3.3-186 1.04-1.38 ~100 31, 32
14 Oxa-NB bisPEO 2.2 ~1.05 Grubbs 1lI 8 12 1.17 ~100 29
15 Oxa-NB PEO 0.5-5.0 ~1.10 Grubbs 1l 10-100 0.99-5.8 1.06-1.17 60-100 30

*M, sec determined by RI detector, PS standa?MmSEC determined by multi-angle laser light scatteriegedtor,'n.d: not determined.
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[-3. Synthesis by living cationic polymerization

To our best knowledge, only Allcockt al. were interested in the synthesis of
macromonomers by living cationic polymerization.eytave reported the synthesis of
norbornenyl polyphosphazenes macromonorivi88 andM31 (Scheme 1-23) and their
ROMP to give hybrid graft copolymers of polyphospérae®

ﬂbk OCH,CF;
/Z\P N:E N:P_(OCH20F3)3
I OCH2CF3 n

(F3CH,CO)3
Z=0, NH M30
lbv OCH,CF3 \ OCH,CF3 /i
O\P N=F|’ N:FI’ O\N\,J
I OCH,CF3 /,  OCH,CF3
(F3CH,CO)3

M31
Scheme I-23w-norbornenyl-polyphosphazenes macromonomers synéteby

Allcock and coworkerd®

Mono- and ditelechelic linear polyphosphazenestianalized with a norbornene end-
group were synthesized through termination of fvpoly(dichlorophosphazene)s with
norbornenyl phosphoramine. Replacement of the icldaatoms in each repeating unit
of polymer by trifluoroethoxy groups by action afdsum trifluoroethoxide resulted in
the production of mono- or ditelechelic norbornepglyphosphazenes

macromonomer130 andM31. The macromonomers were obtained with relative low
PDlIs (<1.47) and withVl, gecps Of polymers ranging from 12 500 to 26 600 g/mal an

from 10 300 to 54 700 g/mol with monotelechelic ahtklechelic macromonomers,
respectively. Homo- and co-ROMP of monotelechel@cromonomemM30 and NB
using Grubbs | catalyst were carried out in THFrtawvith initial molar ratios of
macromonomer to norbornene between 100/0 and @9raacro)monomers/initiator
ratio of 200/1. Confirmation that the ROMP reactioment to completion came from
the examination of the reaction mixtures which sbdwo traces of the starting NBor
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phosphazene macromonomer #y and *’P NMR spectroscopies. Graft copolymers
were obtained withM, secps between 9.5x10and 1.03x10g/mol and PDIs from 1.29

to 2.07. The ditelechelic macromonom&t81 were also homopolymerized by ROMP
with Grubbs | catalyst, and the products were Hhjigtross-linked, as evidenced by

insolubility in organic solvents and could not leracterized.

lI- Synthesis by ring-opening (metathesis) polymemration

In recent years, a range of new catalytic procelsaes been developed that allowed the
production of controlled architectures by a combora of ROMP and ROP or by

ROMP exclusively.

[1-1. Synthesis by ring-opening polymerization of biodegradable macromonomers

There is an increasing interest in methods thatathe preparation of polymers which
degrade in a controlled fashion. In this respeog preparation of macromolecular
architectures remains an important challenge indgaablable materials. Combination
of ROMP and ROP allows to synthesize graft copohgn®ased on polyesters with a
broad range of properties.

Mecerreyeset al. published the first synthesis afnorbornenyl poly-caprolactone)
(PCL) macromonomerM32 (Scheme 1-24py ROP ofe-caprolactone (CL) from 2-
diethylaluminoxymethyl-5-norbornene used as thgaitar>’

b\oﬁ\/\/\/O%H

n

M32
Scheme I-24a-norbornenyl-PCL macromonomer synthesized by Meges and

coworkers’’
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The PDIs of macromonomers were low (< 1.20) forNR/ratio up to 90, but became
broader (2.2) when the time required for the comepteonomer conversion is exceeded

24h. M, secps Of the macromonomers ranged from 2 100 to 9 608ob/ The

macromonomers were then copolymerized by ROMP WwiBh in the presence of
Grubbs Il catalyst as the initiator in chlorobenzahet and a NB/initiator ratio of 57/1.
CL molar fraction in the comonomer feed ranges ftbfto 0.6. The copolymerization
of macromonomer and NB gave graft copolymers witlghhiyields (60-90%),

M, secps between 8.7x¥0and 2.27x1d g/mol and PDIs of 1.25-2.00. The graft
copolymers composition was controlled by the morndmacromonomer feed molar
ratio as evidenced by NMR by comparing relative intensities of NB baokle and of
CL grafts signals. The homopolymerization ®32 was also realized with
M32/initiator ratios of 3-12. The graft copolymers weobtained Withm
between 2.4x1Dand 8.8x16 g/mol and low PDIs (1.10-1.15). Thermogravimetric
analysis (TGA) and differential scanning calorige{bSC) analyses indicated that

phase separation in the graft copolymers leads itbodomains which were smaller
than in the corresponding homopolymer blends.

Xie et al. reported the synthesis afhorbornenyl-PCL macromonomek433 (Scheme
[-25) from a heterotrifunctional inimer and theirORIP/atom transfer radical
polymerization (ATRP) for the preparation of brusbpolymer containing a PNB
backbone together with one hydrophobic PCL graét ane hydrophilic poly(2N,N-
dimethylamino)ethyl methacrylate) (PDMAEMA) gréft.

4,

M33
Scheme I-250-norbornenyl-PCL macromonomer synthesized by Xik@workers®

Macromonomerdvi33 were prepared via ROP of CL from hydroxyl-functibned
norbornene as initiator with the feed ratio of @irier of 10/1 and 25/1, and stannous

octanoate (Sn(Og¢f)as the catalyst. Two macromonomers were obtainéuloiv PDI

(1.1) with M, gecps Of 940 and 4 300 g/mol. Both macromonomers wengarninated
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by unreacted CL and it was impossible to removeeacted CL from the small
macromonomerl‘(/ln sec = 940 g/mol). ROMP of the macromonomeM,(SEC 4 300
g/mol) was realized with Grubbs |l catalyst in tolee at 60 °C and
macromonomer/initiator ratios of 5, 20 and 50. Aoaymer Ofm 2.4x1d

g/mol and low PDI of 1.2 was obtained after 4 hhvéitmacromonomer/initiator ratio of
5. The monomodal SEC profile attested a completavasion. For a higher
macromonomer/initiator ratio, a trimodal SEC pmfivas obtained resulting from
unreacted macromonomer and the copolymer with ad@ndistribution. The small
copolymer was then employed as macroinitiator foe tATRP of 2-,N'-

dimethylamino)ethyl methacrylate (DMAEMA) to acheeva brush copolymer
containing one hydrophobic PCL graft and one hydimpRDMAEMA graft. The'H

NMR analyses indicated that the initiation of ATRE not occur quantitatively. PDIs

of brush copolymers were relative broad (1.6-1.8).

Jhaet al. presented the synthesis by ROP of macromonoaigrslylactide (PLA)M34
andM35 (Scheme I-26;nd their ROMP to prepare bottlebrush polyniérs.

H

bty Mﬂ(””
JH

Scheme I-26a-norbornenyl-PLA macromonomers synthesized by dida a
coworkers®

NBs with one or two alcohols were used as initidtmr the ROP of L-lactide with

Sn(Oct) as the catalyst. The macromonomers were obtainéd lawv PDIs (1.06 —
1.19) and M, sgc (polylactide standards) between 4 300 and 52 Q@@olg The

polymerization of macromonomers was realized in phesence of Grubbs | and I
catalysts in a macromonomer-to-initiator ratio df/%1160/1 in DCM. WithM34,

Grubbs | catalyst gave a slow polymerization raié High conversion and controlled

molecular weights withM s between 4.3x10and 5.2x10 g/mol and low PDIs (<
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1.19). After 23 h, a 95% conversion was obtaineith wiacromonomer/initiator ratio up
to 1160/1. By using the Grubbs Il catalyst, the ypwrization resulted in

macromonomer conversions higher than 95% aftehlo8reaction, but also in higher
PDI (1.30) and theM |, 5 (1.3x10 g/mol) was significantly higher than the predicted

one (5.0x18 g/mol). This result was consistent with the higtter of propagation
relative to the rate of initiation for Grubbs’ secbgeneration catalyst. On the contrary,
the ROMP 0ofM35 in presence of Grubbs Il catalyst gave a high e&fgolymerization,
high conversion and the molecular weights distrdsutwere well-controlled. The

bottlebrush polymers were obtained with low PDI©811.39) and very high molecular
weighsM ;5 (up to 1.2x16 g/mol). These results were in according to the Hygsis

that steric crowding may influence the reactivitytbé catalyst but did not prove it.
More experiments are needed to determine the redseimad the success of these

macromonomers with Grubbs Il catalyst.

Czelusniaket al. synthesized oxanorbornene-based macromonomerseithigr one or
two PLA chainsvi36 andM37 (Scheme 1-27§°

By At
A L

M36 o
M37 exo, exo or exo, endo

Scheme I-27 a-oxanorbornenyl-PLA macromonomers synthesized ®luSniak and

coworkerg?°

A series of macromonomers with different PLA chigingths were prepared by ROP of

DL-lactide (LA) in the presence of mono- or dihydybxerivatives of oxanorbornene
as initiator and Sn(Octps the catalyst wittM, sgcps from 1 400 to 8 300 g/mol and

PDI of 1.20-1.90. All thea-oxanorbornenyl macromonomerd136, M37) were
contaminated with about 20 % PLA homopolymer whias polymerized from $D or

2-ethylhexanoic acid present as impurities in comemaeé Sn(Oct) acting as co-
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initiators. Graft copolymers with PLA side chainsdaoxanorbornene backbones were
synthesized from three PLA macromonomers, termthaiéh an oxanorbornene group,
by ROMP in the presence of Grubbs I, Il and lllatggts with macromonomer/initiator
ratios of 1/5-1/50 in DCM or THF. The Grubbs llitabyst, in contrast to Grubbs | and
Il catalysts, presented the best results in ROMuging higher conversion. In THF,
all ROMPs of one chain PLA macromonomers us¥p/initiator ratios of 10 and 25
went to completion in 2 days. Feendo, expPLA chains macromonomén37, only
one macromonomer with 5 LA units in each chain Ie@sn polymerized to completion
with macromonomer/initiator ratio of 10. Polymetina of the €xo, ex®PLA chains
macromonomeMa37, with 25 LA units in each chain, using macromonoméiator
ratio of 10 and 25 went to completion in 24 and ,4Bfspectively. All the graft
copolymers produced were contaminated with PLA hwohgner. The PDIs for the
column-purified graft copolymers were in the ranh®5-1.14, indicating a well-
behaved polymerization reaction. The degradatiodies of graft copolymers with the
same oxanorbornenyl backbone length and diffemgths of PLA grafts indicated that
the degradation rate increased with increasingtbenfy PLA grafts. The degradation
behavior of these materials depends also on cawfiigmn of PLA side chains on
polyoxanorbornene backbone chain. The fastest datjom was observed in the case of
graft copolymers with onexoPLA side chain, in contrast with graft copolymerghw
two PLA side chains. The degradation test on theenads based on pure PLA and graft
copolymer demonstrates that the rate of degradaifoRLA is greatly reduced by

attaching it to PNB backbone chain.
It is to be noted that Grubbs’s group has syntleesithe a-norbornenyl polylactide

macromonomer$138 (Scheme 1-28) from ROP of LA using norbornene suictide
alcohol as the initiator and Sn(Ogc#s the catalyst.

O
7 (0]
N OH
\/\fo)Kﬁ/n
(@]
M38

Scheme 1-28a-norbornenyl-PLA macromonomer synthesized by Grisbpoup®!
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The macromonomers were obtained whh,,, s of 4 700-7 400 g/mol and PDlIs of

1.06-1.12. The random and sequential copolymeomatof M38 with various

macromonomers is described latter in this chapter.

Recently, Fuet al. have also reported the synthesis @mnorbornenyl PCL
macromonomerd39 (Scheme 1-290y ROP of CL from 5-norbornene-2-ol as the
initiator and Sn(Ocg)as the catalyst

Aol

M39
Scheme 1-29a-norbornenyl-PCL macromonomer synthesized by Fucamebrkers'?

Five macromonomers were obtained with relative Ris (1.15 — 1.24) ani | 5

between 2 000 and 9 500 g/mol. ROMP of these mammomers were carried out
using Grubbs III' catalyst in THF at rt and a maaomomer/initiator of 200 to form
high molecular weight 1, s = 4.18x16 - 2.99x18 g/mol) graft copolymers with
low PDIs (1.24-1.34). The inclusion complexation thfe prepared PNB-PCL

bottlebrush  copolymers  and a-cyclodextrins  afforded novel bottlebrush
polypseudorotaxanes with a length of 350 + 50 nmh arwidth of 50 + 10 nm. The
formation of bottlebrush polypseudorotaxanes wasficoed by NMR, X-ray
diffractogram analysis and DLS measurements.

Wooley's group reported the synthesisoehorbornenyl polylactide macromonomers
M40 (Scheme 1-30) from ROP of D,L-lactide using norlere-2-methanol as the
initiator and 1,8-diazabicyclo[5.4.0]-undec-7-esetee catalyst®

Arrotlyorhod

Scheme 1-300-norbornenyl-PLA macromonomer synthesized by Wdslgyoup??
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Threea-norbornenyl-PLA macromonomers were synthesizeti \Dl_Pn of 15, 30, and
45 (M40-15, M40-30 andM40-45) and low PDI of 1.20, 1.11, and 1.10, respectively
The authors attempted the synthesis of dumbbepeshariblock brush copolymer
P(NB-g-PLA45)30-b-P(NB-g-PLA15)1000-P(NB-PLAs)30  with  “balls” and “bar”
composed oM40-45 andM40-15, respectively, by sequential polymerizationM40-

45, M40-15 and thenvi40-45 again, using Grubbs III' catalyst as the initiatotoluene

at rt. The triblock brush copolymer showed high rmawnomers conversions (91%)

and a low PDI of 1.14 withM gecps Of 6.6x1G g/mol. Atomic force microscopy

(AFM) revealed dumbbell-shaped macromolecular &chires with “balls” consisting
of M40-45 “bars” made 0M40-15 and the width and length of the middle block were
measured to be 18 + 3 nm and 55 = 9 nm, respegtiwglich are close to the calculated
values (0.62 and 0.45 nm per monomeric unit for ANdBkbone and PLA side chain,

respectively).

Recently, Chengt al. presented the synthesis of amphiphilic PlE®LA norbornenyl
macromonomeM41 by a combination of esterification and ROP (Schési).**

M41

0]
0]

b
e e

Scheme I-31w-norbornenyl PEG-PLA macromonomer synthesized by Cheng and

coworkerg**

Esterification ofw-acid-functionalized PEO with an excess of exo-NBdd diol was
first realized to form PEO-based NB-functionalizaidohol which was then used as
initiator for the ROP of LA.®-Norbornenyl PEG3-PLA macromonomer$/41 were
obtained with low PDIs (1.03-1.10) and,, yur between 4 260 and 8 900 g/mol. The

ROMP of macromonomers was then carried out usindpk 11l catalyst as the initiator
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with macromonomer/initiator ratios ranging from &9 250. High conversions were
obtained (49-100%). The graft copolymers obtaindi#rapassing polymerization

solution through short columns of silica gel tgttaareacted macromonomers presented

low PDIs (1.11-1.23) andl ,,, s ranging from 3.43x10to 1.09x16 g/mol.

[1-2. Synthesis by ring-opening metathesis polymerization

Successive ROMP has also been studied in ordeatdhrgraft copolymers which could
function as scaffold for the display of active Ingls in orientations inaccessible with

linear polymers.

Nomura et al were the first to present the synthesis of polyim@onomers by
successive ROMP. Different-norbornenyl macromonomeid42, M43, M44, M45
andM46 (Scheme 1-32) were prepared by ROMP of norbornemkederivatives using
Schrock I, Il and Il catalysf§™®

M42 [ <,O
. O@Wc'\/‘ezph
n

M
7 _ -
o@w CMe,ph M43 n=0,R, =SitBuMe,
M44 R, = SitBuMe,
n m

RlOCH2 CHzoRl

CO, v e, C o

M45 R, =
6]
i 0
o CMe,Ph 7<
n m o” Y o o><o
R, O‘A
M46 o) Acetal protected galactose Acetal protected ribose
P o

CMe,Ph R3=
oﬁj‘\‘\OAC o OAc
v ToAc ACO OAc
OAc

(3Ac

Acetal protected xylose Acetal protected mannose
Scheme 1-32w-norbornenyl-PNB macromonomers synthesized by Narand

coworkerg®48
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Homopolymerization and copolymerization B2, M43 and M44 were realized by
using Schrock Il and Ill catalysts with macromonohmgiator ratios of 20-50 in

toluene at 25C, to give various polymacromonomers with, secps between 3.9x10

and 1.42x1® g/mol and low PDIs (< 1.40). Hydrolysis of polymamonomers
containing M43 and M44 gives access to amphiphilic copolymer# (yap =

3.27x10 - 1.15x18 g/mol).

PNB-g-PNB containing a variety of carbohydrate resid(gaactose, ribose, xylose,
mannose) were also prepared by ROMPM#5 and M46 then quenched with 4-
MesSiO-GH4,CHO. The phenol-terminated PNBPNB was obtained by removing
tBuMe,Si end-group under mildly acidic conditions. Amghilfc (PNB-g-PNB)-b-PEO
were synthesized by coupling reaction of phenainbeus PNBg-PNB of M45 and

PEO-mesylate M, = 2 200 and 4 600 g/mol). The resulting (PBHBNB)-b-PEO

have been obtained with a 82-85% yield and an asg®f theM, sccps Was observed

from 5.85x10 to 6.11x18 and 6.4x1% g/mol with PEO 2 200 and 4 600 g/mol,
respectively, and a resulting narrow polydisper@iil = 1.08-1.11).

Hilf et al. used the same approach as Nomura to synthestm@rbornenyl
macromonomerd47 (Scheme 1-33§° The authors prepared monohydroxy-terminated
polymers via ROMP (co)polymerization of dodecylnorbornene diceimide and
phenylnorbornene dicarboximide with Grubbs | cahlyemploying 2-isopropyl
dioxepine as the sacrificial monomer. Subsequeatti@n with freshly prepared
norbornene-5-carboxylic acid chloride gave macroomoers carrying norbornene end-

groupsvia ester linkages.
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0

MN\R 1. Grubbs |
- HO
0 0
2. |
R = Ph, dodecyl
(@]

3.6n HCI

O
7
@]

Rl =Ph
R, = Dodecyl

Scheme 1-33w-norbornenyl-PNB macromonomer synthesized by Hitd a

coworkers?®

PDIs< 1.1 were obtained for all macromonomers, wih, , 5 from 3.3x1G to 1.5x1d
g/mol. All macromonomers were subsequently polymerizedh wie Grubbs | catalyst

in DCM at rt. The DR, s of polymers, calculated according to thel (5 of

copolymer)/M ,,; s of macromonomer) ratioyaried between 3 and 8 with PDIs of

1.10-1.38 for most samples.

Allen et al. also used the ROMP of NB to synthesizenorbornenyl-PNB
macromonomer$148 (Scheme 1-343° A linear polymer was synthesized by ROMP

with each side chain containing a maleimide growpjch has been converted to
norbornene moietiesia a Diels-Alder reaction in a microwave. THd, ecps Of

macromonomeiM48 ranged from 6 200 to 11 000 g/mol and PDIs fron®1b3.43.
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Scheme 1-34m-norbornenyl-PNB macromonomer synthesized by Adled

coworkers>?

Graft copolymers were obtained by sequential capehzation of M48 and
norborneneax-chloroacetamide comonomer (Scheme [-34) using I&rub catalyst in
DCM with 5-55 equivalents of initiator per 100 poti@lly reactive main-chain sites.
The addition of initiator and comonomer in macrommer solution was realized at -78
°C, and the mixture was stirred vigorously and tladlowed to warm to rt. This

comonomer was chosen because it contains-@moroacetamide group, which can be
used to append biologically active ligands. TMe szcps Of graft copolymers ranged

from 1.5x10 to 2.6x16 g/mol with PDIs of 1.89 - 3.18 and the graft densias

between 8 and 26%.

llI- Synthesis by reversible-deactivation radical mlymerization

Reversible-deactivation radical polymerization m®x has allowed to give access to a
wide range of new macromonomers from monomers aglSty, MMA, n-butyl

acrylate (BA), tert-butyl acrylate {BA) or methyl acrylate (MA).
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I11-1. Synthesis by ATRP

Morandi et al. presented the first synthesis of graft copolymgyscombination of
ATRP/ROMP according to the “grafting through” mettidd a-Cyclobutenyl
macromonomemM49 (Scheme [-35) was prepared by ATRP, then polymeériag
ROMP to achieve graft copolymers. The difunctioAdRP initiator was synthesized
by reaction of 2-bromoisobutyryl bromide with  cis-3,4-
bis(hydroxylmethyl)cyclobutene. A series of macrommers M49 was prepared by

sequential ATRP copolymerizations of Sty atllA using Cu(l)BrN,N,N,N',N"-
pentamethyldiethylenetriamine (PMDETA) as the cdtalsystem, withM, gecps in

the range of 4 300 and 7 200 g/mol, low PDIs (1118) andtBA molar ratios of 43-
66%.a-Cyclobutenyl polystyrene-poly(acrylic acid) P$3-PAA macromonomers were
then prepared by acidolysis and were successfullyi@/ed as stabilizers in emulsion

polymerization of styren®

Ph  CO,tBu
ECoco n

m
0CO
n m
M49 Ph CO,tBu

Scheme I-350-cyclobutenyl-PS3-PtBA macromonomers synthesized by Morandi and

coworkers>t?

The Grubbs | catalyst was used for ROMP of macrammwars in a macromonomer-to-
initiator ratio of 10 in toluene at 58 but the reactivity is not enough to achieve a

complete conversion. By using the Grubbs Il catalygo graft copolymers PBg-(PS-
b-PtBA) were obtained, with low PDls (1.21-1.25) aM, sgcps 0f 8 200 and 10 400

g/mol, from macromonomerdl, secps Of 4 300 and 6 700 g/mol, respectively. The

removal of tert-butyl groups led to amphiphilic PBg{PSb-PAA). This work
constitutes the only example of synthesis of grafiolymers with a 1,4-PBu backbone

according to the “grafting through” strategy.
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Liaw et al. have synthesized thenorbornenyl-PMMA macromonomén50 (Scheme

1-36) by ATRP>®
0 g
~ Br I~
° O
O
M50 \

Mn8
Scheme I-36a-norbornenyl-PMMA macromonomers and monomer syiitledsy

Liaw and coworkers®

Four macromonomers were obtained wih, sccps between 6.39x10and 1.66x10
g/mol. The PDI values of these macromonomers wetka range between 1.3 and 1.5.
The ROMP of macromonomer ¥l sccps = 6.39x16 g/mol was carried out with
Grubbs | catalyst and a macromonomer/initiatororatf 26 in DCM at 25°C. The
copolymer was obtained Witm of 6.4x1¢ g/mol and high PDI of 4.5 and was

a kind of star-like highcis macromolecule djs/trans = 72/28). The macromonomers
with higher molecular weight than 6.39%1g/mol could not be polymerizada ROMP

by Grubbs | catalyst. The authors have studied ¢bpolymerization of their
macromonomersm > 1.0x1d g/mol) with carbazole-containing norbornene
comonomemMMn8 to synthesize branched copolymers. ROMP With0/Mn8/initiator
ratio of 350/6.7/1 gives access to a graft copolymieh m of 4.76x16 g/mol

and PDI of 1.78. Fluorescence spectrum of copolyméribited a strong carbazole

fluorescence emission due carbazole moiety.

Morandi et al. presented the synthesis afoxanorbornenyl macromonomen51
(Scheme 1-37) by ATRPof (2,2-dimethyl-1,3-dioxolan-4-yl)methyl methacrylatsing
a-oxanorbornenyl initiator and using CuBr/iminopynidias the catalyst. Well-defined

macromonomers were obtained with, secps ranging from 3 500 to 8 500 g/mol and

PDI of 1.22 to 1.26. The Grubbs | catalyst wastfitsed for the ROMP of
macromonomer 6 000 g/mol in toluene aGPbut the results show a bimodal

distribution of the SEC trace. The Grubbs Il caaljhas allowed to polymerize

macromonomers oM, sgcps Of 3 500 g/mol and 6 000 g/mol in toluene, a0
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with a macromonomer/initiator ratio of 20. After ,6bomplete conversions were
obtained with low PDIs (1.25 and 1.56, respectiyel@raft polymers were then
deprotected of the ketal functionality to give potgnorbornengrpoly(glycerol

methacrylate), a class of polymers employed for pheparation of biocompatible

materials.
o) 0 Br
0
MNN M
o o)
0 o)
LS

s

Scheme 1-37 a-oxanorbornenyl macromonomer synthesized by Morandi

M51
coworkers>*

Another route was also developed to synthesi#ZROMP-functional macromonomers
from ATRP by two-stage process: ATRP of monomer thiath reaction with “ROMP-
able” group to give macromonomer carrying “ROMPedtand-group.

Grubbs’s group combined ATRP and CuAAC “click” rgéan to synthesize
w-norbornenyl macromonom&t52, M53 andM54 (Scheme 1-38§%%°

O R M52
MN%OMNMO\
10 ! n R =
N=N O]

o

M53 M54

o

=0
; o)
Scheme 1-38w-norbornenyl-RBA, -PtBA, -PS macromonomers synthesized by
Grubbs'’s grougt®®

ATRPs ofnBA, tBA and Sty were conducted using a CuBr/PMDETA gsdialsystem
to produce a variety of side chain polymers witlfiedént M, and functionalities. Their

bromide end-groups were quantitatively transformedazides through nucleophilic
substitution reaction. Next, the azido-terminatedlymers were coupled in a

stoichiometric amount of alkyne end-functionalizadrbornene monomer to give
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macromonomers wittM ,,, 5 between 2 200 and 6 600 g/mol and a PDI of 1.02. T

homopolymerization oM52, M53 and M54 with Grubbs 1II' catalyst (Scheme I-6) in
THF at rt with macromonomer-to-initiator ratios ®9-400 achieved graft copolymers

of high M ;s from 2.67x10 to 2.62x16 g/mol and low PDI ~1.03.

The sequential and random copolymerizations of armonomerdM38 (Scheme 1-28)
and M52 (Scheme [-38) gave asymmetric brush block copotgmeith M s

between 4.5x10and 1.88x1Dand low PDIs. In general, the polymerization ranés
PLA and polyacrylate macromonomers was higher thahof PS macromonomers, as
measured from kinetic plots. Such as behaviouelmted to the local steric congestion
around the propagating metallocycle or differenvent quality for various polymers,
as suggested by the authors. The brush block co@ol{macromonomers/initiator ratio
= 200) with the same number of PLA anoBR side chains self-assembled in the melt
state into highly ordered, large lamellar domaingrol00 nm as revealed by small
angle X-ray scattering (SAXS). The domain size diasated by the backbone length.
Asymmetric brush copolymers containing different fans of two types of side chains
did not form well-ordered morphologies. This may a#ributed to the reduced
backbone flexibility of brush polymers and theicrieased difficulty to adopt coiled

conformationg!

Tunca and coworkers used the same combinationliok®*€CuAAC reaction and ATRP
for the macromonomeiM55 synthesiS? The azide-functionalized PS was first
synthesized by ATRP polymerization from an anthnacderivative used as initiator
and subsequent nucleophilic substitution of bronmede-group. The macromonomer
M55 was prepared by CuAAC “click” reaction with alkyfenctionalized
oxanorbornene (Scheme 1-39). One polymer was sgizié by ROMP in presence of

Grubbs | catalyst at room temperature for 24h \wicromonomer/initiator ratio of 10

in DCM. SEC analysis of the graft copolymer showd g, 5 of 3.45x1d g/mol which

is close to the theoretical oneM_(1 = 3.69x106 g/mol) and a low PDI (1.17). The

copolymer contains anthracene groups as end-gafujpe PS side chains which allows

the preparation of graft block copolymers of polgogrbornener(PSH-PEO) or
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polyoxanorborneng-(PSh-PMMA) or polyoxanorborneng-(PSb-PtBA) by Diels-
Alder “click” reaction through “grafting onto” metidl. Monitoring of the Diels-Alder

reaction using ultraviolet-visible spectrophotorgettJVV-Vis) revealed high reaction
efficiencies (90-95%). The graft block copolymersrey obtained withM ,,, 5 range

between 4.22x10and 6.34x1Hg/mol and PDIs of 1.10-1.3.

0] Toluene
o 0 Diels-Alder (0]
. 9 0 o atec
/
Y s N k
1 0 7 "N
\

0 0 MN\/\OMO%O 7 S o)
CCC LT

N

o

O

O%\PtBA or PMMA

or PEO

Scheme 1-39w-norbornenyl-PS macromonomer, its ROMP and subsedRiels-

Alder reaction of graft copolymer synthesized by@aand coworker¥.
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[11-2. Synthesisby RAFT polymerization

In 2006, Pattoret al. were the first to use reversible addition-fragraéinh chain
transfer (RAFT) polymerization for norbornenyl macronomer synthesi.A chain
transfer agent (CTA) containing norbornene (NB-CWwgs designed by coupling the
4-cyano-4-((thiobenzoyl)sulfanyl)pentanoic agith a 5-norbornene-2-methanol. The
homopolymerization of Sty, MMA and MA was carriedtdn the presence of 2,2’-
azobis(isobutyronitrile) (AIBN) used as a radicaitintor and the CTA containing NB
under typical homogeneous RAFT conditions to achimacromonomers56, M57
andM58 (Scheme 1-40).

R, s
ﬁb‘%wn N g :
CN R, S

M56 R1:H,R2:Ph
M57 R;=H,R,=CO,Me
M58 Rl = CH3, R2 = COZMe
Scheme I-40a-norbornenyl-PS, PMA, PMMA macromonomers synthabizg Patton

and coworkerg’

An initially high monomer-to-CTA ratio ([MJ[CTA], 600/1 for Sty and MMA and
500/1 for MA) was used to minimize the potentialypeerization of norbornenyl group.
The PDIs of NB-PS, NB-PMMA and NB-PMA macromonomessre< 1.2 at 27.7%,
41.5% and 21.9% monomer conversion of RAFT polynation, respectively. An

excellent agreement between té, s (PS and PMMA as standards) and the

theoretical M, in all cases was observed, indicating the norboyingroup on CTA

remained essentially intact over the course ofdélaetion. A PNBg-PMMA copolymer

was prepared from the norbornene-functionalized Pvivacromonomer i, sgc = 6
715 g/mol, PDI = 1.18) with Grubbs I catalyst usstgndard ROMP conditiori8.A
low number-average degree of ponmerizatidiB_P,( = 8) was targeted to avoid steric
hindrance effects. Under these conditions, neanifaéive conversion was obtained,

and a good agreement between the takgiet(5.3x1d g/mol) and the experimental one
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(M sec = 4.8x1d g/mol, PMMA as standards), and a low PDI (1.15% waserved,

indicating a well-controlled polymerization.

Wooley’'s group also presented the combination oFRAolymerization and ROMP to
synthesize a series of graft copolym®&f& Norbornenyl-functionalized RAFT initiator
was designed by combining axonorbornenyl functionality and &-1-dodecyl-S’-
(a,a’-dimethyl- a”’-acetic acid)trithiocarbonate or a 4-cyano-4-
(phenylcarbonothioylthio)-pentanoic aci@TA containing NB was then used in the
polymerization oftBA, Sty, MA and MMA to afford the NB-tBA, NB-PS, NB-PSs-
PMA-b-PtBA and NB-PMMA macromonomens!59, M60, M61 andM62 (Scheme I-
41).

)
0
/ OWS\[S]/SWH ﬁbﬁ © 28 28 75S\H/S(\j/11
o) (’[) o /L S

M59 R = COOC(CHs)s M61

M60 R =Ph
O
/ n
NC 5 S
M62 7

Scheme I-41a-norbornenyl-PMA, -PS, #BA and -PMMA macromonomers
synthesized by Wooley’s grodp®?

To suppress the potential norbornenyl group radpallymerization, a series of
experiments was conducted to optimize the polymagdm conditions. Ultimately, the
polymerization was performed in butan-2-ol at’8lin a monomer/CTA/AIBN ratio of
310/1/0.1 and quenched at 40% conversion. By tlethad, theRAFT polymerization
was controlled, as indicated by retention of bdik thorbornenyl terminus and the

trithiocarbonate terminus in the resulting macroomar. Two macromonomer59

were obtained withM , ¢p Of 4.67x103 g/mof® and 1.6x16 g/mof*® and PDI < 1.16.

One macromonomevl60 was obtained withM sgcps Of 4.56x16 g/mol and PDI <

1.12%0
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The brush copolymer synthesis was achieved by R@M#he terminal norbornenyl
group of the NB-EBA macromonomemM59 (m = 1.6x1¢ g/mol), using the
Grubbs Il catalyst in DCM at rt with macromononueitiator ratio of 320/1.As

observed by SEC, thetBA molecular brushes had B, o.c,s Vvalue of about 1x10

g/mol and an uniform size distribution, with a PDdjmilar to that of the
macromonomer, of 1.20 and about 93% of the macromen had been incorporated
into the final brush structure. Thebutyl groups were cleaved by reaction with
trimethylsilyl iodide (TMSI) and subsequent hydrgiky to afford water-soluble PAA
brushes which could be used for further chemicadifieation, in addition to their

observed pH-responsive transformatiohs.

The sequential ROMP &159 (M, gecps = 4.67x16 g/mol) andM60 was also realized
in the presence of Grubbs Il catalyst witivVi&9/M60/initiator ratio of 50/50/1. The
well-defined structure of P(NB-PtBA)-b-P(NB-g-PS) was supported by SEC, with
low PDIs (< 1.20) and &, gcps Of 1.97x16 g/mol The amphiphilic diblock graft
copolymer P(NBg-PAA)-b-P(NB-g-PS) was obtained after deprotection of P(iB-
PtBA)-b-P(NBg-PS) with TMSI and hydrolysis of the intermediat@nethylsilyl
esters. The final amphiphilic diblock graft copogmwas investigated as nanoscopic
building blocks for the assembly of supramolecmlanostructures in aqueous medium.
Both AFM and transmission electron microscopy (TEMpults showed that the
copolymer had a broad size distribution. The cadpaai hierarchical supramolecular

assembly into complex, functional nano- and mioppszobjects is currently studiéd.

The triblock macromonomelM61 was synthesized from a NB-CTA by sequential
RAFT polymerizations of St, MA aniBBA.®* The RAFT processes were stopped at low

monomer conversiorg(35%) to prevent the participation of norbornenyups in the
multiple radical polymerizations. The final macroroarer had aM, ggcps Of 15 900

g/mol and a PDI of 1.20. ROMP &61 was carried out in the presence of Grubbs III’
catalyst in DCM at rt with aM61/initiator ratio of 100/1. After 1 h, over 95%
macromonomer conversion to graft copolymer was iobth The resulting graft

copolymer had &M, gecps Of 1.52.16 g/mol and a low PDI of 1.15. Finally, PNg&-
(PSbh-PMA-b-PtBA) was converted to an amphiphilic block brush algmer PNBg-
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(PSbh-PMA-b-PAA) by acidolysis of theert-butyl groups. The amphiphilic block brush
copolymer exhibited cylindrical morphologies wittadieters of 1& 2 nm and lengths

of 92+ 21 nm as measured by TEM.

Most recently, Wooley’s group investigated the bsis of brush copolymers by a
tandem RAFT polymerization and ROMP. First, exoNB-PMMA macromonomer
M62 (Scheme 1-41) was synthesized by selective RAFymetization of MMA using
NB-functionalized dithiobenzoate CT%&.As analyzed by SEC, the macromonomer

M62 had a PDI of 1.12 and B, sgcps Of 4 600 g/mol. The compatibility of Grubbs

[II" catalyst with MMA monomer was checked by ROMPM62 in a mixed solvent of
toluene/MMA (60/40 viv). After 1h, SEC analysis sleml a high macromonomer
conversion (91%), which suggested a highly effictemnsformation of the NB terminal
group in ROMP by Grubbs III' catalyst in the preserof MMA monomer. Two brush
copolymers were then synthesized by the sequeRARIT polymerization and ROMP
in a one-pot process. The feed ratio of RAFT polynagion was used as optimized by
the kinetics study ([MMAJ:[NB-CTA]o:[AIBN] o = 200:1:0.1, 50 vol % of toluene at 65
°C). The RAFT polymerizations were stopped aftern8 & h, to obtainVi62 with

M secps Of 4 700 and 6 450 g/mol, respectively. In thetretep, Grubbs III' (0.01

equiv) in stock solution was added to the cruderoraonomer solutions to initiate the
ROMP. The polymerizations were stopped after 1 hatlging several drops of ethyl
vinyl ether. High macromonomer conversions (92-94¢éje obtained in both ROMPs.
AFM images of graft copolymers showed bottlebrukh-imorphologies with average

contour lengths of 66 13 nm and 6& 12 nm, respectively.

Wooley's group has also reported the synthesis afitiple NB-functionalized
macromonomersM63, M64 and M65 (Scheme 1-42) by RAFT polymerizatiGh.
Multiple reactive NB functionalities have been inporated onto the backbone of well-
defined statistical and diblock copolymers previgusynthesized by selective RAFT

copolymerization.
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Mn9

Scheme 1-42NB-functionalized macromonomers synthesized by \&\gel

group®®

RAFT copolymerization oMn9 and Sty was carried out using AIBN as the radical
initiator, S-1-dodecyl-S’+¢,a’-dimethyl-o’-acetic acid)trithiocarbonate as the RAFT
agent withMn9/Sty/CTA/AIBN = 41/59/1/0.1.The macromonome63, obtained at

78% conversion oMn9 and 58% conversion of Sty after 12h of copolymeiwra had
aMp, of 1.35x16 g/mol and a PDI of 1.23, which was in agreemerth iie

theoretical value of 1.31x1@/mol. The macromonomer characterization suggehtd
nearly all of the NB groups remained intact durihg RAFT copolymerization process
and the molar percentage dh9 was about 53% in macromonomer, which also agreed
with relative degrees of polymerization based am titonomer conversion. But it was
considered that if theMi63 was used as a macroCTA for the synthesis of block
copolymers, the relatively high local concentrat@inNB groups along the polymer
backbone might induce side reactions during theinchextension by RAFT

polymerization. So, the macromonoméié4 and M65 were synthesized by RAFT

copolymerization ofMin9 with comonomers using PSW(,,;, s = 4.4x1G g/mol) or

poly(styrenealt-maleic anhydride) M, s = 8.1x16 g/mol) as macroCTAs. The
macromonomersM64 and M65 were obtained with low PDIs (1.09-1.22), and
M s of 1.1x1d and 1.27x1bHg/mol, respectively. The incorporation of the NiBes

chain groups was quite high, because of the higiversion ofMn9, about 50% in all
cases.
The ROMP of NB-functionalized macromonomé64 was conducted using Grubbs |

catalyst with macromonomerfinitiator ratio of 50/LDCM at rt. As measured by
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NMR spectroscopy and SEC analysis, the successfusformation oM64 into a star
block copolymer had occurred. By SEC, star polymas found to have 8 ;5 of

4.96x1G g/mol and a narrow molecular weight distributiétD{ = 1.23). The number-
average hydrodynamic diamet&y(,) measured by DLS (from a THF solution of 2.5

mg/mL) was 8 £ 2 nm, suggesting that star polynxésted as nanoscale objects.

Recently, Chenget al. have reported the first synthesis of macromononi¢éé
(Scheme 1-43) by simultaneous RAFT polymerizatind ROP%*

~3

M66

26 O
Scheme I-43a-norbornenyl-PS/PLA macromonomer synthesized bynGlaand

coworkers®*

The authors first synthesized a multifunctional reageontaining a trithiocarbonate
functionality for RAFT polymerization, a hydroxyk@up as an initiator site for ROP
and arexaNB functionality as “ROMP-able” group. By selectiddBN as the initiator
for RAFT polymerization of Sty and N(N-dimethylamino)pyridine (DMAP) as the
organocatalyst for ROP of LA, simultaneous polymations were conducted at 80
in the presence of the multifunctional agent withagent/Sty/LA/AIBN/DMAP molar
ratio of 1/70/35/0.1/4 and 30 wt % of 1,2-dichldiwne for the synthesis of
macromonomeM66. The polymerization was stopped at 24 h with 34¥version of
Sty and 71% conversion of LA. MALDI-TOF mass spentetry analysis of
macromonomer showed a narrow, monomodal molecuaght distribution with the
molecular weight of the highest peak of 6319.83 aj/mwhich was close to the
calculated value. ROMP &fi66 was realized with Grubbs 11l catalyst in DCM afat

1 h with different macromonomer/initiator ratios {5%6/1). High conversions of
ROMP were determined by SEC analysis (86-95%). FRINB-g-PS/PLAs were

obtained by passing the polymerization solutionsugh short columns of silica gel
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with M ;s ranging from 4.3x10to 8.9x10 g/mol and low PDIs (1.15-1.28). The

observation of “gradual Janus” and left-right Jasosformations of copolymers by
TEM after annealing provided the direct experimeetadence to prove the PN&-

PS/PLA copolymers as a type of Janus nanomaterial.

All macromonomers synthesized by reversible-deattivaradical polymerization and
their ROMP were summarized in the Table I-2. Theults demonstrated the
compatibility of the ATRP and RAFT polymerizatioogether with ROMP in the
“grafting through” method. ATRP and RAFT polymetina are controlled radical
polymerization techniques that allow for the preypian of well-defined polymers from
vinylic monomers. In case of ATRP, the macromon@nesere synthesized by two
methods: ATRP from a NB, oxa-NB or cyclobutene “RP{dble” group-containing
ATRP initiator or functionalization of polymer clmaobtained by ATRP, by a “ROMP-
able” group such as NB @xaNB. In contrast, in case of RAFT polymerizatiohe t
authors used a dual-functional molecule that semges RAFT agent and carries the NB
unit which allows to obtain the norbornenyl-funci@dized macromonomers directly
from RAFT polymerization. Initial high monomer toT& ratios are used to suppress

the potential NB group radical polymerization. Hipathe macromonomers were
obtained with relative low PDIs (1.02-1.50M) , secps Of 2 200-16 600 g/mol with
different polymer chains, such as PSBAR, PnBA, PMMA, PMA, poly(glycerol-

MMA). The ROMP of macromonomers was realized inspree of the Grubbs

catalysts. Almost all graft copolymers were obtdimeth low PDIs (1.03-1.56) and in a

wide range ofM , e betweerB.2x1G-2.62x16 g/mol.
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Table I-2. Macromonomers synthesized by ATRP, RAFT and th@mndpolymerization by ROMP

Macromonomer Graft copolymer
ROMP M x10° monomer M x10* Macromonomer
Entry . ] Nature of chain nSEC PDI Initiator [ o 4 n,SEC PDI ) Ref.
functionality g/mol [initiator], g/mol conversion (%)
ATRP
1 Cyclobutene P®-PtBA 4.3-7.2 1.16-1.20 Grubbs l and Il 10 0.82-1.02 1.21-1.25 ~100 52
2 NB PMMA 6.39 -16.6 1.3-15 Grubbs | 26-400 4.76-6.4 1.78-4.5 n.d 53
Poly(Glycerol-
3 Oxa-NB 3.5-8.5 1.22-1.26 Grubbs I 20 1.1-24 1.25-1.56 ~100
MMA) 54
4 NB PMA, RBA, PS 2.2-6.6 1.02 Grubbs 1II’ 50-400 26.7-262 1.03 ~100 55
5 Oxa-NB PS 4.1 1.12 Grubbs 1lI 10 4.03 1.17 n.d 56
RAFT polymerization
PS, PMMA, 8 (only NB-
6 NB 0.69-24.7 1.07-1.34 Grubbs | 4.8 1.15 ~100 57
PMA PMMA)
PtBA, PS,
7 NB 4.67 -16 <1.20 Grubbs 11I 26-400 19.7- 152 ~1.2 93-100 58-62
PMMA, PMA
PS derivative, 63
8 NB P(Styalt-maleic 11-135 ~1.23 Grubbs | 60 496 1.23 ~100
anhydride)
9 NB PS/PLA 8.6 1.14 Grubb 11I 59-95 435-892 | 1.1-1.28 86-95 64

*M, sec determined by RI detector, PS standa?MnYSEC determined by multi-angle laser light scatteriegedtor,’n.d: not detected
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Conclusion

Since 1989, about 50 articles reporting graft ¢yper synthesis by ROMP
according to the “grafting through” method have rbgaublished. The ROMP of
(macro)monomers was realized by using metal alkyld initiators such as Schrock
catalysts and Grubbs catalysts and various topedogi well-defined graft copolymers
were obtained: bottlebrush, comb-like, star-likefloiver-like... The results indicate
that the combination of ROMP with others technigoégolymerization is one of the
most important strategies for the synthesis of tgeaipolymers according to the
“grafting through” method.

In there, macromonomer synthesis was essentedilyzed by two routes: in the
first route,a-“ROMP-able”-macromonomers were prepared from a MEGable” entity
containing an initiating group; in the second rouie¢‘'ROMP-able”-macromonomers
were synthesized by post-modificationg., polymerization of the monomer and
subsequent functionalization of the macromolecualain by a “ROMP-able” group.
Norbornene is usually used as the “ROMP-able” groeipause of its high reactivity in
ROMP, but other “ROMP-able” groups have also begorted such as oxanorbornene,
cyclobutene and cyclooctene. Macromonomers have bgathesized in the literature
by almost all the available polymerization tech@gisuch as anionic polymerization,
cationic polymerization, ROP, ROMP and RDRP, whick chosen according to the
nature of the monomer to be polymerized. A widegeaof monomers was successfully
polymerized: Sty, EO, Bu, MMA, MAIBA, nBA, LA, CL or NB. There is no universal
technique for polymerization of all monomers. Nekkyss, among the available
techniques, the RDRP is one of the most efficientt @ersatile methods thanks to its
high tolerance to a wide range of functionalitiRecently, the simultaneous
combination of different polymerization techniqusach as RAFT and ROP, has been
described for synthesizing complex non-symmetiidatk macromonomers.

In this work, we investigated the preparation ochcnomonomers using the
“click” copper-catalyzed azide-alkyne cycloadditiomethodology and RAFT
polymerization such techniques can be appliedvwada range of polymers.
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Chapter II. Synthesis of PEO macromonomers by “click” reaction

Introduction™

Poly(ethylene oxide) (PEO) is a neutral, hydroghihighly mobile, synthetic polymer
and non-toxic, which has found numerous applicationfields such as biomaterials
and biotechnologies.Because of the unique properties of PEO, a widgaaof
complex structures of graft copolymers with PEOesahains has been designed in
various ways, and hydrophilic PEO segments are llysumbined with any
hydrophobic component forming amphiphilic graft otymers? We were interested in
the synthesis of PEO graft copolymers by the “grgftthrough” approach. The
“grafting through” method requires the synthesisP&O macromonomers in which a
polymerizable functional group is incorporated tee tchain-end. The synthesis of
macromonomers can be accomplished by two methbeéa:functional macromonomer
synthesis, in which the polymerization is initiatég an initiator containing the
polymerizable group; the-functional macromonomer synthesis, in which thby/mer
chains were functionalized with polymerizable grewdter the synthesis of polymer

chains.

In this chapter, we have chosen thidunctional macromonomer strategy for the PEO
macromonomers synthesis which allows using comrmakyciavailable PEO with
different molecular weights, having one or two —®kt-groups which can be used to
easily functionalize with polymerizable groups. Thbick” reaction was chosen for the
functionalization of PEO for its high efficiency twia high tolerance towards functional
groups and solventsThe ring-opening metathesis polymerization (ROM#)be used

to polymerize the PEO macromonomers at it is aatdesand an efficient synthetic
strategy for the polymerization of unsaturated t@mnsed rings such as norbornene,
oxanorbornene, cyclobutene or cyclooctene by usienl alkylidene initiators.

We present the synthesis of alkyne- or azido-fometized oxanorbornene and
cyclobutene precursors and the synthesis of variesgyclobutenyl PEO

macromonomers ano-oxanorbornenyl PEO macromonomers by “click” reacti

“Part of this chapter was publishediacromoecule€01Q 43, 5611-5617.
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The oxanorbornene-based group was chosen as théMPRable” entity for two
reasons. First, purexacoxanorbornene diasterecisomers are easily prepseating
from exo7-oxabicyclo[2.2.1]hept-5-ene-2,3-dicarboxylic gdhde, available in high
yield through Diels-Alder cycloadditioh. Indeed, it is well known thatexo
diastereoisomers are much more reactive in ROMR their ende counterpart§*?
Second, as pointed out by Czelusnitkal,™® it is expected that the oxygen in the
oxanorbornene group makes the backbone more hyitlcdpland hence increases the

probability of biocompatibility of the resulting &ft copolymers.

The 3,4-disubstituted cyclobutene functionality vedso selected as the “ROMP-able”
entity of the macromonomers because the ROMP dbbyitene affords an exclusively
linear polybutadiene with a strictly 1,4-type mistwicture. Because of their unique
properties, PBu graft copolymers could be usedafeariety of applications, such as
nanomaterials, thermoplastic elastomers, impacdsteed plastics, compatibilizers,
polymeric emulsifiers, and nanoparticles for drugliveery®>*” In this case, theis
stereochemistry was preferred to thens oneas a previous study has highlighted the
higher reactivity otis-3,4-disubstituted cyclobutenes compared to tinairs analogues
in ROMP®

|- Synthesis ofw-oxanorbornenyl PEO macromonomers

®-Oxanorbornenyl PEO macromonomers have been symtldeby “click” reaction
between azido-terminated PEO of different moleculaeights and alkyne-
functionalized oxanorbornene. This precursor isilyasbtained in a pureexo

stereochemistry by Diels-Alder cycloaddition frootdn and maleic anhydride.
I-1. Alkyne-functionalized oxanorbornene precursor synthesis

The oxanorbornene-based monomer with an alkynetibmadity was designed and

prepared fromexo7-oxabicyclo[2.2.1]hept-5-ene-2,3-dicarboxylic gdhde ()" and

# A glossary containing chemical structures of athpounds 1 - 11 andM2 —M11) is attached to this
chapter.
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N-propargylamine, and the synthetic route is illatgd in Scheme II-1. An excess of
N-propargylamine is necessary to increase the yialuj the suitable ratio of
N-propargylamine tol was 1.5:1. Under these conditionsxoN-prop-2-ynyl-7-
oxabicyclo[2.2.1]hept-5-ene-2,3-dicarboximidd) (vas obtained with 81 % vyield. The
proton nuclear magnetic resonance spectroscAgyNMR) spectrum (Figure 11-1)
shows the resonance signal of RHEC=CH at 4.24 ppm, while the signal oHECH
protons at 6.54 ppm are still observed, and imptistahe integration area ratio of the
characteristic resonances of 2:2 is in agreemeiht tve ratio of corresponding protons,
which demonstrates that full condensation occurfedthermore, the molecular weight
(M + H" = 204.0661) o2 from high resolution mass spectroscopy (HRMS) ysisl
was in good accordance with the calculated value- (M = 204.2060).

0 0

O, QO
MeOH, 65 °C
72h
) o)
1 2

Scheme 1I-1.Synthesis of oxanorbornene precurgor

a b e

| Jk J \ J A J S JlL

T T T T T T T T T T T T T T
7.5 7.0 6.5 6.0 5.5 5.0 45 4.0 3.5 3.0 25 2.0 1.5 1.0 0.5 0.0

Figure I1I-1. *H NMR spectrum of; solvent: CDC.

[-2. w-Oxanorbornenyl PEO macromonomers synthesis

First, azido-terminated linear PEO monomethyl etttains (PEO-B Mnnvr = 554,
2010 and 4590 g/mol, Table II-1) have been synteelsirom hydroxyl-terminated PEO
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monomethyl ether chains (PEO-OH) with different ewoilar weights.

PEO-OH were first converted to mesylate-termina®&D monomethyl ether chains
(PEO-OSQCH3z) by reaction with methanesulfonyl chloride, follesv by
transformation of mesylate chain-end groups inidagroupsvia reaction with sodium
azide (NaN) in dichloromethane (DCM) for PEOsN00" or in tetrahydrofuran (THF)
for PEO-N; 2 000 and PEO-)N5 00G°. The presence of an azido group at the chain-end
was checked by’C NMR spectroscopy as shown in Figure 11-2 for PE§B00. The
carbon bearing the azido group appears at 50.7 mydrareas the one carrying the
terminal hydroxyl is located at 61.7 ppm. Moreovi#ae chain-end functionality was
proved to be quantitative, as evidenced by thepgisarance of th€H,OH peak (5,
Figure 1I-2, A) of PEO-OH spectrum and the disappeee of the -O-S§CH3 peak (6,
Figure 11-2, B) of the PEO-O-SCH; spectrum in the findiH NMR spectrum of PEO-
N3 (Figure II-C).
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(B) . 4 6'
3 3 3 45 |
/OV\O%\/O)\/\O/ SO,
4 st
2 ¥ . 1' 1 n
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Figure 11-2. **C NMR spectra of (A) PEO-OH, (B) PEO-OSTHs, and (C) PEO-N

500 (Mnnvr = 554 g/mol); solvent: CDGI
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Chapter II. Synthesis of PEO macromonomers by “click” reaction

The characteristic of POEsNwre reported in Table II-1.

Table II-1. Characteristics of the azido-terminated linear REomethyl ethers 500,
2 000 and 5 000.

M a M b M ¢l M , d
Sample namd n theor n NMR n SEC p, SEC Pch
(g/mol) | (g/moly | (g/mol) |(@/mol)
PEO-N;500 | 500 554 e 720 | ¢
PEO-N; 2 000| 2 000 2037 | 3200 3200 1.05

PEO-N; 5000 5000 4614 7 600 8100 1.06

2 Supplier data” Number-average molecular weight determinedyNMR by comparing integration
area ratio of the B;- peak and of the 44,-O- peak, CD( as the solvenf. Number-average molecular
weight and polydispersity measured by SEC in THth Wl detector, calibration with linear polystyrene
standards® M,, se¢ Molecular weight at the peak maximum of the SE&¢.® Part of the peak was

outside the calibration window.

Macromonomers were then synthesized by couplingoaarminated PEO-Nand
alkyne-functionalized oxanorbornene precurddScheme 11-2). The “click” reactions
were carried out inN,N-dimethylformamide (DMF) at room temperature usiag
stoichiometric molar ratio between PEQ-BInd alkynyl groups in the presence of a
catalytic amount of Cu(l)Br with N,N,N',N',N"pentamethyldiethylenetriamine
(PMDETA) as the ligand (Scheme I1I-2). After 4 h wadaction, “click” chemistry
afforded the targeted-excoxanorbornenyl PEO monomethyl ether macromonomers
with different molecular weight$12-500*, M2-2000 and M2-5000, obtained from
PEO-N; 500, 2 000 and 5 000, respectively.

0
MN/\ . Ng&o% CuBr/PMDETA ; NM,N%VO%
n DMF,RT,4h N=N
o} o)
2
M2-500, n = 11

M2-2000, n = 44
M2-5000, n = 105

Scheme 11-2.Synthesis of-oxanorbornenyl PEO macromonom&t2-500, M2-2000
andM2-5000.

* Name of macromonomers: As an examM@;:500 corresponds the macromonomit)(obtained from
the oxanorbornene compour) and with a PEOE00).
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Chapter II. Synthesis of PEO macromonomers by “click” reaction

TheH NMR spectrum oM2-500 (Figure 11-3) clearly indicates the shift of thikyne
proton from 2.20 ppm (e, Figure 11-3) to 7.68 ppeh Eigure 1I-3) as well as the shift of
the methylene group next to the alkyne group fra@44pm (d, Figure II-1) to 4.78
ppm (d’, Figure 11-3), which corresponds to the protinked to the triazole ring. The
“click” reaction occurred in a quantitative way a@integrations of norbornenyl olefin
peak (a’ at 6.50 ppm, Figure 1I-3) and the protontloe triazole ring (e’ at 7.68 ppm,
Figure 1I-3) gave a 2:1 ratio. The same conclusiomsgld be drawn from the reactions
between2 and PEO-N 2 000 or 5 000. The results of the coupling readti are
reported in Table II-2.

The SEC analysis shows that the coupling prodd2t500 has a slightly higher
molecular weight than the PEOsN00 precursor, determined by SEC in THF with
linear PS standards (Table 11-2).

T T T T T T T T |
(1] 75 . TD 6.5 60 5 ] 45 L LN 1 3 L] H] o, 5 1.4 g o0 ppm

Figure 11-3. *H NMR spectrum ofs-exaoxanorbornenyl PEO monomethyl etifd2-
500, solvent: CDd.

Table 1I-2. Characteristics ab-excoxanorbornenyl PEO macromonom&t2-500,
M2-2000andM2-5000.

N a f b d
Sample nameConv? | Yield Mnavir®| Mnsect PDI
0, 0,
(%) (%) (g/mol) | (g/mol)
M2-500 > 05 80 757 890 1.0p

M2- 2000 | >95 85 2240 3400, 1.06
M2-5000 | >95 78 4817 7800 1.05

2 Determined byH NMR from the reaction mixture, CDCAs the solvent. After purification.® Number-

average molecular weight determined by NMR, CDCL as the solvent Number-average molecular
weight and polydispersity measured by SEC in TH&h Wl detector, calibration with linear polystyrene

standards.

65



Chapter II. Synthesis of PEO macromonomers by “click” reaction

The MALDI-TOF mass spectrum &fi2-2000 is shown in Figure 11-4. It is interesting
to note that besides the expected produet,the macromonomer plus one sodium ion,
an additional series was observed which differ6®ymass units from the main series.
The difference in mass of each signal of both sewas roughly estimated as 44,
indicating the signals were assignable to PEO hoguds. This second series has also
been detected on MALDI-TOF mass spectrumM#-500. For M2-5000, this second
series is the only one detected. Since no sideioeacwere detectable byd NMR
spectrum ofM2-2000, the fragment signals can be ascribed to the -@its-Alder
reaction (Scheme 11-3) caused by ionization.
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Figure [I-4. MALDI-TOF mass spectrum af-exaoxanorbornenyl PEO monomethyl
ether macromonomén2-2000 (matrix: 2-[RE)-3-(4tert-butylphenyl)-2-methylprop-2-
enylidene]malononitrile (DCTB) + sodium trifluorastate (NaTFA)).

The thermal stability of these macromonomers hah Istudied in order to check the

facile conversion of the oxanorbornenyl moietiegdtyo-Diels-Alder reaction.
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Chapter II. Synthesis of PEO macromonomers by “click” reaction

O

0] (0]
A 0]
—! n —n n
N=N N=N
0 M = 68 g/mol o

Scheme lI-3.Retro-Diels-Alder reaction of macromonomers.

[-3. Thermal stability of the macromonomers

The conversion of thas-exonorbornenyl end-group of the macromonomer to a
maleimide group could also be monitored by thermmavignetric analysis (TGA)
(Figure 11-5).M2-2000 TGA thermogram clearly exhibits a first loss of BWeight %
between 134 and 150 °C, which is attributed to rélease of furdif (calculated %

weight loss = 3.04 forM2-2000 Mnnwr= 2 240 g/mol). Additionally, the
macromonomers exhibited a major thermal degradattof05 °C (50% weight loss).
The presence of the maleimide functionality wasckbd after a thermal treatment of
M2-2000 at 250 °C. The resultintH NMR spectrum (Figure 11-6) clearly shows the
disappearance of the oxatricyclo vinyl signal$i&CH and GH-O protons at 6.50 and
5.29 ppm, respectively) and the appearance of takimide peak at 6.74 ppm. It
should be noted that such maleimide end-functiaedlPEO can undergo further Diels-
Alder cycloaddition or thiol-ene reaction, givingcass to modular block copolymers,

stars, bioconjugates, and other functional teléch#l

Weight (%)
El

sl
2057¢

T T T T T
100 200 300 400 500 600
Temperature (°C) Universal V4 .44 TA Instruments

Figure 1I-5. TGA thermogram of»-exaoxanorbornenyl PEO monomethyl ether

macromonomeM2-2000 ( Mnnvr= 2 240 g/mol; 3.04 wt % oxanorbornenyl

functionality).
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Figure 11-6. *H NMR spectrum ofs-maleimide PEO monomethyl ether 2 000 obtained
after heatingi2-2000 at 250 °C; solvent: CDgIl

This synthetic strategy has then been appliedh®synthesis of PEO macromonomers

end-functionalized by a cyclobutenyl “ROMP-ablebgp.

lI- Synthesis of -cyclobutenyl PEO macromonomers

Various PEO macromonomers with a cyclobutene endghave been targeted from
succinimide-based cyclobutene amik-3,4-difunctionalized cyclobutene. Theis
stereochemistry was preferred to thens oneas previous studies have highlighted the
higher reactivity otis-3,4-disubstituted cyclobutenes compared to tinairsanalogues

in ROMP® In this work, all cyclobutene precursors were sysited from cis-

cyclobut-3-ene-1,2-dicarboxylic anhydride.

[1-1. PEO macromonomers synthesis from succinimide-based cyclobutene
o-Cyclobutenyl PEO macromonomers have been firsthesited according to the
same procedure as used for the synthesis-@tanorbornenyl PEO macromonomers.

This procedure needs the previous synthesis ofubeinimide-based cyclobutene from

cyclobutene dicarboxylic anhydride aNepropargylamine.
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Chapter II. Synthesis of PEO macromonomers by “click” reaction

[I-1.1. Anhydride cyclobutene synthesis

The cis-cyclobut-3-ene-1,2-dicarboxylic anhydride precursdr (Scheme 11-4) is
available by photochemical [2 + 2] cycloadditiontieeen maleic anhydride and
acetylene. Although this reaction involves inexpemseagents, it is cumbersome and
not totally safe. This hazardous character of tleamers synthesis may explain the
limited number of studies dedicated so far to tH@M® of cyclobutene derivatives
compared to their norbornene counterfaft? In our laboratory, a new safe and
original synthetic route was developed usidg (E)- or (E)-dichloroethene as acetylene
equivalents (Scheme 11-4J.The photochemical step at room temperature is safe
less cumbersome. The subsequent step consiste nedhctive chlorine elimination in
the presence of activated zinc. The best resulte wbtained in the presence of 12
equivalents of acetic anhydride and 25 equivalehctivated zinc in toluene at 86
and the conversion was complete within 3 daysndisated byH NMR. 3 was isolated

in 60% yield after purification by distillation (bp mpa= 80-120°C).

0 0O 0
cl hv, rt cl
, Zn, Ac,O
1 + | o o) 2 0
- AcOEt, 7 days cl toluene, 85 °C
(0] O (0]
3

Scheme 11-4.Synthesis otis-cyclobut-3-ene-1,2-dicarboxylic anhydri@e

[I-1.2. Alkyne-functionalized cyclobutene precurspnthesis

The cyclobutene-based monomefScheme 11-5) with an alkyne functionality wasstir
prepared in a one step process froisicyclobut-3-ene-1,2-dicarboxylic anhydrice
and N-propargylamine in the same conditions as usedhi®roxanorbornene precursor
2,i.e.in MeOH at 65°C for 72 h(Scheme II-1).

0 0
HNT N
0 NN
MeOH, 65 °C, 72 h
o o
3 4

Scheme II-5.Synthesis of alkyne-functionalized cyclobutenecpreor4 by a one step
process.
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Chapter II. Synthesis of PEO macromonomers by “click” reaction

However, under these conditions, the formation @fnes by ring-opening of
cyclobutene was observed, as evidenced by the appea of the double bond
resonances on tHel NMR spectrum (Figure 11-7, A) of the two isometi, E)-dienes

(Scheme II-6) at 4.00-4.20 and 5.90-6.75 ppm, &spay. This result is in accordance

with the previous studies on the thermal ring-opgrif cyclobutene derivativés>®

Rq

Ro

A

2

Scheme 11-6.Thermal ring-opening of cyclobutene derivatives.

Therefore, a two-steps process was then used wstioder reaction time and a lower

temperature (Scheme 1I-7) in diethyl ether according literature procedurg.

P Q T [e)
\
E:éo HzN\ NH NaOAc ::N/\Q
(o]
Et,0, 40 °C, 4h AC,0, 60°C, 5h
o) OH \
3 (o) 4

Scheme 11-7.Synthesis of alkyne-functionalized cyclobutene prsor4.

An intermediate amido acid was isolated and usdbowt further purification for the
second step. Thed NMR spectrum (Figure 11-7, B) shows the doublalpef CH=CH
protons at 6.35 and 6.47 ppm indicating an unsymoat structure while the
carboxylic peak was still observed at 8.90 ppm. Timethylene group of
N-propargylamine totally shifted from 3.45 ppm t0@ ppm (5, Figure II-7, B) and the
integrations of one cyclobutene olefin peak (1,urégll-7, B) and the €CH proton

peak (6, Figure 1I-7, B) gave a 1:1 ratio indicgtthe formation of amido acid.

Under mild conditions,i.e. 60 °C for 5 h, N-prop-2-ynyl¢is-cyclobut-3-ene-1,2-
dicarboximide4 was obtained in a 70 % yield. TH¢ NMR spectrum (Figure 1I-7, C)
shows the signal of i©=CH protons at 6.47 ppm, and the presence of a dopbbgt at
4.24 ppm attributed to the NHZ-C=CH. The integration area ratio of the characteristi
resonances is in good agreement with the rati@aesponding protons (Figure 1I-7, C,
2:2) which demonstrates that full condensation gecl In this case, the thermal ring-
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Chapter II. Synthesis of PEO macromonomers by “click” reaction

opening of cyclobutene derivative was not obseraeymore. Furthermore, the
molecular weight (M + H = 162.0555) of4 from HRMS analysis was in good
agreement with the calculated value (M %#162.0500).

Signals of dienes from
(A)
the ring-opening of cyclobutene
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Figure 1I-7. *H NMR spectra of (A) ring-opening afs-cyclobut-3-ene-1,2-
dicarboxylic anhydrid@®, (B) amido acid and (Q)-prop-2-ynyl<€is-cyclobut-3-ene-
1,2-dicarboximidet; solvent: CDC.
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[I-1.3. Macromonomer synthesis by “click” reaction

Macromonomers were then synthesized by “click” tieacbetween POE-N2 000 and

5 000 and a stoichiometric amount of alkyne-comtgircyclobutenet in DMF at room
temperature in the presence of a catalytic amouudr with PMDETA as the ligand
(Scheme 11-8)."H NMR spectrum 0fM4-2000 (Figure 1I-8) obtained from POE-N
2 000clearly showed the end-group transformation. Wihentérminal azido group was
transformed to a triazole ring, the methylene groext to the azido group resonance of
the PEO-N disappears at 3.60 ppm and a new methylene grexpta the triazole
group appears at 4.50 ppm (5, Figure 1I-8). Moreptree methylene group dfnext to
the alkyne group disappears at 4.24 ppm and a retiwiene group next to the triazole
group appears at 4.78 ppm (3, Figure 1I-8). Thelpdormed triazole proton (4, Figure
[1-8) was also observed at 7.70 ppm. Integrationsyolobutene olefin peak (1, Figure
[1-8), the signal of the proton on the triazole rif@g Figure 11-8) and the methoxy end-
group (8, Figure 11-8) peak gave 2:1 and 2:3 ratrespectively, indicating complete
“click” coupling. The same conclusions could bevdnafrom the reactions betweén
and PEO-N5 000.

0 0
CuBr/PMDETA
N/\ . N 5 N/\(\N/<\/o>\
DMF, RT, 24 h N=N n
@

(o) n

M4-2000, n = 44
M4-5000, n = 105

Scheme 11-8.Synthesis ofv-cyclobutenyl PEO macromonomevkl-2000 andM4-
5000

Furthermore, the structure of macromonomdrs2000 and M4-5000 was confirmed
by MALDI-TOF analysis. For example, the MALDI-TOFass spectrum d¥14-5000
(Figure 11-9) showed a constant value between peéks/z= 44.03, corresponding to
one ethylene oxide unit. The peaksrat = 4863.70 (calculated value = 4864.15) and at
m/z = 4907.64 (calculated value = 4908.18) are attribtibesodium-ionizedvi4-5000,
where number of ethylene oxide (EO) units are IbX06, respectively.
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Figure 11-8. *H NMR spectrum ofs-cyclobutenyl PEO monomethyl etHer-2000,
solvent: CDC.
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found: 44907.64
200 —+

L

0 T I T I T I T I T I T I T I T I T I
4200 4400 4600 4800 5000 5200 5400 5600 5800

Intensity

100 +

m/z

Figure 11-9. MALDI-TOF mass spectrum af-cyclobutenyl PEO monomethyl ether
macromonomeiM4-5000 (matrix: DCTB + NaTFA).
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[1-2. PEO macromonomers synthesis from bis(hydroxymethyl)cyclobutene

A series of original cyclobutenyl- azido- and alkyfunctionalized precursors was
synthesized from the bis(hydroxymethyl)cyclobuténéScheme II-9)that contains a
“ROMP-able” cyclobutene moiety and two hydroxymétgyoups that allowed 2-fold

and unsymmetrical functionalization.

[1-2.1. Bis(hydroxymethyl)cyclobutene synthesis

Bis(hydroxylmethyl)cyclobuten®& has been synthesized by reductiorBgEcheme II-
9) using an excess of LiAlHas the reducing agent in THF in 92% vyield after
purification by extraction with DCM and diethyl etheThe formation of
bis(hydroxylmethyl)cyclobutene was confirmed iy NMR spectroscopy and the
molecular weight (M + H = 115.0768) of5 from HRMS analysis was in good
agreement with the calculated value (M %#115.0766).
T OH
E:é LiAIH, EC
o .
THF, reflux, 20 h OH
o)
3 5

Scheme 11-9.Synthesis of bis(hydroxymethyl)cyclobutebe

[I-2.2. PEO macromonomer synthesis from azido-fonetized cyclobutene

precursor

The hydroxyl groups 05 can be converted to azido or alkyne groups thraggivation
and subsequent nucleophilic substitution. The afudctionalized and alkyne-
functionalized cyclobutene precursors will be redotvith alkyne-terminated or azido-

terminated PEO, respectively, by “click” couplirgform PEO macromonomers.
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[I-2.2.a. Synthesis of bis(azidomethyl)cyclobut@necursor

Compounds has been transformed to bis(azido)cyclobutghy a two-step procedure
(Scheme 1I-10).5 was first converted to mesylate-functionalized lalpatene by
reaction with methanesulfonyl chloride in 74% vyielesylate groups were then
transformed into azido groupda reaction with Nal in DMF in 66% vyield. The
structure of bis(azido)cyclobutene was confirmed#yNMR (Figure 11-10), with the
shift of the peak of the methylene groupsdfom 3.6-3.8 ppm next to 3.4-3.5 ppm (5 &
6, Figure 11-10) and the disappearance of the pé&lydroxyl groups at 4.25 ppm.

OH OMs Ng
MsCI NaN3
.
DCM,rt, 2 h DMF, 75°C, 3 h

OH OMs N3

5 6

Scheme 11-10.Synthesis of bis(azidomethyl)cyclobutene precuésor

DMF

1,2

Figure 11-10. *H NMR spectrum of bis(azido)cyclobuteBesolvent: CDGJ.

Organic azides are potentially-explosive substaaoeissmall molecules containing the
azido functionality tend to decompose violently ghhimay result in injury if proper
safety precautions are not used. The organic azutesnumber of carbon/number of
nitrogen ratio smaller than 3 should be storedohgtisns below room temperature and
less than 5 grams of materfAlCompounds having N/Ny = 1 was thus purified using

column chromatography and should be handled with. ca
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[1-2.2.b. BisPEO macromonomer synthesis by “clickéction

Alkyne-terminated end-chain PEO 2 000 was prepaéne@sterification of hydroxyl-
terminated PEO monomethyl ether and propynoic amdording to a literature
procedure (Scheme 11-13j.In order to get good yields, &N-dimethylamino)pyridine
(DMAP) and N,N-dicyclohexylcarbodiimidgDCC) had to be added to the mixture
because some polymerization occurred when theaawddDMAP were directly mixed
together. Moreover, low addition temperature (°€to rt) had to be used to minimize

polymerization risks of the unstable anhydride rimediate’
0

0]
DCC/DMAP
‘éo/\%o\/\OH + HO)J\\ fO/\%O\/\O)\%
n N n

Et,O,-20°Ctort, 24 h

Scheme II-11.Synthesis of alkyne-terminated PEO 2 000.

The MALDI-TOF mass spectrum (Figure 11-11) showetdycone series of the expected
alkyne-terminated PEO. The difference in mass ohesgnal of the series was roughly
estimated as 44, indicating the signals were assigrta the PEO homologues. The
peak at m/z = 1912.36 was assigned to a PEO cmgsist 41 EO units ionized by a
sodium ion and featuring a methyl group at onercleaid and a propynoate group at the
other chain-end (calculated value m/z = 1912.25)rddver, the SEC trace of alkyne-
terminated PEO also showed a monomodal molecusaitaition with low PDI (1.06)
(Figure 1I-12, A).
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Figure 1I-11. MALDI-TOF mass spectrum of alkyne-terminated PEQOD (matrix:
DCTB + NaTFA).

The two PEO chains macromonomiét (Scheme 11-12) was then synthesized by
“click” reaction betweert and 2 equivalents of alkyne-terminated PEO, indame

conditions as already used for the synthesis ofdimaer macromonomeid2 andM4.

N3
EC . /ﬁ\o%\/o% CuBI/PMDETA EC
44
N, DMF, 1t, 24 h N/\wﬁ(oﬁﬁoﬁ
M6 N=N
o 44

Scheme 11-12.Synthesis of two chains PEO macromonoiviér

6

The'H NMR showed the characteristic resonance signptatbn on the triazole ring at
8.3 ppm, indicating the “click’ coupling has ocadr The integration ratio for protons
of cyclobutene olefin and of triazole ring is apgmoately 2:2 indicating the percentage
of reactedd was nearly quantitative. However, the SEC chrograim (Figure 11-12, B)

of the macromonomer showed two populations. Tha mglecular weight peak is the
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two PEO chains macromonomer, and the low molecwigight peak is correlative
either to alkyne-terminated PEO or to one PEO chaiacromonomer. The

macromonomer could not be purified by precipitatomlialysis.

(A)

Rl Response ()
w
1

- T T T T T T T T T | T T T T T T T T T
9 95 0 105 11 115 12 125 13 135 14 145 15 155 16 165 17 175 18 185 19
Retention Time {min)

Figure 11-12. SEC traces of (A) alkyne-terminated PEO 2 000@&)dwo chains PEO

macromonomeMe6.

This result is possibly due to the fact that theedwsination of the exact stoichiometry
between alkyne and azido groups becomes diffichiérwthe mass fraction of alkyne
chain-end group on the PEO chain is 8 In this case, it is not possible to use an

excess amount @& because that is favorable to form one chain PE€aonaonomers.

The second strategy consisting in “click” reactimiween the POE-{\and symmetrical
and unsymmetrical alkyne-functionalized cyclobugehas then been studied as a more
safety procedure. Futhermore, the unsymmetricakttionalization of cyclobutene

derivatives is supposed to be easter.

[1-2.3. PEO macromonomers synthesis from alkynetionalized cyclobutene

precursors
[I-2.3.a. Synthesis of alkyne-functionalized cycltdne precursors
A series of original alkyne-functionalized cycloboé precursors, 9, 10 and 11

(Scheme I1-13) were synthesized fréwhich contains two hydroxymethyl groups that

allowed symmetrical and unsymmetrical functionalaa
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.. =< =4

10 11

Scheme I1-13.Protected cyclobutenéandalkyne-functionalized cyclobutene
precursors, 9, 10and1l

In order to synthesize a two PEO chains macromom®inea safe and one step “click”

reaction 8 containing two alkyne groups was synthesized fsom

Precursor® and10 were prepared fror by a two-steps procedure. First, one hydroxyl
group was protected benzyl ether group by usingzydebromide in DMF. 1.1
equivalent of benzyl bromide was used to ensurgeption of only one hydroxyl group.
The benzylation was terminated after 4 h and puaymt 4-benzyloxymethyl-3-
hydroxylmethyl cyclobuteng was obtained in 51 % yield after purification blycsi gel
column chromatography using cyclohexane/ethyl a&eefAcOEt) (v/iv 5/1) as the
eluent. The benzyl group has been chosen as thiecpng group because of its high
hydrophobicity. Furthermore, it can easily be degctd by various reagerits’® The
protected cyclobutenéwas then reacted with propynoic acid using DCC/DNV#sRhe
catalyst. The reaction was realized at low tempega(-20°C to rt) to minimize
polymerization risks of the unstable anhydride rimiediate’® The precurso© was
obtained in 45 % vyield after silica gel column chedagraphy purification using DCM
as the eluent. Precursb® was also prepared by esterification7adind 5-hexynoic acid
according to the same procedure and was obtaineg0% yield. 10 presents an
additional hydrophobic (-CH); chain according t®, which is expected to increase the
hydrophobicity of the resulting macromonomers imlesrto use them in ROMP in

aqueous dispersed media.
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11 containing two functional orthogonal groups, alkyand hydroxyl, is supposed to
allow the synthesis of macromonomers with two défe chains. The alkyne group will
be used to introduce a PEO chain by “click” reattibhe hydroxyl group could be used
directly as initiator for ring-opening polymerizati (ROP) or could be modified in atom
transfer radical polymerization (ATRP) initiatbior reversible addition-fragmentation
chain transfer agent (RAFT) polymerization to idiwoe a new polymer chain such as
polystyrene, poly-isopropyl acrylamide) (PNIPAM), polymethacrylate®.and 11
were simultaneously prepared frdvand 5-hexynoic acid by esterification in the same
conditions as already reported #and10. In this reaction, the amount of 5-hexynoic
acid influences the percentage 8fand 11 obtained as reported in Table II-3.
Conversions were calculated frditd NMR spectrum of the reaction mixture and were
based on§ or 11)/5 ratio. Conversions were about 30% for b8tand11 by using 1.0
equivalent of acid. Higher conversions were obiaibg increasing the amount of acid
(Run 2, Table 1I-3). If the amount of acid is eqt@R.0 equivalents, onl§ is obtained

as the final product.

Table 11-3. Synthesis of alkyne-functionalized cyclobuté&endl11l.

11 8
Equivalent of Equivalent of
Run . . Conversion Yield Conversion Yield
5-hexynoic acid 5
(%) (%) (%) (%)
1 1.0 1.0 34 30 33 30
2 1.5 1.0 50 35 50 40
3 2 1.0 0 100 75

TheH NMR spectra (Figure 11-13) of the resulting cylmittene precursors showed the
signal of GH=CH protons of cyclobutene at 6.0-6.1 ppm, and thegree of a peak at
2.9 ppm (7, Figure 11-13, A) or 2.0 ppm (10, Figurd 3, B; 8, Figure 11-13, C and 7,
Figure 1I-13, D) attributed to the #CH. The integration area ratios of the characteristic
signals are in agreement with the ratios of cowadmg protons (Figure 11-13, 2:2 for
8, and 2:1 for, 10, 11) which demonstrates that full condensation occlrkoreover,
the molecular weights ¢, 10 and11from HRMS analysis (M= 256.1117, 298.1583
and 208.1019, respectively) were in good agreemithtthe calculated values (M=
256.110, 298.1569 and 208.1099, respectively).
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Figure 11-13. *H NMR spectra of (Ap, (B) 10, (C) 11 and (D)8; solvent: CDGJ.
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[1-2.3.b. Two PEO chains macromonomer synthesi&lgk” reaction

Two PEO chain macromonom#t8 (Figure 11-14) was prepared froBiand PEO-N
2 000 by “click’ reaction in the conditions repatttor M6. Two equivalents of azido-
terminated PEO were used for the reactithNMR spectroscopy clearly showed the
end-group transformation. The newly formed triazmleton was observed at 7.50 ppm
(7, Figure 11-14). When the terminal azido groupsweansformed to a triazole ring, a
new methylene group next to the triazole group appat 4.50 ppm (8, Figure 11-14).
The integration ratio for protons of cyclobuteneefol and of triazole ring is
approximately 2:2 indicating the percentage of @& was nearly quantitative.
However, the SEC trace and MALDI-TOF spectrum & tbolated product showed a
bimodal distribution corresponding to two PEO clsaimacromonomevi8 and either to
one PEO chain macromonomer or to POHfNexcess, as already observed\.

N=N

N o
o N \/\O/<\/>\
E( 43
12\ 4 6 7 8 ° 11
3 MN/\/ \6/\o>/ 10
5
o NN 9 V10 /g3

11

| s |

7.5 7.0 6.5 6.0 55 5.0 4.5 4.0 3.5 3.0 25 2.0 1.5 1.0 05 ppm

Figure 11-14. *H NMR spectrum of two PEO chains macromonoM&, solvent:
CDCls.

Results obtained for the synthesis of two PEO chaiasromonomer$16 and M8
indicated the difficulty of a quantitative couplingsing “click” reaction between
polymers and alkyne/azido-containing multifunctibnempounds because of the less
precisely balanced stoichiometry between azido akgine groups® Therefore, the
synthesis of one PEO chain macromonomers was teeslaped from unsymmetrical
mono-alkyne cyclobutene, based on the succes®@ythithesis of macromonomén®
andM4.

82



Chapter II. Synthesis of PEO macromonomers by “click” reaction

[I-2.3.c. One PEO chain macromonomers synthesisligk” reaction

One PEO chain macromonoméi8, M10, M11 (Scheme II-14) were then prepared in
turn from PEO-N 2 000 and an equivalent 8f 10 and 11, respectively, byclick”
reaction in the presence of CuBr/PMDETA as thelgsttan DMF at room temperature.

O ~O
{

M9 M10

§N\
oMo Rt
o) 44 o) N=N 44

M11 o) N=N 44
Scheme [1-14.0ne PEO chain macromonom&49, M10 andM11.

The'H NMR spectra (Figure 11-15) of macromonomers shiee appearance of the
proton on the triazole ring fai10 andM11 at 7.5 ppm (10, Figure 1I-15, B; 8, Figure
[I-15, C) and next to 8.2 ppm foM9 (7, Figure I1I-15, A) because of the
electroattractive carbonyl group fnposition. The methylene group next to the triazole
ring (8, Figure 11-15, A; 11, Figure 1I-15, B@®, Figure 1I-15, C) appears at 4.5 ppm.
In all cases, integrations of cyclobutene olefialpeof the triazole ring signal and of the
methoxy end-group peak gave 2:1 and 2:3 ratiofpertwely, indicating complete
“click” coupling. The results of the coupling remets were reported in Table 1l-4. The
SEC results show that the coupling products haightsl higher molecular weights
than the PEO-p2 000 precursor: such results are consistent théhformation of the

macromonomers. Moreover, all macromonomers havePbig (< 1.07).
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Figure 11-15. *H NMR spectra of (AM9, (B) M10 and (C)M11; solvent: CDGJ.
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Table 1I-4. Characteristics ab-cycobutenyl PEO monomethyl ether macromonomers
M9, M10 andM11.

Conv?| Yield" c d
Mnnvr €| Mnsec q
Sample name (%) (%) PDI
(g/mol) | (g/mol)
POE-N2 000 - - 2037 3200 1.05
M9 > 95 70 2293 3400| 1.0p
M10 > 95 75 2335 3450| 1.0¢
M11 > 95 73 2245 3400| 1.0p

2 Determined byH NMR from the reaction mixture, CDCAs the solvent. After purification.® Number-
average molecular weight determined by NMR, CDCL as the solvent Number-average molecular
weight and polydispersity measured by THF SEC Wthdetector, calibration with linear polystyrene

standards.

Structure of macromonomers was also confirmed byLBIIRTOF analysis. MALDI-
TOF mass spectra showed only one series of pealksabéilh macromonomer (Figure II-
16). The difference in mass between each peal spattra is estimated as 44, which
indicates that the signals are assignable to th® R&mologues. The major peaks
labeled 2097.82 (Figure 1I-16, A), 2140.31 (Figuré6, B) and 2049.25 (Figure II-16,
C) are made up of sodium-ionized macromononwds M10, M11, respectivelywith

40 ethylene oxide units (calculated values = 20B7.3139.58 and 2049.20,
respectively).
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Figure 1I-16. MALDI-TOF mass spectra a@b-cyclobutenylPEO monomethyl ether
macromonomers (AY19, (B) M10 and (C)M11 (matrix: DCTB + NaTFA).

Previous studies indicated that symmetric or unsginmcyclobutene precursors were
stable up to 106C for a duration of 2f> which allows to realize the ROMP in a wide
range of temperatures. Accordingly, thermal stgbif macromonomers was studied.
The thermal behavior of one PEO chain macromondviid®d was evaluated by TGA
under N conditions in order to determine the degradati@mgerature. The
macromonomer showed no change of weight at ZD0exhibiting only one-step
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degradation process, and the temperature of tie5fivo weight loss decomposition was
340 °C (Figure II-17). Additionally, the structue M10 was not changed after a
thermal treatment from room temperature to £G0using a rate of 16C/min as

evidenced byH NMR spectrum oM10 after treatment (Figure 11-18).
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Figure 1I-17. TGA thermogram of macromonomigil0 with a heating rate of 10

°C/min under nitrogen.
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Figure 11-18. *H NMR spectrum oM 10 after thermal treatment; solvent: CRCI

87



Chapter II. Synthesis of PEO macromonomers by “click” reaction

Conclusion

A series of original PEO macromonomers with a “ROMe” group has been

synthesized according to a “click” reaction stratégyn commercially available PEO.

Three w-oxanorbornenyl PEO macromonomers were synthedigettlick” reaction

between PEO-N of different molecular weights and a succinimidedzh
oxanorbornene precursor (Scheme 11-15). #HeNMR, MALDI-TOF and SEC results
of the resulting macromonomers indicated that tobkcK” coupling of PEO and

oxanorbornene precursors occurred in a quantitatase

o)
: NmN%VO% NV\,N%VO%]
0 N=N

0
M2-500,n=11
M2-2000, n = 44 /_@ _

2000, = M4-2000, n = 44
M2-5000. n = 105 J M4-5000, n = 105
0 AN
44
M9 o)

Scheme 11-15.PEO macromonomers with a “ROMP-able” group synttessin this

work by “click” reaction.

This strategy has also been applied with the cytlie as “ROMP-able” entity.
Succinimide-based cyclobutene precursor was syagtes from cyclobutene
dicarboxylic anhydride in high yield and engagedairiclick” reaction with POE-RI

2 000 and 5 000 to form twe-cyclobutenyl PEO macromonomers 2 000 and 5 000
(Scheme II-15).
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A series of cyclobutene precursors was then symtbgsrom 3,4-bis(hydroxymethyl)
cyclobutene (prepared from cyclobutene dicarboxghbtiydride) that contained one or
two alkyne or azido groups. First, symmetric bisyak) and bis(azido)-functionalized
cyclobutene precursors were synthesized. The fuftiek” reaction didn’t allow to
obtain a quantitative functionalization of PEO. Ftris reason, unsymmetric
cyclobutene precursors were developed fs3,4-bis(hydroxymethyl)cyclobut-1-ene
with one alkyne group and an orthogonal protectimgnon protecting group and
different hydrophobic chains. They contain:

- An orthogonal protecting group and one alkyne groumroduced from
propynoic acid and 5-hexynoic acid, this lattepaihg to move away the
“ROMP-able” group and being expected to increasehidrophobicity of
the resulting macromonomer.

- One alkyne group and a hydroxyl functionality whagduld be used directly
as initiator for ROP or could be modified in ATRRtiator’® or RAFT agent

to introduce a new polymer chain, as studied imiad chapter of this work.

The *“click” reaction was realized between PE®-R 000 and the unsymmetric
precursors. The near quantitative functionalizanérPEO 2 000 with “ROMP-able”
cyclobutene precursors (Scheme 11-15) has beerirowed by'H NMR, MALDI-TOF
mass and SEC analysis.
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Chapter I11. Synthesis of a-cyclobutenyl macromonomers by RAFT polymerization

Introduction

Reversible addition-fragmentation chain transfeARR) process is one of the most
versatile controlled/living free radical methods geepare complex macromolecular
structures. It can be used with a wide range of anmrs such as (meth)acrylates,
styrene, (meth)acrylamides and is tolerant towardsriety of functional groups such
as hydroxyl, acid, and amidé.Recently, a number of studies have demonstrated th
compatibility of RAFT polymerization together witlring-opening metathesis
polymerization (ROMP) in the “grafting through” appch?° This strategy has given
access to a series of polynorbornene backbone-tmassk copolymers with a variety of
morphologies by using styrene (Stygrt-butyl acrylate {BA), methyl acrylate (MA)
and methyl methacrylate (MMA). Herein, we are iegted in this “grafting through”
strategy to synthesize polybutadiene graft copotgni®m macromonomers with self-
assembling properties allowing the polymerizationdispersed media. Furthermore,
RAFT polymerization gives access to macromonomeiis water-soluble and thermo-
sensitive properties. The latter could be usedHterpreparation of responsive water-
soluble molecular brush®sin solution or in dispersed media from polyacryien

macromonomer$ or double-hydrophilic macromonomers.

In this chapter, we present the synthesis of acy®lobutene-based chain transfer agent
from a trithiocarbonate chain transfer agent aacefficiency in RAFT polymerization
of acrylate and acrylamide monomers to foareyclobutenyl macromonomers. The
combination of “click” and RAFT polymerization watso used to prepare cyclobutene-
based block copolymers from cyclobutene-based chrammsfer agent, poly(ethylene
oxide) (PEO) and acrylic monomers. Firstly, a PEE3dal RAFT agent was synthesized
from a dual-functionalized “click”-RAFT agent cydlotene by “click” reaction. It was
then used as a macromolecular chain transfer ag@eatro-CTA) for the RAFT
polymerization of N-isopropyl acrylaminde (NIPAM) affording cyclobutebased
poly(ethylene oxidep-poly(N-isopropylamide) (PE®-PNIPAM) copolymers.
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I- Synthesis of cyclobutene-based chain transfer agt synthesis

S-1-dodecyl-S’+¢, o’-dimethyl- a’-acetic acid) trithiocarbonat&2 (Scheme IlI-1) was
chosen as the RAFT agent because of its high dhesfer efficiency and control over
radical polymerizatiod? Moreover, it was proven to be compatible with tROMP-
able” norbornenyl functionality asa-norbornenyl macromonomers have been
successfully synthesized by RAFT polymerizafidf.Furthermore, its carboxylic
functionality allows for the facile introduction ahfferent functional groups such as
butene-1,4-didf, alkyne group® or a polymeric chaiff into the RAFT agent structure

by esterification.

The chain transfer agent (CTA) containing a cycteba groupl4 (Scheme IlI-1)was
synthesized by esterification between acyl chlofiand alcohol7.*> Compound? has
been chosen as cyclobutene-containing reagent $edalias two functional orthogonal
groups, benzyl and hydroxyl, which are supposed atlow the synthesis of
macromonomers with two different chains. The hygtogroup will be used to
introduce a CTA; the benzyl group can easily berategted by various reagetitand

the resulting hydroxyl functionality could be fuethmodified in an initiating group, a

)
2.
CpoHpsS< S CyoH,5S-_-S<__COCI 7 OH ©
127125
T K — K
S r,5h S rt, 18 h

S
0 M
12 13 S SCppHys

14 o

CTA or a “clickable” moiety.

COOH 1. (COCl);

Scheme llI-1. Synthesis of cyclobutene-functionalized CTA

Acyl chloride 13 was prepareth situ from the commercially available CTA2 and an
excess of oxalyl chloride. After removal of the arfrhating agent in vacud, 3 was
immediately reacted with a stoichiometric amount oésulting in an evolution of HCI
gas. Purification of the reaction mixture by siligal column chromatography eluted
with dichloromethane (DCM) providestin high yield (80%) as a yellow oitH NMR
and HRMS analyses confirmed the structure and thigypof 14. 'H NMR spectrum
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(Figure 111-1) shows a shift of the methylene gromgxt to the hydroxyl group (10,
Figure 1lI-1, A) from around 3.65 ppm to 4.25 pph®’ Figure IlI-1, B) corresponding
to the protons linked to the acetyl group. The Vijmptons of cyclobutene also shifted
from 5.95-6.05 ppm (1 & 2, Figure IlI-1, A) to 6@318 ppm (1’ & 2’, Figure llI-1, B)
indicating the modification of the OH functionalityntegration area ratios of the
cyclobutene olefin peaks (1" & 2’, Figure llI-1, Bnd the methyl peak of the CTA
(14’, Figure llI-1, B) gave a 2:3 ratio which denstrated a quantitative coupling.
Moreover, high resolution mass spectrometry (HRNBalysis revealed a molecular
weight for14 (M + H" = 551.2687) in exact agreement with the calculatdde (M +
H" = 551.2687).
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Figure I1-1. *H NMR spectra of (Akis-4-benzyloxymethyl-3-
hydroxylmethylcyclobut-1-ené and (B) cyclobutene-based CT4; solvent: CDC.

This new CTA has then been tested to prove itscieffcy to promote RAFT

polymerization of acrylate and acrylamide monomers.
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lI- RAFT polymerization using cyclobutene-based chim transfer agent

The ability of14 to mediate RAFT polymerization has been studiedgusthyl acrylate
(EA) andN-isopropyl acrylamide (NIPAM) as monomers.

[1-1. RAFT polymerization of ethyl acrylate

CTA 14 was first engaged in RAFT polymerization of EA hwit2,2-
azobis(isobutylronitrile) (AIBN) as the radical fiaitor in toluene at 65C** (Scheme
11-2).

~O 1
o n /\©
o oJ © S
i SJ\SC H
O\H><SJ\ AIBN, toluene, 65 °C 121725
O
14

SC12H 25 o n

o o o

Scheme llI-2 RAFT polymerization of EA using cyclobutene-fuocialized CTA14.

The kinetics of RAFT polymerization of EA using CTIA has been performed using
the following conditions: [EAJ[14]/[AIBN] o/[DMF], = 100/1/0.1/30 in toluene (1/1
v/v) at 65°C. N,N-dimethylformamide (DMF) was used as the intertahdard in order
to determine the monomer conversion, calculated ffdBmMNMR analysis, using
equation 1:

It

H
t

Conversior= 1—% x100 (1)

H
IO
DMF

where, I, and ItH are the integrations for the vinyl protons of BA5.70-5.80 ppm at

initial moment and over time of polymerization, pestively, while12,,- and I, are

the integrations for the formamide proton of DMF8a02 ppm at initial moment and
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over time of polymerization, respectively (Figuré-2). Details of the Kkinetic

investigations are listed in Table 1lI-1.

Table IlI-1. RAFT polymerization of EA usin@4 as the CTA and AIBN as the

initiator in toluene at 68C.

. . . M n,calc ° M rISECC
Run Time (min) Conversin(%) R PDI°
(g/mol) (9/mol)
1 30 23 2850 3700 1.11
2 60 48 5350 5770 1.08
3 90 64 6 950 7 800 1.06
4 120 72 7 550 8 600 1.08
5 150 75 8 050 8670 1.08

2 Monomer conversions were determined usiHgNMR spectroscopy by comparing the integrations of
the vinyl resonances (at 5.70 - 5.80 ppm) and dhmdmide proton resonance of DMF (at 8.02 pgm).

Mpcae. = ([EAlJ/[14]c)*(molar mass of EA)*(EA conversion) + molar mass the chain-ends?

Number-average molecular weight and polydispersindex measured by steric exclusion
chromatography (SEC) in tetrahydrofuran (THF) wigtfractive index (RI) detector, calibration with

linear polystyrene standards.

75% conversion of EA (Entry 5, Table 1) has beeathed after 150 min, which is in
good agreement with the efficiency of trithiocarbtail? in the RAFT polymerization
of EAM

During the RAFT process, the In([MJM]) versus time plot (Figure 111-3, B) clearly
showed linearity up to 72 % of monomer conversioniclv is compatible with a
constant concentration of propagating species. déwation from linearity can be

attributed to biradical coupling reactions.
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Figure 111-2. *H NMR spectra of the raw polymerization with tinte the RAFT
polymerization of EA using4 as the CTA; solvent: CDgl
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Figure I1I-3. (A) Evolution of monomer conversion with time am) first-order
kinetic plot for the RAFT polymerization of EA ugiiCTA 14.

As shown in Figure IlI-4, the number-average mol@cweight measured by SEC with

RI detector Mnsec) values are close to the calculated ones. Mhesec increased
linearly with conversion. The polydispersity ind@0OlI) first decreases with conversion
to reach low values (1.06 at 64% conversion). Thboye 72% conversion, PDI begins
to increase, since the probability of terminatieaations increases when the monomer

concentration decreasté?’
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Figure IlI-4. Evolution of My sec and PDI with conversion for the RAFT

polymerization of EA using CTAA4.

The SEC chromatograms (Figure 11I-5) show a sloftards higher molecular weights
as the polymerization time increases. Symmetritabrmatograms are also observed

throughout the polymerization up to 48% of monocwversion.

24 -
< 75% conv.

72% conv.

-~ 64% conv.

- 48% conv.

<« 23% conv.

Rl Response (i)
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Retention Time {min}

Figure IlI-5. Evolution of SEC traces (using RI detection) withe for the RAFT
polymerization of EA using CTAA4.

The high molecular weight shoulder observed in 3l trace at high conversion (>
64%) is consistent with radical coupling reactiombis hypothesis is in accordance
with previous studies on the polymerization of EAing CTA 12 as it was

demonstrated a loss of molecular weight control anmésulting PDI of 1.43 when a
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high molecular weight EA homopolymeMsec = 6800 g/mol) was targeted. To check
the occurrence of cyclobutenyl copolymerizatiomRAFT polymerization was realized
with an initially low monomer to CTA ratio (40/1Yhe RAFT polymerization was
allowed to reach a high monomer conversion to er¢la¢ conditions of the eventual
polymerization of cyclobutene. Monomer conversioaswdetermined fromH NMR
spectroscopy by following the disappearance ofwuimgl peaks of EA at 5.80 ppm,
using the methylene peak at 4.50 ppm (6, Figuré)llbf CTA 14 as an internal

standard.

After 24h of polymerization, the EA monomer convensreached 90%. Thid NMR
spectrum of the resulting polymer after purificatioy precipitation in water (Figure 1ll-
6) showed the presence of the double bond of cytdmie at 6.1-6.2 ppm (1 & 2, Figure
[11-6), and the ratio of vinyl peak integration afclobutene and the methyl peak
integration of CTA at 0.9 ppm (18, Figure III-6) approximately 2/3, indicating that

the cyclobutenyl group df4 remains intact during the polymerization.
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Figure 111-6. *H NMR spectrum ofi-cyclobutenyl poly(ethyl acrylate) macromonomer;
solvent: CDC.

SEC chromatogram with RI detector (Figure llI-7, gowed an unimodal molecular
distribution with PDI of 1.06 also confirming theellscontrolled polymerization. The
retention of the trithio-moiety terminus in the ulgng polymer was confirmed by the

presence of a peak on the SEC chromatogram witividtet-visible (UV-Vis) detector
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at 309 nm (Figure IlI-7, B), corresponding to thesarption of the chromophoric C=S
bond of the RAFT agent.

2 Mn =2 700 g/mol
PDI = 1.06

1
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Rl response
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Figure IlI-7. SEC traces ai-cyclobutenyl poly(ethyl acrylate) with (A) Rl deter
and (B) UV-Vis detector at 309 nm.

Furthermore, the exact structure of the polymer e@adirmed by matrix assisted laser
desorption/ionization-time of flight (MALDI-TOF) ns& spectrometry analysis. The
MALDI-TOF mass spectrum showed only one series edks which has a constant
value between peaks of/z = 100.05 (Figure 111-8), corresponding to one EAitu

(calculated value = 100.05 g.rf#y] The peaks at/z = 1874.00 (calculated value =
1873.91) and an/z = 1973.98 (calculated value = 1973.96) are attribitedodium-

ionized polymer with a 4-benzyloxymethyl-3-hydroxgthylcyclobut-1-ene group at
one chain-end and a trithiocarbonate moiety witto@ecyl chain at the other chain-end,

where number of EA units are 13 and 14, respegtivel
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Figure 111-8. MALDI-TOF mass spectrum af-cyclobutenyl poly(ethyl acrylate);
matrix: 2-[2E)-3-(4+ert-butylphenyl)-2-methylprop-2-enylidene]malononir{DCTB)

+ sodium iodide (Nal).

All data presented demonstrated that the RAFT pehzation of EA mediated by CTA
14 is well-controlled and importantly the cyclobutemeiety of CTA14 is conserved
under the RAFT polymerization conditions, allowitm synthesize macromonomers

with a-terminated cyclobutenyl group quantitatively.

[1-2. RAFT polymerization of N-isopropyl acrylamide
NIPAM was polymerized in dioxane at 7C over selected time intervals usifg as

the RAFT CTA and 4,4-azobis(4-cyanopentanoyl addCPA) as the radical
initiator*? (Scheme 11-3).
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Scheme 111-3 RAFT polymerization of NIPAM using cyclobutenenafttionalized CTA
14.

The initial [NIPAM]J/[14]/[ACPA]J/[DMF], was maintained at 100/1/0.1/30.
Monomer conversions were monitored as a functiortime by comparison of the

integration of the vinyl resonances (5.55-5.65 pwh)NIPAM and the formamide

proton resonance of DMF (8.02 ppm) and based oategul. Experimental data for
the RAFT polymerization of NIPAM are summarized iable II-2.

Table IlI-2. RAFT polymerization of NIPAM using4 as the CTA and ACPA as the

initiator in dioxane at 76C.

Run | Time (min)| Conversidr(%) m ®(g/mol) | M nsec® (g/mol) | PDI°
1 30 34 4 390 4700 1.14
2 75 72 8 680 10 000 1.08
3 120 86 10 260 10 900 1.11
4 150 93 11 050 11 500 1.11
5 180 94 11170 10 560 1.14

2Monomer conversions were determined ustidNMR spectroscopy by comparing the integratiothef
vinyl resonances (at 5.55-5.65 ppm) and the forrdanpiroton resonance of DMF (at 8.02 ppth).

M calc. = (INIPAM]/[14],)*(molar mass of NIPAM)*(NIPAM conversion) + molanass of the chain-

end.® Number-average molecular weight and polydisperisitiex measured by SEC in DMF with RI

detector, calibration with linear polystyrene stats.

The 'H NMR spectra (Figure 111-9) showed a decrease h#f vinyl peaks of the
monomer at 5.50-6.30 ppm with time, and a nearlgngjtative disappearance of the

vinyl protons peaks was observed after 180 minobfrperization.
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Figure 111-9. *H NMR spectra of the raw polymerization with tinge the RAFT
polymerization of NIPAM mediated by CTA4; solvent: CDC.

The pseudo-first-order kinetic plot remains modthear at low-to-high conversion
(93%) indicating a constant radical concentratioerabwe polymerization of NIPAM
mediated by CTAL4 (Figure 111-10, A).

Figure I1I-10B shows the evolution d¥l,sec and PDI during the RAFT polymerization
of NIPAM. Molecular weight increased gradually withe up to 93%. From the inset,

we can observe a linear increaseMfsec with conversion (up to 93%)he Mnsec,
determined by SEC in DMF with RI detector, are satmet higher than those predicted
by theory Similar molecular weight overshots have also beéserved for the
polymerization of other acrylamide monomé&tsow PDIs were also observed over the
polymerization € 1.14). Significantly, the SEC traces are unimaatal free from high
molecular weight termination products (Figure 111}1
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Figure 111-10. (A) Evolution of monomer conversion with time afirdt-order kinetic
plot and (B) evolution of molecular weight and Ridth conversion for the RAFT
polymerization of NIPAM mediated by CTA4.
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Figure IlI-11. Evolution of SEC traces (using RI detection) withe for the RAFT

polymerization of NIPAM mediated by CTA4.

The'H NMR spectrum (Figure 11I-12) of the polymer issuom Run 1, Table III-2

after purification by precipitation from diethyl hetr showed the double bond of
cyclobutene at 6.1-6.2 ppm (1 & 2, Figure lll-1@yd the ratio of vinyl peak integration
of cyclobutene at 6.10-6.17 ppm and the methylerak integration (6, Figure I1I-12) at
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4.50 ppm is approximately 2/2, indicating the cyeltenyl group orl4 remains intact
over the course of the polymerization.
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Figure 111-12 . *H NMR spectrum ofi-cyclobutenyl polyil-isopropyl acylamide)
(PNIPAM) macromonomer (Run 1, Table IlI-2); solveDMSO d.

Furthermore, the MALDI-TOF mass spectrum (Figut€lB) showed only one series of
peaks of the expectadcyclobutenyl PNIPAM. The difference in mass of eaignal
of the series was roughly estimated as 113.07 yedtd value = 113.16 g.mb)l
indicating the signals were assignable to the PMIR®mologues. The peaks at m/z =
3062.25 and at 3175.51 were assigned to a PNIPANMisting of 22 and 23 NIPAM
units with a 4-benzyloxymethyl-3-hydroxylmethylcgblut-1-ene group at one chain-
end and a trithiocarbonate moiety with a dodecwirtlat the other chain-end ionized by

a sodium ion, respectively (calculated value mB062.79 and 3175.95).
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Figure 11I-13. MALDI-TOF mass spectrum af-cyclobutenyl PNIPAM; matrix:
DCTB + Nal.

All together, these data indicateat the RAFT polymerization of NIPAM mediated by
CTA 14 is well-controlled and that the cyclobutene-moiefyCTA 14 was conserved

during the polymerization.

llI- Synthesis of cyclobutene-based block copolymer by RAFT

polymerization

The ability of the trithiocarbonate moiety to madi&RAFT polymerization was then
used to synthesize unsymmetrical macromonomersamighpolymer chain issued from
RAFT polymerization, and one PEO chain obtainedmfrtclick” reaction. Such

macromonomer is expected to show thermo-respopsogeerties that could be used for

the polymerization in dispersed media.
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[11-1. Synthesis of cyclobutene-based PEO macromolecular chain transfer agent

[1I-1.1. Synthesis of a dual cyclobutenyl-functitinad “click”-RAFT agent

The cyclobutenyl-functionalized “click’-RAFT agenl5 was synthesized from
precursorll. 15 comprises a trithiocarbonate chain transfer fumetiity for RAFT
polymerization, an alkyne group for ‘click” reacticend a cyclobutene functionality as
the “ROMP-able” group (Scheme llI-4).

o

\
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ClZHZSS\n/S7<COOH 1. (COCl), ClZHZSS\n/S7<COCI 11 “—OH
S S rt, 18 h j\
o)
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12 SCyoHos

Scheme ll11-4.Synthesis of a dual cyclobutenyl-functionalizedc¢kl-RAFT agentl5.

The coupling reaction was realized under the samnditions as previously reported for
CTA 14. Purification of the reaction mixture by silical ggolumn chromatography
eluted with DCM provide45in high yield (80%) as a yellow oitH NMR spectrum of
the purified product shows a shift of the methyl@eak next to the hydroxyl group of
11from 3.70 ppm to 4.25 ppm (10, Figure I1I-14) icating a linking with acetyl group.
Integration area ratios of the cyclobutene olefaaks (1 & 2, Figure 11l-14) and the
methyl peak of the CTA moiety (14, Figure lll-14vg a 2:3 ratio, which demonstrated
a gquantitative coupling betwed® and11. Furthermore, the integrations of cyclobutene
olefin peaks (1 & 2, Figure II-14) and thesCH proton peak (9, Figure 1I-14) gave a
2:1 ratio, indicating that the alkyne group remdinmtact after introduction of the

trithiocarbonate functionality.
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Figure 11-14. *H NMR spectrum of the dual-functionalized “click’ART agent
cyclobutenel5; solvent: CDC.

The synthesis of cyclobutene-based PEPNIPAM block copolymers can be done
according to two pathways. The first one consistghe RAFT polymerization of
NIPAM in the presence dI5 as the CTA followed by a “click” reaction with &EP
chain. Previous studies on the combination of RABAlymerization and “click”
reaction have shown the compatibility of those teactions->>* However, the “click”
reaction between two polymers has been alreadyrtexpon the chapter Il and has
proven not to be quantitative. Consequently, theoisé strategy consisting in the
synthesis of PEO-based RAFT agent fraBhand PEO-N chain by “click’ reaction,
which will then be used as the macro-CTA for the FRApolymerization has been

chosen to achieve cyclobutene-based block copokimer

[1I-1.2. Synthesis of a macromolecular chain transigent by “click” reaction
Cyclobutene-based PEO macro-CTL5 has been synthesized from CTI& and

azide-terminated PEO 2 000 g/mol by “click” reantionder the same conditions as

previously reported for PEO macromonomers in chidp{&cheme III-5).

109



Chapter I11. Synthesis of a-cyclobutenyl macromonomers by RAFT polymerization

E(%

/QVC% CuBr/PMDETA
+ N3

44 DMF, 1, 24h

SClezs

E(%

NcN

AN
a4

SC12H25

Scheme 111-5. Synthesis of PEO-based RAFT agktit5 by “click” reaction.

'H NMR spectroscopy showed a nearly quantitativevewsion from the alkyne group
to triazole five-membered ring after 24h reactiomet, as observed by loss of the
acetylene proton signal at 1.97 ppm (9, Figureldl)-and appearance of the triazole
proton resonating at 7.50 ppm (14, Figure llI-IB}Yegrations of cyclobutene olefin

peaks, the triazole ring signal and the methoxy-gnodip peak gave approximately a
2:1:3 ratio, indicating “click” coupling has occuke
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Figure 111-15. *H NMR spectrum of the cyclobutene-based PEO madra-[115;

solvent: CDd.

The SEC trace usingRI detector showed that thelicmuproduct has a slightly higher
molecular weight than the PEG;R 000. The SEC traassing UV-Vis detector (Figure
[11-16) also showed the absorption at 309 nm cqoeding to the C=S bond of

trithiocarbonate-moiety, and confirming the trittéobonate functionalization of PEO.
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Figure 1lI-16. SEC traces using UV-Vis detection at 309 nm ferPEO-N and
cyclobutene-based PEO macro-CWAS.

This result confirms that the azide-alkyne coppsekyzed cycloaddition is compatible
with the trithiocarbonate functionality. This madtd-A has then been engaged in
RAFT polymerization of NIPAM in order to obtain ayatobutene-based PEB-
PNIPAM with water-soluble and thermo-sensitive pdies.

[11-2. RAFT polymerization of N-isopropyl acrylamide using cyclobutene-based

PEO macromolecular chain transfer agent

The synthesis of a cyclobutene-based RERNIPAM was performed according to the
same conditions as already reported for the RARYnperization of NIPAM with14 as
the CTA (Scheme llI-6).

MNM% E( MNV T

( ACPA, dioxane, 70 °C o S SCyoHys
n
SC12"'25 o

(0] NH
M15-NIPAM

Scheme 111-6. RAFT polymerization of NIPAM mediated by the ma&@adA M15.
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The reaction was monitored By NMR spectroscopy by following the decrease of the
vinyl peaks of the monomer at 5.55-5.65 ppm conmgawith the formamide proton
peak of DMF at 8.02 ppm used as an internal reterevith time. The results, reported
in Table 11I-3, showed that the RAFT polymerizatistopped at 34 % monomer
conversion probably because of the contact wittgery Nevertheless, the SEC trace of
the block copolymer is symmetric unimodal curveftet towards shorter elution time
as compared wittM15 (Figure IlI-17). However, the molecular weights aevays
higher than those predicted by calculation becafisbe higher hydrodynamic volume
of PEO as compared with polystyrene (PS) standafdSEC. Furthermore, th&H
NMR spectrum of the block copolymer after precitiita in diethyl ether shows a
signal with a chemical shift of 6.17 ppm, which responds to the vinyl protons of
cyclobutene group. The ratio of vinyl peak integmatof cyclobutene and the methyl
peak integration oM15 at 4.50 ppm (3, Figure 11I-18) is approximately 2indicating

that the cyclobutenyl group dvil5 remains intact during the polymerization.

Table IlI-3. RAFT polymerization of NIPAM usiniy115 as the CTA and ACPA as the

initiator in dioxane at 76C.

Run Tir-ne Conversiofl (%) m ® (g/mol) Mnsec” PDI°
(min) (g/mol)
1 30 23 5100 10 070 1.10
2 75 34 6 390 11 400 1.12
3 120 34 6 390 11 400 1.12

2Monomer conversions were determined ustidNMR spectroscopy by comparing the integratiothef
vinyl resonances (at 5.55-5.65 ppm) and the forrdanpiroton resonance of DMF (at 8.02 ppth).

M calc. = (INIPAM]4/[M15]c)*(molar mass of NIPAM)*(NIPAM conversion) + molanass ofM15. ¢

Number-average molecular weight and polydispeiisidgx measured by SEC in DMF with RI detector,

calibration with linear polystyrene standards.
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Figure IlI-17. SEC traces using UV-Vis detection at 309 nm ferdiiclobutene-based
PEO macro-CTA and cyclobutene-based HERPNIPAM block copolymers.
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Figure 111-18. *H NMR spectrum of cyclobutene-based PE®NIPAM block
copolymer; solvent: DMSOgd
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Conclusion

The synthesis ai-cyclobutenyl macromonomers issued from RAFT polgragion has
been studied in order to give access to new macromers with potential self-
assembling properties. An original CTA agé&dt(Scheme IlI-7)has first been obtained
from the cyclobutenyl precurs@rand its ability to promote RAFT polymerization of
EA and NIPAM has been demonstrated.

: 0 =N
)MN
EC ° o7,
S
S
o J E(O PR
S SC12H25 S SC12H25

14
© 0]

M15
Scheme 111-7. Cyclobutene-based (macro)chain transfer agents.

The RAFT polymerization studies of EA and NIPAM noomers show the high
efficiency of CTA14 with a well-controlled polymerization. The cycldbne-moiety of
CTA 14 remains intact in both RAFT polymerization condisofof EA and NIPAM).
This method enables the synthesis of well-definedyclobutenyl-functionalized
macromonomers with controlled molecular weight andhposition as well as narrow
molecular weight distribution (PDis1.14).

Cylobutene-based PEB®PNIPAM block copolymers have then been prepared by
combination of “click” reaction with PEO chain aRRAFT polymerization of NIPAM

mediated byM15 (Scheme IlI-7). The copolymers show an unimodal wetl narrow

molecular weight distribution (PDts1.12) with Mnsec from 10 700 to 11 400 g/mol.
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Chapter IV. Ring-opening metathesis polymerization of oxanorbornenyl- and
cyclobutenyl-functionalized macromonomers

Introduction

The synthesis of graft copolymers has been widtlgied since the development of
living polymerization processes and allows to desigll-defined structures. Amongst
the main synthetic approaches that have been dmalothe “grafting through”

strategy, which relies on polymerization of apprai@ macromonomers, has proven to
be one of the most useful ways to get well-defigeaft copolymers since it allows a

good control on grafts, on backbone lengths, angrafis density.

Although the “grafting through” approach offers satility in the construction of
complex macromolecular systems, it is likely to @mtter steric hindrance during the
polymerization of high molecular weight or sterlgabulky macromonomers. To
overcome this issue, ring-opening metathesis paiyaggon (ROMP) has often been
used, which is driven by the release of enthalpynficyclic monomer structures and
affords a polymer backbone with relatively loosefting density? Furthermore,
ROMP has proven to be orthogonal with reversiblectieation radical polymerizations
(RDRP) and numerous works have reported the systlugsgraft copolymers from
macromonomers obtained by RDRP with the “ROMP-abl@gka)norbornenyl

functionality>°

ROMP of macromonomers with the “ROMP-able” cyclantl functionality was first
reported by our group in 2008 This “ROMP-able” functionality has not been much
exploited because of the hazardous character di swonomer synthesis*® The
previous works reported about the ability of cycit#myl macromonomers to
polymerize by ROMP have shown that the cyclobutdagiktionality is less reactive
than the norbornenyl functionality despite its higing strain of about 30
kcal/molX®**" Furthermore, polymerization of cyclobutenyl- or orebornenyl-
functionalized macromonomers is still deficient gmeparing very high molecular
weight copolymers. Use of ROMP in dispersed aqueonedia such as mini-emulsion
has to be considered as it has been previously rshibat radical polymerization of
amphiphilic macromonomers in selective solventslead to unusually rapid reactions
and products having high molecular weights, becasiseh macromonomers are
organized into micelles with the hydrophobic polyin&ble end-groups concentrated in

the cores (Scheme IV-1§° Although ROMP'?? and acyclic diene metathesis
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ADMET polycondensatidfi in aqueous emulsion have been previously desciibtte
literature, to our knowledge, no study has beeonted up to now concerning the use of
amphiphilic macromonomers for ROMP in mini-emulsiddevertheless, Héroguest

al. have recently reported the use of amphiphilic miadrators for ROMP in a mini-

emulsion procesd.?®

"
ROMP / m‘*[Ru}
in dispersed media 0 Ph
a
[-00000000000000 == iy

O,
Cyclobutenyl- or oxanorbornenyl-functionalized %OOO%O
amphiphilic macromonomers

Scheme IV-1.Schematic representation of ROMP of cyclobuteaykxanorbornenyl-

functionalized macromonomers in dispersed media.

In this chapter, we first report the ROMP in sadatiof amphiphilic cyclobutenyl- and
oxanorbornenyl-functionalized macromonomers preWous/nthesized in order to
check the reactivity and the compatibility of pdt{ylene oxide) (PEO), of
poly(meth)acrylate or of poly(meth)acrylamide macommmers towards ROMP.
Indeed, we have previously observed that cyclolytiemctionalized polystyrene
macromonomers were much less reactive in ROMP tiiain poly(styrends-tert-butyl

acrylate) homologues; such result shows the evemtflaence of the structure of the

macromonomet*

The surfactant properties of the macromonomers hiérem been studied using
complementary techniques to assess critical micetlacentration (CMC) in order to
establish their ability to stabilize an interfadkel common surfactants do. Such
macromolecular structures can be used as stakilizgmini-)emulsion processes. The
ability of the macromonomers having a CMC to beduss surfmers (surfactant-

monamer) in ROMP in dispersed aqueous media has thenibgestigated.
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- ROMP in solution

The reactivity in ROMP in solution of the oxanorbenyl and cyclobutenyl
macromonomers previously synthesized has beenestudihird generation Grubbs’
catalyst 63) with 3-bromopyridine ligand was used becausexitidts much higher
values of krelative to Ik than the first and second generation Grubbs’ ystsiG1 &
G2) and hence vyields polymers with narrow moleculaight distributions’?° G3 has
also proved to be efficient for the ROMP of (oxapwnene-terminated poly(ethylene
7 31-32 é31—32

oxide)°, poly(meth)acrylate®32 polystyren " poly(e-caprolactoné) and
polylactide*=®

I-1. ROMP of oxanorbornenyl-functionalized macromonomers”

The oxanorbornenyl macromonoméd® with molecular weights ranging from 500 to
5000 g/mol were subjected to ROMP (Scheme IV-2na&3 (Scheme IV-3), and the
living polymers were terminated using ethyl vingter to give the final product.

0]
o), G3mDCM
m // N/Y\N%\/ /\(\N o
=N n =/
5 N=N N=N n

Scheme 1V-2.ROMP of oxanorbornenyl macromonom#afa.

—N N~ N
N\Mes Mes T Mes “Mes
Cl\r A\
|/I|?u_\ _N—Ru—\ < N N

Ph _ Ru "
CysP B H3C(F3C)2OC""/'M0—\§©
f N
’
| N | HsC(F4C),0C
A N
Br
G2 Schrock catalyst
G3 G3'

Scheme 1V-3.Structure of Grubbs and Schrock catalysts.

Reactions were carried out in dichloromethane (D@Mh various macromonomer-to-
catalyst ratios ([MJ[l] o) at room temperature with a macromonomer conceorraf
0.05 M (Table IV-1). DCM was preferred to tetrahynan (THF) sinceM2-2000 and
M2-5000 show a poor solubility in THF at the concentrasiarsed M2-500 was easily

“Part of this chapter was publishediacromolecule01Q 43, 5611-5617.
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polymerized to near quantitative yield in 1-4 h eleging on the desired molecular
weight (Table IV-1, runs 1-4).

'H NMR spectroscopy indicated the disappearancén@fvinyl proton signal at 6.50
ppm as shown in Figure IV-1 and the emergence eftrdins and cis vinyl proton
resonances at 6.05 and 5.75 ppnirédbs & cis), respectively (Figure IV-1, Table V-1,
run 2). NMR spectroscopy also evidenced that thezdle moieties are preserved
throughout the ROMP process (resonance$lifNMR at 7.72 ppm:; 5). Size Exclusion
Chromatography (SEC) traces of the polymers arevsha Figure IV-2. As can be
seen (Figure 1IV-2, (B) & (C)), the line profile igerfectly symmetrical with no
observable high or low molecular weight shouldéds polymers issued froniM2-500
were obtained with low polydispersities (Table I\Vrlins 1, 2 & 4) ranging from 1.06
to 1.17. These results are in contrast to thosaayr reported in literatute® where
broad polydispersities were observed, typicallyuach1.6, when (co)polymerizing PEO
functionalized imide monomer (however using otherlfased catalysts), suggesting to
be caused by the combination of PEO with the imitmctionality®. The

number-average molecular weights1 {) obtained SEC in THF, calibrated with

polystyrene, were as much lower than the targetes @s the [MJ[l] o ratio is high
(Table IV-1, runs 1-4). This disparity can be atited to different hydrodynamic
volumes of these polymers compared to linear pplgse standard. It is also well-
known in the literature that the measured values tlle molecular weights
underestimate the true molecular weights of comlyrpets by up to a factor of 6.
Additionally, THF is a poor solvent for PEO in whicthe copolymer contracts
substantially, leading to a dramatic decrease rdgynamic volumé® However, the

weight-average molecular weights1(,) determined by static light scatterfngre in

rather good agreement with the targeted valuesl¢Tabl, runs 2 & 4) indicating most
catalyst initiated the ROMP process. These values}0 650 and 61 050 g/mol, can be

related to the weight-average degree of polymedamat (DR,) of 54 and 83, for

[M]o/[l] o ratios of 50 and 100, respectively which evidentdes near quantitative

conversion of the macromonomers.

* This work has been done by Dr. M. E. Levere witk framework of a 9 months post-doctoral position
financed by the ANR under contract ANR_08 BLAN_010#/cloROMP")
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Table IV-1. ROMP of oxanorbornenyl PEO macromonomers u§Bgatalyst®

Conv? | Conv¢ . Trans
Run | Macromonomer | i | Mt | Ul aiNmR | sEC M nsec M, ° | PDI' | [cig
(g/mol) | (M) %) %) (g/mol)

1 M2-500 10 7 661 1 100 99 9900 - 1.0p 50/50
2 M2-500 50 37 941 1 100 99 22 800 40 650 1.17 50/50
3 M2-500 100 75 791 1 20 a0 20 000 - 1.09 50/50
4 M2-500 100 75 791 4 100 100 23 500 61 050 1.15 50/50
5 M2-2000 10 22 491 1 100 98 29 300 - 1.07 43/%7

6 M2-2000 50 112 091 1 25 - - - - -

7 M2-2000 50 112 091 4 61 58 37 700 - 1.10 43/%7

8 M2-2000 50 112 091 24 60 60 46 300 - 1.04 43/57

9 M2-2000 100 224 091 24 - 5 - - - -

10 M2-5000 10 48 261 4 90 90 57 800 - 1.06 75/25
11 M2-5000 10 48 261 24 - 90 57 800 - 1.0b -
12 M2-5000 50 240 941 24 - 61 67 500 - 1.08 -
13 M2-5000 100 481 791 24 - 1 - - - -

#Results are representative of at least dupIica;tpetriarnentsb Macromonomer to Grubbs’ catalys8 ratio.© M ntheo = M_nmacromonomé({[M] Jd[1] g)xConv.NMR +

Mexr. @ Determined by comparing the peak areas of oxannemyt ring of the grafted copolymer and residuatroemonomer frontH NMR of the crude product.
Determined by comparing the peak areas of graftgmblgmer and residual macromonomer from stericuesich chromatography (SEC) measurement of the crude
product. " Number-average molecular weight and polydispensigasured by SEC in THF with refractive index (R#tector, calibration with linear polystyrene
standards? Determined by static light scatteridgDetermined by comparing the peak areas @fatid H.ans Of the CH= groups of the backbone frdshNMR of the

grafted copolymer.

121



Chapter IV. Ring-opening metathesis polymerization of oxanorbornenyl- and cyclobutenyl-
functionalized macromonomers

1 6, 2 trans |
¥
5 transcis 2cis 4 _
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Figure IV-1. '"H NMR spectrum of polyoxanorbornegePEO 500 (Table IV-1, run 2);
solvent: CDG.
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Figure IV-2. SEC traces of (Ap-excoxanorbornenyl PEO monomethyl etihé2-
500, (B) polyoxanorborneng-PEO 500 (Table I1V-1, run 1) and (C)
polyoxanorborneng-PEO 500 (Table V-1, run 2).

However,M2-2000 and M2-5000 were only able to form polyoxanorbornegEO
with relatively short backbone length (Table IVrlins 5 & 10). The resulting grafted
copolymers have been characterized using both SEHONMR techniques. The grafted
copolymers had apparent molecular weights highem thlae macromonomers
precursors, and the molecular weight distributibthe grafted copolymers remained as
narrow as PDI = 1.06 — 1.07 (Table IV-1, runs 5 @& Eigures VI-3 & VI-4). The'H
NMR results were similar to the one shown in Figdrel. Increase of the reaction time

for macromonomer-to-catalyst ratios of 50 and 1@hdiallow a complete conversion
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of the macromonomers (Table IV-1, runs 6-9 & 1eTmacromonomer chain length
seems to be a critical factor towards the convargiobably due to the limiting effect
of the macromonomer steric hindrance during thepggation step. Furthermore the
rich-oxygen macromonomers could give competitiverdmation with the ruthenium

with the result of lowering the rate of polymeripat Indeed, such competitive
coordination of catalyst has already been descrioedPEO macromonomeétsor

ether-containing monomef$.

T 1 T T 1 T T LI T 1
1M1 115 12 125 13 135 14 145 15 155 16 165 17 175
Retention Time {min)

Figure IV-3. SEC traces of (Ap-excoxanorbornenyl PEO monomethyl etihé2-
200Q and (B) polyoxanorbornergePEO 2000 (Table IV-1, run 5).

1 1 1 T 1 1. T 1 T 1T T 1T T T T1
9 95 10105 11 115 12 125 13 135 14 145 15 155 16 165 17 1
Retention Time {min)

Figure IV-4. SEC traces of (Ap-excoxanorbornenyl PEO monomethyl etihé2-
5000 and (B) polyoxanorbornergePEO 5000 (Table IV-1, run 10).

Polyoxanorborneng-PEO 500 was shown byH4 NMR to have a backbone tacticity

that was equallyis andtrans (Table IV-1, runs 1-4) whereas polyoxanorborngne-
PEO 2000 and 5000 had tacticities that were 57%/7&8%dtrans, respectively. Similar
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results have already been mentioned in the litezatoir polynorborneng-PEO 700,

1200 and 2306°

The thermal behavior of polyoxanorborner®EO copolymers (Table V-1, runs 1, 5
& 10) was evaluated by thermo gravimetric anal\{§i&A) under N conditions in
order to determine the degradation temperatureact €opolymer (Figure IV-5). The
polyoxanorborneng-PEO copolymers exhibited a one-step degradatiocess, and
the temperature range of the first 5 % weight dssomposition was determined to lie

between 372 and 386 °C, indicating no influencenefREO length.

100
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60 H

Weight (%)

404

(A)
(B)
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Universal V4 4A TA Instruments

Temperature (*C)
Figure IV-5. TGA thermograms of (A) polyoxanorbornereREO 500, (B)
polyoxanorborneng-PEO 2000 and (C) polyoxanorborne®EO 5000 with a heating
rate of 10 °C/min under nitrogen.

[-2. ROMP of cyclobutenyl-functionalized macromonomers
ROMP of cyclobutenyl PEO macromonomers is expetbedfford graft copolymers

with a strictly 1,4-polybutadiene backbone and aace control over the placement of

the PEO grafts resulting from a pure head-to-heshgement.
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I-2.1. ROMP of succinimide-based cyclobutenyl PEE@remonomomers

Polymerization of thew-cyclobutenyl PEO macromonom&i4-2000, which has a
similar symetrical structure as the-excoxanorbornenyl POE macromonomer
M2-2000 was first performed according to the conditionseadty reported (Scheme
IV-4).

ROMP of o-cyclobutenyl PEO macromonomers wi@8 as the initiator did not occur
whatever the PEO length. Another third generatiorub®s’ catalyst containing
substitutionally labile pyridine and chloride ligé(G3’, Scheme [IV-3) and exhibiting
both fast initiation and high reactivit§’*°*’was tested for the polymerization, but all
failed to produce polymer with no detectable yieklich behaviour is related to the
electronic effects of the allylic substituents ahéa after initiatior>>° The II-acceptor
carbonyl groups in 3 and 4 positions on the cydehe decrease activation barriers for
the ring-opening™>* Moreover, the coordination to the emerging rutbemicarbene
metal center could result in a stable chelatiomugh the 5-membered ring between
metal center and oxygen after the initiation stépt tdisfavors the propagation

Step*5+57

0 0O
0]
m N/\/\,N%\/O% —ROMP__ N0
N=N 44 N=N 44

O m ©O
M4

Scheme 1IV-4.ROMP ofw-cyclobutenyl PEO macromonomigid-2000.

The molybdenum Schrock initiator Mo-(NAr)(CHCNECMe(CR),). was then used
for the polymerizatioh. Its efficiency has been proven by successful pelyzation of
3,4-disubstituted cyclobutenes with different fuocal groups such as ester and ether
which do not polymerize with the first generationuBbs’ catalyst®** However, this
catalyst is limited by the high oxophilicity of thmetal center, which renders them
sensitive to oxygen and moisture, and the polyragdm requires an inert atmosphere
and rigorously purified, dried, and degassed sd$vand reagents.

* This work has been done in the LCPO, Bordeaux &fsity under the supervision of Dr. V. Héroguez.
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Toluene was chosen as the solvent because it dignginees the most monodisperse

polymer!*** Macronomomers were twice lyophilized to elimindtaces of water

before polymerization. Reactions were carried outliied and deoxygenated toluene

and were terminated by adding benzaldehyde in exegh [M]o/[l] o ratios of 6 and 10

at room temperature with a macromonomer conceatratf 0.05 M.M4-2000 was

polymerized to quantitative yield in 16 and 24 lalfle VI-2).

Table IV-2. ROMP of cyclobutenyl PEO macromonom#&t4-2000using Schrock

catalyst.
Macromon M ntheo® Conv- M nsec®
Run M]o/[1] &2 t (h) H NMR PDI
omer (g/mol) %) (g/mol)
1 M4-2000 6 13 200 16 ~100 15 000 1.17
2 M4-2000 10 22 000 24 ~100 22 000 1.10

& Macromonomer to Schrock catalyst rattoM ntheo = M_nmacromonoméf([M] J[1]g)xConv. NMR +

Meyr.” Determined by comparing the peak areas of cycloiyliténg of the grafted copolymer and
residual macromonomer froftd NMR of the crude producf. Number-average molecular weight and

polydispersity measured by SEC in THF with RI d&ggacalibration with linear polystyrene standards.

'H NMR spectroscopy indicated the disappearancehefvinyl proton signal of the
macromonomer at 6.44 ppm and the appearance ofitieproton resonances of the
backbone at 5.20-5.60 ppm. NMR spectroscopy algtesued that the triazole moieties
are preserved throughout the ROMP process (resesancH NMR at 7.72 ppm;
triazole-H). However, SEC traces of the resultiogalymers showed the presence of a
major high molecular weight peak and a minor lowewalar weight peak (Figure IV-6,
A and B). The low molecular weight peak had the esaatention time as that of PEO-
N3 still present after “click” coupling as the stoismetric alkyne-azide ratio is hard to
reach with macromolecular structures. This hypothdsms been checked by the
MALDI-TOF analysis of thevi4-2000 (Figure 1V-7). The MALDI-TOF mass spectrum
of M4-2000 presents two populations, the major populatiomesmponds tdVvi4-2000
ionized by N& (calculated value = 2134.29, experimental valuel35212 for n = 43)
the minor one corresponds to PE@-nized by N& (calculated value = 2061.35,
experimental value = 2060.14 for n = 45).
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Figure IV-6. SEC traces of polybutadieigePEO 2000 with (A) [My/[l] o of 6 and (B)
[M]o/[l] o Of 10 (Table IV-2, runs 1 & 2).

2135.12 o
=z J(\/Ol
2091.22 NY\,’\' A
N=N
(0]
1000 n =43, [M+Na*] calc.2134.29

found. 2135.12

vtoh

n

800

P
k) 600 n = 45, [M+Na*] calc. 2061.35
c found. 2060.14
g
£

400 2060.14

L1
///
L]
200 Sl

0- M o PV T " W LLLLL

1400 1600 1800 2000 2200 2400 2600
m/z

Figure IV-7. MALDI-TOF mass spectrum d#14-2000 containing PEO-R (matrix: 2-
[(2E)-3-(4+tert-butylphenyl)-2-methylprop-2-enylidene]malonon#r{DCTB) + sodium
trifluoroacetate (NaTFA)).

In the case of [M}[l]o = 6 (Table IV-2, run 1), the high molecular weigigak shows a
shoulder which has been attributed to double médecweight PEO present in the
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commercial product (Figure IV-6, A). In additiorhet high molecular weight peak
detected for the polymer issued from ] o ratio of 10 (Table IV-2, run 2) presents a
high molecular weight shoulder (Figure IV-6, B),ialhcould be due to the back-biting

between two polymeric chains.

The ability of unsymmetrical POE, poly(ethyl actga and polyl-isopropyl

acrylamide) macromonomers to polymerize by ROMPH=es studied.

[-2.2. ROMP of unsymmetrical PEO macromonomers

MacromonomerM10 was chosen to study the reactivity eofcyclobutenyl PEO
macromonomers towards ROMP in solution among eallsynthesized macromonomers
as it shows a critical micellar concentration (CMi@)water (reported latter in this
chapter) that is expected to be powerful for theliss of ROMP in dispersed aqueous
media.

The third generation Grubbs catalyst has first vwsen as its efficiency to initiate the
polymerization of 1-substituted cyclobutenes beaperarge variety of side groups such
as ether, ester and amine in solution has beereprév’®* Reactions were carried out
in DCM with a [M]y/[l]o ratio of 10 at room temperature (Scheme I[V-5) wath

macromonomer concentration of 0.01 and 0.1 M (Tabig, runs 1-2).

~) )

o ROMP
m Grubbs initiator

N0} OO}
M10 o N=N 44 0 N=N 44

Scheme IV-5.ROMP ofw-cylobutenyl PEO macromonomigtl10.
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Table IV-3. ROMP of cyclobutenyl PEO macromononit0 usingG2 andG3 catalysts

M1 T t Conv? v .
c emperal
Run | Catalyst| Solvent ] ° | Mateo t (h) PEIAY 3 MR | 7 MSEC | pppe
MIJ[o* | (mollL) | (g/mol) ure {C) ) (g/mol)
1 G3 DCM 10 0.01 23 000 3 25 ~75 bimodal 1.17
2 G3 DCM 10 0.1 23 000 3 25 ~100 15 000 1.17
G2 Toluene 10 0.01 23 000 148 70 ~10(0 19 800 1.07
4 G2 Toluene 20 0.01 46 000 48 70 ~10Q 26 900 1.14
G2 Toluene 30 0.01 69 000 48 70 ~10Q 38 000 1.10

aMacromonomer to Grubbs’ catalyst ratidnitial concentration of macromonomer solutfol ntheo = M_nmacromonomé(([M] o[1] 9)xConv.NMR + M. ¢ Determined

by comparing the peak areas of vinyl proton ofghafted copolymer and residual macromonomer ftBNMR of the crude product.Number-average molecular

weight and polydispersity measured by SEC in TH# Rl detector, calibration with linear polystyrestandards.
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When a green solution @3 was added to a colorless solution of monomerctier
immediately changed to yellow, which implies the mediate initiation of the
polymerization. After 3h, at low macromonomer cartcation,M10 was polymerized

to 75% conversion. By increasing the macromonoroacentration from 0.01 up to 0.1
mol/L, a quantitative polymerization was observedlhown by the disappearance of the
vinyl proton signal ofM10 at 6.10 ppm and the appearance of the vinyl proton
resonances of grafted copolymer at 5.10-5.50 asdtetl in the'H NMR spectrum
(Figure IV-8).

)

O

M(w%

S MMM —

T T T T T T T T T T T T
75 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 30 25 2.0 15 1.0 0.5 ppm

Figure IV-8. 'H NMR spectrum of 1,4-polybutadiemePEO 2000 fronM10 (Table
IV-3, run 2); solvent: CDGI

However, the SEC trace showed the presence of arrh@h molecular weight peak
and a minor low molecular weight peak (Figure IVA), The low molecular weight
peak had the same retention time that the PEOrMhacromonome¥i10 and has been
removed by reprecipitation of a solution of the euwbpolymer in THF into diethyl
ether. The filtrate was evaporated and the resuliésidue has been analyzed B¢
NMR spectroscopy. ThEC NMR spectrum of the residue (B, Figure I1V-10) wkd
the presence of PEOsMNnNnd of 1,4-polybutadiengPEO. Macromonomeayi10 was not
observable in this residue. This result confirmiealt the minor low molecular weight
peak corresponds to PEG-kh excess after the “click” coupling and that ROM&s
guantitative. The SEC trace of purified polymer wad an asymmetric distribution

(PDI = 1.14, Figure IV-9, B) with a small extensitmwards low molecular weight
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which is caused by the back-biting of polybutadievith Grubbs and Schrock type

catalysts> %

(B) purified polymer

(A) Crude polymer

141 12 13 14 15 186
Retention Time {min)

Figure IV-9. SEC traces of polybutadiegePEO synthesized from ROMP bf10
initiated byG3 (A) before and (B) after purification.
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Figure 1V-10. °C NMR spectra of (A) cyclobutenyl PEO macromonoid0 and (B)

residual PEO-hIseparated from crude polymer; solvent: CPCI

To minimize the chain transfer phenomenon, ROMPaidirst- or second-generation
Grubbs catalyst G1 & G2) was realized™** The reactivity of G1 catalyst
((CysPLRUChL(CHPh)) seems to be too low towards cyclobutenylysigreneb-
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poly(tert-butyl acrylate) macromonomers, probably as a coresemp of the steric
hindrance effect of the polymeric chain, as alreadgerved with a cyclobutenyl and a
norbornenyl macromonomer bearing two polymeric mdHi** The G2 catalyst
((IMesH,)-(CysP)RuUChL(CHPhH)), one of the most active ROMP catalysts cencrally
available, is less used despite its higher actias/the polymerizations are, in general,
less controlled®> However, it has already been used for polymeodmatf hindered
macromonomers such as cyclobutenyl and norborneradromonomers, leading to
well-defined graft copolymers with narrow polydisgiey indices:*>* In particular,
previous studies in our laboratory have demongiréte efficiency of initiatoiG2 to
polymerize a-cyclobutenyl polystyrené-poly(tert-butyl acrylate) macromonomers in
toluene at 50-76C for 7 days:

The first attempt usings2 and macromonomevl10 was performed according to the
conditions reported for a-cyclobutenyl polystyrene-poly(tert-butyl acrylate)
macromonomers. The ROMP was carried out in tolweitie a [M]o/[l] o ratio of 10 at
70 °C with a macromonomer concentration of 0.01 M. Affedays, the'H NMR
spectroscopy indicated the disappearance of the proton signal oM10 at 6.10 ppm.
The SEC trace showed the presence of a major hajé@coiar weight peak and a minor
low molecular weight peak (Figure IV-11, A). Thewlomolecular weight peak
corresponds to unreacted PEQ@dXN already shown. In contrast to the ROMP u§i3g
the high molecular weight peak was unimodal andmsgtric indicating a well-defined
1,4-polybutadieng-PEO copolymer, with a low polydispersity index (P® 1.07,
M nsec = 19 800 g/mol) (Table V-3, run 3) without anyai transfer phenomenon.

(B)

©
(A)

A

T T T T T T T T T T T T T
oms 11 115 12 125 13 135 14 145 15 155 16 165
Retention Time (min)

Figure IV-11. SEC traces of 1,4-polybutadiegdPEO fromM10 initiated byG2 with
[M]o/[1]o Of (A) 10, (B) 20 and (C) 30.
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The same conditions were successfully applied tMR®@f M10 with [M]y/[l] o ratios of
20 and 30'H NMR spectroscopy showed that a complete macromen@onversion
was obtained after 48 h, in all cases (Table IMt8)s 4 & 5). Furthermore, the
unimodal SEC traces (Figure IV-11, B & C) of thafycopolymers obtained showed a
consistent shift towards high molecular weight witbreasing the [M][l] o ratio, while
the polydispersity indices remain low indicatingathwell-defined graft copolymers
have been prepared. The small amount of residu@)-REcan be simply removed
through reprecipitation of a solution of the cryg@lymer in THF into diethyl ether
thanks to the difference in solubility between PE®and graft copolymers. The SEC
trace of purified polymer showed only one peakrmafftgcopolymer (Figure IV-12, B).

(A) Crude polymer

l

(B) Purified polymer/

11 12 13 14 15 16
Retention Time {mim

Figure IV-12. SEC traces of 1,4-polybutadiegdPEO fromM10 initiated byG2 with
[M]o/[l] o of 30 (A) before and (B) after purification.

[-2.3. ROMP of RAFT-derived macromonomers

The reactivity and compatibility of-cyclobutenyl poly(ethyl acrylate) and pdN{
isopropyl acrylamide) macromonomek$l4-EA and M14-NIPAM towards ROMP

have then been studied3 was used as the initiaton-Cyclobutenyl poly(ethyl

acrylate) macromonomers wittv .segc = 5 350 g/mol (Table IlI-1, run 2) and

a-cyclobutenyl polyl-isopropyl acrylamide) macromonomer witlt .sec = 4 700
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g/mol (Table IlI-2, run 1) were subjected to ROMPOCM with a [M}/[l] o ratio of 10

at room temperature with a macromonomer conceatrati 0.05 M (Table 1V-4).

Table IV-4. ROMP ofa-cyclobutenyl macromonoméf14 usingG3 catalyst in DCM
with [M]o/[I] o Of 10.

Conv.'H v .
Run Macromonomer Time (h) NMR?® niheo M nsec”
PDI°
o (g/mol)
(%) (g/mol)
1 M14-EA 2 65 53 000
bimodal distribution
2 M14-EA 24 70 53 000
3 M14-NIPAM 24 0 47 000 - -

% Determined by comparing the peak areas of vinyltqroof the grafted copolymer and residual

macromonomer fromfH NMR of the crude producf’. M ntheo = M_nmacromonomé?([M] o/[1] g)xConv.

NMR + Mey. ¢ Number-average molecular weight and polydispersigasured by SEC in THF with RI

detector, calibration with linear polystyrene stairts.

The ROMP ofa-cyclobutenyl polyl-isopropyl acrylamide) macromonomer did not
occur at all (Table IV-4, run 3). This behaviour kblbe explained by the high
concentration of acrylamide groups that can rasulbhibition of the catalytic cycle in
initiation step by competitive binding to the rutiem metal centet®®’ In situ
deactivation of the amine-containing groupa Bronste@®®or Lewis acid
addition/°has been reported to affect metathesis reactionarfne-containing

compounds.

In contrast, the ROMP of poly(ethyl acrylate) mamomomer was effective, leading to
1,4-polybutadiengrpoly(ethyl acrylate) with 70% conversion after 24h reaction
(Table IV-4, runs 1 & 2). This relatively low yielof ROMP of high molecular weight
macromonomer is believed to mirror the difficultiytbe macromonomer double bonds
to get coordinated to the vacant site of the ttarsimetal*> These macromonomers
showed a similar behaviour as macromonoM&0, and it is expected that the use of
more favorable conditions.e G2 catalyst in toluene at 7AC, could allow to reach a

guantitative conversion.
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[I- ROMP in dispersed media

The previously synthesized macromonomoners are gsetpof a poly(ethylene oxide)
hydrophilic block and a hydrophobic sequence teateéid with an unsaturation. It is
expected that such structures could be usedudsnersin (mini-)emulsion ROMP.
Such a strategy has the advantage to bring clbegydlymerizable groups into the core.
The surfactant properties of the-cyclobutenyl or ®-oxanorbornenyl PEO
macromonomers have been studied by static lightesoay (SLS) and by steady state

fluorescence spectroscopy using pyrene as a pootetérminate the CMC.

[1-1. CMC determination of macromonomers

I1-1.1. SLS measurements

A range of PEO macromonomers have been analysed @&iS. A summary of the

macromonomers properties is listed in Table I¥/-5.

Table IV-5. Characterization of the PEO macromonomers in patemby static light

scattering.
Run Sample My* Mo 2A, (x 10°%°
(g/mol) (g/mol)
1 M2-500 481 757 -55.4
2 M2-2000 2381 2240 9.31
3 M2-5000 5250 4 817 6.75
4 M9 2383 2293 -0.0045
5 M10 2029 2235 -28.13

 Determined by static light scatterirﬂ;.Mn,NMR = Mppeot Mexr Where M, peo is the number-average
molecular weight of poly(ethylene oxide) detecmirlsd'H NMR spectroscopy and & is the molar

mass of the chain-entidetermined by Zimm plot.

In all cases, the weight-average molecular weighlts of the macromonomers,

calculated using the Zimm methodology, are in gamteement with the values

* This work has been done by M. E. Levere in coliation with Pr. C. Chassenieux, within the
framework of a 9 months post-doctoral position (iBag-September 2010) financed by the ANR under
contract ANR_08 BLAN_0104 (“cycloROMP”)
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calculated by'H NMR spectroscopy. The second virial coefficieAs, provides a
measure of the aggregation behaviour of the macromers in solution, with a more
positive value indicating increased solute-solvetdractions and a more negative value

indicating increased solute-solute interactiaresrfore aggregation).

When a short PEO chain in macromononM2-500 is used, the second virial
coefficient determined by the gradient of the Zinpiot is negative, indicating that
interactions between the chains are occurringh&sPEO chain increases in length, the
second virial coefficient of the macromonomer beesrmositive, suggesting that there
is less aggregation between these macromonomeis.igtbecause the ratio of the
hydrophobic end-groups with respect to the watérde PEO chain decreases and so,
the hydrophobic chain-end is less able to exerinflnence over the behaviour of the
macromonomer in aqueous solution. As siMB;2000andM2-5000did not aggregate

in solution.

Similar result has been obtained with cyclobutereedanacromonomevi9, which do
not aggregate in water. Changing the structurehefrhacromonomer by inserting a
hydrophobic chain (-CH); exerts a strong influence over the behaviour @ th
macromonomer in aqueous solution. The cyclobutased macromonomei10
shows a negative second virial coefficient, indigatattractive forces between the
polymer chains. It is predicted from these resuhat raising the concentration

sufficiently may eventually cause the macromonom&0 to aggregate in solution.

[I-1.2. Fluorescence spectroscopy

The CMC of macromonomers has been determined fn@nflilorescence spectroscopy.
Previous studies demonstrated the fluorescencgrehp and pyrene-3-carboxaldehyde
as an effective means to determine CMC of selentadonic, anionic and cationic
surfactants’’? Fluorescence probes such as pyrene and pyrené8xaidehyde
which are sensitive to the polarity of the soludig medium will exhibit different
fluorescence behavior in micellar and nonmiceltdusons. Such changes of behaviour
as a function of surfactant concentration have bessd to determine the CMC of

surfactants. In case of pyrene-3-carboxaldehydesstom spectrum was obtained by
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exciting samples at 380 nm. The emission spectriimpycene-3-carboxaldehyde in
water exhibits a single peak at 469 nm. The deeraasthe Anax Of pyrene-3-
carboxaldehyde in surfactant solution is an indocadf the solubilization of the probes
in a more hydrophobic environment than water, hydrophobic micellar coré$:” In
case of pyrene, the excitation spectrum shows oa& pe 333 nm characteristic of
pyrene in an aqueous environment and one peakB8ab 881 characteristic of pyrene in
a hydrophobic environment (Figure 1V-13, A). An liease of the value o3k dl333
indicate the transfer of pyrene molecules from gewanvironment to the hydrophobic

micellar core<?

Two macromonomer@10 andM15) were chosen to perform CMC measurements as
M10 presents an aggregation in water avitl5 contains a high hydrophobic chain
-C12H2s. All macromonomer solutions were prepared using miatélasks containing a
thin layer of pyrene or pyrene-3-carboxaldehyde ¢eatration: 5x18 mol/L) and were
stirred at room temperature for 24 hours to endulledissolution. The change in
ls3sdl333 as a function of the loy[10], is given in Figure VI-13, B. The first break
point indicates a CMC fav110 at 3 mg/mL.
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Figure IV-13. (A) Excitation spectra of pyrene (5xifol/L) in aqueous solutions of
M10 at different concentrations, and (B) semilogarithpiot of the intensity ratio

(1338 dl333) from pyrene excitation spectvarsusthe concentration d¥110 in water.

On the other hand, pyrene-3-carboxaldehyde waseohas fluorescence probe for the

CMC determination oM15 becausdM15 presents an absorption band from 250 to 350
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nm due to its trithiocarbonate moiety that coulduaehce the absorption and emission
of pyrene. Figure 1V-14 indicated that the CMCM15 was 0.3 mg/mL at which a
marked decrease in thg.x parameter of pyrene-3-carboxaldehyde occurred.|Gher
CMC of M15 than that obtained foM10 is attributed to the higher hydrophobicity
induced by the -GHs groupof chain transfer agent RAFT moiety as the hydriphi

part is the same.
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Figure IV-14. (A) Emission spectra of pyrene-3-carboxaldehydd (8xnol/L) in
agueous solutions &f15 at different concentrations, and (B) semilogarithpiot of
theAmax Of emission band of pyrene-3-carboxaldehyde (Sx#6l/L) versus the
concentration oM15 in water;Ae;= 380 nm.

The self-organization of these macromonondi® andM15 in water is expected to

make them good candidates for ROMP in aqueous @disgaenedia.

[I-2. ROMP in dispersed media of oxanorbornenyl- and cyclobutenyl-

functionalized macromonomers
1-2.1. ROMP in dispersed aqueous media of oxanormy| macromonomér

Before testing the ROMP in dispersed aqueous madimetic of ROMPof M2-2000
using G1 in DCM with a [M]y/[]]o ratio of 10 has first been studied By NMR
spectroscopy in order to check the reactivity ocarmxrbornenyl PEO macromomoner

towards ROMP in the same conditions of macromonoooacentration in oil phase

* This work has been done in the LCPO, Bordeaux &fsity, during a 6 weeks stay under the
supervision of Dr. V. Héroguez.
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than those used for the emulsion technidee(.23 mol/L! As shown in Figure IV-15,
a quantitative conversion was obtained after 52utem of reaction attesting the
efficiency of G1 for the ROMP oMM2-2000.
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Figure IV-15. Conversion of macromonomit2-2000initiated byG1 versustime
with a [M]o/[1] o ratio of 10.

The ROMP of oxanorbornenyl PEO macromonoi@r2000 has first been carried out
in micro-emulsion. Moreover, the hydrophobic Grubbatalyst cannot be added
directly into the micro-emulsion medium as watelubte initiator. Thus, two aqueous
micro-emulsions have been prepared. Two identigakaus phases were first prepared
by solubilizing an anionic surfactant such as sedilbdecyl sulfate (SDS) and a co-
surfactant (1-pentanol for this work) in degasseibrized watel. The first micro-
emulsion was prepared by adding to the first agsigghase, an oil phase, which was
composed of macromonomer solubilized in an orgaaleent, whereas the second one
was prepared by adding to the second aqueous phasié phase composed of Grubbs
catalyst solubilized in an organic solvent. Once tWwo micro-emulsion phases have

* This work has been done by Dr. F. Collette witthia framework of a 6 months post-doctoral position
financed by the ANR under contract ANR_08 BLAN_010dycloROMP”) in the LCPO, Bordeaux
University.

“The conditions have been previously optimized ad, C.; Ibarboure, E.; Gaillard, C.; Héroguez, V
in J. Polym. Sci. Part A: Polym. CheB009 47, 4014-4027.
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been mixed together, exchanges between the drapfidieth micro-emulsions enable

the initiator to meet the macromonomer and thggén off the ROMP* 78

This test was realized usin@l as the initiator and a [M]l]o ratio of 10 at room
temperature. DCM was used as the organic solvesblidbilize both macromonomer
M2-2000andG1. However, the polymerization didn’t occur at dtlea 24 h of reaction.
The use of toluene as organic solvent and a reatginperature of 68C did not allow
to increase the macromonomer conversion. This betaviould be explained by the
fact that the two micro-emulsion systems did ndovalan exchange between the

droplets of initiator and of macromonomer.

Mini-emulsion conditions were then selected becabsy enable to minimize inter-
droplet exchanges between macromonomer and cataystroplet emulsion was
prepared by mixing under stirring the oil phase tamning macromonomer, Grubbs
catalyst, hexadecane solubilized in an organicesahand the water phase containing
the surfactant Brij 700. The mixture was subjediedn efficient homogenization by
ultrasonication for two minutes to produce the debpmini-emulsior. The mini-
emulsion polymerization data generated with twofedent [M]y/[l]o ratios are

summarized in Table I1V-6.

Table IV-6. Mini-emulsion of macromonomén2-2000usingG1 as the initiator.

Run Oil phase IMJ[1] &2 Time (h) | Conv. NMR(%) conv. Dy (nm)
SEC (%)

1 DCM 10 24 90 86 109,8

2 DCM 50 24 35 34 169,8

#Macromonomer to Grubbs’ catalyst ratiDetermined by comparing the peak areas of vingtqr of

the grafted copolymer and residual macromonomen ftda NMR of the crude product.Determined by
comparing the peak areas of grafted copolymer asidiual macromonomer from SEC measurement of
the crude product Hydrodynamic diameter of particle obtained aftdr 2 of reaction determined by

dynamic light scattering.

# The mini-emulsion process has been reported iautlir C.; Gnanou, Y.; Héroguez, Macromolecules
2008 41, 3015-3022
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A nearly quantitative conversion was obtained aftérh (Table IV-6, run 1) for a
[M]/[1] o ratio of 10. Particles with an average diametet@ nm were generated and
were stable over two months. In contrast, the cane was only 35% after 24 h of
reaction for a [MJ/[l]o ratio of 50. Such behaviour is related to the lguwantity of
catalyst in the system or the low efficiency®1 for the ROMP 0fM2-2000 at high

DP, .

1-2.2. ROMP in mini-emulsion of cyclobutenyl macooromef’

Two macromonomerd10 andM15 were chosen to study their ability to polymerize
by ROMP in mini-emulsion because of their self-origation properties, which is

expected to make them good candidates as theg acbaomer and surfactant.

In order to gain more insight into the processingtic study of ROMP in DCM o010

and M15 for different [M]y/[l]o ratios in the same macromonomer concentration
conditions as those used in the oil phase of mmusion process was performed. The
third generation Grubbs catalyst has first beersen@s the ROMP initiator because of
its efficiency for the polymerization of cyclobutgn macromonomers in mild
conditions,i.e room temperature. The conversion was determineddoyparing the
peak areas of vinyl group of cyclobutene of redisgoacromonomer and of the triazole
proton of both polymer and residual macromonomemffH NMR of the crude
product.

High conversions were quickly obtained after 10 rafnreaction with low [M/[l] o
ratios of 10-20 and 20 df110 andM15, respectively. The overall polymerization rate
decreased with an increasing M o ratio (Figures IV-16 & IV-17). However, the
crude polymers obtained could not be totally disdlin any solvent such as water,
DCM, THF and DMF. Such behaviour could be ascribedhe back-biting of 1,4-
polybutadiene chains at high macromonomer condémfa® to form multicyclic of

polybutadiene backbone that could increase the aotnpss of copolymers.

“This work has been done in the LCPO, Bordeaux élsity during a 6 weeks stay under the supervision
of Dr. V. Héroguez
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M10 conversion (%)
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Figure IV-16. Conversion of macromonompt10 initiated byG3in DCM versugtime
with a range of [MJ/[1] o ratios of 10-60 with [M] = 0.23 mol/L.
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Figure IV-17. Conversion of macromonomptl5 initiated byG3in DCM versustime
with a range of [MJ/[1] o ratios of 10-80 with [M] = 0.23 mol/L.

The mini-emulsion system was prepared by applyivegsame DCM/water ratio of the

mini-emulsion of oxanorbornenyl macromonomeg, 1.2% because of an evaporation

of solvent under heating of the ultrasonication. iAcrease of DCM/water proportion

from 1.2 to 3.3 % and a decrease of the temper&utéC before ultrasonicatioallow

to form a stable mini-emulsion system. The stabiif monomer droplets was then

monitored as a function of time by DLS. The mononh@plets in the size range of 340

nm were stable over 48h at room temperature.
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An aqueous mini-emulsion ROMP &f110 using a [M}/[l]o ratio of 60 was then
triggered (Table 1V-7).

Table IV-7. Mini-emulsion of macromonomén10 usingG3 as the initiator.

. . Conv.
Oil Time ) D¢
Run Macromonomer M]o/[1] NMR
phase (h) (nm)
(%)
1 M10 DCM 60 24 50 340
2 M10 DCM 60 38 56 350

2 Macromonomer to Grubbs’ catalyst ratiDetermined by comparing the peak areas of vingtqr of
the grafted copolymer and residual macromonomen fitd NMR of the crude product.Hydrodynamic

diameter of particle obtained after 24 h of reactletermined by dynamic light scattering.

The initial droplets size was 300 nm. After 24 hre@diction, the overall conversion was
50% and increases slowly to 56% after 38 h. A fdssxplanation of the decrease of
the polymerization rate might be related to therei@®e macromonomer concentration
per particle as the interval lli,e. third period of kinetic curve, in mini-emulsion

process?
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Conclusion

ROMP of previously synthesized oxanorbornenyl agdiabutenyl macromonomers
has been investigated in solution and in dispensedia.

The ROMP of oxanorbornenyl PEO-based macromonomasscarried out using the
Grubbs catalysG3, leading to a variety of well-defined graft copumlgrs, although the
efficiency of the ROMP process was affected by thelecular weight of the
macromonomers. A series of polyoxanorborngf#e=0 500 with various lengths of the
overall backbone was prepared by controlling thecroraonomer-to-catalyst ratio,
giving access to brush copolymers with low polydisjty index (PDkK 1.17). The long
PEO chain macromonomers 2000 and 5@@0e able to form polyoxanorbornege-
PEO with relatively short backbone length.

Within the cyclobutenyl PEO-based macromonomerseseithe succinimide-based
cyclobutenyl PEO macromonomer was only polymerizgdSchrock catalyst to form
short backbone length because Ihacceptor carbonyl groups in 3 and 4 positions on
the cyclobutene deactivate the double bond tow®@MP initiated by Grubbs
catalysts. 3,4-Substituted cyclobutenyl PEO macronters withlI-donor group have
been successfully polymerized by Grubbs catal@g@sndG3 with a range of [M][l] o
ratios from 10 to 30. It is noteworthy that ROMRtiated by third generation Grubbs
catalyst was efficient but accompanied by chaindfer reactions while ROMP initiated
by second generation Grubbs catalyst resulted Ihdeéned 1,4-polybutadieng-POE
with low PDI < 1.12).

The behaviour of all PEO macromonomers has beemestild aqueous solution. Two
of them show a CMCi.e. cyclobutenyl PEO macromonom&t10 and CTA-based
cyclobutenyl PEO macromonomevil5, with a PEO chain 2000 and a large
hydrophobic segmenki10 and oxanorbornenyl macromonomer with PEO chairD200
M2-2000, have been subjected to ROMP in dispersed aqueod&miéhe preliminary
results demonstrated that the mini-emulsion comakti were efficient for the
polymerization of both oxanorbornenyl- and cyclany-functionalized PEO
macromonomers. The particle size ranges from 1@b@®nm after the polymerization
with conversion from 35-90%.
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L'objectif de cette these était la synthese pdyrmérisation par ouverture de
cycle par métathese (ROMP) de copolyméres grefésdefinis possédant un squelette
polybutadiéne et polyoxanorbornéne et une haute sitden de greffons
poly(oxyde d’éthylene) (POE) selon la stratégieraftgng through » a partir de

macromonomeres amphiphiles a extrémité cyclobutéoganorbornéne.

La synthése des macromonomeres a été réaliséégumion de chimie « click »
catalysée au cuivre entre des précurseurs oxamanheret cyclobuténe fonctionnalisés
par un groupement azoture ou alcyne et des POE eotraux préalablement

fonctionnalisés par un groupement complémentalcgria ou azoture).

Afin de mener a bien ce projet, des précurseurgimaix deérivés
d’oxanorbornéne et de cyclobuténe ont d’abord gidhgtisés. Toute une gamme de
nouveaux monomeres polymérisables en ROMP ont éténos, possédant un
groupement alcyne2(et 4, Schéma 1), deux groupements azoture ou aloyret §,
Schéma 1), un groupe alcyne et une deuxieme fomeid@ autorisant une
modification ultérieureq, 10 et 11, Schéma 1), et enfin un groupe alcyne et/ou une
fonction trithiocarbonate 14 et 15 Schéma 1) qui permet de contrbler une

polymérisation RAFTReversible Addition-Fragmentation chain Tran¥fer

MN\ IE:?N/\ [CNS [COW

3/

ECR

){Q\Q 0 i

5 S” SCyoHos
O

9 :R=CH,CeHs, N =0 14: R = CH,CeHs
10:R = CH2C6H5, n=3 15:R= CO(CH2)3CCH
11:R=H,n=3

Schéma 1Précurseurs dérivés de I'oxanorbornéne et du bytéme synthétisés au

cours de ce travail.

La synthese des macromonomeres a été ensuiteugiepiar la réaction de

chimie «click » a partir des précurseurs fonctidiséa par un groupement alcyne et
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des azotures de POE, ou bien a partir des prégsrBmctionnalisés par un groupement

azoture et de POE a extrémité alcyne.

Une premiére gamme de macromonomeres, dérivés akanbrbornene et
renfermant des chaines POE de masse molaire déab®0 a 5000 g/mol a été obtenue

avec des conversions gquantitatives.

Dans la gamme des dérivés du cyclobutéene, I'anadgse macromonomeres
contenant deux chaines POE (synthétisés a partr mécurseurs avec deux
groupements azoture ou alcyne) a mis en évidenpeekence de POE en excés ou de
macromonomeres monofonctionnalisés par du POE dangroduit final, ce qui
témoigne de la difficulté d’effectuer une réactamchimie « click » sur des polymeres.
En revanche, les macromonomeres possédant une ¢h@ambent été synthétisés avec
succes, ainsi que l'attestent les analyses speopigies (RMN'H, MALDI-TOF) et
chromatographique (SEC).

La synthese de macromonomeéres cyclobuténiques pangdsation RAFT a
également été réalisée. Ainsi, le dérivé cyclobgténl4 (Schéma 1) renfermant une
fonction trithiocarbonate a été engagé en tantgpuide transfert pour le contréle de la
polymérisation de I'acrylate d’éthyle (AE) et 8lbisopropyl acrylamide (NIPAM) selon
le processus RAFT. Les résultats SEC et RMNconfirment que la polymérisation
RAFT est bien contrélée et que la double liaisortyltlobutene demeure intacte durant
la polymérisation. Des polyméres de masses molameyennes prédéfinies et
possédant une distribution étroitg {1 1,11) sont accessibles jusqu'a une conversion
élevée du monomere (~80% avec le NIPAM et 64% 8é0).

La combinaison chimie « click » / polymérisation RRa également été utilisée
pour accéder a des macromonomeres cyclobutényl IPRIEHPAM. Le macro-agent
RAFT a-cyclobutényl POE, synthétisé a partir de I'azotdeePOE et du précurseir
avec deux groupements orthogonaux alcyne et aghRT Ra été engagé avec succes
dans une polymérisation RAFT du NIPAMI{sec= 11 500 g/mol,J=1,11).

Ces résultats ont permis de démontrer l'orthogtéalie la double liaison
cyclobuténique avec le processus RAFT. Compte tdaula grande variété de
monomeres utilisables en RAFT et des potentiati2$a chimie « click », ces travaux

ouvrent la voie a la synthése d’'une large gammmalomonomeres originaux.
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La ROMP des macromonomeres obtenus a ensuite &@eten solution puis

en milieu aqueux dispersé.

La polymérisation des macromonomeéres oxanorbor@gebase de POE 500,
2000 et 5000 a permis d’accéder a des copolymeedteg polyoxanorborneng-POE
en utilisant I'amorceur de Grubbs de troisieme ggt@n (Grubbs IlI). Une série de
polyoxanorbornéng-POE bien définis de différents rapports
[macromonomergj[amorceur} allant de 10 & 100 ont été obtenus avec un indéce
polymolécularité faible (= 1,06 a 1,14) et desasses molaires moyennes en paies
40 650 a 60 050 g/mol a partir du macromonomereQie 500 g/mol.

Dans le cas de la ROMP des macromonomeéres de cyefad différents
amorceurs de Grubbs et Schrock ont été testés.drtmur de Grubbs s’est révélé
inapte a la polymérisation du cyclobuténe imdden raison des groupements carbonyle
électro-attracteurs en positigh de la double liaison du cyclobuténe. Par contre,
I'utilisation d’'un amorceur de Schrock fluoré a s d’obtenir des 1,4-polybutadiene-
g-POEs avec des squelettes couvts ec: 15 000-22 000 g/mol ef 1 1,10-1.17).

La ROMP des macromonomeres synthétisés par polyatiom RAFT a été
également effectuée. Une conversion partielle soBténue en utilisant 'amorceur de
Grubbs 1lI, qui confirme la comptabilité de la coméison RAFT / ROMP pour la
synthese de copolyméres greffés 1,4-polybutadieslensla stratégie grafting

through».

Pour les macromonomeres non symétriques possédentchiaine POE, la
ROMP avec I'amorceur de Grubbs Ill est quantitatiVeutefois, elle s’accompagne
d’'un phénomene de transfert de chaine qui se traduSEC par un chromatogramme
dissymétrique. L’amorceur de Grubbs de deuxiemémgdion a permis d’accéder a une
série  de polybutadiénesPOE bien définis pour  des rapports
[macromonomergj[amorceurj allant de 10 a 30, avec unde 1,07 a 1,11 et urid,,
secde 19 800 a 38 000 g/mol.

De plus, des essais préliminaires de ROMP en mildispersé des
macromonomeres de I'oxanorbornéne et de cyclobuiahété effectués. Si la ROMP
en micro-émulsion n'a pas permis de réaliser laympéfisation, la ROMP en mini-

émulsion a conduit a des résultats encourageantsgyeile laisse entrevoir la
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possibilité de polymériser les macromonomeres dieunilispersé par concentration des

sites réactifs a l'intérieur des micelles.

Ces premiers travaux en mini-émulsion devront ptrersuivis en effectuant la
ROMP de macromonomeres présentant une CBI@igal Micellar Concentratio) et
pouvant jouer le réle deurfmers(Surfactant-monmerg en homopolymérisation et en
copolymérisation. Il serait également intéressantpdursuivre la caractérisation des
propriétés thermosensibles du macromonomeére cy@opuPOEb-PNIPAM en vue

d’'une ROMP en milieu disperseé.

Enfin, les travaux concernant la synthese des mamromeéres renfermant des
chaines de natures différentes mériteraient égalediétre développés. En effet, les
groupements hydroxyle ainsi que la fonction trithilonate des macromonomeres
M11 et M15 synthétisés a partir d&l et 15, respectivementpourraient étre utilisés
pour introduire d’autres types de greffons par payisation par ouverture de cycle ou
par polymérisation RAFT. Cette méthodologie donieaacés a des copolyméres
greffés a squelette 1,4-polybutadiene possédantgdeffons de natures différentes
régulierement alternés le long de la chaine praleipqui sont des précurseurs

d’architectures macromoléculaires originales de ty@anus ».
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Materials

Toluene (99%+), dioxane (Fisher-Scientific, 99%)d atriethylamine (99%), ethyl
acrylate (EA, Aldrich, 98.5%) were distilled oveald. Prior to use, PEO monomethyl

ethers (PEO-OH) 500Ml nnvr = 530 g/mol), 2 000 M nnvr = 2 010 g/mol) and 5 000

(Mnnvr = 4 590 g/mol) were heated at 120°C for 3 h urmdpgen atmosphere to
remove excess water. 2,2’-Azobis(isobutyronitrl@)BN) was purchased from Acros
and recrystallized from methanol before use. N4igppl acrylamide (NIPAM, Aldrich,
99%) was twice recrystallized from hexaheN’-Dimethylformamide (DMF, Aldrich,
99%), dichloromethane (DCM, Aldrich, 99%), hexaffddrich), tetrahydrofuran
(THF, Aldrich, 99.9%), methanol (Pro labo, 99.8%)gSO, (Fisher chemical), NaCl
(Fisher chemical), hydrochloric acid (Aldrich, 37%Jilica gel for column
chromatography (Kieselgel 60, 230-400 mesh Mer€kBr (Aldrich, 99.999%), maleic
anhydride (Aldrich, 99%), furane (Acros, 99%), sodiazide (Nah Aldrich, 99.5%),
ethylenediaminetetraacetic acid disodium (EDTA, Aldy 99%), ethyl vinyl ether
(Aldrich, 99%), N,N-dicyclohexylcarbodiimide (DCC, Acros, 99%), 4-(N, N
dimethylamino)pyridine (DMAP, Aldrich, 99%), N-propargylamine (Acros, 99%
methanesulfonyl chloride (MsCl, Fluka, 99%), sodiacetate (Labosi, 98%), hydroxyl
potassium (KOH, Acros), (E)-1,2-dichloroethene @Aldesar, 98%), Zinc (Aldrich,
99%), Acetic anhydride (Merck, 98.0%), LiAlHAIdrich, 97.0%), Benzyl bromide
(Aldrich, 98%), 5-hexynoic acid (Aldrich, 97%), mgrynoic acid (Aldrich, 95%),
N,N,N,N"”,N"-pentamethyldiethylenetriamine (PMDETA, Aldrich, 99%-1-dodecyl-
S’-(a, o-dimethyl- o’-acetic acid) trithiocarbonate (Aldrich, 98%), &cghloride
((COCl), Aldrich, 98%), 4,4'-azobis(4-cyanopentanoyl aqidCPA, Aldrich, 98%),
pyrene (Aldrich, 99%), pyrene-3-carboxaldehyde (i&ll, 99%), Grubbs catalyst'l
2" and & generations (Aldrich), Schrock catalyst (Strem rciwals), Brij 700
(Aldrich), 1-pentanol (Aldrich, 99%), hexadecanddich, 99%) were purchased from
commercial sources and used without further puatio.
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General Characterization

NMR spectra were recorded on a Bruker Avance 4@@tspmeter forH NMR (400
MHz) and *C NMR (100 MHz). Chemical shifts are reported imppelative to the

deuterated solvent resonances.

Molecular weights and molecular weight distribution®re measured using size
exclusion chromatography (SEC) on a system equippdd a SpectraSYSTEM AS

1000 autosampler, with a Guard column (Polymer katooies, PL gel 5 pm Guard
column, 50 x 7.5 mm) followed by two columns (Pogmbaboratories, 2 PL gel 5 um
MIXED-D columns, 2 x 300 x 7.5) and with a SpectY&FEM RI-150 detector. The

eluent used was tetrahydrofuran (THF) at a flow Gftl mL.mif" at 35°C. Polystyrene

standards (580-4.83 x 16.mol*) were used to calibrate the SEC.

PNIAM Polymers were characterized on a SEC systperating in DMF eluent at
60°C fitted with a polymer laboratories guard colun®i (Gel 5um) and two Polymer
Laboratories PL Mixed D columns, a Waters 410 déifeial refractometer (RI) and a
Waters 481 UV photodiode array detector. The imsént operated at a flow rate of 1.0
mL.min* and was calibrated with narrow linear polystyr¢R8) standards ranging in
molecular weight from 580 g.mblto 460 000 g.mdl. Molecular weights and
polydispersity indices (PDI) were calculated usiigters EMPOWER software.

High resolution mass spectra were recorded on Wala@romass GCT Premier

spectrometers.

MALDI-TOF MS analysesvere realized on a Bruker Bifldd using 2-[(2E)-3-(4tert-
butylphenyl)-2-methylprop-2-enylidene]malononitr{leCTB) as the matrix.

Thermogravimetric analyses (TGA) were performed anTA instruments Q500

apparatus measuring the total mass loss on appatedyril5 mg samples from 20 °C up

to 600 °C at a heating rate of 10 °C.thin a nitrogen flow of 90 mL.mih
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Synthesis of precursors, macromonomers and ROMP

exo-7-Oxabicyclo[2.2.1]hept- 5-ene-2,3-dicarbox@ithydridel

(@]
M@
(@]
1

A 50-mL round-bottom flask was charged with makntydride (5 g, 0.05 mol). 30 mL
of toluene were added and the reaction flask wadeslvuntil the maleic anhydride
completely dissolved. Furan (5.0 mL, 0.075 mol) \adgled and the resulting solution
was stirred for 7 days at room temperature. Thetaly were collected by suction
filtration and washed with toluene. mp: 116-117 Y@&ld: 65%.

'H NMR (200 MHz, CDCJ), 3 (ppm): 6.56 (s, 2HHC=), 5.43 (s, 2H, BOCH), 3.17
(s, 2H, GHC=0).

¥C NMR (50 MHz, CDC}), 3 (ppm): 170.5C=0), 137.3 C=C), 82.1 CHOCH), 48.3
(CHC=0).

Exo-N-prop-2-ynyl-7-oxabicyclo[2.2.1]hept-5-ene-2jBarboximide2
o)
7 N\

O]
2

Anhydride 1 (2.00 g, 12.0 mmol) was suspended in MeOH (50 and the mixture
cooled to 0 °C. A solution afi-propargylamine (1.07 g; 18.0 mmol) in 20 mL of M&@O
was added dropwise (10 min), and the resultingtemuwas stirred for 5 min at 0 °C,
then 30 min at ambient temperature, and finallyurefd for 72 h. After cooling the
mixture to ambient temperature, the solvent wasok&d under reduced pressure, and
the yellow residue was dissolved in 150 mL of DCWlavashed with 3x100 mL of
water. The organic layer was dried over MgSAdd filtered. Removal of the solvent
under reduced pressure furnistzeas a yellow solid. Yield: 1.97 g (9.72 mmol, 81. %)
'H NMR (200 MHz, CDCJ), & (ppm): 6.54 (s, 2H, =8), 5.30 (s, 2H, =6-0), 4.24 (d,
J=2.0 Hz, 2H, Ei»-N), 2.90 (s, 2H, €-CO), 2.20 (tJ = 2.0 Hz, 1H=CH).
¥C NMR (50 MHz, CDCY), 8 (ppm): 172.8C=0), 134.5 (€H-), 78.9 CH-O), 74.48
(C=CH), 69.5 €CH), 45.5 CH-CO), 25.8 (NCH,).
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HRMS (CI-H). Calc. for GiHoNOs + H': 204.2060; Found: 204.0661.

Azido-terminated PEO monomethyl ethers 500, 2 B@M0 g/mol

0 PEO 500 n =11
k v%Ns PEO 2000, n = 44
n PEO 5000, n = 105

PEO-OH monomethyl ether (5 mmol) and triethylam{@e2 mL, 30 mmol) were
dissolved in 50 mL of DCM. The mixture was cooled @ °C. A solution of
methanesulfonyl chloride (5.7 g, 50 mmol) in 10 BCM was added dropwise (over
30 min). The reaction mixture was then stirred 2dr h at room temperature. The
reaction mixture was washed with 50 mL of HCI sioat(1M) and 50 mL of distilled
water. The organic layer was dried over MgSfnd precipitated into diethyl ether.
Mesylated-PEO was obtained as a colorless oil (BE@ or a white powder (PEO 2
000 and 5 000). Thus, obtained mesylated-PEO v&s®ldied in 15 mL of DCM (PEO
500) or in 30 mL THF (PEO 2 000, 5 000) and sodamde (NaN) (3.25 g, 50 mmol)
was added to this solution. After stirring the temat mixture overnight at room
temperature, DCM was added and the organic laysrweshed for another three times
with water and dried over MgSOThe organic phase was evaporated and precipitated
in diethyl ether. The obtained PEQ-Was dried for 24 h in a vacuum oven. The yields
were ranged between 80 and 90 %.

RMN 'H (200 MHz, CDC}), & (ppm): 3.60-3.80(m, 180H, G); 3.38 (s, 3H, El3).

RMN 3C (50 MHz, CDC}), & (ppm): 71.9 CH»-O-CHs) ; 70.5 (CHy-) ; 70.0 CH.-
CH>-N3); 59.0 CHa) ; 50.6 CH2-Ns3).

IR (U cm?) : 2882 (cha), 2097 Ona).

General procedure for the synthesis of macromonomer M2-500, M2-2000and
M2-5000 via “Click” coupling reactions between azido-terminatel PEO

monomethyl ethers and 2.
0

0
M2-500, n =11
7 N/Y\Nji\/of M2-2000, n = 44
_ M2-5000, n = 105
L N=N n
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In a typical experiment, the azido-terminated Pl@nomethyl ether (0.4 mmol) and
PMDETA (0.1 g, 0.6 mmol) were charged to a dry 8okltube along with degassed
DMF (5 mL). The tube was sealed with a rubber sap&ind subjected to six freeze-
pump-thaw cycles. This solution was then cannulatader nitrogen into another
Schlenk tube, previously evacuated and filled wiitinogen, containing Cu(l)Br (0.023
g, 0.16 mmol),2 (0.1 g, 0.4 mmol), and a stir bar. The resultimmutson was
subsequently stirred at room temperature for 4he reaction mixture was diluted with
DCM and then washed with 3x100 mL of an aqueouylatiediaminetetraacetate
solution (0.03 mol/L) to remove the catalyst. Thigamic layer was dried over Mgg0O
and filtered. The resulting macromonomers wereaigol by precipitation into diethyl
ether for than-exacoxanorbornenyl PEO monomethyl eth&t2-2000 andM2-5000 or
by removal of the solvent under high vacuum for thexooxanorbornenyl PEO
monomethyl etheM?2-500.

w-Exo-oxanorbornenyl PEO monomethyl ethdR-500. Yellow brown oil. Yield:
80 %.

'H NMR (200 MHz, CDGJ), 3 (ppm): 7.68 (s, 1H, triazole), 6.50 (s, 2H,H)C5.29 (s,
2H, CH-0), 4.78 (s, 2H, N-8), 4.49 (t,J = 5.1 Hz, 2H, Miazole CH2-CH,-0), 3.85 (t,J
= 5.1 Hz, 2H, NiazoieCH,-CH,-0), 3.60-3.70 (m, 40H, I&,-CH,-0), 3.38 (s, 3H, O-
CHj3), 2.96 (s, 2H, €-CO).

13C NMR (50 MHz, CDCYJ), & (ppm): 175.5 CO), 141.9 C=C-Nyiazold, 136.5 (€H),
123.7 (C£-Nyiazold, 80.9 CH-0O), 71.9 CH,-O-CHg), 70.4 (CH2-0), 69.3 (Niazole
CH,-CH,-0), 59.0 CH3-O), 50.30 (Niazole CH2-CH,-0), 47.5 CH-CO), 34.1 (NEH)).

w-Exo-oxanorbornenyl PEO monomethyl eth-2000. White powder. Yield: 85 %.
'H NMR (200 MHz, CDGCJ), d (ppm): 7.67 (s, 1H, triazole), 6.50 (s, 2H,H)C5.29 (s,
2H, CH-0), 4.78 (s, 2H, N-8), 4.49 (t,J = 5.1 Hz, 2H, Miazole CH2-CH,-0), 3.85 (t,J
= 5.1 Hz, 2H, NiazeCH>-CH»-0), 3.60-3.70 (m, 172H, i€>-CH,-0), 3.38 (s, 3H, O-
CHj3), 2.89 (s, 2H, €-CO).

13C NMR (50 MHz, CDCJ), & (ppm): 175.4 CO), 141.9 C=C-Nyiazoid, 136.5 (€H),
123.6 (C£-Nyiazold, 80.9 CH-0O), 71.9 CH,-O-CHg), 70.5 (€CH2-0), 69.3 (Niazole
CH,-CH,-0), 59.0 CH3-0), 50.2 (Miazole CH2-CH,-O), 47.5 CH-CO), 34.1 (NCH).
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w-Exo-oxanorbornenyl PEO monomethyl ethE2-5000. White powder. Yield: 78 %.
'H NMR (200 MHz, CDGJ), 3 (ppm): 7.68 (s, 1H, triazole), 6.52 (s, 2H,H)C5.29 (s,
2H, CH-0), 4.79 (s, 2H, N-8,), 4.50 (t,J = 5.1 Hz, 2H, NiazeCH2-CH,-0), 4.00 (t,J
= 5.1 Hz, 2H, NiazeCH>-CH»-0), 3.50-3.90 (m, 412H, i€>-CH,-0), 3.38 (s, 3H, O-
CHj3), 2.90 (s, 2H, €-CO).

13C NMR (50 MHz, CDCJ), & (ppm): 175.4 CO), 141.9 C=C-Nyiazoid, 136.5 (€H),
123.4 (C£-Nyiazold, 80.9 CH-0O), 71.9 CH,-O-CHg), 70.4 (CH2-0O), 69.3 (Niazole
CH>-CH-0), 59.1 CH3-0), 50.3 (Niazole CH2-CH2-0), 47.4 CH-CO), 34.1 (NEH)).

cis-Cyclobut-3ene-1,2-dicarboxylic anhydride

O
éo
3 o

A solution of maleic anhydride (90 g, 0.92 mol) g&$+1,2-dichloroethene (100 g, 1.03
mol) in 1.5 L of EtOAc was purged during 10 min anddiated 1 week. The solvent
was removed, the residue was triturated witsOH afford 3,4-dichlorocyclobutane-
1,2-dicarboxylic anhydride. 3,4-Dichlorocyclobutah@-dicarboxylic anhydride (20 g,
0.1 mol) was suspended in 330 mL of toluene and rh20of Ac,O (1.3 mol). The
solution was warmed to 4€ and activated Zn (167 g, 2.5 mol) was then adid@ohe
portion. The mixture was mechanically stirred a®85or 72 h, under N The solution
was then cooled to rt and filtered through a Cedde The solid was washed with 3x50
mL of toluene. The organic phase was evaporatee fEsidue was purified by
distillation (80-120°C/0.3 mbar) through a 2-cm column to afford a whkidid that was
washed with hexane, yieldirgjas a white powder (6.5 g, 51 %).

'H NMR (200 MHz, CDGJ), & (ppm): 6.50 (s, 2H, =8-), 4.10 (s, 2H, -€-).

13C NMR (50 MHz, CDCY), & (ppm): 168.3C=0), 139.4 (€H-), 47.7 CH-CO).
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N-prop-2-ynyl-cis-cyclobut-3-ene-1,2-dicarboximile

0
N\
4 o)

Anhydride3 (0.100 g, 0.8 mmol) was suspended in dry ethylrgth® mL). A solution
of N-propargylamine (0.050 g; 0.9 mmol) in 0.5 mL ofy dzthyl ether was added
dropwise (20 min), and the resulting thick susp@msiolution was stirred for 4h at 30
°C. The solvent was then removed by rotary evapgranhydrous sodium acetate (26
mg) and acetic anhydride (1 mL) were added, anddkelting suspension is dissolved
by stirring and heating for 5h at 83. The reaction mixture was poured into ice water
and the solvent was then evaporated by rotary estgo The crude product was
purified by chromatography on Si@sing 1/2 EtOAc/cyclohexane addvas obtained
as a white powder (95 mg, yield: 70%).

'H NMR (200 MHz, CDCJ), d (ppm): 6.47 (s, 2H, =8B), 4.24 (d,J = 2.0 Hz, 2H, G-
N), 3.87 (s, 2H, B-C=0), 2.20 (tJ = 2.0 Hz,1H=CH).

13C NMR (50 MHz, CDC)), & (ppm): 173.8 C=0), 139.2 (€H-), 77.3 C=CH), 71.4
(=CH), 47.7 CH-CO), 27.6 (NCH,).

HRMS (CI-H'). Calc for GH/NO:z + H": 162.0500; Found: 162.0555.

cis-3,4-Bis(hydroxylmethyl)cyclobut-2-ebhe
OH

:I:COH
LiAIH 4 (2.5 g, 66 mmol) was suspended in 70 mL of anhyslfbHF, the solution was
cooled to 0°C. 3 (2.0 g, 20 mmol) in 30 mL of anhydrous THF was atldeopwise
(over 30 min) under N The suspension solution was stirred for 20 h5af@. The
solution was then cooled t0°C, and 15 mL of KOH solution (2M) was added. 40 mL
diethyl ether was added into the mixture, the susio@ was filtered and washed with
3x10 mL of DCM and 3x15 mL of diethyl ether. Theganic solution was evaporated

and the residue was dissolved in 40 mL of DCM, dirierer MgSQ, filtered and
evaporated to give a transparent oil (1.69 g, yiél&2 %).
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'H NMR (200 MHz, CDCJ), & (ppm): 6.04 (s, 2H, =8), 4.02 (broads, 2H, -OH), 3.87
(dd, 2H, -GH>-OH, J = 11.3 and 3.9 Hz), 3.73 (dd, HzOH, J = 11.3 and 10.8 Hz),
3.24 (m, 2H, -Ei-).

HRMS (CI-H"). Calc. for GHsO2 + H: 115.0766; Found: 115.0768.

Cis-3,4-Bis(azidomethyl)cyclobut-2-efe
=@l
6 N
5 (1.5 g, 13 mmol) and triethylamine (4.0 g, 40 mmwekre dissolved in 50 mL of
DCM. The solution was cooled to°C, then methanesulfonyl chloride (3.7 g, 32 mmol)
in 10 mL DCM was added dropwise (over 30 min). Thaction mixture was then
stirred 2 h at room temperature. It was first walsivéh 15 mL of cold HCI solution (10
%), 10 mL of NaHCQ@ solution (10%) and 15 mL of NaCl saturated solutibhe
organic solution was dried over Mgp@nd evaporated. The dimesylated-cyclobutene
was obtained as a colorless oil (2.6 g) after maiion by chromatography on SiO
using DCM. Thus obtained dimesylated-cyclobutens diasolved in 25 mL of DMF
and NaN (1.24 g, 19 mmol) was added to this solution. Aftkee reaction mixture was
stirred for 3 h at 75C. The mixture was cooled to rt and transferreddiol water (40
mL). The solution was extracted three times witttltyl ether (3x30 mL). The organic
phase was dried over Mg$Oand evaporated. The residue was purified by
chromatography on Siusing cyclohexane. The prod&tvas obtained as a colorless
oil (1.2 g, 66 %) and was stored at 2D
'H NMR (200 MHz, CDGJ), & (ppm): 6.20 (s, 2H, =8), 3.40-3.60 (m, 4H, -B2-Ns),
3.15-3.35 (m, 2H, -8-).
¥C NMR (50 MHz, CDC}), 5 (ppm): 138.50 (EH-), 51.30 (CH,-N3), 45.03 (CH-).

Organic azides are potentially-explosive substancesd small molecules containing
the azido functionality tend to decompose violentlywhich may result in injury if
proper safety precautions are not used. The organi@zides with number of
carbon/number of nitrogen ratio smaller than 3 shold be stored as solutions below
room temperature and less than 5 grams of materiaCompound 6 having No/Ny =
1 was thus purified using column chromatography andshould be handled with

care.
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Cis-4-benzyloxymethyl-cis-3-hydroxylmethylcyclabatre7
@
. OH

5 (1.5 g, 13.3 mmolwas dissolved in 40 mL of anhydrous DMF, the solutwas
cooled to 0°C under N. NaH (80 % in paraffin, 0.43 g, 14.4 mmol) was edidn
portion. The mixture was stirred for 15 min at’©. Benzyl bromide (2.49 g, 14.4
mmol) was then added dropwise and the reactionumgxtvas stirred for 4 h at rt.
MeOH (4.5 mL) was slowly added and solvent was teemporated. The residue was
dissolved in 80 mL of DCM, and extracted with 20 oflwater and 20 mL of saturated
NaCl solution. Organic phase was dried over MgS&vaporated. The residue was
purified by chromatography on SiQusing 5/1 cyclohexane/AcOEt. The prodwas
obtained as a colorless oil (1.4 g) with yield 8f%.

'H NMR (200 MHz, CDGd), 8 (ppm) 7.25-7.50 (m, 5H, d8ls), 6.05 (d, 1H, =El-, J =
2.9 Hz), 6.00 (d, 1H, =B-, J= 2.9 Hz), 4.50 (s, 2H, #&-CéHs), 3.60-3.80 (m, 4H, -
CHz-), 3.50 (broad, OH), 3.20-3.35 (m, 2H,HE.

Precursors9 and 10

Y Y

<, <

'e) 10

;/

To a solution of propynoic acid (0.37 g, 5.3 mmeof)5-hexynoic acid (0.60 g, 5.3
mmol) and cis-4-benzyloxymethykis-3-hydroxylmethylcyclobut-1-en€1.00 g, 4.9
mmol) in diethyl ether (10 mL) was added dropwisgoaution of DCC (0.97 g, 0.049
mmol), DMAP (0.038 g, 0.3 mmol) in 30 mL of diethgther at -20C under N. The
mixture was stirred for 24h at rt. The mixture weiered, washed with 2x20 mL of
cooled solution of HCI (1M) and 2x20 mL of satuchtdaCl solution. Organic phase
was then dried over MgSQOand evaporated. The products were then purified by
chromatography on a silica gel column using DCMlagnt.

161



Experimental section

Precursor9. Colorless oil, yield: 45 %.

'H NMR (200 MHz, CDGJ), 8 (ppm): 7.26-7.37 (m, 5H, #8s), 6.16 (d, 1H, =Ei-, J =
3.0 Hz), 6.13 (d, 1H, =B-, J = 3.0 Hz), 4.50 (s, 2H, 4&>-CsHs), 4.29-4.47 (m, 2H, -
CH-OCO-), 3.55-3.60 (m, , 2H, #-O-,J = 2.0 and 7.0 Hz) 3.26-3.33 (m, 2H HE,
2.90 (s, 1H, €CH).

HRMS (FIID). Calc. for GsH160s": 256.1100 Found: 256.1117.

Precursorl0. Colorless oill, yield: 60 %.

'H NMR (200 MHz, CDCJ), & (ppm): 7.25-7.36 (m, 5H,d8s), 6.17 (d, 1H, =@-, J =
3.0 Hz), 6.12 (d, 1H, =B-, J = 3.0 Hz), 4.50 (s, 2H, 4@-CeHs), 4.18-4.33 (m, 2H, -
CH.-OCO-), 3.60 (d, 2H, -B2-O-, J= 7.0 Hz), 3.22-3.29 (m, 2H, ¥G), 2.36-2.44 (t,
2H, -CH-COO0O-,J = 7.0 Hz), 2.19-2.27 (m, 2H, ¥&-C=CH), 1.95-1.98 (t, 1H, -€CH,
J=3.0 Hz), 1.77-1.84 (m, 2H,HG-CH.-C=CH).

3C NMR (50 MHz, CDGJ), 5 (ppm): 173.3C=0), 139.0 (CH-Cpheny), 138.1 (€H-),
137.7 (€H-), 129.0, 128.1, 127.9CH(0, m, p)), 77.5 C=CH), 73.3 CH»-Phenyl),
70.5 (CHCH,-O-CHy-Phenyl), 69.0 CH), 64.3 CH,-OCO-), 45.5 and 44.2CH-
CH=), 33.3 {CH,-CO0), 23.5 CH,-CH,-C=CH), 17,5 CH,-C=CH).

HRMS (FIID) Calc. for GsH220s": 298.1569 Found: 298.1583.

Precursors8 and11

3/\5
}/

A solution of 5-hexynoic acid (3.92 g, 35 mmol), O¢7.4 g, 0.36 mmol) and DMAP
(0.26 g, 2.1 mmol) in DCM (40 mL) was added dromnis a solution ob (2.6 g, 22.8
mmol) in 60 mL of DCM at rt under N The mixture was stirred for 24h at rt. The
mixture was filtered, washed with 2x40 mL of cookmution of HCI (1M) and 2x40
mL of saturated NaCl solution. Organic phase wamntllried over MgS® and
evaporated. Precurs@and 10 were then purified by chromatography on a silieh g

column using a cyclohexane/AcOEt (5/2) solutionlasrg.
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Precursor8. Colorless oil, yield: 40 %

'H NMR (200 MHz, CDCJ), 5 (ppm): 6.10 (s, 2H, =B-), 4.20 (d, 4H, -CHOCO-,J =
7.0 Hz), 3.22-3.28 (m, 2H, &), 2.41-2.52 (t, 4H, -CHCOO-,J = 7.0), 2.23-2.34 (m,
4H, -CH2-C=CH), 1.92-1.97 (t, 2H, -€CH, J = 3.0 Hz), 1.82-1.93 (m, 4H,HE-CH2-
C=CH).

3¢ NMR (50 MHz, CDCJ), 8 (ppm): 173.3 C=0), 138.1 (€H-), 77.5 C=CH), 69.0
(=CH), 63.9 CH,-OCO-), 44.2 CH-CH=), 33.3 CH»-COO-), 23.5 CH»-CH,-C=CH),
17.50 CH,-C=CH).

Precursorll. Colorless oll, yield: 35 %

'H NMR (200 MHz, CDCJ), & (ppm): 6.09 (d, 1H, =B-, J = 3.0 Hz), 6.05 (d, 1H,
=CH-, J = 3.0 Hz), 4.07-4.34 (m, 2H, -GHDCO-), 3.70 (d, 2H, -B2-0-, J= 7.0 Hz),
3.10-3.22 (m, 2H, -8-), 2.40 (t, 2H, -CHCOO-,J = 7.0), 2.17-2.24 (m, 2H, 4@&-
C=CH), 1.91-2.00 (t, 1H, -€CH, J = 3 Hz), 1.70-1.84 (m, 2H,K&-CH2-C=CH).

13C NMR (50 MHz, CDGC)), & (ppm): 173.3C=0), 138.1 (€H-), 137.7 (€H-), 77.56
(C=CH), 69.0 €CH), 64.0 CH,-OCO-), 62.9 CH,-OH), 48.0 and 44.2GH-CH=),
33.3 CH»-COO-), 23.5 CH,-CH,-C=CH), 17,5 CH»-C=CH).

HRMS (FIID). Calc. for G2H160s™: 208.1099 Found: 208.1019.

General procedure for the synthesis ots-cyclobutenyl PEO macromonomersvia
“Click” coupling reactions between azido-terminated or alkyne-terminated PEO
monomethyl ethers and precursors 4, 6, 8, 9, 10 arid..

In a typical experiment, the azido-terminated lye-terminated PEO monomethyl
ether (0.4 mmol)N,N,N’,N’,N”" -pentamethyldiethylenetriamine (PMDETA; 0.1 g, 0.6
mmol) and cyclobutene precursor (0.2 or 0.4 mmadercharged to a dry Schlenk tube
along with degassed DMF (5 mL). The tube was sealid a rubber septum and
subjected to six freeze-pump-thaw cycles. This smutvas then cannulated under
nitrogen into another Schlenk tube, previously eeded and filled with nitrogen,
containing Cu(l)Br (0.023 g, 0.16 mmol) and a &&r. The resulting solution was
subsequently stirred at room temperature for 4he rBaction mixture was diluted with
DCM and then washed with 3x100 mL of an aqueouyletlediaminetetraacetate
solution (0.03 mol/L) to remove the catalyst. Thigamic layer was dried over Mgg0O
and filtered. The resulting macromonomers wereatsol by precipitation into diethyl

ether.
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w-Cyclobutenyl PEO monomethyl eti4-2000. White powder, yield: 67 %.

O
O
N/Y/\/Nf\/ >\
N=N n
(@]

M4-2000, n = 44
M4-5000, n = 105

'H NMR (200 MHz, CDGCJ), d (ppm): 7.71 (s, 1H, triazole), 6.44 (s, 2H,HC4.76 (s,
2H, N-CHy-), 4.50 (t,J = 5.1 Hz, 2H, NiazoleCH2-CH,-0O), 3.83 (M, 4H, Mazoie CHo-
CH,-O, -CH-CH=), 3.60-3.70 (m, 172H, K;-CH»-0), 3.38 (s, 3H, O-B5).

13C NMR (50 MHz, CDC)), 5 (ppm): 173.8 CO), 141.86 C=C-Nyiazoi), 139.3 (€H),
124.0 (C£-Nyiazold; 71.9 CH2-O-CHs), 70.5 (€CH2-0), 69.4 (Niazole CH2-CH2-O),
59.0 CH3-0), 50.29 (NiazoleCH2-CH,-0), 47.7 CH-CO), 33.8 (NEHy).

w-Cyclobutenyl PEO monomethyl etié4-5000. White powder, yield: 60 %.

'H NMR (200 MHz, CDGJ), 3 (ppm): 7.71 (s, 1H, triazole), 6.44 (s, 2H,HC4.76 (s,
2H, N-CH»-), 4.50 (t,J = 5.0 Hz, 2H, NiazoleCH2-CH»-O), 3.83 (m, 4H, MazoeCHo-
CH,-O, -CH-CH=), 3.60-3.70 (m, 172H, 16;-CH»-0), 3.38 (s, 3H, O-85).

13C NMR (50 MHz, CDCJ), & (ppm): 173.8 CO), 141.8 C=C-Nyiazoid, 139.2 (€H),
124.0 (C€-Nyiazod, 71.9 CH»-O-CH), 70.5 (CH»-0), 69.4 (Niazoe CHo-CH,-0),
59.0 CH3-0), 50.2 (Niazoie CH2-CH,-O), 47.7 CH-CO), 33.8 (NEH,).

w-Cyclobutenyl PEO monomethyl ett®. White powder, yield: 70 %.

v
E(Ojo(@“}%ﬁ OZ4

M9
'H NMR (200 MHz, CDGCJ), & (ppm): 8.22 (s, 1H, triazole), 7.25-7.36 (m, 5HHE),
6.19 (s, 2H, =E), 4.40-4.60 (M, 6H, NazoieCH>-, -CH,-CeHs -CH»-OCO), 3.99 (t, 2H,
Niriazole CH2-CH2-O, J = 5.0 Hz), 3.60-3.70 (m, 174HH3-CH»-O, -CH2-O-CH,-CgHbs),
3.28-3.41 (m, 5H, O-B3 -CH-CH=).
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w-Cyclobutenyl PEO monomethyl etit0. White powder, yield: 75 %.

o
OM,Nf\/O%

0 N=N 44
'H NMR (200 MHz, CDGCJ), & (ppm): 7.50 (s, 1H, triazole), 7.25-7.36 (m, 5HHE),
6.16 (d, 1H, =@l-, J= 3.0 Hz), 6.12 (d, 1H, =d-, J = 3.0 Hz), 4.52 (M, 4H, Mwoic
CH»-CH»-O, CH»-CgHs), 4.17-4.30 (m, 2H, -B,-OCO) 3.99 (t, 2H, NazoeCHo-CHo-
0O,J =5.0 Hz), 3.60-3.70 (m, 174H,H3-CH,-O, -CH»-O-CH,-CgHs), 3.37 (s, 3H, O-
CHj), 3.23-3.31 (m, 2HCH-CH=), 2.66-2.77 (t, 2H, -B2-Ciiazoe, J = 7.0 Hz), 2.30-
2.37 (t, 2H, -G1-COO0,J = 7.0 Hz), 1.93-2.01 (m, 2H,HB-CHz-Ciazold).
13C NMR (50 MHz, CDCJ), 3 (ppm): 173.3 C=0), 146.0 C=C-Nyiazoid, 139.0 (CH-
Cpheny), 138.1 (€H-), 137.7 (€H-), 129.0, 128.1, 127.9CH(0, p, m)), 122.0 (C&-
Niiazold, 73.2 CH2-Phenyl), 71.8 CHx-O-CHg), 70.5 (CH2-0), 70.0 (CHEH,-O-CH,-
Phenyl), 69.4 (MazoleCH2-CH2-0), 64.3 CH»-OCO-), 58.9 CH3-0), 50.0 (Niazole
CH,-CH,-0), 45,5 and GH-CH=), 33.3CH,-COO-), 24.8 CHxCuiazold, 24.7 CHo-
CHa-Criazole)-

M10

w-Cyclobutenyl PEO monomethyl ettt 1. White powder, yield: 73 %.

IE(:OH
OMNf\/o%
M11 0 N:N/ 14
'H NMR (200 MHz, CDCY), 3 (ppm): 7.51 (s, 1H, triazole), 6.15 (d, 1H,=#CJ= 2.8
Hz), 6.10 (d, 1H, =6-, J = 2.8 Hz), 4.49 (t, 2H, MzoeCHz-, J = 5.0 Hz), 4.16-4.35
(m, 2H, -GH,-OCO) 3.87 (t, 2H, NazoeCHo-CH2-0, J = 5.0 Hz), 3.60-3.70 (m, 172H,
CH-CH,-0), 3.38 (s, 3H, 0-83), 3.17-3.26 (m, 2HCH-CH=), 2.66-2.77 (t, 2H, -8--
Cuiazole, J = 7.0 Hz), 2.30-2.37 (t, 2H, #&-CO0,J = 7), 1.93-2.01 (m, 2H, 1g>-CH-
Criazole)-
3¢ NMR (50 MHz, CDCY), 3 (ppm): 172.9C=0), 146.8 C=C-Nyiazoid, 138.4 (CH-),

137.3 (€H-), 122.1 (C€-Nyiazod, 71.9 CH»-O-CHg), 70.5 (CH»-0), 69.5 (Niazole
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CH,-CH,-0), 64.3 CH,-OCO-), 62.0 CH>-OH), 59.0 CH3-0), 50.1 (Niazole CH2-CHs-
0), 48.0 and 44.5QH-CH=), 33.5 CH-CH,-OCO), 24.8 CHx>-Cyiazold, 24.6 CHo-
CHZ'CtriazolJ

Synthesis of cyclobutene-RAFT chain transfer agentl4 and cyclobutenyl-

functionalized RAFT-“click” dual agent/group 15

E(% E(%

Oxalyl chloride (COCB (1 mL, 11.6 mmol) was added via a syringé&ta-dodecyl-S'-

(o, o’ -dimethyl- a”-acetic acid) trithiocarbonat€).4 g, 1.1 mmol) placed in a Schlenk

SC12H25 SClezs

tube at room temperature with rapid stirring underargon atmosphere, causing the
vigorous evolution of Cejg), CO(g), and HCI(g). After 5 h, the evolution gdses has
stopped and the reaction mixture is homogeneous.ekbess of (COClwas removed

in vacuum to yield the acyl chloride which is useithout further purificationCis-4-
benzyloxymethyl-3-hydroxymethylcyclobut-1-e5e(0.22 g, 1.1mmol) od1 (0.23 g,
1.1 mmol)was added via a syringe to the acyl chloride uradgon resulting in the
vigorous evolution of HCI(g). After 24 h, the Schkewas opened to air and stirred with
1.0 mL of 2-propanol for 1 h. Excess of 2-propawals then removed under reduced
pressure and the remaining residue was purifiea Bilica gel chromatography using
DCM givel4or15.

Cyclobutene-RAFT chain transfer agé#t Yield: 80% (0.48 g).

'H NMR (200 MHz, CDC}), & (ppm): 7.35-7.25 (m, 5H, ¢Els), 6.17 (d, 1H, =@-, J=
2.8 Hz), 6.08 (d, 1H, =B-, J = 2.8 Hz), 4.50 (s, 2H, #6-C¢Hs), 4.35-4.17 (m, 2H, -
CH,-OCO), 3.65-3.55 (m, 2H, 48-O-CH,-C¢Hs), 3.29-3.21 (m, 4H, -B-, S-CH,-),
1.68 (s, 6H, C(El3),), 1.20-1.47 (m, 20H, (-CH)10), 0.88 (t, Gi3-CH,, J = 6.2 Hz).

¥C NMR (50 MHz, CDCJ), & (ppm): 172.8 C=0), 138.8 (CH-Cpneny), 138.3 and
137.6 (€H-), 128.4, 127.8 , 127.€CH(0, m, p), 73.3 CH2-Phenyl), 70.2 (CHzH,-O-
CH,-Phenyl), 65.9 CH,-OCO-), 56.0 ((CH),-C-S), 45.5 and 44.1CH-CH=), 36.9,
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31.9, 29.6, 29.6, 29.4, 29.3, 29.1, 28.9, 27.99 A&H-CH,(CH»)10-S), 25.4 (-S-
C(CHa)»-CO), 22.7 (CH-CH»~(CH»)s-S), 14.1 CH3-(CHo)10-S).
HRMS (CI-H"). Calc. for GoH470:Ss": 551.2687 Found: 551.2687.

Cyclobutenyl-functionalized “click”-RAFT dual grolggent15. Yield: 80% (0.48 Q).
'H NMR (200 MHz, CDGJ), 8 (ppm): 6.11 (d, 1H, =B-, J = 3.3 Hz), 6.09 (d, 1H,
=CH-, J = 3.2 Hz), 4.27-4.21 (m, 4H, H&-OCO-), 3.29-3.21 (m, 4H, &, S-CH2-),
2.50-2.42 (t, 2H, -62-COO0-,J = 7.0), 2.31-2.23 (m, 2H, ¥&-C=CH), 1.99-1.96 (t,
1H, -C=CH, J = 3 Hz), 1.88-1.81 (m, 2H, K&-CH>-C=CH), 1.68 (s, 6H, C(Bx3)2),
1.47-1.20 (m, 20H, (-CH)10), 0.88 (t, Hs-CHz, J = 6.2 Hz).

¥C NMR (50 MHz, CDC}), d (ppm): 172.8 and 172.8C£0), 137.9 (€H-), 83.2
(C=CH), 69.2 €CH) 65.5 and 64.0GH,-OCO-), 55.9 ((CH)-C-S), 44.4 and 44.1
(CH-CH=), 32.9 CH,-COO0) 36.9, 31.9, 29.6, 29.6, 29.4, 29.3, 29.19,287.9, 26.9
(CH3-CH,-(CHy)10-S), 25.47 (-S=(CHs)»-CO), 23.50 CH,-CH,-C=CH), 22.7 (CH-
CH.-(CH,)g-S), 17.5 CH»-C=CH), 14.1 CH3-(CH,)10-S).

HRMS (FIID). Calc. for GoH604Ss": 554.2558 Found: 554.2588.

Synthesis of cyclobutene-based PEO macromoleculanan transfer agent M15 via
“Click” coupling reaction.

o) ;N\
J\/\/R/Nfﬂ );
[(O 44
0. X
o)

M15

In a typical experiment, the azido-terminated PE@homethyl ether 2000 (0.8 g, 0.4
mmol), N,N,N’,N’,N” -pentamethyldiethylenetriamine (PMDETA,; 0.1 g, théol) and
cyclobutene precursdib (0.22 g, 0.4 mmol) were charged in a dry Schlerietalong
with degassed DMF (5 mL). The tube was sealed avithbber septum and subjected to
six freeze-pump-thaw cycles. This solution was thannulated under nitrogen into
another Schlenk tube, previously evacuated aretifilith nitrogen, containing Cu(l)Br
(0.023 g, 0.16 mmol) and a stir bar. The resulsofytion was subsequently stirred at
room temperature for 4 h. The reaction mixture dihged with DCM and then washed
with 3x100 mL of an aqueous ethylenediaminetetriaieesolution (0.03 mol/L) to
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remove the catalyst. The organic layer was driezt ddgSQ and filtered. The resulting
macro-CTA M15 were isolated by precipitation into diethyl eth&ellow powder.
Yield: 70 %.

'H NMR (200 MHz, CDCY), & (ppm): 7.50 (s, 1H, triazole), 6.10 (d, 1H,1=#CJ= 2.8
Hz), 6.08 (d, 1H, =6-, J = 2.8 Hz), 4.51 (t, 2H, MzoeCHz-, J = 5.0 Hz), 4.25-4.20
(m, 4H, -GH,-OCO0), 3.87 (t, 2H, NazoeCH2-CH-0, J = 5.0 Hz), 3.70-3.60 (m, 172H,
CH»-CH,-0), 3.38 (s, 3H, O-B3), 3.22-3.28 (m, 4HCH-CH=, S-tH,), 2.76 (t, 2H, -
CHz-Criazole, J = 7.0 Hz), 2.36 (t, 2H, -B2-C0OO, J = 7.0 Hz), 2.00 (m, 2H, B2-CHz-
Cuiazoid, 1.68 (s, 6H, C-(83)2), 1.20-1.47 (m, 20H, (-CH)10), 0.88 (t, Gls-CHz, J = 6.2
Hz).

3¢ NMR (50 MHz, CDCJ), & (ppm): 173.0 and 172.7TE0), 146.9 C=C-Nyiazod),
137.9 (€H-), 122.1 (C€-Nyiazold, 71.9 CH,-O-CHg), 70.5 (CH»-0), 69.5 (Miazole
CHx-CH,-0), 65.5 and 64.00H,-OCO-), 55.9 ((CH)>-C-S), 50.1 (NiazoleCH2-CH-
0), 44.4 and 44.10H-CH=), 32.9 CH,-COO0) 36.9, 31.9, 29.6, 29.6, 29.4, 29.3, 29.1,
28.9, 27.9, 26.9 (CHCH,-(CH2)1¢-S), 25.47 (-S5(CH3),-CO), 24.8 CH2-Crriazold), 24.6
(CH2-CHy-Chiazoid, 22.7 (CH-CH2-(CHy)o-S), 14.1 CH3-(CHa)16-S).

General RAFT polymerization procedure.

CTA, monomer, initiator, solvent and DMF were adde@ Schlenk tube fitted with a
rubber septum and a stir bar. RAFT polymerizatibNii®’AM was realized in dioxane
at 70 °C with ACPA as the initiator and a monomer/CTAfatior/DMF ratio of
100/1/0.2/50 and concentration of CTW or macroCTAM15 was 0.0091 mol/L.
RAFT polymerization of EA was realized in toluerte6a °C and AIBN as the initiator
with a monomer/CTA/initiator/DMF ratio of 100/1/@1D0 and a monomer/solvent ratio
of 1/1 (v/v). In all cases, DMF was used as anrirglestandard for the determination of
monomer conversion. After 5 cycles of freeze-puimpat, the polymerization was
conducted in a 68C or 70°C oil bath under an argon atmosphere. Every 30 min,
aliquots were removed and rapidly quenched by ingethe reaction mixture in a liquid
nitrogen bath. Portions of these aliquots were alsettly for analysis byH NMR for
monomer conversion or purification for SEC analy$teirified PNIPAM and PEA
samples were obtained by precipitation three tinmesliethyl ether and in water,

respectively.
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a-Cyclobutenyl PEAM14-EA

'H NMR (200 MHz, CDCJ), & (ppm): 7.32-7.18 (m, 5H, dé8s), 6.17 (d, 1H, =@, J =
2.8 Hz), 6.08 (d, 1H, =B-, J= 2.8 Hz), 4.51 (s, 2H, 4@-CeHs), 4.16-4.06 (m, 74H -
CHz-OCO, (-O-CGH2-CHs-)ss), 3.65-3.55 (m, 2H, -B2-O-CH-CeHs), 3.29-3.21 (m, 4H,
-CH-, S-CH2-), 2.35-1.23 (m, 242H, (C(&)2, (-CH2-CH-)z5, (O-CHb-CHa)ss, (-CHe-)10),
0.88 (t, G-CHz, J = 6.2 Hz).

a-Cyclobutenyl PNIPAMM14-NIPAM

)
. S
S SCyyH
n

'H NMR (200 MHz, DMSO ¢), & (ppm): 7.80-6.70 (m, s, -NH-), 6.17 (d, 1H, =Gi-
, J= 2.8 Hz), 6.08 (d, 1H, 9@-, J= 2.8 Hz), 4.51 (s, 2H, #&-CsHs), 4.16-4.06 (m,
74H -CH2-OCO, (-N-CH(CHs)2)30), 3.65-3.55 (m, 2H, -B2-O-CH-CsHs), 3.29-3.21
(m, 4H, -tH-, S-CH2-), 2.35-1.23 (m, 242H, C -(Ch-, (-CH2-CH-)30, (N-CH(CH3)2)30,
(-CHz-)10), 0.88 (t, Gls-CHz, J = 6.2 HZz).

Cylobutene-based block copolym&t&5-NIPAM

o4

'H NMR (200 MHz, DMSO g), 5 (ppm): 7.80-6.70 (m, proton triazole,HN), 6.10 (m,
2H, =CH-), 4.51(t, 2H, NiazoieCH2-, J = 5.0 Hz), 4.20-3.10 (M, (-N4d{CHz)2)30, -CH>-
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OCO, (H2-CH2-O)s3, O-CH3 -CH-CH=, S-(H,), 2.30-0.75 (m, (-63)-C, (-CH2-
CH-)30, (-CHs)eo, -CH2-COO, - CH2-CH2-Ciazole (C(CHs)2, (-CHe-)10), CHs-CHy).

Preparation of samples for DLS and SLS analysis.

All samples were prepared using Millipore (18.22Mwater in a hood that was kept
dust-free by an air circulation system. The polys@mple was weighed into a clean,
dust-free sample vial using a four figure balan&&erwards, Millipore water was
added dropwise through a Quen pore size Anotope syringe filter, with the mas$s o
solvent used recorded for accurate concentratioerméenation. The samples of
different concentration of polymer (ranging fronmgy mL* to 12 mg mL') were stored
at room temperature for a minimum of 24 hours tauemgull dissolution. They were
then filtered through 0.2m pore size Anotope syringe filters into a dispésaiiass
vessel for static light scattering measurementfopaed at 26C. Measurements were
made at angles of 306(f, 7¢, 9C°, 11, 130 and 150 and the data analysed using a
Zimm plot. These measurements provide moleculaghteand second virial coefficient
and hydrodynamic radius. Separate dynamic lightttestag measurements were

performed on the samples using a Malvern instrusnéetasizer.

CMC determination by fluorescence spectroscopy.

To a series of dry flasks were added aliquots a¢etone solution of pyrene or pyrene-
3-carboxaldehyde. A thin layer of pyrene or pyr8nearboxaldehyde formed at the
bottom of each flask after the solvent was evapdraMacromonomer solutions of
different concentrations in Millipore (18.2®) water (ranking from 16to 1¢ mg/mL

for M10 and from 10 to 10 mg/mL forM15) were then added, and the probe was
solubilized in the resulting solutions by stirrifgr 24h before the fluorescence
measurements were made. Emission spectra of pyedepyrene-3-carboxaldehyde
were obtained by exciting the samples at 332 afd88, respectively.

General procedure for ROMP of macromonomers.

In a typical experiment, a dry Schlenk tube wasgba with the macromonomer (100

mg) and a stir bar. The Schlenk was capped witbbder septum, and cycled three
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times between vacuum and nitrogen to remove oxyddre desired amount of
degassed, anhydrous DCM or toluene (M]0.01 — 0.10 mol/L) was added syringe
under a nitrogen atmosphere to dissolve the maamomer. A stock solution of
Grubbs’ catalyst in degassed anhydrous DCM or t@ueas prepared in a separate
vial. All experiments have been conducted with &algat concentration [G]= 7
pmol/L, except that for the polymerization Ei2-500 ([G]o = 24 umol/L). The desired
amount of catalyst was injected into the macromagorsolution to initiate the
polymerization. The Schlenk tube was stirred unadéogen at room temperature in
case 0fG3 or at 70°C in case of52. The polymerization was terminated by the addition
of two drops of ethyl vinyl ether. The solvent wasnoved under reduced pressure for
NMR and SEC measurements. The reaction mixture thvas diluted in DCM and
precipitated into 10 mL of stirring cold diethyhet.

Polyoxanorbornene-g-PEO monomethyl ether 500 f2r500. Brown plastic.

O
N:N/ n
0]
m

'H NMR (200 MHz, CDCJ), & (ppm): 7.72 (bs, 1H, triazole), 6.05 (bs, 2HH=CH,
trang), 5.75 (bs, 2H, 6=CH, cis), 5.00 (bs, 2H, B-0O-CH, cis), 4.75 (bs, 4H, G-0O-
CH, trans; N-CHy), 4.49 (bs, 2H, NazoieCH2-CH,-0), 3.84 (bs, 2H, NazoeCH2-CHo-
0), 3.80-3.50 (m, 40H, I,-CH,-0), 3.38 (s, 3H, B8-C=0, O-tHs). **C NMR (50
MHz, CDCL), & (ppm): 175.17 €O), 141.43 C=C-Nyiazol), 130.92 (€H), 123.86
(C=C-Nyiazold, 80.73 CH-0), 71.89 CH»-O-CHg), 70.54 (€H2-0), 69.35 (Niazole CH2-
CH2-0), 59.00 CH3-0), 53.36 (Niazole CH2-CH,-0), 50.51 CH-CO), 34.07 (NEH,).

Polyoxanorbornene-g-PEO monomethyl ether 2 000 ft#¥2000. Brown powder’H
NMR (200 MHz, CDC}), & (ppm): 7.76 (bs, 1H, triazole), 6.02 (bs, 2HA€CH,
trans), 5.70 (bs, 2H, B=CH, cis), 5.02 (bs, 2H, €6-0O-CH, cis), 4.76 (bs, 4H, €-0O-
CH, trans; N-CH), 4.50 (bs, 2H, NazoeCH2-CH,-0), 3.82 (bs, 2H, Nazole CH2-CHo-
0), 3.80-3.60 (m, 172H, #g»-CH,-O), 3.40 (s, 3H, 8-C=0, O-CGHs). **C NMR (50
MHz, CDCk), & (ppm): 174.99 CO), 141.41 C=C-Nyiazol), 131.72 (€H), 123.70
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(C=C-Niriazoid, 80.71 CH-0), 71.89 CH-O-CHg), 70.52 (€CH»-0), 69.31 (Niazole CHa-
CH,-0), 58.99 CH3-0), 53.35 (Niazoe CH2-CH,-0), 50.22 CH-CO), 34.12 (NEHy).

Polyoxanorbornene-g-PEO monomethy! ether 5 000 2¥5000. Brown powder'H
NMR (200 MHz, CDC}), & (ppm): 7.73 (bs, 1H, triazole), 6.05 (bs, 2HA€CH,
trans), 5.78 (bs, 2H, 8=CH, cis), 5.04 (bs, 2H, €6-0O-CH, cis), 4.78 (bs, 4H, €-0O-
CH, trans; N-CHy), 4.51 (bs, 2H, NazoieCH2-CH,-0), 3.80 (bs, 2H, NazoeCH2-CHo-
0), 3.80-3.60 (m, 412H, €,-CH»-0O), 3.38 (s, 3H, 6-C=0, O-CHy).

1,4-polybutadiene-g-PEO monomethyl ether fidd:2000. White powder.

o}
N/Y\N/<\/O>\
N=N 44
m O

'H NMR (200 MHz, CDGCJ), & (ppm): 7.70 (bs, 1H, triazole), 5.60 (bs, 2H{<€CH),
4.76 (bs, 2H, N-B-), 4.50 (bs, 2H, NazoieCH2-CH,-0), 3.83 (m, 4H, MazoeCH:-
CH,-O, -CH-CH=), 3.60-3.70 (m, 172H, ;-CH»-0), 3.38 (s, 3H, O-B5).

1,4-polybutadiene-g-PEO monomethyl ether fida®. White powder.

ay,

O

OO}
@) N=N 44
'H NMR (200 MHz, CDGJ), & (ppm): 7.50 (bs, 1H, triazole), 7.30 (bs, 5HHE), 5.40
(bs, 2H, G4=CH), 4.50-4.00 (b, 6H, Mz0eCH2-CH2-CeHs -CH,-OCO) 3.99 (bs, 2H,
Niriazole CH2-CH2-O), 3.60-3.70 (m, 174H, K,-CH»-O, -CH,-O-CH,-CeHs), 3.37 (s,
3H, O-CH3), 3.20 (m, 2HCH-CH=), 2.70 (bs, 2H, -B2-Cuiazo,), 2.30 (bs, 2H, -82-
CO0,J=7), 1.90 (bs, 2H, B2-CH2-Cyiazole)-
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Typical micro-emulsion polymerization

All the micro-emulsions polymerizations were catrigut in Schlenk tubes and under
nitrogen atmosphere. In a typical recipe, two aqagquhases were prepared by adding
20 mL of degassed deionized water (by nitrogen lndpdor 45 min) and 1-pentanol
(0.72 mL, co-surfactant) in a Schlenk tube contgniSDS (1.39 g, 4.7mmol)
preliminarily degassed by three vacuum/nitrogelingjl cycles. The monomer micro-
emulsion was prepared by adding to the first agsigaase, an organic solution, which
was composed of macromonomer/solvent ratio of /@324 mL. The Grubbs’ catalyst
micro-emulsion was prepared by adding to the secmgeous phase, an organic
solution composed of Grubbs catalyst (9.0 mg) atgest (0.72 mL). When these two
micro-emulsions became translucent (after aboutn80 of agitation), the micro-
emulsion of monomers was transferred into the $¢ht®ntaining the catalyst micro-

emulsion. The reaction was stopped by adding etinyl ether.

Typical mini-emulsion polymerization

All the mini-emulsions polymerizations were carriedt in Schlenk tubes and under
nitrogen atmosphere. In a typical recipe, aquetase was prepared by adding 45 mL
of degassed deionized water (by nitrogen bubblimg 45 min) in a Schlenk tube
containing Brij 700 (50mg) preliminarily degassey three vacuum/nitrogen filling
cycles. The macromonomer organic phase was prepgréelissolving macromonomer
(0.4 g in case of oxanorbornenyl macromonomer 8r @.in case of cyclobutenyl
macromonomer), co-surfactant (hexadecane, 20 nty)Ganbb’s catalyst in DCM (0.8
mL in case of oxanorbornenyl macromonomer or 1.5 imLcase of cyclobutenyl
macromonomer). The organic phase was quickly tesred into the aqueous phase.
This step was followed by further mixing under magnagitation in an ultrasonic
homogenizer equipped with a cylindrical probe (8dM750) at 60% of the power for
2x2 min. During the sonication step, the vesseltmiomg the mini-emulsion was
immersed in an ice-bath to prevent it from heatiupg The reaction was stopped by
adding ethyl vinyl ether.
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