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Development of living polymerization processes allows
nowadays the synthesis of complex polymeric molecules with
well-defined architectures such as miktoarm stay®;branched
polymers, dendritic polymers, etdGraft copolymers offer the
unique possibility of tailoring materials properties through their
numerous structural variables that can be modified such as nature
of the polymer backbone and composition and density of the
grafts? Through changes of these segments, properties such as
morphology, orderdisorder transitions, and phase behavior can
be modified® Because of their unique properties, grafts copoly-
mers are used for a variety of applications, such as impact-
resistant plastics, thermoplastic elastomers, compatibilizers, and
polymeric emulsifierg.

Some examples of graft copolymers obtained by combination
of ATRP (atom transfer radical polymerization) and ROMP
(ring-opening metathesis polymerization) have recently been
reported in the literature. The synthesis of polynorborngne-

Scheme 1. Graft Copolymer Synthesis
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poly(acrylic acid) has been performed in two steps: first ROMP

of a norbornenyl-functionalized initiator and then ATRP of the Ph
side chains wittiert-butyl acrylate. The acidolysis oért-butyl ®
acrylate groups into acrylic acid groups led to the final <

copolymer* A similar strategy was used by Runge et al. to - B e

synthesize polynorbornergepolystyrene copolymers of high ot onomide, EGN. CHsCl, RT. 16h.

molecular weight8.Charvet et al. also reported an original one-  (b) : [Cu(Br]:[PMDETA]:[styrene]:[2] = 1:1:100:1, toluene (50% v/v), 100°C

pot synthesis of graft copolymers based on a metathesis 8 [gr‘l‘gifs‘fl][[‘1’/"1"(‘)33:;1[1&’@%53‘“ acrylate]:[2] = 1:1:100:1, toluene (70% v/v), 60°C
backbone with poly(methyl methacrylate) grafts using a single

ruthenium-based catalyst for both ATRP and ROMP.

Herein we report the original synthesis of well-defined for ROMP. Such a compound has been chosen due to its high
polybutadieneg-(polystyreneb-poly(acrylic acid)) copolymers  reactivity in ROMP and its double functionality suitable for
by ROMP of a-cyclobutenyl macromonomers prepared by forming a high density of graft chains (Scheme*iMoreover,
ATRP using a cyclobutenyl-functionalized initiator. The the cis stereochemistry is preferred to the trans stereochemistry
macromonomers polymerization method has proved to be oneas previous studies have revealed its higher reactivity in
of the most useful ways to design and get well-defined graft ROMP! The original initiator2 was synthesized by reaction
copolymers since it allows a good control on grafts, on backbone of 2-bromoisobutyryl bromide withis-3,4-bis(hydroxymethyl)-
lengths, and on grafts densitythe possibilities offered by the  cyclobutenel (Scheme 1} The*H NMR spectrum of the final
ROMP of macromonomers have been exploited in several product showed characteristic signals of the cyclobutenyl unit
studies in combination with anionic polymerization, cationic atdé = 6.15 ppm. The difunctional initiatd was first engaged
polymerization, or ROMP. To our best knowledge, graft in copper-mediated ATRP of styrene ateft-butyl acrylate
copolymers have never been synthesized by ROMP of mac-(tBA) with a Cu(l)Br/PMDETA (N,N,N,N’,N"-pentamethyldi-
romonomers issued from ATRP, although the synthesis of ethylenetriamine) catalytic system at 100 and@0respectively
a-norbornenyl macromonomers by ATRP has been very recently (Scheme 1), to check its efficienéyThe In([M]o/[M]) vs time
reported in the literatur®.This original synthetic approach plots (Figure 1) for polymerizations initiated & are linear
combines advantages of the macromonomers polymerizationwith both monomers showing first-order kinetics compatible
strategy, ATRP, and ROMP. with a constant concentration of active species. The number-

A 3,4-difunctionalized cyclobuteng was used to initiate average molecular weight vs conversion plots provided good
ATRP of vinylic monomers in order to obtain macromonomers agreement between experimental results and theoretical ones,

and polydispersity indexes values were relatively low (+10

* Corresponding author: e-mail laurent.fontaine@univ-lemans.fr; Tel 1.30). All of the experimental criteria of a controlled polym-
+33 (0)2 43 83 33 30; Fa*33 (0)2 43 83 37 54. erization shown in these experiments proved the efficiency of
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Figure 1. Kinetic studies of ATRP initiated by 3,4-difunctional
cyclobutene2. Kinetic plots (a) and dependence of number-average
molecular weights and PDI with monomer conversion (b) for the ATRP
of styrene W, M, o,s — M;ned andtert-butyl acrylate @, M, o5

] Mn,thez)'

2 as an ATRP initiator. Moreover, the-cyclobutenyl func-
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ones (Table 1). Furthermore, the unimodal SEC traces (Figure
2) with low polydispersity indexes (values between 1.16 and
1.20) indicated that the second block was initiated quantitatively.
These results suggest that the polymerization proceeded in a
controlled manner and exclude the hypothesis that the cy-
clobutenyl unsaturation is involved in thert-butyl acrylate
ATRP. Our results are in contrast to those of Cheng et al., who
observed competitive reactivity of the norbornenyl functionality
in the polymerization ofert-butyl acrylate and methyl acrylate
under the same conditioAdJsing our methodology, a range

of well-defineda-cyclobutenylpolystyrene-poly(tert-butyl acry-
late)s macromonomeré have been successfully synthesized
with various blocks lengths (Table 1).

Prior to attempting ROMP on macromonomers, the reactivity
of 2 toward Grubb’s generation | catalyst (§PRuCL(CHPh))
was studied (monomer-to-initiator rat® 10:1, toluene, 30C).
The monomer consumption (followed biH NMR) was
complete after 6 h. Isolation and purification of the final polymer
led to a well-defined polybutadieneV = 3600 g mot,
M,/M, = 1.14) bearing ATRP initiator sites which could be
used in a “grafting from” strategy to prepare graft copolynférs.

The first attempt using Grubb’s | and a polystyrene mac-
romonomer3 (Table 1, entry 1) was then realized at %0
(monomer-to-initiator ratic= 10:1, toluene). After 48 h, SEC
traces revealed a bimodal distribution with two peaks located
at M, = 3900 g mot? andM, = 11 000 g mot™. This result
shows that the macromonomer had only partially reacted.
Modification of the experimental conditions (solvent, concentra-
tion, temperature, reaction time) did not improve the low
conversion of the macromonomer, and similar results were
observed fon-cyclobutenylpolystyrené-poly(tert-butyl acry-
late) macromonomerd. The reactivity of Grubb’s | catalyst
seems to be too low toward our macromonomers, probably as
a consequence of the steric hindrance effect of the two polymeric

tionality survives intact the ATRP process as demonstrated by chains, as already observed with a norbornene bearing two

guantitative 'TH NMR analysis showing the characteristic
resonance of the cyclobutenylalkene at 5.89 ppm.

polymeric chaing®
The second-generation Grubb’s catalyst (Grubb’s II) ((IMgsH

The cleavage of the ester linkage between polystyrene and(CysP)RuChL(CHPh)), one of the most active ROMP catalysts

the cyclobutenyl alkene\, = 5000 g mot?, M,/M, = 1.11)

commercially available, is less used despite its higher activity,

was performed according to a procedure already described inas the polymerizations are, in general, not controilédowever,

the literaturé* in order to check the efficiency of both initiator

it has already been used for polymerization of hindered

sites of2. As expected, the number-average molecular weight macromonomers, leading to well-defined graft copolymers with

of the final product is about half the one of the macromonomer,

with a narrow polydispersity indexM, = 2800 g mot?,
M,/M, = 1.08), which proves the similar efficiency of both
initiator sites of2.

narrow polydispersity indexé$.The first attempt with Grubb’s

I and macromonomeB (Table 1, entry 1) led to higher
conversion than with Grubb’s | under similar conditions, but
the macromonomer conversion was still incomplete. By increas-

The synthesis of block copolymers was then achieved usinging the temperature from 50 up to 7L, macromonomer

polystyrene macromonome8as macroinitiators in a second
ATRP with tert-butyl acrylate (Table 1). Polystyrene macro-

concentration from 0.01 up to 0.06 mof1, and reaction time
from 48 to 76 h, a polymer with a narrow and unimodal

initiators were obtained at low conversions to prevent the loss molecular weight distribution was obtainei{ = 10 400 g

of the chain-end functionality which can occur at high conver-
sion with PMDETA ligandt® Experimental molecular weights

mol~%, M, /M, = 1.25). The same conditions were successfully
applied to macromonomédr(Table 1, entry 3): a well-defined

of the final polymers were in good agreement with the calculated polybutadieneg-(polystyreneb-poly(tert-butyl acrylate)) co-

Table 1. Macromonomers Characteristics

polystyrene macromonomes3

polystyreneb-poly(tert-butyl acrylate) macromonome#8

entry conv (%) Mn,'[heoC Mn,SECd M_WIM_nd conv (%) Mn,'[heoe Mn,SECd M_W/Vnd
1 20 2495 3500 111 31 5487 6700 1.20
2 10 1453 1500 1.14 40 4063 5100 1.17
3 7 1141 1800 1.15 25 3400 4300 1.17
4 16 2078 2600 1.10 47 5612 7200 1.16

a[Cu(l)Br]:[PMDETA]:[styrene]:[2] = 1:1:100:1, toluene (50% v/v), 10TC. b [Cu(l)Br]:[PMDETA]:[tBA]:[ 2] = 1:1:50:1, toluene (70% v/v), 66C.
¢ M theo= 104([StH/[I] 0 x conversion} Minitiator. ¢ Determined by SEC in THF at 3% vs polystyrene standarMn teo= 128([tBA]o/[I] 0 x conversion)

=+ Minitiator.
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Figure 2. SEC traces of polystyrene macromonomer (A), polystyfepely(tert-butyl acrylate) macromonomer (B) (Table 1, entry 3), and
polybutadieneg-(polystyreneb-poly(tert-butyl acrylate)) graft copolymer (C).

Response (mV)

polymer, having a low polydispersity indesM( = 8200 g been demonstrated these macromonomers could be engaged
mol~1, M,/M, = 1.21) was obtained (Figure 2C). As they may in ROMP in emulsion where they could simultaneously act as
assume shapes from random coils to rigid rods, graft polymers surfactant and monomé¥.The same treatment on polybutadi-
cannot be accurately characterized using standard SEC coneneg-(polystyreneb-poly(tert-butyl acrylate)) led to an am-
nected to a refractive index detector. It is known in the literature phiphilic polybutadienes-(polystyreneb-poly(acrylic acid)) co-
that the measured values for the molecular weights under- polymer as shown by the disappearancéeotbutyl signal ¢
estimate the true molecular weights of comb polymers by up = 1.44 ppm) in thetH NMR spectrum.

to a factor of 10 In addition, anomalous elution times and In conclusion, the synthesis of well-defined polybutadiene-

separations of these polymers in SEC have been repbrfesl. .
. . .0-(polystyreneb-poly(tert-butyl acrylate)) and polybutadiene-
a consequence, the difference between theoretical and experi: : :
mentaIWq values for the graft copolymer is presumed to bepa g-(polystyreneb-poly(acrylic acid)) graft copolymers has been
n

result of the difference in hydrodynamic volumes of this polymer successfully carried out through the “polymacromonomer

compared to linear polystyrene standards. The absence of trategy by combination of ATRP and ROMR-Cyclo-

residual macromonomer on the SEC traces and the CompletebutenyIpolystyrenda—poly(tert—butyl acrylate) macromonomers

disappearance of the signal of the cyclobutenic unsaturation inWlth various block lengths have been obtained by ATRP using

the IlH NMR spectrum show that the reaction went to comple- an %rllgln?ri cyclott)#tenyl-ffunctlltl)r&alfl_ze(z|n|t|ator. This methoqlth
tion. This result confirms the preservation of the cyclobutenyl enat el;s q € Tyn I esis 'ohtwe(; eliné .rpacromonli)mers wi
unit during macromonomer synthesis using ATRP. controlled molecular weight and composition as well as narrow

The easy removal of thert-butyl groups after polymerization molecular weight distribution and could be_ applicable to a wide
yields poly(acrylic acid) side chains that have a number of range of monomers. ROMP of the resulting macromonomers
important application& The removal otert-butyl groups was allows for a good contrloll over Iength and nature of the bgckbqne
first achieved with macromonome#s by treatment with a ~ and offers the possibility to adjust the graft density via
mixture of dichloromethane and trifluoroacetic acid until the COPOlymerization with others monomers. Acidolysis of te-
detert-butylated polymers precipitated. The disappearance of Putyl groups of both macromonomers and final copolymers
tert-butyl signal ¢ = 1.44 ppm) and the persistence of the signal !€ads, on one hand, to polystyrebgoly(acrylic acid) mac-
of cyclobutene unitd = 5.89 ppm) on théH NMR spectrum romonomers and, on the other hand, to amphiphilic graft
of the final copolymer proves that acidolysis occurs without Copolymers with potential attractive properties. This original
alteration of the ester linkages between the cyclobutene unitcombination of ATRP and ROMP with the macromonomer
and polymeric chains. strategy can be considered as a new and versatile synthetic

Preliminary results concerning the solubility of polystyrene- method for the preparation of a broad variety of graft copolymers
b-poly(acrylic acid) macromonomers in water showed that based on a polybutadiene backbone. Last, the possibility of
macromonomers are easily soluble in water for a 80:20 molar synthesizing nonsymmetric cyclobutenic compodftiearing
ratio of hydrophilic poly(acrylic acid):hydrophobic polystyrene. initiator sites of different nature could lead to macromonomers
For higher proportion of the hydrophobic block (70:30), the substituted with two polymeric chains of different nature, giving
addition of K,COs was necessary to ensure complete solubili- access to environmentally responsive graft copolyrfiefsirther
zation. As the efficiency of polystyrertepoly(acrylic acid) studies concerning macromonomers, graft copolymers, and their
copolymers as stabilizers in emulsion polymerizations as alreadyproperties are now in progress and will be reported in due tErB‘v
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