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Nitroxide-mediated polymerization (NMP) is a very attractive
controlled radical polymerization technique that allows the
preparation of very well-defined polymers by using a combina-
tion of a n1tr0x1de (in situ formed or not) and a free-radical
initiator' ~* or by employmg alkoxyamines as both initiators and
controlling agents.>”’ This powerful technique is especially
attractive because it is metal-free and the polymers formed are
not colored and can be directly used after synthesis without any
purification step. Moreover, the development of highly efficient
and commercially available alkoxyamines such as BlocBuilder
has now allowed the preparation of a large range of block copoly-
mers® ' even at the industrial scale (for instance, poly(methyl
methacrylate)-b-poly(butyl acrylate)-b-poly(methyl methacry-
late) commercialized under the name of Nanostrength from
Arkema) that are mainly sold as polymer compatibilizers or
additives for reinforcement of polymer matrices.

The main limitation of NMP is the range of monomers that can
be effectively controlled. Some efficient alkoxyamines and nitr-
oxides are able to control most of the conjugated vinyl monomers
such as styrene and derivatives, a.crylates (including some func-
tional acrylates),®”'*~'* acrylamides,*’ acrglomtnle 57 and
methacrylates (with some limitations)>*'>~!” but also some
dienes such as isoprene.>***! However, very reactive monomers
such as vinyl acetate cannot be controlled by NMP because the
C—ON bond at the polymer chain-end of the dormant chain
cannot be cleaved at a reasonable temperature. Once the poly-
(vinyl acetate) chains are trapped by the nitroxide, the chains
cannot be reactivated further to allow chain extension.*

Recently, cobalt(Il) acetylacetonate (Co(acac),) in combina-
tion with V70 (2,2'-azobis(4-methoxy-2,4-dimethylvaleronitrile)
as initiator was demonstrated to be highly active for controlling
the radical polymerization of nonconj 5gated nucleophilic mono-
mers such as vinyl acetate (VAC)B 2 and N-vinylpyrrolidone
(NVP).2%" This process called “cobalt-mediated radical poly-
merization (CMRP)” was an extension of the pioneering work of
Wayland et al. that used cobalt(IT) porphyrins for controlling the
acrylates polymerizations.?® Although Co(acac), was very active
for nucleophilic monomers, no control of the polymerization was
observed for conjugated monomers such as styrene and (meth)-
acrylates because the C—Co bond at the polymer chain end was
too labile. An exception was acrylonitrile which was efficiently
controlled provided that the polymerization was carried out in
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some polar solvents such as dimethylformamide (DMF) or
dimethyl sulfoxide (DMSO) at a low temperature (0 °C).>* More
importantly, the block copolymerization of vinyl acetate with
acrylonitrile was also possible in these solvents starting from
poly(vinyl acetate) (PVAc) as the first block.?**° For this block
copolymerization, the acrylonitrile polymerization occurred
according to a reversible termination (RT) mechanism, where
the metal complex (Co(acac),) is the controlling agent and traps
reversibly the polymer chains, in the same way as nitroxides in a
NMP process.

Moreover, it was demonstrated that addition of a nitroxide
such as 2,2,6,6-tetramethylpiperidinyloxy (TEMPO) to PVAc—
Co(acac), preformed by CMRP lead to an irreversible cobalt/
nitroxide exchange reaction, with release of the cobalt complex.*!
The latter was easily removed by filtration onto silica, and
low cobalt-containing polymers end-capped by TEMPO were
recovered. Noteworthy, TEMPO-like nitroxides bearing func-
tional groups were also used for the chain-end functionalization
of polymers preformed by CMRP.*""* Although it was very
tempting to reinitiate the polymerization of a vinyl monomer by
NMP from the PVAc—TEMPO chain-end, the C—ON bond of
the alkoxyamine was stable at least until 180 °C, which makes the
synthesis of well-defined diblock copolymers by NMP not
possible.*

In this Communication, CMRP is combined for the first time
with NMP, giving access to novel ABC triblock copolymers
based on a nonconjugated monomer (vinyl acetate) and con-
jugated ones (such as acrylonitrile, styrene, n-butyl acrylate, or
4-vinylpyridine). Contrary to the above-mentioned studies, novel
copolymers prepared by CMRP and postfunctionalized with
SG1 (N-(2-methylpropyl)-N-(1-diethylphosphono-2,2-dimethyl-
propyl)-N-oxyl; see Scheme 1) nitroxide leads to a C—ON bond
sufficiently labile to promote chain extension by NMP, provided
that the alkoxyamine is in an activated position (at the a-position
of a nitrile group for instance). SG1 was used because, due to both
polar and steric effects, the corresponding SG1-based alkoxy-
amines exhibit faster dissociation rate constant™ than TEMPO-
based alkoxyamines. Moreover, SG1 is one of the most potent
nitroxides reported so far, allowmg the control of a wide range
of monomers including st}7/renlcs acrylates,* dimethylacryl-
amide,>>* or acrylic acid.’

Our new strategy for the synthesis of novel ABC triblock
copolymers consists of three main steps represented in Scheme 1:
(i) synthesis of a PVAc-b-PAN diblock copolymer end-capped by
Co(acac), via sequential CMRP of VAc and AN; (ii) cobalt/SG1
exchange reaction in order to functionalize the diblock chain-end
with SG1; (iii) initiation of the polymerization of a third vinyl
monomer by NMP by homolytic cleavage of the C—ON bond at
the diblock copolymer chain-end.

The first block, PVAc—Co(acac),, was prepared by CMRP
using Co(acac); as the controlling agent and V70 as the initiator
at 30 °C in the bulk.?* The diblock copolymer PVAc,37-b-PANgy-
Co(acac), was then synthesized by adding acrylonitrile to the
PVAc—Co(acac), in solution in DMF at 0 °C, as reported
elsewhere.** At 0 °C in DMF, the C—Co bond at the polymer
chain-end is labile, and the polymerization of acrylonitrile occurs
according to a reversible termination mechanism. When the
desired molecular weight was reached for the second block
(PAN), a degassed solution of excess nitroxide (SG1; ~4 equiv
compared to polymer chains) was rapidly added to end-cap the
growing polymer chains by SG1, while Co(acac), was released.
Atroom temperature, the C—ON bond at the PVAc-h-PAN-SG1
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Scheme 1. General Strategy for Producing the ABC Triblock Copoly-
mers by Combining Cobalt-Mediated Radical Polymerization (CMRP)
and Nitroxide-Mediated Polymerization (NMP); Structure of SG1
Nitroxide (/V-(2-Methylpropyl)-/V-(1-diethylphosphono-2,2-
dimethylpropyl)-N-oxyl), DMF = Dimethylformamide

0°C/DMF
PVAc-Com —=—=_ PVAc* + Co"
1
+AN CMRP
0°C/DMF
PVAc-b-PAN-Co'! —_— PVAc-b-PAN*+ Col!
2
+SG, /0°C - Coll } Exchange
>100°C
PV Ac-b-PAN-SG, — PVAc-b-PAN* + SG,
3

l + N\ NMP
> 100°C R
PVAc-b-PAN-b-Py-SG, —~=—=— PVAc-b-PAN-b-P,* + SG,

4a (Py = PS, R = -Ph)
4b (P, = PnBuA, R=-CO,nBu)
4¢ (P, = PAVP, R = -4-pyridine) . *O-N

chain-end is stable such that the acrylonitrile polymerization was
stopped when adding SG1 (see Supporting Information Figure
S1). Several precipitations in methanol/water (80/20) allowed to
remove 87% of the cobalt from the copolymer (cobalt content:
[Colfnar = 315 ppm by ICP, [Co], = 2300 ppm, where [Co], =
cobalt content before addition of SG1 and [Colg,, = cobalt
content after addition of SG1 and polymer purification). These
precipitations are also necessary to remove the excess of SG1 that
would prevent chain extension to occur. Indeed, this excess would
completely shift the dormant/active species equilibrium toward
the dormant one, avoiding any polymerization.

The presence of the SGI1 at the chain-end and the yield of
functionnalization were determined by electron spin resonance
(ESR). Typically a DMF solution (10~* M) of the previously
prepared PVAc-b-PAN copolymer end-functionalized by SG1
was heated (100 °C) under argon, in presence of 5 equiv of
TEMPO (to suppress the recombination reaction) for 2 h. The
characteristic ESR spectrum of SG1 was observed assessing the
presence of SG1 living chains. By comparing the area of the ESR
SG1 spectrum released by the polymer with the one obtained with
a free sample of SGI in DMF solution (10~* M) chosen as
reference, the yield of functionnalization was estimated around
90 £+ 5%.

The resulting PVAc-b-PAN copolymer end-functionnalized
by SG1 was then used as macroinitiator for the NMP of
styrene (Sty), n-butyl acrylate (n-BuA), and 4-vinylpyridine
(4VP). Results of these copolymerization experiments are shown
in Table 1.

Chain extension of PVAc-b-PAN-SGI1 by styrene was first
considered. The PAN sequence being not soluble in styrene,
the polymerization was carried out in DMF at 120 °C. After
5.5 h about 75% conversion was obtained, and the SEC
chromatogram of the starting diblock copolymer was clearly
shifted toward the shorter elution times, in total agreement
with the successful resumption of the polymer chains and
the formation of the PVAc-b-PAN-H-PS triblock copolymer
(Figure 1). The polydispersity of the copolymer remained quite
low (My/M, =1.31).

"H NMR analysis of the copolymer evidenced the presence of
signals typical of PVAc, PAN, and PS blocks (Figure 2). The
composition of the copolymer and the molecular weight of the
sequences were determined by 'H NMR by comparison of the
intensities of the signals corresponding to CH,—CH—OCOCH;

Macromolecules, Vol. 42, No. 22, 2009 8605

Table 1. Synthesis of PV Ac-b-PAN-b-PX Triblock Copolymers by
NMP Using a PVAc(20.4K)-b-PAN(4.8K)-SG1 Diblock Prepared

by CMRP
PVAc-b-PAN-b-PX
block PX triblock copolymer
Mn.exp NMR Mn.th Mn,SEC . .
monomer X (g/mol)? (g/mol)° (g/mol)’ My /M,
Sty 28400 34000 131600 1.31
n-BuA® 23400 22300 110000 1.19
4-VP¢ 21400 24300 99 000 1.18

“[Stylo/[PVAc-b-PAN-SG1], = 435, Sty/DMF = 1/1 (v/v), 120 °C,
5.5 h, conversion=75%. ? [n-BuAly/[PVAc-b-PAN-SG1]y=205, n-BuA/
DMF=1/2.5(v/v), 120 °C, 2.5 h, conversion=83%. “ [4-VP]y/[PVAc-b-
PAN-SG1]y=925,4-VP/DMF=1/1 (v/v), 100 °C, 4 h, conversion=25%.
¢Experimental number-average molecular weight determined by 'H
NMR in DMSO-d;. ¢ Theoretical number-average molecular weight calcu-
lated based on the monomer conversion and the initial monomer/macro-
initiator molar ratio. / Number-average molecular weight determined by
SEC in DMF (containing 0.025 M LiBr) with polystyrene calibration.

of PVAc (at 4.82 ppm), to CH,—CH—CN of PAN (at 3.15 ppm)
and to C4Hs—CH—CH, of PS (at 7.7—6.4 ppm) (see experi-
mental section in Supporting Information, Figure 2): PVAc-
(20400)-b-PAN(4100)-b-PS(28400).

When the same procedure was applied to n-butyl acrylate
(nBuA), the polymerization was uncontrolled as assessed by
a multimodal SEC chromatogram of the copolymer and a
broad polydispersity (M,,/M, = 2.63, results not shown). It
has already been established that, for controlling efficiently
the acrylate Eol3ymerization depending on the nature of
alkoxyamine,®®* a slight excess of free nitroxide compared
to the alkoxyamine has to be used in order to decrease the
polymerization rate of the acrylate. After optimization of
the polymerization procedure, 85% monomer conversion
was obtained after 2.5 h of polymerization (see Figure S2
in Supporting Information), and a PVAc(20400)-5-PAN-
(4800)-h-PnBuA(23400) was produced with a narrow poly-
dispersity (My/M, = 1.19; Figure 1B) at 120 °C when
1 mol % SGI1 was used compared to the starting diblock
copolymer. The small shoulder at the high molecular weight
side of the SEC chromatogram of the copolymer is attrib-
uted to some coupling reactions that were occurring at
high conversion. Some tailing is also observed at the low
molecular weight side of the SEC chromatogram, probably
coming from the occurrence of some transfer reactions that
cannot be excluded when the NMP of nBuA using SG1 is
concerned.*®

Finally, the polymerization of 4-vinylpyridine (4VP) was
considered at 100 °C without free SG1. In these conditions, the
PVAc-b-PAN-SGI initiated the polymerization of 4VP in a
controlled manner. The SEC chromatogram shifted toward the
higher molecular weight side, while the polydispersity remained
narrow (My/M,, = 1.18) (see Figure 1C). In the polymerization
conditions studied, 25% monomer conversion was reached after
4 h at 100 °C. Comparison of the intensities of the '"H NMR
signals corresponding to CH,—CH—OCOCH; of PVAc (at 4.82
ppm), CH,—CH—CN of PAN (at 3.15 ppm), and CsH,N—CH—
CH, of PS (at 6.6 ppm) allowed to calculate the molecular
weight of each block: PVAc¢(20400)-b-PAN(4800)-b-P4VP-
(21400). '*C NMR spectra of PVAc-b-PAN-SG1 and the three
triblock copolymers prepared in this work are presented in the
Supporting Information (Figure S4).

In summary, acrylonitrile polymerization initiated by CMRP
from a PVAc—Co(acac), precursor was stopped by addition of
SGI. A rapid cobalt/nitroxide exchange reaction occurred with
formation of PVAc-b-PAN diblock copolymer end-capped by
SG1 (PVAc-b-PAN-SG1). The C—ON bond of the newly formed
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Figure 1. Overlay of SEC chromatograms for PVAc—Co(acac), 1 (dotted line, M, =53 100 g/mol, M,/M, = 1.22), PVAc-b-PAN-SG1 3 (full line,
M,=78600 g/mol, M,,/M,=1.20) and (A) PVAc-b-PAN-b-PS 4a (bold line, M, = 131600 g/mol, M, /M,=1.31), (B) PVAc-b-PAN-H-PnBuA 4b (bold
line, M,,=110000 g/mol, M/M,=1.19), and (C) PVAc-b-PAN-H-P4VP 4¢ (bold line, M,,=99 000 g/mol, M,/M,=1.18). M, are determined by SEC in

DMEF (containing 0.025 M LiBr) with polystyrene calibration.
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Figure 2. 'H NMR (400 MHz, 353 K, DMSO-dg) of PVAc-b-PAN-SG1, PVAc-h-PAN-H-PS, PVAc-h-PAN-h-PnBuA, and PVAc-h-PAN-h-P4VP.
PVAc, PAN, PS, PnBuA, P4VP, and SGI stand for poly(vinyl acetate), poly(acrylonitrile), poly(styrene), poly(n-butyl acrylate), poly(4-vinylpyridine),
and N-(2-methylpropyl)-N-(1-diethylphosphono-2,2-dimethylpropyl)-N-oxyl, respectively.

macroalkoxyamine was easily reactivated under heating to in-
itiate the nitroxide-mediated polymerization of various vinyl
monomers such as styrene, n-butyl acrylate, and 4-vinylpyridine
whose polymerization cannot be controlled up to now by CMRP.
Novel well-defined ABC triblock copolymers were thus produced
by combination of CMRP and NMP techniques. To our know-
ledge, this strategy is a unique tool for precise design of such
triblock copolymers based on conjugated and nonconjugated
monomers. Our approach is thus complementary to other
efficient techniques that allow the controlled synthesis of other
types of block copolymers based also on conjugated and non-
conjugated monomers.*~
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