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Controlled radical polymerization (CRP) techniques are tools
of choice to prepare well-defined macromolecules with
predictable molar masses (Mn) and low polydispersity (Mw/
Mn).[1] These methods are based on the temporary deactiva-
tion of the propagating centers to preserve them from
irreversible termination. Reactivation of the protected radi-
cals can be used to end-functionalize macromolecules or
polymerize other monomers leading to multiblock copoly-
mers. Although radical coupling reactions must be minimized
along the CRP process, the development of innovative
methods able to promote on demand the selective self-
coupling of two radical polymer chains would open novel
synthetic perspectives. Indeed, self-coupling of a-functional-
ized polymers and AB diblock copolymers, preformed by
CRP, should give access to telechelic polymers and sym-
metrical ABA triblock copolymers, respectively. For the
latter, the coupling or “convergent” approach should have
advantages over the reported “sequential” and “divergent”
strategies. Indeed, ABA triblocks obtained by sequential
polymerization of different monomers from a monofunc-
tional initiator suffer from a lack of symmetry and are often
contaminated by homopolymer and/or diblock copolymer.[2,3]

In this respect, the divergent polymerization of two mono-
mers by using a bisfunctional initiator[2–4] is more reliable, but
a higher level of control of the chain ends is expected
following the coupling technique. However, such a radical
convergent strategy has been disregarded until now because
of the rareness of quantitative and selective radical coupling
methods. Atom-transfer radical coupling (ATRC)[5–12] has
proved efficiency to couple short polymer chains preformed
by atom-transfer radical polymerization or by reverse iodine
transfer polymerization[12] and to provide telechelic polymers.
Recently, silane radical atom abstraction was introduced as a
metal-free alternative coupling method.[13] In theory, ATRC
applied to halogenated diblocks should lead to the ABA

triblock copolymer but only modest results have been
reported.[14]

Herein, we report an efficient radical coupling method
called isoprene-assisted radical coupling (I-ARC), which
involves the addition of isoprene to polymer chains pre-
formed by cobalt-mediated radical polymerization
(CMRP)[15–26] (Scheme 1). The latter CRP technique notably

allows control of the polymerization of vinyl acetate (VAc)
and acrylonitrile (AN) by temporary deactivation of the
propagating radical with the bis(acetylacetonato)cobalt(II)
complex [Co(acac)2].[19–26] By following this procedure, a
range of well-defined PAN chains capped by [Co(acac)2] (Mw/
Mn� 1.1, Mn� 10 000–25000 gmol�1) were prepared with an
alkylcobalt(III) compound [R0-(CH2CHOAc)<4-Co(acac)2]
as initiator[24] (Table 1, entries 1–3). After removal of the
unreacted monomer, the PAN-[Co] samples were treated
with a large amount of isoprene at room temperature for 2 h.

Initiation of the isoprene polymerization was anticipated
from the PAN macroradical formed by homolytic cleavage of
the Co�C bond, but no polyisoprene (PIP) was detected by
NMR spectroscopy in the final material. Nevertheless, the Mn

of the precursors systematically doubled (Figure 1a), which
suggests a radical coupling reaction between two PAN chains
(Scheme 1). Based on the accurate molar masses for the
precursor (Mn,0) and the final product (Mn), provided by a
size-exclusion chromatography (SEC) column equipped with
a multiangle light-scattering (MALLS) detector, the extent of
coupling (xc) was estimated from the following equation: xc =

2[1�(Mn,0/Mn)]. In all cases the xc was close to unity, which
confirms the efficiency of this coupling process.[7] The SEC-
MALLS profiles of the coupled products were monomodal
and narrow (Mw/Mn< 1.1), even for PAN with higher Mn (for
example, � 25 000 gmol�1; Table 1, entry 3). The I-ARC
technique is thus not restricted to short homopolymeric
chains, as was the case for previously reported convergent
radical systems.[5–12] Additional experiments showed that the

Scheme 1. General strategy for the coupling reaction of (co)polymers
preformed by CMRP with isoprene. PAN= polyacrylonitrile, PVAc=
poly(vinyl acetate), acac = acetylacetonato.

[*] Dr. A. Debuigne, Prof. C. J�r�me, Dr. C. Detrembleur
Center for Education and Research on Macromolecules (CERM)
University of Li�ge, Sart-Tilman, B6, 4000 Li�ge (Belgium)
Fax: (+ 32)4-366-3497
E-mail: christophe.detrembleur@ulg.ac.be

[**] The Belgian Science Policy in the frame of the Interuniversity
Attraction Poles Programme (PAI VI/27) and the Fonds National de
la Recherche Scientifique (FNRS) are acknowledged for financial
support. A.D. and C.D. are “Charg� de Recherches” and “Ma�tre de
Recherches” by the FNRS, respectively. The authors thank G.
Cartigny, R. Essers, and Dr. P. Lecomte for assistance and
discussions.

Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/anie.200804880.

Communications

1422 � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2009, 48, 1422 –1424

http://dx.doi.org/10.1002/anie.200804880


coupling reaction is complete within 5 min, but also that
removal of the unreacted AN prior to injection of isoprene is
not essential (see the Supporting Information).

The coupling reaction was also investigated on PAN-[Co]
prepared from azo initiator (V-70) and [Co(acac)2] instead of
the alkylcobalt(III) initiator.[24] Under these conditions the
level of control of the AN was lower and thus end-
functionalization of the chain by the cobalt was less efficient,
which explains the moderate extent of the coupling (xc = 0.88;
Table 1, entry 4, and Figure C in the Supporting Information).
In this case, it was observed by 1H NMR spectroscopy that an
average of two isoprene units were incorporated in the
polymer (mainly 1,4-addition product; Figure 2). Based on
this observation, a reasonable mechanistic hypothesis is the
following: 1) release of PANC radicals from the preformed
PAN-CoIII species; 2) addition of a few isoprene units;
3) deactivation by CoII of the newly formed PAN-PIP�2C

radical, and 4) addition of a second PANC radical chain onto
the unreacted double bond of the last isoprene unit of the
PAN-PIP-CoIII intermediate, with formation of the coupling
product (PAN-PIP�2-PAN) and release of CoII.

The release of the metal from the polymer during the
coupling process was confirmed by inductively coupled
plasma analyses. Less than 3% of the initial amounts of
cobalt were detected in the final PAN samples after precip-
itation (see the Supporting Information). Unfortunately, it is

not trivial to reveal formation of the
PAN-PIP�2-Co intermediate in such
a complex medium, especially for
such a fast reaction. Moreover,
although it is tempting to carry out
the coupling reaction on small
model compounds, such as [CH3-
(CN)CH-Co(acac)2], to simplify the
system, the synthesis and isolation
of the latter complex does not
appear realistic today. Indeed, all
attempts to synthesize the parent
[CH3-CH(OCOCH3)-Co(acac)2]

adduct, which is more stable than the above-mentioned
one,[22] remained unsuccessful and still represents a real
challenge.[27]

As shown in Scheme 1, I-ARC has also been applied to
well-defined PVAc-b-PAN-[Co] diblock copolymers with
different compositions prepared by CMRP as follows: 1) syn-
thesis of PVAc-[Co] with [R0-(CH2CHOAc)<4-Co(acac)2] as
initiator at 30 8C in bulk in the presence of water;[22] and
2) initiation of the AN polymerization from the PVAc-[Co]
block in DMF at 0 8C[23] (Table 2). After removal of residual
AN and the addition of isoprene to the PVAc-b-PAN-[Co]
samples, the expected PVAc-b-PAN-b-PVAc triblock copoly-
mers were formed at 0 8C. The doubling of the peak molar
mass (Mp) was observed in both cases, but the Mn of the final
material obtained from diblocks with a longer chain was
slightly lower than expected. This result suggests that a small
amount of the diblock did not participate in the coupling
reaction (xc = 87%; Table 2, footnote [c]). Nevertheless, the
overlay of the SEC-MALLS chromatograms of samples
withdrawn from the medium at every reaction step illustrates
the efficiency of this convergent synthesis of ABA triblock
copolymers (Figure 1b).

Table 1: Coupling reaction of PAN-[Co] prepared by CMRP.

Preparation of Pn-[Co] precursors P2n by coupling
Entry [M]0/[Co]0 t Conversion[c] Mn,0

[d] Mw/Mn Mn
[d] Mw/Mn xc

[e]

[h] [%] [g mol�1] [gmol�1]

1[a] 664 6 12 9400 1.01 19100 1.02 1.02
2[a] 1328 6 10 12500 1.02 25800 1.01 1.03
3[a] 1328 12 21 24900 1.02 51200 1.04 1.02
4[b] 96 4 27 6900 1.07 12300 1.07 0.88

[a] Polymerization: [Co(acac)2(-CH(OCOCH3)CH2)<4-R0)] as initiator, VDMSO/VAN = 1, 0 8C. DMSO=
dimethyl sulfoxide. Coupling: removal of the unreacted AN prior to isoprene addition, [isoprene]/
[Co] = 88, room temperature, 2 h. [b] Polymerization: [AN]/[Co(acac)2]0/[V-70]0 = 97:1:1, VDMSO/VAN = 1,
30 8C. Coupling: [isoprene]/[Co] = 8.3, room temperature, 2 h. [c] 1H NMR spectroscopy. [d] SEC-MALLS
(specific refractive index increment, (dn/dc)PAN =0.076 mLg�1). [e] xc = 2[1�(Mn,0/Mn)].

Figure 1. SEC-MALLS chromatograms for a) PAN-[Co] precursor (a)
and the coupling product upon treatment with isoprene (c)
(Table 1, entry 1), and b) PVAc-[Co] macroinitiator (a), PVAc-b-PAN-
[Co] diblock (c), and the final PVAc-b-PAN-b-PVAc triblock copoly-
mer (bold line; Table 2, entry 2).

Figure 2. 1H NMR analysis of a PAN sample recovered after the
coupling reaction with isoprene (Table 1, entry 4).
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Finally, hydrolysis of the ester functions of PVAc-b-PAN-
b-PVAc copolymers led to the novel corresponding amphi-
philic PVOH-b-PAN-b-PVOH triblock (PVOH = poly(vinyl
alcohol)), whereas a fully hydrosoluble PVOH-b-PAA-b-
PVOH triblock (PAA = poly(acrylic acid)) was obtained
upon specific basic treatment (see the Supporting Informa-
tion, Figure E).

In conclusion, I-ARC is an efficient radical coupling
method for PAN-containing (co)polymers prepared by
CMRP. The observed release of cobalt from the polymer
chain and tiny incorporation of isoprene allowed us to make a
mechanistic proposal. Contrary to the previously reported
radical coupling techniques, I-ARC is not restricted to short
polymeric chains and homopolymers. Indeed, it has been
successfully applied to PAN-[Co] homopolymers with Mn

equal to 25000 gmol�1 and to the coupling of PVAc-b-PAN-
[Co] diblocks leading to PVAc-b-PAN-b-PVAc triblocks. In
addition to being a straightforward approach for the synthesis
of symmetrical ABA copolymers, this unique coupling
reaction also paves the way towards telechelic polymers by
using a-functional precursors. Finally, the extension of this
methodology to other monomers, whose polymerization can
be controlled by CMRP today, such as VAc,[18–22] N-vinyl
pyrrolidone,[25, 26] and acrylic monomers,[15–17] should give
access to a completely novel class of valuable polymeric
materials.

The Experimental Section is provided as Supporting
Information.

Received: October 6, 2008
Revised: November 4, 2008
Published online: January 13, 2009

.Keywords: block copolymers · cobalt · polymerization ·
radical coupling · radical reactions

[1] W. A. Braunecker, K. Matyjaszewski, Prog. Polym. Sci. 2007, 32,
93.

[2] D. A. Shipp, J.-L. Wang, K. Matyjaszewski, Macromolecules
1998, 31, 8005.

[3] S. Robin, O. Guerret, J.-L. Couturier, R. Pirri, Y. Gnanou,
Macromolecules 2002, 35, 3844.

[4] R. T. A. Mayadunne, E. Rizzardo, J. Chiefari, J. Krstina, G.
Moad, A. Postma, S. H. Thang, Macromolecules 2000, 33, 243.

[5] C. Yoshikawa, A. Goto, T. Fukuda, e-Polym. 2002, 13.
[6] S. Yurteri, I. Cianga, Y. Yagci, Macromol. Chem. Phys. 2003, 204,

1771.
[7] T. Sarbu, K.-Y. Lin, J. Ell, D. J. Siegwart, J. Spanswick, K.

Matyjaszewski, Macromolecules 2004, 37, 3120.
[8] B. Otazaghine, C. Boyer, J.-J. Robin, B. Boutevin, J. Polym. Sci.

Part A 2005, 43, 2377.
[9] T. Sarbu, K.-Y. Lin, J. Spanswick, R. R. Gil, D. J. Siegwart, K.

Matyjaszewski, Macromolecules 2004, 37, 9694.
[10] B. Aydogan, Y. Yagci, Turk. J. Chem. 2007, 31, 1.
[11] J. T. Kopping, Z. P. Tolstyka, H. D. Maynard, Macromolecules

2007, 40, 8593.
[12] B. Nottelet, P. Lacroix-Desmazes, B. Boutevin, Polymer 2007, 48,

50.
[13] S. Thakur, E. S. Tillman, J. Polym. Sci. Part A 2007, 45, 3488.
[14] R. Nagelsdiek, H. Keul, H. Hoecker, e-Polym. 2005, 49.
[15] B. B. Wayland, G. Poszmik, S. L. Mukerjee, M. Fryd, J. Am.

Chem. Soc. 1994, 116, 7943.
[16] Z. Lu, M. Fryd, B. B. Wayland, Macromolecules 2004, 37, 2686.
[17] C.-H. Peng, M. Fryd, B. B. Wayland, Macromolecules 2007, 40,

6814.
[18] C.-H. Peng, J. Scricco, S. Li, M. Fryd, B. B. Wayland, Macro-

molecules 2008, 41, 2368.
[19] A. Debuigne, J.-R. Caille, R. Jerome, Angew. Chem. 2005, 117,

1125 – 1128; Angew. Chem. Int. Ed. 2005, 44, 1101 – 1104.
[20] A. Debuigne, J.-R. Caille, C. Detrembleur, R. Jerome, Angew.

Chem. 2005, 117, 3505 – 3508; Angew. Chem. Int. Ed. 2005, 44,
3439 – 3442.

[21] S. Maria, H. Kaneyoshi, K. Matyjaszewski, R. Poli, Chem. Eur. J.
2007, 13, 2480.

[22] A. Debuigne, Y. Champouret, R. Jerome, R. Poli, C. Detrem-
bleur, Chem. Eur. J. 2008, 14, 4046.

[23] A. Debuigne, J. Warnant, R. Jerome, I. Voets, A. de Keizer,
M. A. Cohen Stuart, C. Detrembleur, Macromolecules 2008, 41,
2353.

[24] A. Debuigne, C. Michaux, C. Jerome, R. Jerome, R. Poli, C.
Detrembleur, Chem. Eur. J. 2008, 14, 7623.

[25] H. Kaneyoshi, K. Matyjaszewski, Macromolecules 2006, 39,
2757.

[26] A. Debuigne, N. Willet, R. Jerome, C. Detrembleur, Macro-
molecules 2007, 40, 7111.

[27] U. Baisch, R. Poli, Polyhedron 2008, 27, 2175.

Table 2: Synthesis of PVAc-b-PAN-b-PVAc triblock copolymers.

PVAc-b-PAN-[Co] PVAc-b-PAN-b-PVAc
Mn,0

[a] Mp,0
[a] Mw/Mn Compos. Mn

[a] Mp
[a] Mw/Mn Compos. xc

[d]

[g mol�1] [gmol�1] PVAc-b-PAN [g mol�1] [g mol�1]

9400[b] 9900 1.05 5.8 K-b-3.6 K 18 200 19 600 1.05 5.8 K-b-7.2 K-b-5.8 K 0.97
24800[c] 25600 1.06 16.3 K-b-8.5 K 43 800 49 300 1.07 16.3 K-b-17.0 K-b-16.3 K 0.87

[a] SEC-MALLS. [b] PVAc-[Co]: [VAc]0/[H20]0/[Co(acac)2(-CH(OCOCH3)CH2)<4-R0)]0 = 203:18:1, bulk, 30 8C, 6.5 h, conv. = 50%. Mn PVAc = 5800 g mol�1.
PVAc-b-PAN-[Co]: [AN]0/[PVAc-Co]0 = 286, VDMF/VAN = 1, 0 8C, 16 h, 25 %. PVAc-b-PAN-b-PVAc: [isoprene]0/[PVAc-b-PAN-Co]0 = 75, 0 8C, 2 h. ((dn/
dc)PVAc = 0.030 mLg�1, (dn/dc)PVAc-b-PAN = (dn/dc)PVAc-b-PAN-b-PVAc = 0.055 mLg�1). [c] PVAc-[Co]: [VAc]0/[H20]0/[Co(acac)2(-CH(OCOCH3)CH2)<4-R0)]0 =
406:36:1, bulk, 30 8C, 12 h, conv. =50 %. Mn PVAc = 16300 g mol�1. PVAc-b-PAN-[Co]: [AN]0/[PVAc-Co]0 = 572, VDMF/VAN = 1, 0 8C, 16 h, 20%. PVAc-b-
PAN-b-PVAc: [isoprene]0/[PVAc-PAN-Co]0 =150, 0 8C, 2 h. ((dn/dc)PVAc = 0.030 mLg�1, (dn/dc)PVAc-b-PAN = (dn/dc)PVAc-b-PAN-b-PVAc = 0.052 mLg�1). [d] xc =
2[1�(Mn,0/Mn)].
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