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The field of block copolymers has experienced renewed
interest in recent years with the development of new
synthetic strategies and potential technological uses for
these nanostructured materials.1 Of particular interest
has been the elucidation of living free radical polymer-
ization techniques,2 such as nitroxide-mediated3 and
ATRP procedures,4 where attention has been devoted
to the polymerization of functionalized monomers which
do not polymerize via other pathways.5 This permits the
synthesis of a variety of new and novel functionalized
block copolymers. One commercially important and
highly functionalized monomer, which has so far proved
elusive in terms of controlled polymerization by a
variety of living techniques, is maleic anhydride (1). In
this communication, the controlled copolymerization of
maleic anhydride (1), by nitroxide-mediated living free
radical procedures is reported and subsequently used
in the development of a novel, one-step synthesis of
functionalized block copolymers.

In comparison to traditional block copolymer synthe-
ses, the development of a general, one-step strategy for
the preparation of functionalized block copolymers
would represent a significant advance. To accomplish
this goal, we exploited a unique feature of living free
radical procedures, chains being initiated at the same
time and growing at approximately the same rate. As a
consequence, random copolymers prepared from mono-
mers with different reactivity ratios6 by either tradi-
tional or living free radical procedures, while similar
on a macroscopic level (i.e., comparable tacticity and
triad ratios) may be significantly different on a molec-
ular level. For traditional free radical systems, there will
be a distribution of chain structures, with chains initi-
ated at low conversion having a different monomer
composition than those initiated later in the process.
In direct contrast, all chains prepared by living free
radical procedures should be approximately the same
with each chain growing at the same rate and experi-
encing the same change in monomer feed ratios.7
Therefore, if a living free radical system can be devel-
oped for monomer combinations with dramatically dif-
ferent reactivity ratios, such as maleic anhydride and
styrene, the alternating nature of this copolymerization
may be exploited and a new one-step strategy for novel
functionalized block copolymers developed.

To demonstrate this new concept in block copolymer
synthesis, the controlled polymerization of a 9:1 mixture
of styrene and maleic anhydride is demonstrated. Under

normal free radical conditions, a 9:1 mixture of styrene
and maleic anhydride will lead to a heterogeneous
mixture of homopolystyrene and various styrene/maleic
anhydride copolymers. Significantly different behavior
may be expected for the living free radical copolymer-
ization of styrene/maleic anhydride mixtures. In this
case, all chains will be homogeneous due to the rapid
initiation and living nature of the polymerization with
only the monomer composition along these homogeneous
chains varying. During the early stages of polymeriza-
tion, preferential incorporation of maleic anhydride will
occur, and upon depletion of the maleic anhydride, the
monomer feed will consist of essentially pure styrene.
In contrast to the normal free radical case in which pure
homopolystyrene chains are produced at this stage,
chain growth of a polystyrene block occurs in the living
free radical case to give a poly[(styrene-r-maleic anhy-
dride)-b-polystyrene] block copolymer.

Initially, the living free radical polymerization of a
9:1 mixture of styrene and maleic anhydride was
studied at 120 °C in the presence of 2,2,6,6-tetramethyl-
piperidinyloxy (TEMPO) as the mediating nitroxide.
Unfortunately nonliving behavior was observed under
a variety of different conditions with little or no control
over molecular weights and polydispersity. Similar
results were obtained for a range of Cu-, Ni-, or Fe-based
ATRP systems, which demonstrates the difficulty in
obtaining living free radical systems involving maleic
anhydride. To overcome this difficulty, a recently re-
ported R-hydrido-based alkoxyamine, 2, was examined.8
Interestingly, at 120 °C the rate of polymerization of a
9:1 mixture of styrene and maleic anhydride was
dramatically higher than for pure styrene with >90%
conversion being obtained after 1 h. While the material
obtained was polydisperse (PD ) 1.4-1.7), the living
character was enhanced when compared to TEMPO.
This high rate of polymerization, coupled with the
increased polydispersity, suggests that the presence of
additional nitroxide-mediating agent may be required
to give true living character, a concept similar to that
previously reported8 for the homopolymerization of
acrylate monomers. A small excess (5 mol %) of free
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Figure 1. Evolution of experimental molecular weight, Mn,
with conversion for the polymerization of a 9:1 mixture of
styrene and maleic anhydride (1), in the presence of 2 and 3
at 120 °C for 12 h.
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nitroxide, 3, was therefore added to the reaction mix-
ture. As can be seen in Figure 1, this produced a linear
relationship between molecular weight and conversion.
Significantly, the polydispersities of the products ob-
tained at high conversion was low (1.1-1.2) and the
molecular weights could be controlled up to 100 000
(Figure 2).

Examining the monomer conversion as a function of
time by 1H NMR spectroscopy provided insight into the
compositional nature of the chains. As can be seen in
Figure 3, the polymerization is initially fast with
preferential consumption of maleic anhydride. After 1.5
h, no detectable amounts of maleic anhydride could be
observed in the reaction mixture, while the conversion
of styrene was ca. 25-30%. At this point, the monomer
feed is pure styrene, and so further polymerization
involves growth of a pure polystyrene block leading to
a block copolymer, 4, consisting of an initial ca. 1:2
copolymer of maleic anhydride and styrene, respectively,
followed by a block of polystyrene which is roughly twice
the molecular weight of the initial anhydride function-
alized block (Scheme 1). Confirmation of the preferential

incorporation of maleic anhydride and the block copoly-
mer nature of 4 was also obtained by isolation of the
polymers at different conversions and determination of
the comonomer ratio by 1H NMR and IR spectroscopy.

The living nature of these maleic anhydride based
copolymerizations was further demonstrated by chain
extension experiments. From the above reaction mix-
ture, an initial prepolymer, 5, was isolated after a
polymerization time of 1 h. As expected, this was shown
to be a ca. 1:2 copolymer of maleic anhydride and
styrene (Mn ) 5000; PD ) 1.19). After purification, 5
was redissolved in pure styrene and heated at 120 °C
under nitrogen for 12 h to give the block copolymer, 6.
As can be seen in Figure 4, comparison of the GPC
traces for 5 and 6 shows essentially complete reinitia-
tion with no significant amount of 5 remaining. From
these results, it can be concluded that the copolymeri-
zation of styrene and maleic anhydride is a living
process in the presence of the alkoxyamine, 2, and the
nitroxide, 3, which leads to the production of function-
alized block copolymers in a single step.

Examination of the physical properties of the block
copolymer, 4, by a variety of different techniques sup-

Figure 2. Relationship between theoretical molecular weight;
polydispersity and experimental molecular weight, Mn, for the
polymerization of a 9:1 mixture of styrene and maleic anhy-
dride (1), in the presence of 2 and 3 at 120 °C for 12 h.

Figure 3. 1H NMR determined monomer conversions for
styrene and maleic anhydride (1), as a function of time during
polymerization at 120 °C in the presence of 2 and 3.

Figure 4. Comparison of GPC traces for (a) the initial poly-
(styrene-r-maleic anhydride), 5, and (b) the poly(styrene-r-
maleic anhydride)-b-polystyrene block copolymer, 6, obtained
after chain extension with styrene.

Scheme 1
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port a microphase separated diblock structure. The DSC
traces for the one-step block copolymers revealed two
glass transition temperatures at 105 °C, which corre-
sponds to the polystyrene block, and at 155 °C which
corresponds to the maleic anhydride/styrene block.
These values are in agreement with those observed for
the chain-extended block copolymer, 6, and the litera-
ture value9 of 155 °C for a 1:2 copolymer of maleic
anhydride and styrene prepared by normal free radical
procedures. The microphase separation of the copolymer
was further evidenced by atomic force microscopy on
thin films and bulk small-angle X-ray scattering experi-
ments. Both sets of data revealed discrete domains with
a correlation length of 15 nm.

In conclusion, we have demonstrated that living free
radical procedures can now be extended to reactive
monomers such as maleic anhydride (1), by the use of a
mixture of R-hydrido alkoxyamine, 2, and nitroxide 3.
In copolymerizations with styrene, the living nature of
the polymerization is preserved, which leads to prefer-
ential consumption of maleic anhydride and the one-
step production of functionalized block copolymers,
whose molecular weights can be readily controlled up
to 100 000 while retaining low polydispersities.
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