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Living polymerizations occur without termination or
transfer reactions and have the advantage of being able
to form well-defined polymers with predictable molec-
ular weights and narrow polydispersities. The first
examples of this were living anionic polymerizations,!
which require the exclusion of moisture and oxygen and
are run at low temperatures.

Radical polymerization methods have the advantage
of being insensitive to the presence of water and have
even been carried out in aqueous media. This allows
for less rigorous reaction conditions and is convenient
for industrial application. Free radical polymerizations
typically have slow initiation and form a high molecular
weight polymer limited by transfer and termination
reactions leading to poorly controlled molecular weights
and broad molecular weight distributions.?2 Also, in
contrast to living ionic polymerization, it is very difficult
to prepare well-defined homopolymers and block copoly-
mers.

In recent years, radical polymerizations have been
developed into controlled/“living” polymerizations yield-
ing well-defined polymers. Currently, nitroxide-medi-
ated,® metal-mediated,* and either ruthenium- or copper-
catalyzed atom transfer radical polymerization (ATRP)>
are at the forefront of controlled radical polymerizations.
Improvements to these processes have been aimed
toward application to new monomers, new initiators and
new architectures, compositions, and functionalities.® In
ATRP, recent advances have also been in the direction
of new ligands’ and new metals® which affect the
activity and selectivity of the ATRP catalysts for various
monomers. Also, improvements have been made in
ATRP by the addition of small amounts of zerovalent
metal.®

Up to this point, radical polymerizations need to be
carried out in an oxygen-free environment. ATRP, in
fact, requires less stringent conditions since O, can react
with the catalyst as opposed to reacting with the free
organic radicals which should be present in a much
lower concentration. However, oxidation reduces the
active catalyst concentration. For example, the Cu(l)
catalyst is oxidized to a Cu(ll) species which is not an
active ATRP catalyst and can even be a deactivating
species, if a halogen ligand is present, and further slow
the polymerization.”™

In this communication, we report that controlled
radical polymerizations with polymers having low poly-
dispersities (My/M,, < 1.2) can be prepared without any
removal of oxygen or inhibitor and does not require
purging with inert gas, if a sufficient amount of zerova-
lent metal is present.

If Cu(l)Br/dNbpy complex is added (in excess), the
polymerization occurs but at a slow rate. This is due
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Figure 1. Kinetic plot of the bulk polymerization of styrene
by ATRP with copper(0) powder at 110 °C under various
conditions: styrene = 52.4 mmol; (1-bromoethyl)benzene =
0.525 mmol; CuBr; = 0.054 mmol; dNbpy = 0.262 mmol; Cu-
(0) = 0.52 mmol.
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Figure 2. Dependence of number average molecular weight,
M, (closed symbols), and polydispersity, M/M, (open symbols),
vs percent conversion for the bulk polymerization of styrene
by ATRP with copper(0) powder at 110 °C under various
conditions.
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Figure 3. Kinetic plot of the bulk polymerization of methyl
acrylate by ATRP with copper(0) powder at 80 °C under
various conditions: methyl acrylate = 66.6 mmol; methyl (£)-
2-bromopropionate = 0.33 mmol; CuBr; = 0.033 mmol; dNbpy
= 0.166 mmol; Cu(0) = 0.33 mmol.

to two factors: first, the amount of Cu(l) is reduced by
oxidation to Cu(ll), second, the concentration of Cu(ll),
which is a deactivator, is increased further slowing the
polymerization.” Adding Cu(0) to the system, reduces
the Cu(l1) to Cu(l) and allows for a smaller concentra-
tion of catalyst to be added initially.

Also, the equilibrium Cu(ll) + Cu(0) == 2Cu(l), which
can be shifted to the right by stabilization of the Cu(l)
with ligands,° enables the use of more convenient Cu-
(1) complexes as starting materials.? They are more
robust than their Cu(l) analogues and are more readily
available.
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Figure 4. Dependence of number average molecular weight, 1000 Molechiar weight 100000
M, (closed symbols), and polydispersity, My/M, (open symbols),
vs percent conversion for the bulk polymerization of methyl ®)
acrylate by ATRP with copper(0) powder at 80 °C under
various conditions. poly(methyl acrylate)-block-polystyrene
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Table 2. Polymerization of Styrene at 110 °C in Bulk, in
the Presence of Air and Inhibitor with FeBrs/DNbpy/
Fe(0) (Styrene:1-Phenylethyl Bromide:FeBr3;:DNbpy:Fe(0)
=100:1:0.2:0.6:2)

time (h)  convn (%)  Mn(GPC)  Mg(th)  Mw/Mh
15 0
3.0 0
4.0 18 3600 2100 1.47
5.0 4 6500 4450 1.27
6.0 64 9800 6800 1.16
7.0 81 11700 8600 1.16

For the polymerization of styrene,!* an induction
period of approximately 35 min occurred before mono-
mer consumption was observed (Figure 1). This induc-
tion period is likely due to the removal of the oxygen
present in the system via Scheme 1. Figures 1 and 2
show that aside from an induction period, the polym-
erization of styrene in the presence of air gave similar
results to those performed under an inert atmosphere.
Good agreement with the theoretical molecular weight
and low polydispersities were observed (Figure 2).
Similarly, for the polymerization of methyl acrylate,!?
an induction period was observed (Figures 3 and 4) and
the control of the polymerization is comparable to that
obtained under an inert atmosphere.

It should also be noted that methyl methacrylate can
also be polymerized by the method described here to
form polymers with narrow molecular weight distribu-

styrene-block-poly(methyl acrylate) and (b) poly(methyl acry-
late)-block-polystyrene.

tions (Mw/My < 1.2). The My’s obtained were 20—30%
higher than the theoretical values, possibly indicating
termination of propagating chains at early stages of the
polymerization (Table 1).

This process is not specific to copper: Fe!''Brs/dNbpy,
in the presence of iron powder, allowed for the controlled
polymerization of styrene in the presence of air and
inhibitor. After an induction period of about 4 h, linear
kinetic plots were observed; however, My's were higher
than theoretical values. Polydispersities decreased with
increasing conversion; at 80% conversion, My/Mp = 1.16
(Table 2).

The synthesis of block copolymers where both seg-
ments were polymerized by the method described in this
communication were attempted. A homopolymer of
polystyrene was synthesized and isolated (M, = 2000;
Mw/Mp = 1.14). Methyl acrylate was then polymerized
from the halogen-terminated polystyrene chain to yield
a polystyrene-block-poly(methyl acrylate) copolymer (Mp
= 17000; My/M,, = 1.26) (Figure 5a). Analogously, the
poly(methyl acrylate) homopolymer (M, = 10 000; M/
M, = 1.38) was used to initiate the ATRP of styrene to
form a poly(methyl acrylate)-block-polystyrene copoly-
mer (M = 37 000; My/M, = 1.20) (Figure 5b). It should
be noted that the size exclusion chromatography results
are based on polystyrene standards and do not take
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changes in hydrodynamic volumes or refractive indices
of the copolymers into account. Regardless, block
copolymers are formed efficiently using this process,
indicating that a majority of the halogen chain ends
remain intact.

This discovery enables the preparation of well-defined
polymer from certain vinyl monomers which have been
previously available only by living anionic or controlled/
“living” polymerization methods after the strict removal
of oxygen and inhibitor. Still, these reactions cannot
be carried out with continuous exposure to air, but it is
sufficient to close off the reaction flask with a septum
to prohibit the free introduction of air. The adventitious
oxygen in the solution and in the headspace above the
solution is effectively scavenged by the process described
in Scheme 1 where enough copper(0) powder is present
to recycle Cu(ll) to the active Cu(l) catalyst. The
amount of oxygen in the solution and in the headspace
above the solution are important factors in this system.
With an unlimited headspace (vessel not capped), the
polymerization does not occur. With a minimal head-
space, the polymerization occurs after a short induction
period due to the consumption of oxygen in the system.
The length of the induction period depends on the
volume of the headspace: the more headspace above the
solution, the longer the induction period, with more
copper(0) powder necessary. Oxygen in the reaction
mixture presumably will both react with the Cu(l)
catalyst and the propagating radicals (P*) but will not
react with the dormant species (P—X). However, since
the concentration of Cu(l) is much greater than the
concentration of propagating radicals (i.e. 1071M >
10-8M), and the concentration of dormant polymer chain
is much greater than the concentration of propagating
radicals (i.e. 107tM > 1078M), few of the polymer chains
become terminated allowing for a controlled polymeri-
zation with the ability to form block copolymers.
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