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Introduction. Autopolymerization of styrene1-5 re-
mains relatively unimportant in standard free radical
polymerization, but Matyjaszewski, Fukuda, and Hawker
have noted that it is of great importance at the elevated
temperatures used in living free radical polymerizations
(LFRP) mediated by nitroxyls such as TEMPO.6-8

Autopolymerization of styrene in ATRP systems has
been observed by Angot et al.9 and Matyjaszewski et
al.10 during syntheses of star polymers of styrene at high
monomer concentrations and at temperatures of 100 °C
or higher. In both cases, sides peaks at lower molecular
weights were observed in the size exclusion chromato-
grams of the products that were attributed to linear
polystyrene arising from the thermal initiation of the
monomer.

In a recent paper we published the synthesis of a poly-
(methyphenylsilane)-graft-polystyrene copolymer.11 This
was achieved by the bromomethylation of poly(meth-
ylphenylsilane) (PMPS),12 with the resulting bromom-
ethylated poly(methylphenylsilane) (BrMePMPS)13 be-
ing used as a macromolecular initiator for the bulk
ATRP of styrene at 110 °C using Cu(I)Br and bipyridine
(bipy) as a catalyst system.14,15

Although thermal initiated polymerization has been
noted in both LFRP and ATRP reactions, its interaction
with these systems has only been shown for LFRP.16

In this paper we show how a detailed study of this
grafting reaction has yielded valuable information
concerning the interaction of the mechanisms of ATRP
and the underlying autopolymerization.

Results and Discussion. PMPS12 and BrMePMPS13

were synthesized according to literature procedures. The
polystyrene grafts were grown by ATRP.11,17 The course
of the reaction was followed by 1H NMR spectroscopy
and size exclusion chromatography. The reaction time
until gelation for the ATRP reaction was found to vary
greatly with graft chain length, from 7 h for a calculated
degree of polymerization (calculated DP) of ∼70 to 72 h
for a calculated DP of ∼200. It should also be noted
that the reaction time required for a grafting reaction
to high molecular weight is significantly longer than for
the equivalent homopolymerization using a Cu(I)Br
(bipy) catalyst system.14 The plot of Mn versus conver-
sion for the low molecular weight grafting reaction
(calculated DP ∼ 70) is linear, indicating that the
polymerization has living character (Figure 1). The near
perfect overlay of the size exclusion chromatograms of
a typical low molecular weight graft copolymer recorded
at 334 nm (characteristic of the PMPS σ-conjugated
silicon backbone) and at 254 nm using a UV detector
demonstrates that all of the material present contains

catenated silicon atoms (Figure 2). In contrast, the
typical overlay for a high molecular weight copolymer
system (calculated DP ∼ 200), shown in Figure 3,
displays a secondary peak with a shoulder at lower
molecular weight in the 254 nm chromatogram, which
is not present in the 334 nm chromatogram. This is* Address for correspondence.

Figure 1. A plot of Mn versus % conversion for the synthesis
of a low molecular weight graft copolymer (calculated DP ∼
70).

Figure 2. An overlay of the size exclusion chromatograms
(SEC) for a low molecular weight graft copolymer (calculated
DP ∼ 70) acquired by UV detection at 334 (‚‚‚) and 254 nm
(s).

Figure 3. An overlay of the SEC for a high molecular weight
graft copolymer (calculated DP ∼ 200) acquired at 254 (s)
and 334 nm (- - -) and after photolysis (‚‚‚).

9166 Macromolecules 2000, 33, 9166-9168

10.1021/ma000507u CCC: $19.00 © 2000 American Chemical Society
Published on Web 11/21/2000



attributable to polystyrene that is not attached to
catenated silicon atoms. It is thus apparent that there
is a side reaction producing polystyrene that is not
bound to a polysilane chain.18 Given the high temper-
ature and the extended reaction times, we have drawn
the conclusion that it is polystyrene produced following
autoinitiation through a Mayo-type thermal mecha-
nism.3,4

To investigate further the formation of the low mo-
lecular weight fraction in the course of the overall
polymerization, several such products were photolyzed
in order to release the polystyrene grafts,19 as can be
seen from Figure 3. Low molecular weight material (Mn
∼ 100-1000) is formed, which is consistent with the
degradation of the parts of the polysilane backbone to
which grafts were not attached. In addition, a single,
almost monomodal peak is observed at the same posi-
tion as the secondary peak of the parent system. From
the close overlay of the low molecular weight tails of
these peaks in the two chromatograms it is evident that
this represents a greater amount of polymer than the
nongrafted polystyrene that was present before pho-
tolysis. The low polydispersity index, 1.4, for this peak
including its still perceptible shoulder20 indicates that
the thermal and ATRP reactions produce polymer
chains of very similar lengths.21 Such a value is not
unreasonable for high molecular weight polymer formed
through ATRP. It follows that the growth of the auto-
initiated polystyryl chains must also be controlled
within the ATRP mechanism.

Copper(II) bromide will convert polystyryl radicals to
their dormant form whether or not they originate from
thermal or Cu(I)Br initiated processes. This would be
analogous with the reverse ATRP process noted by
Matyjaszewski.22 Under the conditions of a normal
ATRP polymerization, Cu(I)Br and RBr are present in
equimolar amounts, in this case the latter species being
the -PhCH2Br groups attached to the polysilane back-
bone. Cu(II)Br2 should be present in only very small
amounts. However, the Cu(I)Br used as the catalyst in
these reactions was only 98% pure with the major
impurity being thought to be Cu(II)Br2. To test whether
this was sufficient to moderate the thermally initiated
polymerization, a reaction was carried out under identi-
cal conditions to the ATRP reaction, except that the
brominated polysilane was excluded. Following isola-
tion, the product proved to be a high molecular weight
(Mn ∼ 250 000), broad distribution (Mw/Mn ) 2.5)
polymer. There had been no obvious moderation of the
polymerization by any Cu(I) species produced within the
system. It follows, therefore, that the only rationale for
the photochemical observations is an interaction of the
thermal and ATRP polymerizations through a common
intermediate and that this must be the propagating free
radical. In order for the autoinitiated chains to come
under the ATRP control, a sufficient excess of Cu(II)-
Br2 would have to be available within the reaction
system. A mechanism for the production of such an
excess has been noted previously.23 Any occurrence of
irreversible bimolecular termination involving radicals
from the Cu(I)Br initiated process would make available
the Cu(II)Br2 required for bringing thermally initiated
radicals under the control of the ATRP. While the effect
on the molecular weight distribution in the low molec-
ular weight grafting reaction is imperceptible, given the
significant concentrations of propagating free radicals
formed through autoinitiation and the far longer reac-

tion times, the effect is far more obvious in the high
molecular weight grafting reaction. These processes are
indicated in Scheme 1, within which no distinction is
drawn between radicals, R•, originating within the
Cu(I) or Mayo-type processes. Such processes are en-
tirely analogous to the persistent radical effect described
and modeled by Fischer24 for the TEMPO moderated
bulk polymerization of styrene and extended to ATRP
reactions by Matyjaszewski et al.25,26

In conclusion, while the effects of the autopolymer-
ization of styrene have been observed previously,9,10 we
believe that this fortuitous study has produced the most
cogent evidence to date of the interaction of the mech-
anisms of ATRP and the underlying thermal polymer-
ization through a persistent radical effect. Although we
have only demonstrated the effect for a single metal-
mediated system, we believe that it is quite general in
all such systems involving high reaction temperatures.
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