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Well-defined polymers and copolymers are usually
prepared in living systems in which transfer and
termination reactions are absent. The first and the best
example of such a reaction is the anionic polymerization
of styrene leading to high molecular weight polymers
with low polydispersities.! It has been noted, however,
that well-defined polymers can also be prepared in the
presence of minor chain-breaking reactions, if molecular
weights are low enough and the polymerization is
initiated fast enough.? This is especially important for
radical polymerizations in which growing radicals ter-
minate bimolecularly via coupling/disproportionation.
Because termination is second order and propagation
is first order in growing radicals, the proportion of
termination increases with the concentration of free
radicals. However, a low concentration of growing
radicals provides high moelecular weight polymers with
no control of molecular weight and polydispersities. The
solution to this apparent contradiction is provided by
the reversible deactivation of growing radicals, P, with
scavanger, S°, into dormant species, P—S:
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The contribution of chain-breaking reactions can be kept
low by reducing the number of growing radicals and
directing the synthesis toward short chains. The degree
of polymerization is defined by the ratio of the concen-
tration of the consumed monomer to that of the dormant
chains, DP, = AIMJ[P-S].

We have previously described three methods leading
to controlled radical polymerization.® The first one is
based on the reversible cleavage of covalent species into
a propagating radical and a scavenging radical, which
is unable to react with monomer. This is best exempli-
fied by systems based on alkoxyamines either prepared
in advance or generated in situ.*~7 The second approach
involves organometallic compounds which reversibly
release growing radicals and has been successful for
organocobalt,®® organochromium,!%!! and organoalu-
minum compounds.!2

Here, we discuss the third approach based on degen-
erative transfer. This thermodynamically neutral reac-
tion involves an atom or group transfer from a covalent,
dormant species present in large excess to the classic
initiator producing free radicals. The overall polymer-
ization scheme consists of all typical elementary reac-
tions, such as initiation, propagation, and termination,
but is additionally supplemented by degenerative trans-
fer. The degenerative transfer step in the radical
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polymerization of alkenes, CHo=CHR, in the presence
of a transfer agent, R'—X, is shown in Scheme 1:
Growing radicals, PCH,CHR", react bimolecularly with
R’—X to become dormant species by transferring a group
or an atom, X. The new radical R" reacts with a
monomer molecule to become a propagating polymer
chain which then transfers group X from another
dormant chain. At this stage the transfer process
becomes thermodynamically neutral (degenerative),
although it may not be at the first stage when R’ is
different from PCHy;CHR*. If exchange is fast in com-
parison with propagation, all R'— moieties will become
initial end groups in the polymer chains. The total
number of chains in the system is equal to the sum of
the chains generated by initiator and those formed from
the transfer agent. Even if radicals terminate in the
usual way, the maximum amount of irreversibly termi-
nated chains cannot exceed the initiator concentration.
When the transfer agent is present in a large excess
over the initiator, the proportion of chains irreversibly
terminated should be very low and nearly all chains will
be terminated with the X group which can be activated.
Examples of atom transfer and group transfer in radical
processes are well-known in synthetic organic chemistry
and are most efficient for alkyl iodides and correspond-
ing organoselenium compounds.'314 Perfluoroalkyl io-
dides have been used in radical polymerization.!®

Similar processes have been used successfully in the
anionic polymerization of methacrylates in the form of
group-transfer polymerization!17 and also in carboca-
tionic polymerizations in the so-called inifer systems.!819
It has to be stressed that the pure degenerative transfer
should not involve the spontaneous cleavage of dormant
species but only the bimolecular reaction between
growing and dormant species. It has been shown
previously that in some cationic systems this was not
the case.?® It must be stressed that degenerative
transfer is very different from typical telomerization in
which the molecular weights do not increase with
conversion, because the polymer chains are inactive
after reaction with the transfer reagent.?:

Figure 1 presents the kinetics?? of the radical poly-
merizations of butyl acrylate and styrene?? initiated by
AIBN in the presence of the secondary alkyl halide,
1-phenylethyl iodide.?* The transfer agent alone does
not initiate polymerization, although cationic polymer-
ization could be expected, especially in the presence of
a Lewis acid.25 The polymerization of butyl acrylate?¢
is much faster than that of styrene under similar
conditions. The acceleration observed for bulk polym-
erization of butyl acrylate may be due to the relative
reduction of the termination rate constants in highly
viscous media. The straight kinetic plot for styrene
polymerization may be due to a combination of the rate
reduction due to the consumption of initiator and the
aforementioned rate increase.

The polymerization of styrene and butyl acrylate in
the presence of AIBN or BPO alone leads to polymers
with molecular weights in the range of My, ~ 50 000 to
100 000 and relatively broad polydispersities, Mw/My >
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Scheme 1

@-— CH,—- CHR' + R—X

/\R

@— CHy- CHR-CH,-CHR ™ + R'=CHz-CHR-X

@—Cﬂz-CHR—X + R

==\
/R

@— CH;-CHR-CH;—CHR-X 4+ R'-CH,-CHR

=\ =\ R
R R =Ph, COOC 4Hg
R'=CH,;CHPh
X=1
Polymerization Polymerization

3 T — T

/ | Buty! Acrylate, 1], = 0.03 M, [R-X], = 0.1 M }

250 / | ‘
15 s /
/

\

In ((M]_/ [M})

PBA PBA - b - PSty
M, = 2820 p M = 6290
M, /M =16 M, /M =175

] Styrene. (1] = 0 M. [R"X}, = 0.1 MI

l Styrene, [1]_ = 0.03 M, [R'-X], = 0.1 ﬂ
057 / .

’ : ¢ Time (h) 6
Figure 1. Kinetics of the bulk polymerization of styrene and
butyl acrylate at 70 °C; {I] = AIBN, [R'—X] = 1-phenylethyl
iodide.
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Figure 2. Molecular weight dependence versus conversion
for the bulk polymerization of styrene and butyl acrylate at
70 °C: [I] = AIBN, [R’—X] = 1-phenylethyl iodide.

1.5.27 However, in the presence of the degenerative
transfer agent, low molecular weights, defined ap-
proximately by the ratio of the concentration of reacted
monomer to the concentration of the transfer agent,
were observed. The theoretical dependencies, DP, =
AIMV(R'—X]o + [Ily), are shown as solid lines in Figure
2, whereas the broken lines indicate the experimental
evolution of molecular weights with conversion. The
molecular weights increased monotonously with conver-
sion, as they should in a controlled polymerization.
Initially, the molecular weights were higher than pre-
dicted by ideal behavior due to an insufficient rate of
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Figure 3. GPC traces for the block copolymerization of butyl
acrylate and styrene. Conversion of butyl acrylate >95%;
styrene ~ 80%.
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Figure 4. GPC traces for the block copolymerization of
styrene and butyl acrylate. Conversion of styrene >95%; butyl
acrylate ~ 80%.

the degenerative transfer in comparison to propagation.

Figures 3 and 4 present the variation of molecular
weights in the block copolymerization between butyl
acrylate and styrene. It was possible to form both A—B
and B—A block copolymers. Molecular weights in-
creased with conversion for butyl acrylate and also after
addition of the styrene when the butyl acrylate was
nearly completely consumed, indicating successful block
copolymerization.28 Because the polymerization of sty-
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rene was much slower, at complete conversion nearly
all initiator was consumed.?? However, addition of more
AIBN, along with butyl acrylate, resulted in the forma-
tion of block copolymers. Polydispersities of the block
copolymers were relatively high, however, indicating
that propagation was faster than the degenerative
transfer.

We are currently studying the effects of various
parameters such as the structure of the alkyl group, R’,
in the transfer agents, the leaving group, X, solvent, and
temperature in the polymerization of various vinyl
monomers. This is being done to optimize the conditions
conducive to degenerative transfer.
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