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Sébastien Perrier,*,† and Stephen J. Archibald‡

Department of Colour and Polymer Chemistry, University of
Leeds, Leeds, LS2 9JT, United Kingdom, and Department of
Chemistry, University of Hull, Cottingham Road,
Hull, HU6 7RX, United Kingdom

Received June 25, 2004
Revised Manuscript Received December 8, 2004

Introduction. Reversible addition-fragmentation
chain transfer (RAFT)1,2 polymerization and macromo-
lecular architecture design by interchange of xanthates
(MADIX)3,4 are the two of the youngest living radical
polymerization (LRP) techniques. Like the two other
main LRP techniques (transition-metal-mediated LRP,
also known as atom transfer radical polymerization,
ATRP, and nitroxide mediated polymerization, NMP),
RAFT and MADIX produce polymers with predictable
molecular weight, narrow molecular weight distribution,
and specific architectures. Furthermore, both RAFT and
MADIX tolerate various functionalities and therefore
can polymerize an extensive range of monomers.5,6

Moreover, they are effective over a vast range of
temperatures (from ambient temperature to 150 °C) and
are generally performed under conventional radical
polymerization processes such as in bulk or emulsion.

RAFT and MADIX are based on a similar process
which involves of a small amount of dithioester of the
generic formula I (Scheme 1) (chain transfer agent,
CTA) in a classic free radical polymerization system
(monomer + initiator). Scheme 1 illustrates the prin-
ciple behind the generally accepted mechanism.7,8 The
radical species issued from the decomposition of the
radical initiator reacts with the monomer (1). Rapidly,
this growing polymer chain adds onto the reactive
CdS bond of the CTA to form a radical intermediate
(2). The radical intermediate can fragment reversibly
toward either the initial growing chain or the reiniti-
ating group (R) and a macro-chain-transfer agent
(macroCTA) (3). The R group can then reinitiate
polymerization by reacting with monomer starting a
new polymer chain. Once the entire initial CTA has been
consumed, only the macroCTA is present in the reaction
medium, which enters the equilibrium. This is consid-
ered to be the main equilibrium.

The choices of the R and Z groups are the key to
obtaining good control of the polymerizations.7,9-13 The
Z group will help to stabilize the intermediate radical,
facilitating the reaction of addition on the CTA, key to
the living process. On the other hand, the R group needs
to be stable enough to be formed by fragmentation of
the intermediate radical but also reactive enough to
reinitiate a growing polymeric chain, key to controlling
polymerization. The use of esters as the leaving group
R have raised very little interest to date due to their
low efficiency in reinitiating polymerization and their

limitation to specific monomers (mainly styrene and
acrylate derivatives).7,9-13 Recently, we used a methyl
phenylacetate group to control the polymerization of
styrene, acrylate, and acrylamide derivatives.7 In this
case, the R group forms a secondary radical, in which
low steric hindrance favors addition to monomer, and
the stabilization of the leaving group is achieved by the
presence of a phenyl group on the R-C of the radical.
The use of such a leaving group makes it possible to
transform any hydroxyl bearing molecules into a CTA
by esterification, giving the potential for an almost
infinite number of possible polymeric chain-end func-
tionalities.7

Surprisingly, amide leaving groups have received
even less interest. McCormick’s group was the first and,
to the best of our knowledge, the only group to have used
an R group based on an amide for RAFT polymeriza-
tion.10 By using an R group that mimics the propagating
radical of acrylamide monomers, they successfully con-
trolled the living radical polymerization of N,N-dim-
ethylacrylamide. Acrylate radicals are more stabilized
compared to acrylamide radicals due to the stronger
electron withdrawing effect of the ester compared to
amide group; therefore, the ester radical should be less
reactive.14

In this communication, we report a novel CTA,
S-diethylcarbamoylphenylmethyl dithiobenzoate (DCP-
DB), based on an amide functionality, to mediate the
polymerization of styrene, acrylate, and acrylamide
derivatives. We compare its reactivity in the polymer-
ization of styrene, methyl acrylate, and N,N-dimethyl-
acrylamide with that of its ester counterpart S-meth-
oxycarbonylphenylmethyl dithiobenzoate (MCPDB).

Synthesis of S-Diethylcarbamoylphenylmethyl
Dithiobenzoate (DCPDB).15 S-Diethylcarbamylphe-
nylmethyl dithiobenzoate was prepared by a simple
three-step methodology (Scheme 2), by which 2-chloro-
2-phenylacetyl chloride was reacted with N,N-diethyl-
amine, and the resulting amide reacted with dithio-
benzoic acid magnesium chloride salt7 to give S-dieth-
ylcarbamoylphenylmethyl dithiobenzoate (DCPDB) (see
Supporting Information for synthetic method). Although
N,N-diethylamine was used as a model compound, any
primary16 and secondary amine can be used to produce
a functional chain transfer agent. The full characteriza-
tion, including the single-crystal X-ray structure, of the
solid chain transfer agent is reported in this com-
munication.

Polymerizations. Figure 1 shows the pseudo-first-
order plots for the polymerization of N,N-dimethylacryl-
amide, methyl acrylate, and styrene, mediated by
MCPDB and DPCDB. Both CTAs show relatively linear
plots for all cases, to high conversion, indicating that
the systems are in a stationary state with respect to
concentrations of the propagating chain radicals, which
remain constant (kp[P•]). Figure 2 shows the linear
evolution of molecular weight with conversion for all
monomers, as expected from a living system.

N,N-Dimethylacrylamide Polymerization. Figure
1 illustrates the respective kinetic plots for the poly-
merizations of DMA with DCPDB and MCPDB. In both
cases, the polymerization of N,N-dimethylacrylamide is
faster than that of styrene and methyl acrylate, with
similar rates of polymerizations (18% conversion in 8 h
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when using MCPDB, 24% in 9 h for DCPDB). The
modification of the R group is not expected to influence
the propagation step, but only the reinitiating step,
when the original CTA is consumed. The RAFT-medi-
ated polymerization of N,N-dimethylacrylamide has
been reported to show various degrees of inhibition,
depending on the chain transfer agent utilized.10 Such
behavior has been reported for many fast propagating
monomers, and its origin is still uncertain. Potential
explanations are either slow fragmentation of the
intermediate radical9 or slow initiation of the expelled
reinitiating group (R).10 In this study, we modify the
reinitiating group by replacing an ester functionality by
an amide functionality on the R-C of the radical, with
the assumption that this should enhance the reactivity
of the expelled radical toward radical addition, in a
similar manner as what Donovan et al. have previously
reported.10 Indeed, in their communication, the authors
observe that the inhibition effect is minimized, which
supports the theory of slow reinitiation. However, in the
present investigation, the inhibition time for DCPDB
is similar to that of MCPDB (approximately 1 h).
Although this result is unexpected, we do not feel it is
conclusive enough toward any of the proposed theories.
Indeed, the presence of a phenyl group on the R-C of

the radical would also greatly contribute to its reactivity,
and it is likely that it overrides any effects from the
ester/amide functionality. Figure 2 shows the evolution
of molecular weight with conversion. As expected from
a living system, the values increase linearly with
conversion, but they are slightly higher than predicted
(Mn ) 56 400 g/mol at 96.4% conversion while Mn,theo )
47 800 g/mol). Such results could be credited to the fact
that not all CTAs have reacted and initiated polymeric
chains and/or to a small amount of termination reac-
tions. Also, the PMMA-calibrated size exclusion chro-
matography overestimates the real molecular weight of
the samples. Nevertheless, the linear increase in mo-
lecular weight with conversion, with reasonable devia-
tions from predicted values, and the polydispersity
remaining below 1.2 are good indications of the living
and controlled characteristics of the polymerization.

Methyl Acrylate Polymerization. The polymeri-
zation of methyl acrylate mediated by DCPDB follows
a similar rate as that of the polymerization mediated
by its ester equivalent (90% conversion reached in 150
h). As observed in the case of N,N-dimethylacrylamide
polymerizations, the inhibition period is similar for both
polymerizations (approximately 2 h), confirming the
strong effect of the phenyl group over the ester/amide

Scheme 1. General Reaction Scheme for Reversible Addition-Fragmentation Chain Transfer (RAFT)
Polymerization

Scheme 2. Synthetic Methodology and Single-Crystal X-ray Structure21 of S-Diethylcarbamoylphenylmethyl
Dithiobenzoate (DCPDB)
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functionality. The molecular weight increases linearly
with conversion, with values slightly higher than pre-
dicted (Mn ) 48 500 g/mol at 87.4% conversion while
Mn, theo ) 37 600 g/mol), as observed in the case of DMA
polymerization, and polydispersities typically below 1.2
(Figure 2). Overall, the polymerization is reasonably
controlled.

Styrene Polymerization. Styrene is one of the most
widely used monomers in RAFT polymerizations. The
control of the polymerization mediated by DCPDB is
similar to that mediated by MCPDB, up to high conver-
sion. Styrene polymerization is the slowest of all mono-
mers for both CTAs, and surprisingly, DCPDB mediates

a much slower polymerization compared to that medi-
ated by MCPDB (29% conversion in 44 h using DCPDB
compared to 29% conversion in 26 h with MCPDB7).
Although we do not have any explanations for this
behavior at the present time, our experimental values
are reproducible, and we are currently investigating the
matter further. The molecular weight increases linearly
with conversion and stays close to the predicted values.
At high conversions, the experimental molecular weights
deviate from the theoretical values (Mn ) 41 200 g/mol
at 90.4% conversion while Mn,theo ) 47 000 g/mol); we
attribute this variation to a few side reactions of chain
transfer. However, the polydispersity remains below 1.2,
with values as low as 1.05 (Figure 2), characterizing a
living and controlled polymerization.

The living character of the polymerization was further
confirmed by the production of a diblock copolymer of
PS and PMA. The first block was produced by polym-
erization of styrene mediated by DCPDB Mn ) 25 450
g/mol, PDI ) 1.23 (Mn ) 28 300 g/mol),17 and isolated.
The PS macroCTA was then used to mediate MA
polymerization and led to a diblock copolymer of Mn )
42 000 g/mol, PDI ) 1.27 (Mn ) 45 000 g/mol).17

The use of DCPDB to mediate RAFT/MADIX polym-
erization opens up a whole new area for functional
polymers. Until recently, atom transfer radical polym-
erization (ATRP) was the technique of choice to intro-
duce chain-end functionalities in polymers by the use
of functional initiators.18-20 Recently, we reported the
use of S-methoxycarbonylphenylmethyl dithiobenzoate
(MCPDB) to mediate RAFT/MADIX polymerizations.7
MCPDB offers similar advantages as ATRP initiators,
as it allows the easy transformation of any hydroxyl
group into a CTA and the incorporation of functional
molecules at the end of a polymeric chain. However, to
date, ATRP has been unsuccessful in using a similar
process to convert amine functionalities into initiators.
In this communication, we have shown that the use of
2-chloro-2-phenylacetyl chloride allows the transforma-
tion of an amine group into CTA and therefore leads to
a whole new area of amine functional molecules used
as chain-end functionalities, so far inaccessible to living
radical polymerization.

Unlike most CTAs reported to date, DCPDB is a solid,
and it is therefore easy to handle safely. All polymeriza-
tions mediated by DCPDB show the characteristics of
living polymerizations, with molecular weights increas-
ing linearly with conversion and low PDIs (<1.20). We
are currently investigating the synthesis and use of
other amide functional CTAs with structures based on
DCPDB to produce specific end-functional polymers,
including polypeptides. In addition, we are currently
investigating the modification of the Z group in the
DCPDB structure in order to increase the rate of
polymerization of most monomers, while controlling
molecular weight and polydispersities.

Acknowledgment. P.T. thanks the Royal Thai
Government for his financial support. P.T. also ex-
presses his thanks to Mr. Murray R. Wood and Mr.
Thomas M. Legge for their technical support. The
authors also thank Dr. Chris D. Gabbutt and Dr.
Babiker Badri for their help with NMR and GC-MS,
respectively.

Supporting Information Available: Synthesis and full
characterization of DCPDB, including single-crystal X-ray
structure,21 polymer synthesis, and description of equipment.

Figure 1. Pseudo-first-order rate plot for the bulk polymer-
ization of styrene (9), methyl acrylate (b), and N,N-dimethyl-
acrylamide (1) mediated by S-methoxycarbonylphenylmethyl
dithiobenzoate (MCPDB) and styrene (0), methyl acrylate (O),
and N,N-dimethylacrylamide (3) mediated by S-diethylcar-
bamoylphenylmethyl dithiobenzoate (DCPDB) in bulk, at
60 °C.

Figure 2. Molecular weight and PDI evolution with monomer
conversion for the bulk polymerization of styrene (0), methyl
acrylate (O), and N,N-dimethylacrylamide (3) mediated by
S-diethylcarbamoylphenylmethyl dithiobenzoate (DCPDB) in
bulk, at 60 °C. The lines show the theoretical evolution of Mn
with conversion19 for the polymerization of styrene (s), methyl
acrylate (- -), and N,N-dimethylacrylamide (- ‚ -) (poly-
(methyl acrylate) and poly(N,N-dimethylacrylamide) molecular
weights determined using poly(methyl methacrylate) stan-
dards).
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