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We wish to report a new living free-radical polymer-
ization of exceptional effectiveness and versatility.! The
living character is conferred by a readily available class
of organic reagents (1) and is simple to perform. The
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mechanism involves Reversible Addition—Fragmenta-
tion chain Transfer, and we have designated the
process the RAFT polymerization. What distinguishes
RAFT polymerization from all other methods of con-
trolled/living free-radical polymerization is that it can
be used with a wide range of monomers and reaction
conditions and in each case it provides controlled
molecular weight polymers with very narrow polydis-
persities (usually <1.2; sometimes <1.1).

Living polymerization processes offer many benefits.
These include the ability to control molecular weight
and polydispersity and to prepare block copolymers and
other polymers of complex architecture—materials which
are not readily synthesized using other methodologies.
Therefore, one can understand the current drive to
develop a truly effective process which would combine
the virtues of living polymerization with versatility and
convenience of free-radical polymerization.2=* However,
existing processes described under the banner “living
free-radical polymerization” suffer from a number of
disadvantages. In particular, they may be applicable
to only a limited range of monomers, require reagents
that are expensive or difficult to remove, require special
polymerization conditions (e.g. high reaction tempera-
tures), and/or show sensitivity to acid or protic mono-
mers. These factors have provided the impetus to
search for new and better methods.

There are three principal mechanisms that have been
put forward to achieve living free-radical polymeriza-
tion.25 The first is polymerization with reversible
termination by coupling. Currently, the best example
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in this class is alkoxyamine-initiated or nitroxide-
mediated polymerization as first described by Rizzardo
et al.57 and recently exploited by a number of groups
in syntheses of narrow polydispersity polystyrene and
related materials.*8

The second mechanism is radical polymerization with
reversible termination by ligand transfer to a metal
complex (usually abbreviated as ATRP).%19 This method
has been successfully applied to the polymerization of
various acrylic and styrenic monomers.

The third mechanism for achieving living character
is free-radical polymerization with reversible chain
transfer (also termed degenerative chain transfer?). A
simplified mechanism for this process is shown in
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Figure 1. Molecular weight distributions for poly(styrene-
co-acrylonitrile) polymerized by heating styrene and acryloni-
trile (62:38 mole ratio) at 100 °C in the presence of cumyl
dithiobenzoate (2) (0.0123 M) after 4 h (M, = 20 100; Mw/M,
= 1.04), 8 h (M, = 33000; M/M,, = 1.05), and 18 h (M, =
51 400; Mw/M, = 1.07—the final time point corresponds to the
last entry in Table 1). The molecular weight distribution for a
similar polymerization performed without cumyl dithioben-
zoate is also shown (control M, = 424 000, M/M,, = 1.70).
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Figure 2. Evolution of molecular weight (polystyrene equiva-
lents) and polydispersity with conversion during polymeriza-
tion of MMA (7.01 M in benzene) performed at 60 °C in the
presence of cumyl dithiobenzoate (2) (0.0111 M) and with
AIBN (0.0061 M) as initiator (the final conversion point
corresponds to the first entry of Table 1).

© 1998 American Chemical Society

Published on Web 07/22/1998



5560 Communications to the Editor Macromolecules, Vol. 31, No. 16, 1998

Table 1. Molecular Weight/Conversion Data for Polymers Formed by Polymerization of Various Monomers in the
Presence of Dithio Compounds?®

monomer(s)° dithio compound initiator® time B - convne®

((concn (M) in solvent T °C)) (concn (M) M x 102) (concn (M) M x 102) (h) Mpd Mw/Mn (%)
MMA (7.01 M benzene, 60) 2(1.11) AIBN (0.61) 16 56200 1.12 95
MMA (7.48 M benzene, 60) 2 (1.00) Bz,0, (0.40) 16 47100 1.04 78
MMA (7.01 M MEK, 60) 2(14.7) AIBN (3.05) 24 6300 1.19 90
MMA (7.01 M benzene, 60) 8(1.13) AIBN (0.61) 16 55300 1.05 92
BMA (emulsion, 80)f 2( ACP (f) 2 57700 1.22 95
DMAEMA (2.54 M EtOAc, 60) 9(0.72) ACP (0.17) 16 21500 1.13 62
BA (3.30 M MEK, 60) 7 (3.40) AlBMe (0.09) 2 6100 117 50
BA (2.79 M benzene, 60) 4 (0.16) AIBN (0.03) 8 92700 1.14 40
AA (2.92 M DMF, 60) 3(0.21) AIBN (0.04) 4 13800 1.23 18
styrene (bulk, 110) 2 (2.94) thermal? 16 14400 1.04 55
styrene (bulk, 110) 2 (0.49) thermal? 16 88200 1.16 57
StySOsNa (1.21 M H0, 70) 5 (1.66) ACP (0.42) 4 8000" 1.13 73
vinyl benzoate (bulk, 150) 6 (3.49) AB (0.02) 48 3500 1.29 12i
MMA/HEMAI (4.62 M EtOAc, 60) 2(1.11) AIBN (0.61) 16 28000 121 75
Styrene/ANK (bulk, 100) 2(1.23) thermal? 18 51400 1.07 71

a Reaction mixtures were prepared to give the concentrations shown, degassed through three freeze—thaw—evacuate cycles, sealed
under vacuum, and heated in a constant-temperature bath for the stated time. ® Abbreviations (monomers): AA, acrylic acid; AN,
acrylonitrile; BA, butyl acrylate; BMA, butyl methacrylate; HEMA, hydroxyethyl methacylate; DMAEMA, dimethylaminoethyl meth-
acrylate; MMA, methyl methacrylate; StySOsNa, p-styrenesulfonic acid sodium salt. Abbreviations (solvents): DMF, N,N-dimethylfor-
mamide; EtOAc, ethyl acetate; MEK, butan-2-one. ¢ Abbreviations: AIBMe, 2,2'-azobis(methyl isobutyrate); AIBN, 2,2'-azobis(2-
cyanopropane); ACP, 4,4'-azobis(4-cyanopentanoic acid); AB, 2,2'-azobis(2-methylpropane); Bz,0,, dibenzoyl peroxide. ¢ Molecular weight
data were obtained by gel permeation chromatography (GPC) with 108, 105, 104, 103, 500, and 100 A Waters Ultrastyragel columns
connected in series. Tetrahydrofuran (1.0 mL/min) was used as eluent. The GPC was calibrated with narrow polydispersity polystyrene
standards. Samples for GPC were isolated by evaporation of monomer and solvent (no fractionation or precipitation was performed). The
system was calibrated with narrow polydispersity polystyrene standards, and molecular weights are reported as polystyrene equivalents.
¢ Conversions were determined gravimetrically following evaporation of monomer and solvent. Conversions were those obtained for the
time indicated and are not a limiting conversion. f Emulsion polymerization procedure: A solution of ACP (71 mg) and 2 (17 mg) in BMA
(1.7 g) was added to a stirred, degassed solution of sodium dodecyl sulfate (55 mg) in water (52 g) at 80 °C. Further 2 (71 mg) in BMA (2.7
g) was added over 10 min. BMA (16 g) was then added by syringe pump at 0.25 mL/min over 62 min. ¢ No added initiator. " Molecular
weight data were obtained by GPC with Waters Ultrahydrogel 500, 250, and 120 A columns and with 0.1 M sodium nitrate/acetontrile
(80:20) as eluent (0.8 mL/min). The system was calibrated with low polydispersity poly(p-styrenesulfonic acid sodium salt) standards.
i Conversion determined by integration of the *H NMR spectrum. | Mole ratio of monomers 91:9. k¥ Mole ratio of monomers: 62:38 (azeotropic
composition).

Scheme 1.5 The species A—X is a transfer agent which Scheme 22
reacts with initiating (R*) or propagating radicals (R—
(M)p?) to give another transfer agent (R—X, R—(M),—X)
and a species capable of initiating polymerization (A*).
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Although these processes have been successfully used
in the synthesis of block polymers and the polymeriza-
tions showed living characteristics under some condi-
tions, neither process was capable of yielding polymers
of very narrow polydispersity (<1.4) in batch polymer-
ization. This limitation can be attributed to the rela-
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tively low chain transfer constant of the reagent used
(ca. 0.3 in the case of methacrylate macromonomers in
MMA polymerization®®) and the consequent slow equili-
bration between active and dormant chains.

The RAFT process involves free radical polymeriza-
tion in the presence of reagents 1 as exemplified by the
dithioesters (2—9).1 Examples of polymerizations per-
formed with these compounds are provided in Table 1.
The experimental conditions employed are those used
for conventional free-radical polymerization. Polymer-
izations can be carried out in bulk, solution, emulsion
or suspension. The usual azo or peroxy initiators are
employed. There appear to be no particular limitations
on solvent or reaction temperature. A wide range of
molecular weights is possible (see Table 1).

a2 J and R are species that can initiate free-radical polymeri-
zation, where they may be polymer chains (i.e. —[CH2CXY]n—)
or they may be derived from radicals formed from the dithio-
compound (1) or the initiator.

The living character of the RAFT process is indicated
by (a) the narrow polydispersity product (see Table 1
and Figures 1 and 2), (b) a linear molecular weight—
conversion profile (see, for example, Figure 2), (c) the
predictability of the molecular weight from the ratio of
monomer consumed to transfer agent (see Figure 2),7
and (d) the ability to produce blocks or higher molecular
weight polymers by further monomer addition.?

A major advantage of the RAFT polymerization
process over other processes for living/controlled free-
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Figure 3. 'H NMR spectrum (200.13 MHz, CDCls) of (a) 1-phenylethyl dithiobenzoate (3) and (b) poly(methyl acrylate) M,, 4700
(polystyrene equivalents), My/M, 1.05] prepared by polymerization of methyl acrylate (4.33 M in benzene) at 60 °C for 8 h in the
presence of 1-phenylethyl dithiobenzoate (3) (0.0093 M) and with AIBN (0.00077 M) as initiator. The signals designated “s” are

due to sidebands.

radical polymerization is that it is compatible with a
very wide range of monomers including functional
monomers containing, for example, acid (e.g. acrylic
acid), acid salt (e.g. styrenesulfonic acid sodium salt),
hydroxy (e.g. hydryoxyethyl methacrylate) or tertiary
amino (e.g. dimethylaminoethyl methacrylate) groups
(see Table 1). The process is similarly tolerant of
functionality in the dithio-compound (e.g. compounds 5,
8, and 9) and the initiator. This provides the ability to
synthesize a wide range of narrow polydispersity poly-
mers containing end or side chain functionality in a one-
step process without any need for protection or depro-
tection. This can be used to advantage in the synthesis
of block polymers and other products of more complex
architecture.?

The mechanism of RAFT polymerization involves a
reversible addition-fragmentation sequence in which
transfer of the S=C(Z)S— moiety between active and
dormant chains serves to maintain the living character
of the polymerization (see Scheme 2). Evidence for this
mechanism is provided by 'H NMR (see, for example,
Figure 3) and UV/visible spectral® which demonstrate
that the S=C(Z)S— end group is retained in the poly-
meric product.

The effectiveness of reagents 1 in providing living
character is attributed to their very high transfer
constants which ensure a rapid rate of exchange be-
tween dormant and living chains. In fact, the transfer
constants are too high to be measured using conven-
tional techniques (e.g. the Mayo method). However, it
is possible to show with the aid of kinetic modeling
experiments that the effective transfer constant® must
be greater than 100 in order to obtain a polymer with a
polydispersity of 1.1 at low conversions.®

The choice of Z and R in reagents 1 is crucial to the
success of the RAFT process. To ensure a high transfer
constant, Z should activate (or at least not deactivate)
the C=S double bond toward radical addition. Suitable
Z groups are aryl and alkyl (see Table 1, for examples).
On the other hand, compounds where Z is dialkylamino
or alkoxy (ie. dithiocarbamates and xanthates respec-
tively) have low transfer constants and are relatively
ineffective.? Thus, the RAFT process is quite distinct
in terms of the chemistry involved from the photoin-

iferter process first described by Otsu et al.2%22 The R
group should be a good free—radical leaving group (e.g,
cumyl, cyanoisopropyl), and as an expelled radical, R
should be effective in reinitiating free-radical polymer-
ization.

Further details of this novel form of living radical
polymerization will be presented in future publications.

Acknowledgment. We are grateful to Drs. C. Berge,
M. Fryd, and R. Matheson of DuPont Automotive
Products for their support of this work and for a
valuable discussion.

References and Notes

(1) Le, T.P.;Moad, G.; Rizzardo, E.; Thang, S. H. PCT Int. Appl.
WO 9801478 Al 980115; Chem. Abstr. 1998 128, 115390.
(2) Greszta, D.; Mardare, D.; Matyjaszewski, K. Macromolecules
1994, 27, 638.
(3) Moad, G.; Solomon, D. H. The Chemistry of Free Radical
Polymerization; Pergamon: Oxford, England, 1995.
(4) Colombani, D. Prog. Polym. Sci. 1997, 22, 1649.
(5) Moad, G.; Ercole, F.; Johnson, C. H.; Krstina, J.; Moad, C.
L.; Rizzardo, E.; Spurling, T. H.; Thang, S. H.; Anderson,
A. G. ACS Symp. Ser. 1997, 685, 332.
(6) Solomon, D. H.; Rizzardo, E.; Cacioli, P. US 4581 429;
Chem. Abstr. 1985, 102, 221335q).
Rizzardo, E.; Moad, G. In The Polymeric Materials Ency-
clopaedia: Synthesis, Propeties and Applications; Salamone,
J. C., Ed.; CRC Press: Boca Raton, FL, 1996; Vol 5, p 3834.
(8) Hawker, C. J. Acc. Chem. Res. 1997, 30, 373. Georges, M.
K.; Veregin, R. P. N.; Kazmaier, P. M.; Hamer, G. K. Trends
Polym. Sci. 1994, 2, 66. Kazmaier, P. M.; Daimon, K.;
Georges, M. K.; Hamer, G. K.; Veregin, R. P. N. Macromol-
ecules 1997, 30, 2228. Odell, P. G.; Veregin, R. P. N
Michalak, L. M.; Georges, M. K. Macromolecules 1997, 30,
2232. Goto, A.; Fukuda, T.; Terauchi, T.; Goto, A.; Tsujii,
Y.; Miyamoto, T. Macromolecules 1996, 29, 3050. Fukuda,
T. Macromolecules 1997, 30, 4272. Greszta, D.; Matyjasze-
wski, K. Macromolecules 1996, 29, 7661. Bon, S. A. F;
Bosveld, M.; Klumperman, B.; German, A. L. Macromol-
ecules 1997, 30, 324. Baumert, M.; Mulhaupt, R. Macromol.
Rapid Commun. 1997, 18, 787. Yoshida, E.; Fuji, T. J.
Polym. Sci., Part A: Polym. Chem. 1997, 35, 2371. Li, . Q.;
Howell, B. A.; Dineen, M. T.; Lyons, J. W.; Meunier, D. M.;
Smith, P. B.; Priddy, D. B. Macromolecules 1997, 30, 5195.
Bertin, D.; Boutevin, B. Polym. Bull. (Berlin) 1996, 37, 337.
(9) Wang, J.-S.; Matyjaszewski, K. Macromolecules 1995, 28,
7901.
(10) Sawamoto, M.; Kamigaito, M. Trends Polym. Sci. 1996, 4,
371.

@

~



5562 Communications to the Editor

(11) Gaynor, S.; Wang, J.-S.; Matyjaszewski, K. Macromolecules
1995, 28, 8051.

(12) Matyjaszewski, K.; Gaynor, S.; Wang, J.-S. Macromolecules
1995, 28, 2093.

(13) Krstina, J.; Moad, G.; Rizzardo, E.; Winzor, C. L.; Berge, C.
T.; Fryd, M. Macromolecules 1995, 28, 5381.

(14) Krstina, J.; Moad, C. L.; Moad, G.; Rizzardo, E.; Berge, C.
T.; Fryd, M. Macromol. Symp. 1996, 111, 13.

(15) Rizzardo, E.; Chong, Y. K.; Evans, R. A;; Moad, G.; Thang,
S. H. Macromol. Symp. 1996, 111, 1.

(16) Moad, G.; Moad, C. L.; Rizzardo, E.; Thang, S. H. Macro-
molecules 1996, 29, 7717.

(17) The expected molecular weight can be calculated from the
expression: ([M]i/[1]))CM, where [M]i and [1]; are the initial
concentrations of monomer and the dithio compound re-
spectively, C is the fractional conversion, and M, is the
molecular weight of the monomer. The agreement between
found and calculated molecular weight is within experimen-
tal error (£10%).

(18) The polymers made in the presence of reagents 1 are colored
due to the presence of the thiocarbonylthio chromophore.
Colors range from pale yellow through pink depending on
the substituents Z and R. This chromophore is an aid in
characterization. The chromophore can be readily removed,
and the polymer decolorised, by reacting the thiocarbon-
ylthio group with various reagents including amines [to

Macromolecules, Vol. 31, No. 16, 1998

produce a thioamide and a thiol-terminated polymer (Haraou-
bia, R.; Bonnans, C.; Gressier, J.-C.; Levesque, G. Makromol.
Chem. 1982, 183, 2383)] or sodium hypochlorite or hydro-
peroxide solution [to provide a sulfine (Carreta, F.; Le
Nocher, A.-M.; Leriverend, C.; Metzner, P.; Pham, T. N.
Bull. Soc. Chim. Fr. 1995, 132, 67)]. For leading references
on the reactions of dithio compounds, see: Kato, S.; Ishida,
M. Sulfur Rep. 1988, 8, 155. Mayer, R.; Scheithauer, S. In
Houben—Weyl Methods of Organic Chemistry; Buechel, K.
H., Falbe, J., Hagemann, H., Hanack, M., Eds.; Thieme:
Stuttgart, Germany, 1985; Vol. E, p 891.

(19) The rate constant for chain transfer by addition- fragmenta-
tion is defined as follows: ki = Kadd Kg/(k—add + Kp); see
Scheme 2 for definition of terms.

(20) These compounds have very low transfer constants, typically
<0.1. For example, the transfer constant of S-benzyl N,N-
diethyldithiocarbamate in styrene polymerization has been
measured as 0.009 at 80 °C while that of S-(2-cyanoprop-
2-yl) O-ethylxanthate in MMA polymerization at 60 °C is
0.08 (Krstina, J.; Le, N.; Moad, C. Unpublished results).

(21) Otsu, T.; Yoshida, M.; Kuriyama, A. Polym. Bull. (Berlin)
1982, 7, 45.

(22) Otsu, T.; Matsunaga, T.; Doi, T.; Matumoto, A. Eur. Polym.
J. 1995, 31, 67.

MA9804951



