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The reversible addition—fragmentation chain transfer
(RAFT) process®~5 has emerged as an important living
radical technique for preparing polymer architectures
with controlled composition (e.g., blocks and stars) for
a wide range of monomers (e.g., NIPAM® and maleic
anhydride?) and experimental conditions. The mecha-
nism is given in Scheme 1; it first relies on the chain
transfer of active species, Py, to the RAFT agent (1),
followed by fragmentation to liberate the leaving group
R*, which then reinitiates polymerization. Once the
RAFT agent has been consumed, chain equilibrium is
estabished between the active and dormant species.

NMR, UV/vis spectroscopy, and MALDI spectrometry
have provided much of the evidence for the mechanism
shown in Scheme 1 through end group analysis,® while
ESR studies showed the presence of the intermediate
radical (4).! Accordingly, the number of propagating
species and therefore the rate should be unaffected by
the presence of the RAFT agent. However, it has been
found that retardation in rate is proportional to the
concentration of RAFT agent. The possible explanations’
given were (a) slow fragmentation of adducts 2 and 4,
(b) slow reinitiation by the expelled radical 3, and (c)
specificity of 3 and the propagating radical to add to
the RAFT agent rather than to monomer. In this paper,
we postulate an additional and overriding mechanism
to explain the retardation in rate, namely intermediate
radical termination of the radicals 2 and 4 as shown in
Scheme 2.

To obtain experimental evidence for this terminated
intermediate species, we carried out UV experiments
with polymeric RAFT agents (M, of 7500)? in solvent,
which was irradiated in the absence of monomer. UV
irradiation cleaves the S—C bond, producing a polymeric
radical that reacts with the polymeric RAFT agent to
form the intermediate radical species 4 (where m and
n are equal), which is then further terminated by
another polymeric radical to give 6 with a M,, 3 times
greater than the original polymeric RAFT agent. This
product can only be formed through termination of the
intermediate species. More compelling evidence comes
from preliminary results in this laboratory through
trapping of the intermediate radical with a nitroxide
radical to give 5. That is, tert-butoxyl radicals in
cyclohexane at 60 °C are reacted with the RAFT agent,
S=C(Ph)SC(CHj3)2Ph, in the presence of the nitroxide
trap, 1,1,3,3-tetramethyl-1,3-dihydro-1H-isoindol-2-ylox-
yl, in which these radicals add to the S=C bond and
the intermediate radical is trapped.
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Figure 1 shows the conversion—time plots for styrene
(STY) polymerization in the presence of 1, initiated by
2,2'-azobis(2-cyanopropane) (AIBN) in toluene at 80 °C.
It is clearly shown that as the concentration of 1 is
increased, the retardation in rate becomes increasingly
greater. The polydispersities were below 1.2 at the two
concentrations of RAFT agent, 4 x 102 and 6 x 1072
mol L. 3 was chosen as the leaving group such that
slow reinitiation (mechanism b above) can be neglected
as a possible explanation for retardation, since the rate
coefficient for the addition of 3 to styrene® is orders of
magnitude greater than k,[{STY).® This also lowers the
specificity for 3 to 1 compared to monomer. The only
other mechanisms to explain our results are slow
fragmentation and primary radical termination of the
intermediate radical 4.

Simulations© were first carried out for the polymer-
ization without RAFT agent, using rate constants found
in the literature (kq = rate coefficient for decomposition
of AIBN; k, = rate coefficient for propagation of
styrene®) and an adjustable parameter for thermal
initiation. This value was then used in the simulations
for the RAFT polymerizations. The termination rate
coefficient, k¢, was estimated by the expression!?13

k¢! = 27p;(D; + D)rN, 1)

where D; and Dj are the diffusion coefficients of poly-
meric radicals of chain lengths i and j, respectively, r is
the sum of the van der Waals radii of the monomer, and
pij is the probability that two spins will be antiparallel
to form a covalent bond (used in these simulations as
0.25). The diffusion coefficient, D;, can be calculated at
varying weight fractions of polymer, wp, according to the
relationship!*

Dmon(Wp)
Di(Wp) B jo.66+2wp (2)
where Dmon is the diffusion coefficient for monomer.
Termination for normal free-radical polymerizations is
dominated by short—long termination, where the long
chains are considered to be immobile and can only be
terminated by short mobile radical species. However,
for the RAFT process where the chain lengths of the
radical species are the same and grow linearly with
conversion (eq 3),!° termination is a combination of
active species with chain length v either to another
active species (ki) or to short radicals formed from
either fragmentation of initiator or thermal initiation
(ktv,short).

v=_XMI_ 3)
[RAFT]

where v is the chain length, x conversion, [M] the

monomer concentration and [RAFT] the initial RAFT

agent concentration.

When thermal initiation is set to zero, the simulations
of the conversion—time profiles show good agreement
with experimental data below a reaction time of 350
min. After this time most of the initiator has decom-
posed and polymerization ceases in the simulation (but
not in the experiment); thus, the rate of thermal
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Scheme 1. Proposed Mechanism for the RAFT Process without Primary Radical Termination
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Scheme 2. Additional Intermediate Radical
Termination Mechanism Used To Explain
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Pj
_ - |
" s\é/s Pa P. Pm—-S—C—S—Pn
T + j |
Ph Ph
4 (6)
Il’h
¢ —C—S_
Bu—O 6 C(CH3)2Ph
|
N
®)

initiation is a necessary parameter. A value of 2 x 1078
mol dm~3 was fitted to the experimental data points of
curve a in Figure 1.

Simulations using this thermal initiation value to-
gether with the added termination step (Scheme 2) were
carried out at RAFT agent concentrations of 4 x 1072
mol L1 (Figure 1, curves b). kagg Used was that
determined by Goto et al.16 (Cy rart. = 6000), such that
Kadd = 2 x 6000 x k,—the factor of 2 is determined by
assuming kg equals K-aqq (see ref 3), and k—aqq Was fitted
to the data points using a value of 1 x 10° s™1. A K_aqq
value was found from some preliminary results in this
laboratory using the nitroxide-trapping technique,!’
in which tert-butoxyl radicals add to the S=C bond on
the RAFT agent, and the intermediate radical is trapped
(compound 5) and so to the cumyl radical (after frag-
mentation), allowing one to estimate a value for K_aqq
of ca. 1 x 10% s~1. However, this value is expected to
be greater than for our system since the C(CHj3),Ph

group is a much better leaving group than either
C(CHj3)2CO,Me (leaving group from the RAFT agent
used in this work) or polystyrene (leaving group from
the dormant species).

Using the two fitted parameters above (i.e., thermal
initiation and k—_,q4), the agreement between the conver-
sion—time profiles of the simulation and experimental
data at a RAFT concentration of 6 x 1072 mol L™t
(Figure 1, curves c) is remarkably good, even after long
polymerization times (greater than 400 min). The
simulated fraction of dead chains formed through
Scheme 2 at the end of the polymerization was ap-
proximately 0.07 with a broad molecular weight distri-
bution for both RAFT polymerizations. This suggests
that trying to identify these terminated species by NMR
or any other analytical technique (GPC) could prove to
be quite difficult.

Simulations also showed that the concentration of 4
was approximately 5 x 107° mol dm~3 for both RAFT
agent concentrations and is approximately an order of
magnitude greater than the active radical concentration.
Therefore, it is expected that the probability of termina-
tion of 4 is going to be far greater than conventional
termination. To determine whether our simulations give
realistic concentrations of 4, we simulated (using our
primary radical termination mechanism) the Rizzardo
et al.! experimental conditions for styrene at 90 °C. The
concentration of 4 found by Rizzardo et al. ! from ESR
measurements was approximated to 0.8 umol L=! and
is in a similar range to our simulated value of 0.2 umol
L~! (at very low conversions).

On the other hand, if the termination mechanism of
4 is neglected and we only consider the main cause of
retardation as slow fragmentation, it can be seen from
Figure 2 at a RAFT agent concentration of 6 x 1072 mol
L~! that varying the rate coefficient for fragmentation
does not affect the rate except when an unrealistic value
(i.e., Keagg = 0.1 s71) is used.
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Figure 1. Simulations of styrene polymerizations in the presence of RAFT with primary radical termination, using k, = 660
mol~ dm?® s7%, kg = 1.39 x 107* 571, Kaga = 2 x 6000 x k, mol~* dm? s7%, and k_,qq = 1 x 10° s71. Curve a is without RAFT, curve
b 4 x 1072 mol dm=3, and curve ¢ 6 x 1072 mol dm~3. The points are the corresponding experimental data. The inset is a graph

at longer polymerization times.
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Figure 2. Simulations of styrene polymerization without primary radical termination. Curve a: k_agqa = 1 x 1075 s7%; curve b:
K-ada = 1 s7%; curve ¢: k_aga = 0.1 s7%. The experimental data points are the same as in Figure 1.

In conclusion, we postulate on the basis of a combina-
tion of simulations and experimental evidence that the
most likely mechanism for retardation is through ter-
mination of the intermediate radical 4. It seems that
only a few percent of dead chains with a broad molecular
weight distribution are formed through this process,
making their identification difficult. Consequently, the
loss of RAFT (dormant) species is only a few percent
such that there will be little or no effect on the molecular
weight distribution, and controlled polymer architecture
with low polydispersity will be maintained. We have
also used this mechanism to fit the retardation for
methyl methacrylate, butyl acrylate, and butyl mechacy-
late RAFT polymerizations, which is the subject of a
future publication.

References and Notes

(1) Hawthorne, D. G.; Moad, G.; Rizzardo, E.; Thang, S. H.
Macromolecules 1999, 32, 5457.

(2) de Brouwer, H.; Schellekens, M. A. J.; Klumperman, B.;
Monteiro, M. J.; German, A. L. J. Polym. Sci., Part A:
Polym. Chem. 2000, 19, 3596.

(3) Chiefari, J.; Chong, Y. K.; Ercole, F.; Krstina, J.; Le, T. P.
T.; Mayadunne, R. T. A.; Meijs, G. F.; Moad, G.; Moad, C.
L.; Rizzardo, E.; Thang, S. H. Macromolecules 1998, 31,
5559.

(4) Chong, Y. K.; Tam, P. T. L.; Moad, G.; Rizzardo, E.; Thang,
S. H. Macromolecules 1999, 32, 2071.

(5) Le, T. P.; Moad, G.; Rizzardo, E.; Thang, S. H.
RAFT_CSIRO, 1998; Vol. PCT Int. Appl. WO 98/01478
(Chem. Abstr. 1998, 128, 115390).

(6) Ganachaud, F.; Monteiro, M. J.; Gilbert, R. G.; Dourges, M.-
A.; Thang, S.; Rizzardo, E. Macromolecules 2000, 33, 6738.



352

@

®

=

©

~

(10)

Communications to the Editor

Moad, G.; Chiefari, J.; Chong, Y. K.; Krstina, J.; Mayadunne,
R. T. A,; Postma, A.; Rizzardo, E.; Thang, S. H. Polym. Int.
2000, 49 (9), 993.

(a)Buback, M.; Kurz, C. H.; Schmaltz, C. Macromol. Chem.
Phys. 1998, 199, 1721. (b) Polymer Handbook, 4th ed.;
Brandrup, J., Immergut, E. H., Grulke, E. A., Eds.; John
Wiley & Sons: New York, 1999. Reference 8a is the average
kp for methyl acrylate, which is then used in combination
with the reactivity ratio (0.168, ref 8b) for methyl acrylate
to styrene to give an underestimated value for the addition
of a methyl acrylate radical to styrene of ~2 x 10° mol~?1
dms3 s,

Buback, M.; Gilbert, R. G.; Hutchinson, R. A.; Klumperman,
B.; Kuchta, F.-D.; Manders, B. G.; O'Driscoll, K. F.; Russell,
G. T.; Schweer, J. Macromol. Chem. Phys. 1995, 196, 3267.
Numerical simulations were carried out using a gear
algorithm.

(1)
(12)
(13
(14
(15)
(16)

@an

Macromolecules, Vol. 34, No. 3, 2001

Moad, G.; Rizzardo, E.; Solomon, D. H.; Johns, S. R.; Willing,
R. 1. Makromol. Chem., Rapid Commun. 1984, 5, 793.

Russell, G. T.; Gilbert, R. G.; Napper, D. H. Macromolecules
1992, 25, 2459.

Russell, G. T.; Gilbert, R. G.; Napper, D. H. Macromolecules
1993, 26, 3538.

Griffiths, M. C.; Strauch, J.; Monteiro, M. J.; Gilbert, R. G.
Macromolecules 1998, 31, 7835.

Mudller, A. H. E.; Zhuang, R.; Yan, D.; Litvenko, G. Macro-
molecules 1995, 28, 4326.

Goto, A.; Sato, K.; Fukuda, T.; Moad, G.; Rizzardo, E;
Thang, S. H. Polym. Preparations 1999, 40, 397.

Busfield, W. K.; Jenkins, 1. D.; Monteiro, M. J. Polymer 1997,
38 (1), 165.

MAO001484M



