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In the 1980s Rizzardo and co-workers established that
vinyl free radical polymerization could be controlled by
reversible capping with nitroxides, reflecting the weak
C—O0 bond formed in the capping reaction.! The 1993
report by Georges et al.? discussing the preparation of
low-polydispersity polystyrene by “living free radical
polymerization” (LFRP) regulated by nitroxides has
stimulated a widespread research effort in this area.
The currently accepted mechanism is shown in Scheme
1. The key step is the reversible capping of the polymer
chain by the nitroxide. This cap dissociates at temper-
atures around 125 °C to allow polymer growth.

A number of initiators mimicking the chain end (i.e.
I-1V) have been reported by us and by others.376 It is
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reasonable to assume that the C—O bond dissociation
energy at the capped polymer end will be similar to
those in other benzylic systems such as I1—-1V. A number
of estimates of this bond dissociation energy (D) have
been reported for these and related structures, ranging
from 19 to 36 kcal/mol,”~18 although the more recent
determinations are in the 25—30 kcal/mol range, with
the more highly substituted benzylic carbons corre-
sponding to the lower bond energies, as expected.

Much of the earlier experimental work on bond
energies was performed under conditions of reversible
C—0 cleavage or where the activation energies for the
back reaction have not been taken into consideration.
While reversibility can be taken into account, it does
lead to significantly more complex kinetic analysis (vide
infra).

Compound I1 is probably be the best model compound
for the actual polymer, since the nitroxide link involves
a secondary benzylic site. The Kinetics of the cleavage
reaction are important not only in order to determine
bond dissociation energies but also because they control
the steady-state concentration of nitroxide and thus the
overall polymerization Kinetics. Further, to mimic a
living process and obtain low polydispersities, it is
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necessary for the initiator decomposition to occur in a
relatively short time compared with the overall polym-
erization process; this, in turn, requires knowledge of
the initiator fragmentation kinetics. While several
reports have either measured or estimated some of these
kinetic parameters, this is the first systematic study of
bond dissociation energies and Kinetic parameters for
a complete (primary, secondary, and tertiary) series.
Further, our work has been performed under irrevers-
ible conditions for the cleavage reaction; much of the
earlier work either has not taken into account revers-
ibility or has led to considerably more complex data
fittings, since under reversible conditions nitroxide
buildup follows a t3 rate law (t = time), from which
kinetic parameters can be derived.'®

To facilitate the study of the Kinetics of thermal
cleavage of I-1V, it is important to make this process
irreversible. This can be readily achieved by decompos-
ing I-1V in the presence of a large excess of another
nitroxide, as indicated in Scheme 2 for the example of
IV (a similar approach has been reported).> Our choice
of trapping nitroxide was 4-hydroxy-TEMPO for I—111
and TEMPO for IV. This trap was used in ~7 times
excess with respect of the alkoxyamine. At low conver-
sions, the final concentration of nitroxide used as a trap
was about 20—50 times larger than that of the nitroxide
released as a product.?® Note that in the absence of an
efficient added scavenger most of the cleavage is masked
by the rapid back reaction,?%22 in a process that may
lead to the apparent photostability of these materials,
as expected from the Fischer—Ingold persistent radical
effect.2> Analysis for either product (by HPLC)?* of the
reaction (for example IV or TEMPO in the case of I)
after different reaction times yields k.. A small correc-
tion (<3%) to account for traces of disproportionation
(giving the alkene and hydroxylamine) was introduced
for Il and Ill. The reactions were studied in the
temperature ranges indicated in Table 1 in cyclohexanol
as solvent. This proved to be a useful solvent allowing
for a convenient temperature range; cleavage Kkinetics
for other initiators show a modest solvent dependence.®
These ranges are determined by the need to have
experimental kinetics in a convenient time scale. The
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Table 1. Kinetic and Thermodynamic Data for the Decomposition of Alkoxyamines -1V

Ea log A T range 72 (s) at Ea (kcal/mol) BDE (D)

substitution (kcal/mol) (s (K) 398 K back for reaction (kcal/maol)
LRi=R,=X=H 32.6° 13.6¢ 366—427 16100 1.8d 30.8
II;Ri=CH3 R, =X=H 30.7¢ 13.7° 348-393 1150 2.39 28.4
II; Ri=R,=CHgz X=H 27.2h 14.0 308—348 6.8 2.69 24.6
IV;Ri =R, =H; X=0H 33.2 13.6 363—428 34500 1.8d 31.4

a Lifetime in seconds calculated as 1/k.. ® Another value has been reported (23.4).13 ¢ Another value has been reported (11.9).13 d Value
derived from the literature?:2’ for a comparable solvent viscosity. ¢ Other values have been reported (24.2 and 28.4,14 29.7,16 31,1,7:1018
29.7 and 36.7,17 and 19 and 27).15> f Other values have been reported (13.5,1¢ 13.3, and 14.8).17 9 Taken from the literature.?2 " A value

of ~25 kcal/mol has also been determined.28
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Figure 1. Determination of the rate constant for the forma-
tion of I from thermolysis of 1V at 90 °C. Each point in Figure
2 is based on a plot of this type.
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Figure 2. Arrhenius plots for the decomposition of I-1V. The
corresponding Arrhenius data are presented in Table 1.

individual rate constants are obtained from plots of
product formation as a function of time, as illustrated
for the case of IV in Figure 1. The conversions were
sufficiently low that a linear approximation (as shown
in Figure 1) is adequate. These slopes are then plotted
in an Arrhenius format (Figure 2) to yield a preexpo-
nential factor and an activation energy, as given in
Table 1.

The activation energy determined from plots as il-
lustrated in Figure 2 would correspond to D if the
activation energy for the back reaction was zero; in fact
these values are quite small and can be estimated on
the basis of work by Ingold and co-workers;2%22 the value
was 1.8 kcal/mol for 1V, thus leading to D = 31.3 + 0.8
kcal/mol. Table 1 summarizes the D values obtained in
this manner. Preexponential factors are of the magni-
tude anticipated for a bond fragmentation with the
corresponding entropic gain. It is unclear if the trend
in preexponential factors in the 1—111 series (see Table
1) is real or within experimental error. If real, it may
reflect a lower entropy of activation for 111 due to a more
constrained ground-state geometry (i.e. a ground-state,
rather than transition-state, effect).

The values in Table 1 are consistent with reported
synthetic yields. Compounds I—1V can be prepared in
high yields photochemically by photodecomposition of
di-tert-butyl peroxide in the presence of TEMPO using
the appropriate hydrocarbon (toluene, ethylbenzene, or
cumene) as a solvent.® In contrast, thermal synthesis,
where the activation energy for di-tert-butyl peroxide
decomposition is 38.3 kcal/mol,25 works well for toluene,
gives a modest yield (42%) for ethylbenzene, and fails
for cumene.?® The decomposition of I-1V may be
partially reversible (except for a minor fraction of
disproportionation for 11 and I11), since cross reactions
are always favored in these systems,?3 thus increasing
the tolerance for some cleavage. However, the synthetic
failure for 111 can be attributed to an activation energy
for decomposition far below that for the peroxide, thus
suggesting that D for 11l is <38 kcal/mol, consistent
with the expectation that this activation energy will be
lower than that for | or 1V (i.e., <32 kcal/mol).

Full control of LFRP as indicated in Scheme 1 will
require the ability to control the dissociation of the
nitroxide cap. Such control may be achieved by “tuning”
the values of D or conceivably by utilization of photo-
induced cap dissociation at lower temperatures.
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