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Use of nitroxide radicals such as TEMPO in living
free-radical polymerizations is of current interest in
polymer synthesis.1-4 In this Communication, we wish
to report that asymmetric nitroxide, 2,5-dimethyl-2,5-
diphenylpyrrolidin-1-oxyl (DDPO, 1, Scheme 1), medi-
ates effectively free-radical polymerization of styrene.
The polymerization is faster, gives better molecular
weight (MW) control compared to TEMPO-mediated
polymerization, but, unlike the latter, does not require
addition of external strong acids. The amount of the
nitroxide (NO) rather than benzoyl peroxide (BPO)
controls the MW.3c We also provide some mechanistic
evidence that propagation indeed occurs from the fully
dissociated radicals.
DDPO was synthesized as outlined in Scheme 1.5,6

Even though formation of both cis and trans isomers is
possible, only the latter can be optically resolved.
Hence, we subjected the isolated product to chiral HPLC
and observed two peaks of equal intensity. The first
peak corresponded to an isomer with [R]D ) +155° and
the second one to an isomer with [R]D ) -164° (c ) 1,
CH2Cl2, 21 °C).6 These results confirm that the isolated
product is indeed the trans isomer. Although the yield
(unoptimized) is low, the intermediate nitrone could be
easily recovered and recycled.5e
The polymerization results are summarized in Table

1. The following general deductions can be made: (1)
DDPO mediates bulk polymerization of styrene to give
polymer in high yields with fairly low polydispersity
(PDI) and good MW control. (2) The MW is controlled
by the amount of NO, and DDPO gives better MW
control than does TEMPO. (3) [NO]/[BPO] g 1 is
required for MW control and lower PDI (entries 1-6).
At [NO]/[BPO] < 1 the amount of BPO affects the MW
and PDI.2,3 (4) The polymerization, as expected, is
extremely slow and requires several days at high [NO]/
[BPO]. However, the MW is still controlled by the
amount of NO, and the PDI remains low (entry 5). This
suggests that, during the initiation period, styryl radi-
cals are formed not only via the expected reaction with
BPO but also thermally (autoinitiation) and that the
trapping by the excess NO is quite efficient. It further
indicates that exchange between active and dormant
chains is fast. (5) DDPO gives faster polymerization
compared to TEMPO as evidenced by viscosity changes
(not shown) and higher yields (entry 3 vs 6).7a This is
evident from the first-order plots (Figure 1). The
observed rate constants, kobs, are 4.6 × 10-3 and 2.4 ×
10-3 s-1 for DDPO and TEMPO, respectively.7b In both
cases, theMn increased linearly with conversion (Figure
2a). However, the PDI in the case of DDPO started high
and decreased as the conversion increased (Figure 2b).
In contrast, the PDI for TEMPO-mediated polymeriza-
tion remained essentially constant over the same period.
These suggest that TEMPO is a more efficient radical
trapping agent but a slower polymerization mediator
than DDPO is. Hence, the initial radical concentration

might be relatively high in the case of DDPO, leading
to a somewhat less controlled polymerization at the
early stages. These results are consistent with the
slightly lower ∆Hq for radical trapping and the slightly
lower preequilibrium constant in the case of TEMPO
compared to DDPO (vide infra).
Since the intrinsic reactivity of styrene with the

growing radical is the same in both cases, the measured
rate difference reflects the difference in equilibrium
radical concentrations, [P•]. Using kp ) 3.8 × 103 M-1

s-1 and the above kobs values, we calculated [P•] as 1.2
× 10-6 and 6.3 × 10-7 M for DDPO and TEMPO,
respectively.7c From the initial nitroxide concentration
[NO]0 ) 5.3× 10-2 M and the expression Kd ) [P•][NO•]/
[PON] ) [P•]2/[PON], where [NO•] and [PON] are the
equilibrium concentrations of the nitroxyl radical and
the dormant adduct, respectively, we estimated the
dissociative equilibrium constants,Kd’s, to be 2.7× 10-11

(DDPO) and 7 × 10-12 (TEMPO). Even though these
are upper limits, they are still extremely small, sug-
gesting that the polymer chains are predominantly in
the dormant form. The preequilibrium, rather than

Figure 1. Plot of ln([M]0/[M] versus time (min) for bulk
polymerization of styrene in the presence DDPO and TEMPO
at 137 °C: [BPO] ) 0.041 M and [NO] ) 0.053 M.

Figure 2. Dependence of Mn (a) and polydispersity index
(PDI) (b) on percent conversion for bulk polymerization of
styrene in the presence of DDPO (b) and TEMPO (+).

Scheme 1. Synthesis of Racemic DDPO
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monomer addition (since kp is constant), appears to be
the dominant factor that controls the relative rates of
these nitroxide-mediated polymerizations. Hence, any
efforts directed to controlling the process must undoubt-
edly include finding conditions to control the preequi-
librium.
The observed difference in reactivity is more pro-

nounced at lower temperatures (entries 7-10). Thus,
while at 90 °C (entries 8 and 9) DDPO-mediated
reaction gave 36% yield (after 11 h) of polymer and did
not become completely inhibited until the temperature
reached 75 °C (entry 10), the corresponding TEMPO-
mediated reaction gave none.2a The increase in PDI at
lower temperatures is consistent with the expected
slower initiation, slower exchange between active and
dormant species, and the finding that PDI is high at
low conversions.
It has been reported that addition of (+)-camphor-

sulfonic acid ((+)-CSA) to TEMPO-mediated polymer-
izations increased the rate and broadened the PDI of

the isolated polymer.2b We have surprisingly found that
addition of (+)-CSA to DDPO-mediated polymerization
had no significant effect on the MW, the yield, and the
PDI (entries 11-14). The rate, as can be judged from
the yields, also appeared unaffected.8 The yields re-
mained high and the PDI low over the range of [CSA]
studied. However, as expected, the TEMPO-mediated
reaction solidified faster and gave higher yield, higher
MW, and higher PDI than obtained in the absence of
CSA (entries 15-17). The reasons for the lack of CSA
effect on DDPO-mediated polymerization are not clear
to us. However, the results suggest that CSA does more
than just simply prevent autoinitiation,2 and studies to
clarify this are in progress.
In order to shed more light on the observed reactivity

differences, we performed semiempirical calculations.9
Thus, the ground state enthalpy ∆H° for C-ON bond
homolysis (Figure 3a) for DDPO-styrene adduct was
found to be 118.5 kJ/mol for (R,R)-R diastereomer and
112.9 kJ/mol for (R,R)-S diastereomer. For TEMPO-

Figure 3. Reaction coordinate diagrams for dissociation and radical recombination of (a) (R,R)-DDPO-styrene diastereomeric
adducts and (b) TEMPO-styrene adduct.

Table 1. Polymerization Results

entrya NOb [NO] (M) [NO]/[BPO] [CSA]c (M) yield (%) Mn(calc)d × 10-3 Mn(GPC)e × 10-3 PDIf temp (°C) time (h)

1 DDPO 0.024 0.5 91 34.2 16.5 1.51 130 13
2 DDPO 0.049 1.0 89 16.8 14.6 1.30 130 13
3 DDPO 0.064 1.3 84 12.3 12.6 1.21 130 11
4 DDPO 0.046 1.7 58 11.9 13.2 1.22 130 36
5 DDPO 0.506 10.0 43 1.2 1.9 1.8 130 147
6 TEMPO 0.065 1.3 58 8.5 12.9 1.16 130 13

7 DDPO 0.065 1.3 36 5.4 7.0 2.17 100 13
8 TEMPO 0.063 1.3 0 90 12
9 DDPO 0.066 1.3 32 4.8 9.5 1.95 90 12
10 DDPO 0.064 1.3 0 75 13

11 DDPO 0.065 1.3 78 10.9 12.6 1.17 130 7
12 DDPO 0.064 1.3 0.005 85 12.4 13.9 1.17 130 7
13 DDPO 0.065 1.3 0.03 86 12.4 11.3 1.19 130 7
14 DDPO 0.068 1.3 0.06 78 10.8 12.3 1.21 130 7
15 TEMPO 0.064 1.3 34 5.0 7.8 1.09 130 7
16 TEMPO 0.065 1.3 0.03 79 11.4 20.2 1.20 130 7
17 TEMPO 0.063 1.3 0.06 92 13.6 21.9 1.73 130 7
18 (-)-DDPO 0.044 1.3 75 16.0 16.7 1.29 130 12
a Polymerizations performed in bulk styrene. b NO ) nitroxide. c (+)-Camphorsulfonic acid. d Calculated molecular weight based on

the styrene/nitroxide molar ratio. e Gel permeation chromatography using polystyrene standards. f Polydispersity index.
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styrene adduct (Figure 3b), we calculated ∆H° to be 122
kJ/mol, in contrast to the recently reported value of 109
kJ/mol.2c Similarly, ∆Hq for dissociation of TEMPO-
styrene adduct was calculated as 141.2 kJ/mol, which
agrees quite well (within 10%) with a recent experi-
mentally measured ∆Hq value of 130 ( 4 kJ/mol.7b Our
calculations gave 19.2 kJ/mol for ∆Hq of the reverse
reaction (radical trapping) for TEMPO. We are not
aware of any previous calculated ∆Hq values for such
systems.10 The above calculated values are consistent
with the finding that the DDPO-mediated reaction is
only about twice as fast as the TEMPO-mediated one.
The above results are consistent with a mechanism

involving dissociated free radicals as the actual propa-
gating species.2c In order to shed light on the extent to
which dissociative and associative (insertion) mecha-
nisms are involved, we probed the effect of the chirality
of DDPO on the stereochemical outcome of the reaction.
We first employed semiempirical calculations to locate
the transition state structures and then compared the
actual polymerization results using the optically active
and racemic DDPO.9 Figure 3 summarizes the results
of our calculations. The ∆Hq for dissociation of the
diastereomeric DDPO-styryl adducts are approxi-
mately the same: 140.9 and 139.3 kJ/mol, respectively,
for (R,R)-R and (R,R)-S adducts. The corresponding
∆Hq values for the reverse processes are 26.4 and 21.9
kJ/mol for the (R,R)-S and (R,R)-R diastereomers,
respectively. These are consistent with the recent
report by Ingold and co-workers, who showed that rates
of nitroxide radical trapping, obtained by laser flash
photolysis for sterically hindered nitroxides and stabi-
lized R-methylbenzyl and cumyl radicals (among others),
are considerably lower than diffusion-controlled rates.11
At 25 °C, our calculated ∆(∆Hq) of 4.5 kJ/mol is
equivalent to about a 6-fold difference in rate, while at
130 °C the rate difference will be 3- or 4-fold in favor of
the (R,R)-R diastereomer. This suggests that under
appropriate conditions chiral DDPO may have an influ-
ence on the stereochemical outcome of the polymeriza-
tion if the propagation step significantly involves inser-
tion directly into the NO-styryl adduct, which would
be favored by the more stable (R,R)-R-diastereomer
(Figure 3a). We found that polymerization of styrene
using (-)-DDPO gave results similar to those reported
above (entry 18).6,8 Furthermore, polystyrene samples
obtained using (-)-DDPO, (()-DDPO, TEMPO (with or
without (+)-CSA), or just BPO (no nitroxide) gave
essentially the same tacticity distributions determined
by 13C-NMR. Hence, propagation, indeed, appears to
occur predominantly or exclusively from the state where
the nitroxide dissociates completely from the growing
polymer chain. We are currently investigating the
stereochemical and electronic effects in DDPO- and
substituted DDPO-mediated reactions together with
other 5-membered-ring nitroxide-controlled free-radical
polymerizations.
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