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ESR (electron spin resonance) spectroscopy can theo-
retically provide direct information on the structures,
properties, and concentrations of propagating radicals.1,2

Accordingly, ESR spectroscopy is a promising technique
for obtaining information on the propagating radicals
in the radical polymerization, if well-resolved ESR
spectra of propagating radicals are observed.2-4

We have detected highly well-resolved ESR spectra
in the radical polymerizations of styrene and its deriva-
tives, diene compounds, methacrylates, and vinyl esters
in benzene or toluene.3-10 All these spectra are reason-
ably simulated as propagating radicals. In the extension
of ESR studies on the radical polymerization, we
measured ESR spectra of propagating radicals of tert-
butyl methacrylate (tBMA) at various temperatures. In
the course of the measurement, 16-line spectra instead
of 13-line spectra, which were detected so far in ESR
spectra of methacrylates,2,3 were clearly observed in the
range 30-150 °C. The 16-line spectrum was previously
observed in the flow method using methacrylic acid,1b

but we have never seen the 16-line spectra of the
propagating radicals in ESR study on the radical
polymerizations of methacrylates so far. Judging from
the observation in the flow method, the 16-line spectrum
might be ascribed to oligomeric radicals. There has been
no clear information on chain length of the ESR-detected
propagating radicals. So, we investigated the origin of
the 16-line spectra observed in the polymerization of
tBMA. In this communication, we show that the 16-line
spectra are due to polymeric radicals, and in addition,
we would like to provide quite important information
on the dynamic behavior of the propagating radicals.

We prepared model radical precursors by atom trans-
fer radical polymerization (ATRP) reported by Maty-
jaszewski et al.11-16 ATRP can provide polymers with
controlled molecular weights, and the resulting poly-
mers have terminal carbon-halogen bonds. Polymers
with narrow molecular weight distribution (Mw/Mn )
1.14-1.21) were prepared by this method. Polymeric
and oligomeric model radicals were formed from the
corresponding precursors by the reaction with organotin
compounds reported by Giese et al.17 The radical forma-
tion reactions were performed in ESR tube under
irradiation at various temperatures.18

ESR spectra observed in the polymerization of tBMA
at various temperatures are shown in Figure 1. The

intensity of the inner eight lines decreased with lower-
ing the temperature, indicating that there are two
exchangeable conformations whose existence has been
shown in the elucidation of ESR spectra of methacry-
lates so far.2 To confirm the presence of two conforma-
tions, we measured ESR spectra at 150 °C, indicating
that the inner eight lines increased furthermore. The
observed spectrum is completely simulated using hy-
perfine splitting constants which are 1.40 mT for one
proton, 1.16 mT for one proton, and 2.17 mT for three
protons (Figure 2). The hyperfine splitting constants of
the two methylene protons are different, indicating that
the spectrum is assigned to an averaged single confor-
mation due to rapid exchange between the two confor-
mations. The observation of nonequivalent methylene
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Figure 1. ESR spectra of propagating radicals of tBMA at
various temperatures: (a) 150, (b) 120, (c) 90, (d) 60, and (e)
30 °C.
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protons means that the rate of the rotation of the end
radical is not so fast as to be detected as equivalent
methylene protons in the time scale of detection of ESR
measurement.

ESR spectra of radicals from polymeric precursors
showed a similar temperature dependence. Selected
ESR spectra of these radicals with their degrees of
polymerization of 100, 50, and 30 at 150 and 90 °C are
shown in parts a, b, and c of Figure 3, respectively. In
the case of Pn ) 100, the 16-line spectrum was clearly
observed at 90 °C (Figure 3a2). The intensity of the
inner eight lines increased with increasing temperatures
and seems to coalesce to a single line at 150 °C (Figure
3a1).

Similar ESR spectra were observed in radicals from
polymeric precursors with Pn ) 50. The intensity of the
inner eight lines seems to coalesce more clearly to a
single line at 150 °C (Figure 3b1). In the case of Pn )
30, the 16-line spectrum was observed at 90 °C (Figure
3c2). The inner eight lines coalesce more clearly to a

single line at 150 °C (Figure 3c1). The ESR spectrum
seems to be a 12-line spectrum, but the four lines
coalesced insufficiently, indicating that the rate of the
rotation of the end radical is not so fast as to be detected
as equivalent methylene protons on the time scale of
detection of the ESR measurement.

Oligomers with Pn ) 2-7 were prepared, and ESR
spectra of radicals generated from them were measured
at 150 °C. The 12-line spectrum was clearly observed
as shown in Figure 4a. The 12-line spectrum is simu-
lated using hyperfine splitting constants, which are 1.23
mT for two protons and 2.17 mT for three protons
(Figure 4b), and is easily assigned to a single radical
that has two equivalent methylene protons and three
methyl protons. Two equivalent methylene protons in
the oligomer show clearly that free rotation of radical
end is too fast to be detected as different methylene
protons on a time scale of ESR spectroscopy. We can
conclude that the inner four lines of the 12-line spec-
trum begin to separate two lines at Pn ) 30 and that
the separation becomes larger with increasing the
degree of polymerization, owing to the lowering of the
rate of the rotation. The separation was more clearly
observed in the propagating radical, indicating that
mobility of the end radical is restricted.

Comparison of the ESR spectra of radicals with
various chain lengths at 150 °C is shown in Figure 5.
From the comparison of the separation of inner lines,
the degree of polymerization of the propagating radical
is higher than 100. This speculation was clearly con-
firmed by molecular weight (Mn) of the isolated polymer,
which was determined to be 30 000 (Pn ) 210) by GPC.

We can conclude that the origin of the 16-line spec-
trum in our ESR measurement is ascribable to poly-
meric radicals. ESR spectroscopy has provided struc-
tural information on the propagating radicals at chain
end. Direct information on the chain length of the
radicals has not been obtained before from ESR mea-
surements. Data shown in this communication provide
the information.

Further information on dynamic behavior of the
propagating radicals can be obtained from these ESR
spectra. The temperature dependence of these spectra
can be simulated in consideration with dynamics of the

Figure 2. Structure of propagating radical of tBMA and ESR
spectra of the propagating radical of tBMA at 150 °C (a) and
its simulation (b).

Figure 3. ESR spectra of model radicals of poly(tBMA) with given chain lengths: (a) Pn ) 100, (b) Pn ) 50, and (c) Pn ) 30; (1)
150 and (2) 90 °C.
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radicals.19 The averaged exchange time between the two
conformers was calculated from the simulation of the
spectra in Figure 1 as shown in Table 1. The activation
energy of a rotation of the terminal CR-Câ bond was
estimated to be 21.2 kJ/mol.20
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Figure 4. Structure of oligomeric model radical and ESR
spectra of the oligomeric model radicals of tBMA (Pn ) 2-7)
at 150 °C (a) and its simulation (b).

Figure 5. Comparison of ESR spectra of radicals with various
chain lengths at 150 °C: (a) oligomeric model radical, (b) model
radical with Pn ) 100 and radicals in a radical polymerization
(propagating radical). Characteristic lines (in dashed squares)
were enlarged on the right-hand side.

Table 1. Averaged Exchange Time between Two
Conformations in tBMA Propagating Radicals

temperature, °C exchange time, ns

150 0
120 9.6
90 16.9
60 31.0

528 Communications to the Editor Macromolecules, Vol. 36, No. 3, 2003


