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Despite its great industrial importance, many aspects
of free radical polymerization (FRP)! remain poorly
understood. One of the few methods that can directly
probe propagating radicals, i.e., living chains which are
at the heart of FRP, is electron paramagnetic resonance
(EPR), a very sensitive and nondestructive technique
that provides information on the local structure and
dynamics and the number density of the propagating
radical centers.23

Unfortunately, in many cases the concentration of the
FRP living chains is too low during the early stages (low
conversions) to allow for good EPR signals. This results
in poorly resolved, noisy spectra that are prone to
misinterpretations. A second problem is the measure-
ment of many different living chain lengths simulta-
neously, leading to speculations that are difficult to
test.* The field would be significantly advanced if one
could obtain spectra unambiguously corresponding to
a single living chain length. In this article we demon-
strate how the time-resolved EPR (TR—EPR) tech-
nique®>~’ can be used to overcome these problems. Using
TR—EPR in well characterized systems, we have studied
the FRP of methyl methacrylate (MMA) and its ana-
logues and obtained well-resolved, intense spectra of
monodisperse living chains. To the best of our knowl-
edge there has been only one other study where TR—
EPR was applied to study FRP.8 The work reported
here is also one of the few systematic exploitations of
the transfer of “spin polarization” via chemical
reactions®~1! and the application of TR—EPR in polymer
research in general.810.12

In conventional EPR, time scales for data acquisition
are slow (typically seconds to minutes) compared to the
time to add a monomer to a living chain, 1/(k, [M])
(typically milliseconds?3). This usually limits conven-
tional EPR measurements to steady state FRPs, where
inevitably a broad distribution of living chain lengths
exists. Nevertheless there has been some clever efforts
to measure conventional EPR of single length living
chains. Fischer and Giacometti'4 obtained well-resolved
spectra of 1-mer living chains of methacrylic acid by
creating a stationary concentration of these in the EPR
cavity using a flow system. More recently, Matsumoto
and Giese!® succeeded in measuring 1-, 2-, and 3-mer
living chains of MMA and related monomers, by reduc-
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tion of the corresponding bromide precursors in an inert
solvent. In contrast, TR—EPR probes submicrosecond
processes, much faster than 1/(ky[M]); thus, taking a
“snapshot” of living chains is possible by this method.
These chains are created by very fast addition of a
primary radical (created by a short laser pulse) to
monomer. This first addition step is complete within
100—300 ns. Subsequent addition rates are much
slower (on the order of 1 ms) due to the lower reactivity
of living chains. Our TR—EPR observation times (typi-
cally 1—2 us following the laser pulse) fall in a range
well after the creation of living chains, yet well before
these can react further: only a single living chain length
is monitored. To study spectra of living chains as a
function of their degree of polymerization, N, one can
use photoinitiators which give primary radicals attached
to progressively longer polymeric chains. Here we
report results for the shortest living chains, N = 1,
created using small molecule photoinitiators. Now, the
matrix (consisting of monomer and pre-dissolved poly-
mer) remains fixed during the TR—EPR observation
times, allowing one to study the effect of polymer
concentration on the spectra. This is not easy to do in
conventional EPR in the early stages of FRP where one
often needs to accumulate a large number of acquisi-
tions to improve signals. During these times conversion
(roughly equal to polymer volume fraction accumulated
in the matrix) may change considerably.

The conventional EPR spectra of poly(methyl meth-
acrylate) (PMMA) radicals in both glassy and nonglassy
matrices have generated considerable controversy since
the first observations in the 1950s8 of a 9-line spectrum
with an unusual intensity distribution. Studying oli-
gomeric living chains of methacrylic acid Fischerl®
observed 16 lines in nine main groups, and interpreted
these in terms of nonequivalent -protons of the CH,
group due to hindered rotation. More recently, Shen
et al.l” and Zhu et al.'® observed a “13-line” EPR
spectrum at low conversions (<20%) in the bulk FRP of
MMA, which gradually turned into a “9-line” spectrum
that persisted as the mixture became glassy. Zhu et
al.18 suggested that the 9-line signal is due to living
chains “trapped” in microscopic glassy domains. Fi-
nally, Gilbert and co-workers* argued, based on com-
puter simulations, that the 13-line signal must be due
to oligomeric radicals (N < 5), which must have been
abundant in the experiments of Shen et al.}” and Zhu
et al.18 where unusually high rates of initiation were
used. Resolving these various interpretations based on
conventional EPR alone has clearly proven to be very
difficult.

The EPR signal intensity is proportional to the
difference in the populations of the energy levels
involved in the observed transitions.2® This difference
is typically very small in conventional EPR where spin
systems are in thermal equilibrium (Ezeeman << kKT at
room temperature). However, just after their creation,
free radicals may be in a far-from-equilibrium spin state
(i.e. in a “spin polarized” state) where the difference in
energy level populations is far greater than that in
thermal equilibrium. Hence one may observe greatly
enhanced signal intensities by monitoring EPR transi-
tions before the spin system relaxes to equilibrium,
typically within microseconds. That is the essence of
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TR—EPR.19205 |n this method radicals are created by
a short (~10 ns) laser pulse, and the EPR transitions
are observed with nanosecond time resolution thereaf-
ter, in a fixed external magnetic field. The transient
EPR signals are integrated within a set time window
(which typically starts from 0.1 to a few microseconds
following the laser flash, and lasts a few hundred
nanoseconds) to yield a single point in the spectrum.
To obtain the whole spectrum the external magnetic
field is incremented and the abovementioned process is
repeated many times (see footnote 21 for details). It
should be noted that the TR—EPR spectra are repre-
sented in absorption form rather than the first deriva-
tive form used in conventional EPR.

In this study we chose photoinitiators that are known
to give strongly polarized TR—EPR signals. The con-
centration of the photoinitiator is adjusted to have an
optical density ~0.3 for 0.5—1 mm thick quartz flat cells
employed, ensuring uniform excitation throughout the
sample. A flow system is used (typical flow rates 0.5—1
mL/min) in order to avoid photoinitiator depletion due
to the large number of laser shots (~5000) required per
spectrum.

The typical aromatic ketone molecule 1 (Darocur
1173, Ciba Specialty Chemicals Corporation) shown in
Figure 1, photoexcited to its first electronic singlet
excited state, S;, quickly (< 1 ns) decays to the first
triplet excited state, T.22 In the presence of the mag-
netic field of the EPR spectrometer (~3500 G) the triplet
sublevels (T-, To, T+) are nondegenerate, and one of
these (T for this particular molecule) is overpopulated
during the S — T conversion.’® The molecule then
cleaves to give two radicals before the triplet sublevels
thermally equilibrate (which requires typically 1 ns?9).
The net result is the creation of free radicals (2 and 3,
see Figure 1) that overpopulate the upper Zeeman level,
i.e., a spin-polarized system! This is the “triplet mech-
anism” (TM) of spin polarization and is the main one
we will be concerned with here. Note that since it is
the upper Zeeman level that is overpopulated, the TR—
EPR spectrum of the radicals 2 and 3 shown in Figure
la is actually in emission.

In an inert solvent the TR—EPR signals of the
radicals 2 and 3 decay due to both radical recombination
and the relaxation of the spin polarization toward
thermal equilibrium. When MMA is present, it reacts
with 2 and 3 and new signals, as shown in Figure 1b,
appear. These new signals are assigned to radicals 4
and 5 (which give essentially the same spectrum—see
caption of Figure 1). We remark that we have used a
number of photoinitiators other than 1, and obtained
similar results.?®> The addition of the ketyl radical (3)
to monomer (at concentrations of 6—9 M, or volume
fractions ¢mon ~ 0.65 — 1, in the cases studied here) is
complete within a few hundred nanoseconds, consistent
with addition rate constants measured previously in this
laboratory and by Fischer?* for several methacrylates
(Kadd =~ 105—107 M~ s71). The benzoyl (2) reactivity is
about an order of magnitude smaller than that of the
ketyl,2> hence the broad singlet in parts a and b of
Figure 1 marked with an arrow, assigned to benzoyl (2)
based on previous studies,?%27 lasts longer. Note that
the net spin polarization of the system is conserved
during the addition reaction, due to conservation of
angular momentum.”28 This is crucial, as it allows us
to observe intense, polarized signals from the adduct
radicals.
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Figure 1. (a) TR—EPR spectrum observed when 1 is photo-
lyzed in acetonitrile, an inert solvent. The transient signals
for each point in the spectrum were integrated for the time
window shown, following the pulse from an excimer laser
(typical output power 70 mJ/pulse). The peak marked with an
arrow is assigned to 2 while all the other peaks are assigned
to 3. (b and ¢) TR—EPR spectra observed when 1 is photolyzed
in neat MMA, for the integration windows indicated. Signals
from 2 are visible during earlier times (marked with an arrow)
but signals from the more reactive 3 are replaced with new
ones. The new signals are assigned to radicals 4 and 5. (d)
Simulated spectrum for 4 and 5, using the following isotropic
hyperfine couplings for both radicals (the two have essentially
the same spectrum, due to weak couplings to the primary
radical derived moieties which are ignored in the simula-
tion): an(CgH3)=22.5 G, an(CsH,) = 12.6 G, and an(CsHs3) =
1.16 G. In addition, a Lorentzian line shape with a width of
0.5 G was used.

The adducts (“secondary radicals”) 4 and 5 are
expected to have much lower reactivity toward monomer
compared to the primary radicals 2 and 3, based on the
reported propagation rate constants for the FRP of
MMA. 13 That is, during the later time window shown
in Figure 1c, after the benzoyl (2) singlet has disap-
peared, only the secondary radicals 4 and 5 are ob-
served, since these do not add to monomer on these time
scales. Direct evidence for this claim is obtained by
using the photoinitiator (2,4,6-trimethylbenzoyl)diphe-
nylphosphine oxide (TMDPO), which yields 2,4,6-trim-
ethylbenzoyl (6) and diphenylphosphonyl radicals (7).8
The TR—EPR spectra of the secondary radicals formed
upon the addition of the phosphorus centered radical 7
to monomer in this case exhibit a strong (=60 G)
coupling to 3P, derived from 7. The magnitude of this
coupling would decrease considerably if further addition
occurred. This is not observed during the time scales
we investigated (up to 5 us), consistent with the results
of Kajiwara et al.®

In Figure 1d we show the simulated spectrum for the
radicals 4 and 5, using isotropic hyperfine couplings and
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Figure 2. (a) TR—EPR spectra (integration window 1.4—2.0
us) of N = 1 living chains of PMMA, in the presence of
predissolved PMMA (M, ~ 15K) of different volume fractions
¢ as indicated. (b) EPR spectrum (derivative form) of the spin
probe 4-hydroxy—TEMPO in 0 (top) and 35% (bottom) solu-
tions of the same PMMA dissolved in MMA.

treating the two j3-protons of the CH, group equivalently
(see Figure caption). As can be seen in the Figure, the
agreement between the simulated and the observed
spectra is quite good,?® suggesting that invoking more
complicated models31® is not required here.

Notice that the adducts 4 and 5 are in fact one-step-
propagated (N = 1) living chains found in the conven-
tional, steady state FRP of MMA, photoinitiated by 1.
Having thus found a way of generating 1-mer living
chains in well controlled environments, we have studied
the EPR behavior of these in relation to FRP. We have
created N = 1 living chains (4 and 5) in solutions of
MMA containing PMMA of various molecular weights
(M,, = 15 K to 200 K). The effect of the presence of
polymer (My, &~ 15 K), up to 35% by volume, on the TR—
EPR spectra is minor, as shown in Figure 2a. For
comparison, we have used a spin probe, 4-hydroxy-
TEMPO, shown in Figure 2b. The minor effect of the
presence of polymer on the conventional EPR spectrum
of this spin probe is also shown in Figure 2b. Note that
these spectra are displayed in derivative form, as is
common in conventional EPR.?2 The solutions used for
the spin probe studies were identical to the ones used
for TR—EPR experiments, except for the absence of the
initiator. As the volume fraction of polymer, ¢, is
increased from 0 to 35%, the rotational correlation
time3° of the spin probe increases only about four-fold
(from 0.1 to 0.4 ns) while the bulk properties are
modified drastically, consistent with small molecule
fluorescent probe studies.®! Similarly, the molecular
weight of the PMMA in the matrix, studied up to 200
K, has very little effect on the spectra. These spin probe
studies are consistent with the observation of only minor
changes in the TR—EPR spectra of N = 1 living PMMA
chains as a function of ¢.

Next, we have investigated the effect of the size of
the living chains on their TR—EPR spectra. A conve-
nient way of doing this is to use analogues of MMA, with
the methyl side group replaced with longer alkyl groups.
The effects of progressively going from methyl (C;) to
stearyl (C1s) methacrylate are shown in Figure 3. Once
again we observe minor effects on the TR—EPR spectra.
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Figure 3. Effect of the size of the living chains on the TR—
EPR spectra, in the absence of polymer (integration window

1.4—2.0 us).
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Figure 4. (a) Typical “13-line” EPR spectrum observed at low
conversions (< 20—25%) in FRP of MMA (in this particular
case photoinitiated with 5% azobisisobutyronitrile (AIBN) at
room temperature). (b). The “9-line” EPR spectrum obtained
at higher conversions. (c). TR—EPR spectrum of N = 1 living
chains of PMMA (essentially the same spectrum is observed
for ¢ = 0—35%, see Figure 2), multiplied by —1, and displayed
in derivative form for ease of comparison with the conventional
EPR spectra above.

The main features, the presence of nine groups of lines
and the splittings of these, remain unchanged. How-
ever, a minor and expected change is observed in the
hyperfine splittings within these nine groups of lines:
the quartet splitting due to the methyl side group of
MMA becomes a triplet splitting as the three methyl
protons are replaced by two ethyl protons in going to
larger alkyl side groups. These results suggest that the
EPR spectrum of (oligomeric) living chains should not
be modified drastically as they become progressively
bigger.

Finally, in Figure 4, we compare, for MMA, the TR—
EPR spectrum of N = 1 living chains with the conven-
tional EPR spectra obtained in steady state FRPs. This
Figure also summarizes our main findings: (i) the signal
to noise ratio of the TR—EPR spectrum is far greater
than what is typically observed by conventional EPR
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in FRP at “low conversions”, (ii) the resolution of the
TR—EPR spectra is far superior, (iii) although major
changes in the conventional EPR spectra are observed
(13-lines — 9-lines) as more polymer builds up in FRP,
no such changes in the TR—EPR spectrum are seen up
to » = 35 % (Figure 2), and (iv) the TR—EPR spectrum
of the N = 1 living chains, even in the absence of
polymer, looks very similar to the 9-line EPR spectrum
observed in “high conversion” FRP.

The differences between the TR—EPR spectra of N =
1 living chains and the conventional EPR spectra
observed in FRP are quite interesting. These differ-
ences may be due to the fact that in steady state FRP
typically the average living chain length N > 1, even
at low conversions.! In this respect, we are planning
to use bulkier monomers (see Figure 3) and spin probes
in the presence of polymer. In addition, we are cur-
rently synthesizing photoinitiators similar to 1 that are
attached to long chains. The secondary radicals gener-
ated from these should mimic N > 1 living chains.

In summary, TR—EPR is a novel and powerful tool
to study living chains under well defined environments
with excellent signal intensities and resolution. We
have used this method to investigate living chains in
the FRP of MMA and its analogues, and obtained new
information that we hope will generate fresh discussions
about the nature of PMMA living chains. Although we
have not yet unambiguously identified the origin of the
13-line to 9-line transition in the conventional EPR
spectra observed in FRP, our results oppose the sug-
gestion that the 13-line signal is due to oligomeric living
chains (N < 5) present at low conversions,* as we
observe only 9-line signals from monodisperse N = 1
living chains, even in the absence of polymer. We also
note that the TR—EPR as applied here is a general
method that can be used in other systems. In particu-
lar, it should be of relevance to the recently developed
pulsed laser polymerization methods.!3
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