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Introduction. Controlled polymerization routes per-
mit the synthesis of well-defined macromolecules with
controlled chemical composition, predictable molecular
weight, and narrow molecular weight distribution.1 The
ability to control polymer architecture is essential in
advanced technological applications where well-defined
macromolecular architectures are required. Control of
chain-growth polymer architecture has been tradition-
ally achieved using living anionic,2,3 cationic,4 or group-
transfer5 polymerization procedures. Synthetic meth-
odologies for controlled polymerization have been
expanded with recent developments in both stable free
radical polymerization (SFRP)6 and atom transfer radi-
cal polymerization (ATRP).7

On the basis of the earlier work of Rizzardo et al.8 in
nitroxide-mediated stable free radical polymerization,
Georges et al.9 first reported the preparation of poly-
styrene with low polydispersity using bulk free radical
polymerization of styrene initiated by a conventional
free radical initiator, benzoyl peroxide (BPO), in the
presence of the stable nitroxide free radical, 2,2,6,6-
tetramethyl-1-piperidinyloxy (TEMPO) at 125 °C. The
SFRP process involves a desirable equilibrium between
nitroxide-capped polymer chains and uncapped polymer
radicals. The uncapped polymer radicals are then able
to chain extend via styrene monomer addition (Scheme
1). The success of this method arises from the unique
feature that the nitroxide radicals will react with carbon
radicals at near diffusion-controlled rates but will not
react with other oxygen-centered radicals or initiate
additional polymer chains.

An indication of the controlled nature of the SFRP of
styrene is typically accomplished by the demonstration
of a linear increase in molecular weight with conver-
sion.9,10 Kinetic information is commonly obtained by
withdrawing samples and analyzing for residual mono-
mer with gravimetric and chromatographic methods.11

In addition, more sophisticated analytical methods have
recently been applied to study SFRP kinetics. For
example, Georges et al. have utilized in-situ ESR
spectroscopy to study the SFRP process,11-15 and Hawker
et al. have recently applied 1H NMR to evaluate initiator
efficiency for SFRP processes using deuterated sty-
rene.16

In-situ mid-infrared spectroscopy is a state-of-the-art,
real-time, monitoring technique that is well-suited to
obtain real-time structural and kinetic information on
controlled polymerization processes such as SFRP.17 In
addition, reactions are analyzed without complicated
reactor modifications or expensive deuterated mono-
mers. Previously, Long et al.18 have utilized in-situ near-
infrared (NIR) (10 000-4000 cm -1) spectroscopy using
fiber-optic probe technology to obtain solution polym-
erization kinetics of living anionic processes. More
recently, Puskas et al.19,20 and Storey et al.21 have

reported the application of in-situ mid-infrared (4000-
650 cm-1) spectroscopy to monitor living cationic po-
lymerization processes. In addition, Bradley and Long
recently applied in-situ mid-infrared spectroscopy to
study melt-phase acidolysis and ester-exchange polym-
erization mechanisms.22 These previous efforts have
demonstrated the versatility of in-situ infrared spec-
troscopy, and we report herein the application of this
instrumentation to monitor the stable free radical
polymerization of styrene.

Results and Discussion. In-situ mid-infrared spec-
troscopy was utilized to monitor the bulk SFRP reaction
of styrene (Aldrich, vacuum-distilled from calcium hy-
dride) initiated by BPO (Aldrich, used as received) in
the presence of TEMPO (Aldrich, used as received). A
ReactIR 1000 (ASI Applied Systems) reaction analysis
system equipped with a light conduit and DiComp
(diamond composite) insertion probe was used to collect
mid-FTIR spectra of the polymerization reaction. The
details and capabilities of the ReactIR 1000 based on
attenuated total reflectance (ATR) have been described
in detail previously.21 An example procedure for the
polymerization at 132 °C is as follows. The reaction was
carried out in a 100 mL, round-bottomed, two-necked
flask that was fitted with the DiComp probe. To the
flask was added a magnetic stir bar, 35 mL of styrene
(350 mmol), and 0.368 g of TEMPO (2.36 mmol).
Although a magnetic stir bar did not provide adequate
agitation at higher conversions due to the extremely
high bulk viscosity, it facilitated the intimate contact
of the reaction mixture with the probe tip and reduced
the likelihood of spurious oxygen ingress. The flask was
sealed under nitrogen with a rubber septum, and a
thermocouple was inserted through the septum to
simultaneously monitor the temperature of the reaction
mixture. The ReactIR 1000 was programmed to collect
spectra every minute for the first 90 min and then every
5 min for the remaining 24 h. An oil bath at 142 °C was
raised to the reaction flask, and IR data acquisition was
initiated. After several minutes the temperature of the
styrene/TEMPO solution in the reaction flask stabilized
at 132 °C. (The large temperature difference between
the oil bath and reaction mixture is speculated to be
due to the heat loss due to the stainless steel DiComp
probe.) Infrared analysis indicated that the styrene/
TEMPO solution was stable in the absence of benzoyl
peroxide, and appreciable thermal polymerization was
not observed during this short period. After the tem-
perature of the reaction stabilized at 132 °C, a solution
of 0.440 g of BPO (1.818 mmol) dissolved in 5 mL of
styrene was added via syringe. After 14 h the viscosity
of the reaction increased dramatically, and stirring
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stopped due to the high bulk viscosity. Additionally, the
infrared absorbances associated with the styrene mono-
mer stabilized and stopped decreasing. The polymer
product was cooled to room temperature, dissolved in
chloroform, precipitated into methanol, and dried over-
night under vacuum to yield 30.54 g (84% conversion)
of TEMPO-terminated polystyrene of Mn ) 20 600 (Mw/
Mn ) 1.04) determined by size exclusion chromatogra-
phy (Waters GPC with external 410 RI detector and
Viscotek 150R viscometer, NMP/P2O5 (0.02 M) solvent
at 60 °C and 1.0 mL/min flow rate). Styrene polymeri-
zation at 126 °C yielded 26.6 g (73.2% conversion) of
TEMPO-terminated polystyrene of Mn ) 18 000 (Mw/
Mn ) 1.04) after a reaction time of 16 h. NMR analysis
of the vacuum-dried TEMPO-terminated polystyrenes
indicated the absence of appreciable residual monomer
and/or precipitation solvent. The reproducibly low mo-
lecular weight distributions were indicative that the
presence of the probe did not deleteriously affect the
controlled polymerization process. To eliminate concerns
associated with the polymer isolation process, samples
were directly removed from the reaction mixture, dried
to a constant weight, and analyzed using size exclusion
chromatography. In all cases, the molecular weight
distributions obtained using the NMP/P2O5 (0.02 M)
solvent system exhibited Mw/Mn values ranging from
1.04 to 1.09.

Styrene monomer exhibited two strong infrared ab-
sorbances that were easily monitored. The ReactIR 1000
with light conduit technology allowed for the generation
of real-time mid-IR spectra from 4000 to 650 cm-1. The
“molecular videos” of the CdC (1628 cm-1) and dCH2
(907 cm-1) absorbances for styrene polymerization at
132 °C are shown in Figure 1. Both monomer and
polymer infrared absorbances were analyzed to produce
a symmetrical X-shaped plot, which is characteristic of

a controlled polymerization process such as SFRP. The
X-plot produced from three alkyl C-H absorbances
(2925, 2929, and 3028 cm-1), exhibited by the forming
polymer, and the two vinyl absorbances (907 and 1628
cm-1), exhibited by the disappearing monomer, for the
polymerization at 132 °C is shown in Figure 2. The
absorbance peak height (y-axis) was autoscaled so that
the relative changes in each of the monitored absor-
bances were directly comparable. As one can see, the
profiles for the three polymer alkyl absorbances as well
as the two monomer vinyl absorbances overlap and
agree favorably with each other as expected for a
controlled polymerization process.

To demonstrate the sensitivity of this technique, the
initiation step of the polymerization was monitored by
profiling the initiator, BPO, as well as the ester end
group that is formed from addition of the initiating
radical to one styrene monomer. The profiles of two BPO
absorbances, CdO (1767 cm-1) and C-O-C (1223
cm-1), were compared with two polymer ester end group
absorbances, CdO (1725 cm-1) and C-O-C (1268
cm-1), and are shown in Figure 3. The absorbance peak
heights (y-axis) were again autoscaled to allow for visual
comparison. After an elapsed time of 29 min and 9 s of
data collection, the BPO/styrene solution was added to
the TEMPO/styrene solution at 132 °C. The BPO
absorbances appeared after addition of the BPO to the
reaction and then rapidly decayed completely. From the
profile of BPO decay, the half-life of BPO in the presence
of styrene and TEMPO at 132 °C was estimated to be

Figure 1. Real-time FTIR “molecular videos” of styrene
monomer: CdC stretch at 1628 cm-1 (top) and dCH2 wag at
907 cm-1 (bottom).

Figure 2. Real-time profiles of increasing alkyl C-H polymer
peak heights (2925, 2929, and 3028 cm-1) and decreasing vinyl
monomer peak heights (907 and 1628 cm-1).

Figure 3. Real-time profiles of BPO (CdO at 1767 cm-1 and
C-O-C at 1223 cm-1) and polymer ester end group (CdO at
1725 cm-1 and C-O-C at 1268 cm-1).
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approximately 50 s. In addition, during the same time
period as the BPO decay, the formation of the ester
polymer end groups was observed as the initiating
radicals added to styrene monomer. The ester end group
absorbances at 1725 and 1268 cm-1 increased upon BPO
addition and leveled upon complete consumption of
BPO. Efforts continue to also identify and follow an
absorbance associated with the formation of the nitrox-
ide chain end.

Apparent rate constants were also determined from
the real-time decay profiles of the styrene monomer.
Figure 4 depicts the first-order kinetic plot constructed
from the real-time profile for the decay of the dCH2
absorbance (907 cm-1) of the styrene monomer for the
polymerization at 132 °C. As stated earlier, data points
were collected every minute for the first 90 min and then
every 5 min for the remainder of the reaction. The initial
steep decrease in the absorbance seen in Figure 4 is due
to the increasing temperature of the reaction mixture
since BPO was not added until constant temperature
and constant dCH2 absorbance were observed. Once the
reactor temperature stabilized, BPO was added to the
reactor, and the monomer dCH2 absorbance decreased
at a constant rate. Data from the real-time profile of
the dCH2 absorbance allowed for the calculation of an
apparent first-order rate constant from the slope, which
is equal to the rate of propagation times the concentra-
tion of growing polymer radicals (kapp ) kp[Pn

•]), assum-
ing no termination or side reactions occur. From the
first-order kinetic plot, the apparent rate constant for
the reaction was determined to be (2.09 ( 0.02) × 10-5

s-1 at 132 °C and (1.15 ( 0.02) × 10-5 s-1 at 126 °C. It
is important to note that the rate constants determined
using the dCH2 absorbance (907 cm-1) were in good
agreement with the rate constants determined using the
CdC absorbance (1628 cm-1). Although a stable base-
line was difficult to identify for the lower intensity
CdC absorbance at 1628 cm-1, the apparent rate
constant at 132 °C was (1.99 ( 0.06) × 10-5 s-1, which
agrees favorably with the value determined using the
dCH2 absorbance. Interestingly, it was observed that
the slope of the line in Figure 4 was not completely
linear over the entire polymerization process. It ap-
peared that the rate of the reaction was slower earlier
in the reaction and then increased later. Georges et al.
observed a similar phenomenon and developed a ger-
mination efficiency11 factor to account for this initial
nonlinearity. Additionally, it was observed that at high

conversion the rate appeared to decrease. This decrease
in rate at higher conversions may be attributed to the
increasing solution viscosity and the inability of the
magnetic stirrer to eliminate temperature gradients. In
addition, propagation rate constants may decrease at
high conversions due to radical termination reactions
that result in a reduced radical concentration.

Conclusions. Real-time mid-infrared spectroscopy
(4000-650 cm-1) monitoring was successfully utilized
to follow radical initiation, monomer conversion, and
polymer formation during the stable free radical polym-
erization (SFRP) of styrene initiated by benzoyl peroxide
(BPO) in the presence of TEMPO. Apparent rate con-
stants (kapp ) kp[Pn

•]) were calculated from real-time
analysis to be (2.09 ( 0.02) × 10-5 s-1 at 132 °C and
(1.15 ( 0.02) × 10-5 s -1 at 126 °C from the profile of
the decaying absorbance of the monomer dCH2 wag at
907 cm-1. The half-life of BPO at 132 °C in the presence
of styrene and TEMPO was also determined from real-
time analysis to be approximately 50 s. The initial
results reported herein demonstrate the utility and
application for this real-time analytical technique to
provide mechanistic and kinetic information for polym-
erization reactions. Furthermore, the ability to detect
the initiator decay and formation of ester end groups
demonstrates the sensitivity of the technique and the
potential for the study of inter- and-intramolecular
interactions as well as side reactions. Future studies
will focus on the further development and application
of in-situ mid-IR spectroscopy to elucidate polymeriza-
tion mechanisms, kinetics, sequence distributions, and
deleterious side reactions associated with conventional
free radical polymerization, SFRP, and anionic solution
polymerization processes.
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