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ABSTRACT: The bulk free-radical polymerization of sty-
rene in the presence of a new cyclic trifunctional initiator,
3,6,9-triethyl-3,6,9-trimethyl-1,4,7-triperoxonane, was stud-
ied. Full-conversion-range experiments were carried out to
assess the effects of the temperature and initiator concentra-
tion on the polymerization kinetics, molecular weight, and
polydispersity. Gel permeation chromatography was used
to measure the molecular weight and the molecular weight
distribution of polystyrene. When this multifunctional initi-
ator was used for styrene polymerization at higher temper-
atures, it was possible to produce polymers with higher

molecular weights and narrower molecular weight polydis-
persity at a higher rate. This showed that the molecular
weight and polydispersity were influenced by the initiator
concentration and the polymerization temperature in an
unusual manner. Moreover, polystyrene, obtained with tri-
functional peroxide, had OOO bonds in the molecular
chains and was investigated with differential scanning cal-
orimetry and gel permeation chromatography. © 2004 Wiley
Periodicals, Inc. J Appl Polym Sci 94: 1035–1042, 2004
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INTRODUCTION

Styrene (STY) is a monomer that can be thermally
polymerized. The thermal polymerization of STY
leads to a certain rate/molecular weight relationship
at a given temperature. Usually, the rate of polymer-
ization can be increased by an increase in the temper-
ature at the expense of the molecular weight of the
polymer.1 Over the years, improvements in reactor
technology and heat removal have resulted in better
rate performance for polymer production. Monofunc-
tional initiators (azo compounds or peroxides) are
widely used for polymerizations of different mono-
mers as described, for instance, in Gao and Penlidis,2,3

Sanchez and Myers,4,5 or any industrial initiator cata-
logue.6 The bulk or less solvent free-radical polymer-
ization of STY at higher temperatures with the aid of
appropriate initiators is of significant industrial im-
portance because they bring about increased polymer-
ization rates and narrower polydispersity. Monofunc-
tional organic peroxides offer limited improvement
because the molecular weight is inversely propor-
tional to the polymerization rate in ordinary free-
radical polymerization with common initiators. Exten-
sive research has been carried out7,8 for improving the

rate/molecular weight balance. Difunctional initiators
and their advantages over monofunctional ones are
also well documented in the literature, especially for
polystyrene (PS) production, as discussed in Sanchez
and Myers,4,5 Kamath,7 Kamath and Harpell,9 Kim
and Choi,10 Choi et al.,11 Villalobos et al.,12,13 Dhib et
al.14 and Cavin et al.15,16 Studies involving difunc-
tional perketals in ethylene polymerization17 have
shown increased levels of high-molecular-weight
components in the products. In rubber-modified PS,
difunctional peroxides not only increase the weight-
average molecular weight (Mw) but also broaden the
molecular weight distribution.18,19 Mixtures of sym-
metrical difunctional initiators20 and mixtures of di-
functional and monofunctional initiators21 have been
studied in the free-radical polymerization of STY.
However, the addition of diperoxides as initiators is a
new alternative for the production of high polymer-
ization rates without the lowering of the molecular
weight of the final products. The potential advantage
of using these difunctional initiators is that high poly-
mer molecular weights and high polymerization rates
can be obtained simultaneously through the control of
the radical concentrations through the sequential de-
composition of the two labile groups of the initiator
molecule through optimal reactor temperature pro-
gramming.12,21–23

The rate and molecular weight balance can be ex-
tended by the use of sequentially decomposing initi-
ators. A peroxide unit is incorporated into the PS
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chain during the initial stage of polymerization, and
this peroxide unit may reinitiate in the other direction
to enhance the molecular weight at a later stage. How-
ever, very few multifunctional initiators are commer-
cially available, and they are seldom found in the
literature.24,25 The feature of multifunctional perox-
ides is perhaps related to productivity improvements
and the ability to increase molecular weights at the
same time in comparison with a lower functional ini-
tiator under similar conditions.

Cyclic peroxides are a class of peroxides producing
diradicals theoretically. However, anomalous results
have been reported for peroxides with formulas I–III,
which cannot initiate the polymerization of STY after
decomposition.26 This article describes the kinetic be-
havior of the free-radical polymerization of STY with
a novel type of trifunctional peroxide initiator under
conditions similar to those of industrial processes. The
effects of the reaction temperature and the concentra-
tion of different initiator mixtures on the polymeriza-
tion rate and molecular weight were investigated to
increase the monomer conversion and optimize new
routes of polymer synthesis with a new class of cyclic
peroxide initiators.

EXPERIMENTAL

Materials

Bulk polymerization experiments were carried out in
Pyrex ampules with an inner diameter of 3 mm.27 STY
was purified by the standard method.28 3,6,9-Triethyl-
3,6,9-trimethyl-1,4,7-triperoxonane (TETMTPA) and
di-tert-butyl peroxide (DTBP) were supplied by Akzo
Nobel.

Thermal decomposition of TETMTPA

The kinetic data for the thermal decomposition reac-
tion of the peroxide and its polymeric peroxide were
measured in solvents by differential scanning calorim-
etry (DSC) with a peroxide concentration below 0.02
mol/L.29 The data were analyzed with methods re-
ported by Sheng.30

Polymerization

An appropriate amount of the initiator was dissolved
in STY with a cyclic initiator concentration of 0.0050–

0.0150 mol/L, and equal amounts of the resulting
solution were placed in glass ampules. The cooled
ampules were purged with nitrogen to remove oxygen
and were sealed in vacuo. All the ampules were im-
mersed in a temperature-regulated oil bath at the pre-
determined temperature to start the reaction. The con-
version of the pure thermal polymerization of STY
was measured under the same conditions for compar-
ison. PS obtained with TETMTPA was dissolved in
methyl methacrylate (MMA) to synthesize PS-b-poly-
(methyl methacrylate) (PMMA) with the aforemen-
tioned methods. Homopolymers of STY and MMA,
produced as byproducts of the preparation of PS-b-
PMMA, were purified by extraction with cyclohexane
and acetonitrile.

After predetermined intervals, the samples were
taken out and treated as follows.

Characterization

After the polymerization, the polymer samples were
dissolved in tetrahydrofuran (THF) and precipitated
by the addition of excess ethanol. This procedure was
repeated several times to ensure the complete elimi-
nation of the unreacted monomer. The samples were
dried in vacuo, and the monomer conversion was mea-
sured gravimetrically. The molecular weight and mo-
lecular weight distribution of the polymer were deter-
mined by gel permeation chromatography (GPC, Wa-
ters Co., USA) with three Ultrastyragel columns from
Waters (103, 104, and 105) with THF as a solvent at
25°C. These columns were calibrated with six narrow-
polydispersity PS samples of known molecular
weight. THF was pumped at a flow rate of 1.0 mL/
min at 25°C. A PerkinElmer DSC-7 (Perkin Elmer Co.,
USA) differential scanning calorimeter was used to
study the thermal decomposition of OOO bonds. The
NMR spectra were recorded with an Advance DMX
500-MHz (Bruker Co., Germany) spectrometer with
CDCl3 as a solvent at 20°C.

Thermal decomposition of the polymers with
OOO bonds

To verify the existence of the OOO bonds in the
polymers initiated by TETMTPA, we thermally de-
composed the polymers at a scanning rate of 10°C/
min by DSC.

To determine the location of the OOO bonds in the
polymers polymerized with TETMTPA, we thermally
decomposed the polymers at 180°C for 0.5 h, which is
much higher than the 0.1-h half-life temperature of the
initiator and lower than the decomposition tempera-
ture of PS; the molecular weights of the decomposed
polymer segments were determined with GPC.
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RESULTS AND DISCUSSION

Thermal decomposition of cyclic peroxide

The kinetics of the thermal decomposition reaction
were measured in monochlorobenzene at different
heating rates. The behavior obeyed first-order kinetic
law in all cases. The effect of the scanning rate on the
rate constant was also studied, and the linearity of
each equation showed that the activation parameters
and frequency index were not affected by the scanning
rate over a wide range. The decomposition rate con-
stant (kd) and half-lifetime in monochlorobenzene for
peroxide were calculated with an Arrhenius equation:
kd � 1.02 � 1015 exp(�150230/RT), where R is the
universal constant, J/mol � K; and T is the tempera-
ture, K.

Effect of the temperature on the polymerization of
STY in the presence of cyclic peroxide

Figures 1 and 2 present the effect of the temperature
on the monomer conversion for TETMTPA concentra-
tions of 0.0050 and 0.0150 mol/L, respectively. The
slopes of the conversion–time plots at low conversions
can be used to compare their relative rates. The poly-
merization rate increased more quickly for every 10°C
increase in temperature because of the Arrhenius de-
pendence of the rate on the temperature. Interestingly,
the final conversions of these curves all approached
100%, but the higher the polymerization temperature
was , the closer the final conversation was to 100%.

Figures 3 and 4 show the trends of Mw of PS prepared
at different temperatures with initiator concentrations of
0.0050 and 0.0150 mol/L, respectively. For both initiator
concentrations, the observed Mw values were lower for

reactions at higher reaction temperatures, as expected.
The molecular weight increased slightly with the con-
version increasing at higher temperatures. In the entire
conversion range, the molecular weight gradually in-
creased because the active species decreased, the system
viscosity increased, termination reactions involving
polymeric radicals became diffusion-controlled, and the
termination rate constant decreased considerably with
an increase in the monomer conversion.23,31,32 However,
there was a small decrease in the molecular weight as the
reaction reached its limiting conversion level at higher

Figure 1 Effect of the temperature on conversion–time
plots of STY polymerization at an initial initiator concentra-
tion of 0.0050 mol/L.

Figure 2 Effect of the temperature on conversion–time
plots of STY polymerization at an initial initiator concentra-
tion of 0.0150 mol/L.

Figure 3 Effect of the temperature on the molecular
weight/conversion plots of PS at an initial initiator concen-
tration of 0.0050 mol/L. The solid symbols represent Mn,
and the open symbols represent Mw.
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reaction temperatures. These results are not clearly un-
derstood yet. The polydispersity appeared to be affected
by the temperature too. With the temperature increasing,
the polydispersity index at the same conversion in-
creased first and then decreased. Figures 5 and 6 present
this effect for polymerization at 0.0050 and 0.0150 mol/L,
respectively. This observation was different from that of
Villalobos et al.12 and Choi et al.11 They found that
polydispersity decreased monotonously with the tem-
perature increasing for difunctional initiators and that an

increase in the polymerization rate caused by an increase
in the temperature or an increase in the initiator concen-
tration caused a decrease in the polydispersity. The rea-
son is that the difunctional initiators produced two
monoradicals, causing lower molecular weights,
whereas the diradical led to higher molecular weights. In
this study, TETMTPA decomposed to generate diradi-
cals, whereas thermal initiation produced monoradicals.
The phenomenon of the polydispersity index first in-
creasing and then decreasing with the temperature in-
creasing was rooted in the increase in the proportion of
thermal initiation. When thermal initiation was domi-
nant, the polydispersity index decreased.

Effect of the TETMTPA concentration on the
polymerization of STY

Figure 7 shows monomer conversion/time plots at dif-
ferent TETMTPA concentrations at 140°C. The polymer-
ization rate increased with the initiator concentration.
However, the exponential of the initiator concentration
affecting its rate was slightly less than 0.5 because of
accompanying thermal initiation. The molecular weight
decreased and polydispersity also decreased a little at
higher initiator concentrations. Also, the molecular
weight decreased somewhat at the end of polymeriza-
tion. The effects of the initiator concentration on the
molecular weight and polydispersity index are shown in
Figures 8 and 9, respectively. The effects of thermal
initiation are also shown in Figures 7–9. Figure 9 shows
that the polydispersity rarely changed with the conver-
sion for thermal initiation; this was similar to the find-
ings of Arai et al.33 Interestingly, the higher the TET-
MTPA concentration was, the narrower the molecular

Figure 4 Effect of the temperature on the molecular
weight/conversion plots of PS at an initial initiator concen-
tration of 0.0150 mol/L. The solid symbols represent Mn,
and the open symbols represent Mw.

Figure 5 Effect of the temperature on the polydispersity–
conversion plots of PS at an initial initiator concentration of
0.0050 mol/L.

Figure 6 Effect of the temperature on the polydispersity–
conversion plots of PS at an initial initiator concentration of
0.0150 mol/L.
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weight polydispersity was. This is unique for the cyclic
trifunctional peroxide TETMTPA because more diradi-
cals generate in higher concentrations to cause propaga-
tion from two directions, which leads to higher molecu-
lar weights and narrower polydispersities for the same
effect of thermal initiation.

Comparison of STY polymerizations initiated with
TETMTPA and thermally

Figures 10 and 11 show Mw–conversion (or rate) plots
for comparisons of thermal and TETMTPA initiations.

There were obvious Mw–rate advantages for polymer-
izations initiated with TETMTPA in comparison with
those initiated thermally.

Synthesis of polymers with TETMTPA

The decomposition of TETMTPA and the synthesis of
PS are shown in Scheme 1. There are two possible
routes for the polymerization initiated with TET-
MTPA: the sequential decomposition of three perox-
ide groups step by step (A, B, and C) and the simul-
taneous decomposition of three peroxide groups at the

Figure 7 Effect of the initiator concentration on the conver-
sion–time plots of STY polymerization at 140°C.

Figure 8 Effect of the initiator concentration on the molec-
ular weight/conversion plots of PS at 140°C. The solid sym-
bols represent Mn, and the open symbols represent Mw.

Figure 9 Effect of the initiator concentration on the poly-
dispersity–conversion plots of PS at 140°C.

Figure 10 Comparison of Mw–conversion plots for PS ini-
tiated thermally and by TETMTPA at different temperatures
and at an initial initiator concentration of 0.0050 mol/L.
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same time. On the basis of the kd value for the TET-
MTPA employed in this study and the propagation
rate constant, the decomposition of OOO bonds in the
radical chain can be negligible during the propagation
of radical chains. This means that only when the rad-
ical chains with uncomposed OOO bonds are termi-
nated do the OOO bonds in the chains decompose.
Therefore, route 2 seldom arises. First, the OOO

bonds in TETMTPA decompose and initiate the poly-
merization as shown in step A. After termination, the
second OOO bond in the polymer chains decomposes
again and reinitiates the polymerization of STY as step
B and then as step C. Therefore, polymers with OOO
bonds can be formed during the polymerization pro-
cess.

Thermal decomposition of polymers with OOO
bonds

Several studies were carried out to demonstrate that
the gradual decomposition of TETMTPA and increase
in Mw arose from undecomposed peroxides in the
polymer chain. The formation of polymers with OOO
bonds in steps A and B was verified by differential
thermal analysis. The DSC traces are shown in Figure
12. PS initiated by TETMTPA produced an exothermic
peak around 210°C, the same as that of pure peroxide,
and no such peak was found for PS polymerized by
thermal initiation and by a conventional organic per-
oxide. This meant that some OOO bonds remained in
PS chains polymerized with TETMTPA and decom-
posed again to give the DSC exotherm. This firmly
validated the sequential decomposition route of TET-
MTPA.

In the polymerization with unsymmetrical difunc-
tional initiators, two different slopes were observed at
low and intermediate conversions, which were due to
the different thermal stabilities of the two peroxide
groups.12,34–36 However, this behavior was not ob-

Figure 11 Comparison of Mw–rate plots for PS initiated
thermally and by TETMTPA at 140°C at initiator concentra-
tions of 0.0050, 0.0075, 0.0010, and 0.0150 mol/L.

Scheme 1 Polymerization of STY with TETMTPA.
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served for the trifunctional cyclic initiators used in this
study, and this indicated that there was no substantial
difference in the reactivity of the two or three peroxide
groups contained by initiator molecules under isother-
mal conditions. The second feature was that there was
only one exothermic peak when peroxide was heated
from 40 to 280°C with DSC. This showed that the three
OOO bonds in TETMTPA and the OOO bonds in the
polymers had the same activity.

All these results corroborated the fact that TET-
MTPA decomposed and initiated polymerization via
route 1 presented in Scheme 1.

On the other hand, for better insight into the posi-
tion of the peroxy segments in the backbone of poly-
mers polymerized with TETMTPA, the polystyrene
peroxide (PSP) active polymers obtained at 100°C and
at the TETMTPA concentration of 0.3M were decom-
posed at 130°C for 20 h in chlorobenzene to thermally
destroy the OOO bonds in the polymer chains, and
the molecular weights of the polymers, before and
after thermal destruction, are listed in Table I. It was
postulated that all the OOO bonds ruptured, and so
on average the percentage of polymer chains with

OOO bonds in all the polymer chains could be ex-
pressed as follows: R � [(m/M) � (m/M0)]/(m/M0)
� M0/M � 1, where m is the mass of the polymers, M0
is the molecular weight of the polymers before heat-
ing, and M is the molecular weight after heating.

The tabulated data show that the molecular weight
of the polymers after thermal destruction was some
lower than before. This can be explained as follows:
some OOO bonds in the former polymer chains de-
composed and led to the formation of two or three
chains from an original chain. This also means that
OOO bonds in the polymers initiated with TETMTPA
were located in the middle of the polymer chains.
Otherwise, a significant reduction in the molecular
weight would not have been observed. Because the
OOO bonds in PSP had the same decomposition ac-
tivity as those in TETMTPA, they also decomposed
during the polymerization, and so there were fewer
than two OOO bonds in each polymer chain. This can
be explained by the decrease in R during the polymer-
ization process. Therefore, the molecular weight after
thermal destruction was larger than a third of that
before thermal destruction. From the low-conversion
data, we find that the molecular weight was halved if
R was 100%; this means that every polymer chain had
one OOO bond on the average.

Moreover, when the same PS was heated in the
presence of another monomer, it acted as a macroini-
tiator, conducting the formation of a block copolymer.

Characterization of PS-b-PMMA

The 1H-NMR spectrum of the resulting system
showed the characteristics signals of PS [1.43
(OCH2O), 1.84 (�CHO), 6.4–6.8 (o-protons), and
6.9–7.2 ppm (p- and m-protons)] and PMMA [0.8–1.1
(OCH3), 1.89 (OCH2O), and 3.65 ppm (OOCH3)],
thereby confirming the formation of PS-b-PMMA.

CONCLUSIONS

This is the first detailed report of STY bulk polymer-
ization by a new cyclic trifunctional peroxide initiator
(TETMTPA). Full-conversion polymerizations were
carried out over a range of temperatures and initiator
concentrations. The performance of TETMTPA was

Figure 12 DSC curves of TETMTPA and PS initiated in
different ways.

TABLE I
Molecular Weight and its Distribution Before and After the Thermal Treatment of PS Initiated by TETMTPA

No.
Conversion

(%)

Before After

R (%)Mn Mw Mw/Mn Mn Mw Mw/Mn

1 8.76 54,878 98,094 1.79 27,692 53,381 1.93 98.17
2 19.8 57,629 104,105 1.81 29,898 58,534 1.96 92.75
3 29.3 59,892 108,919 1.82 36,067 71,611 1.99 69.21
4 48.8 63,431 113,409 1.79 45,915 91,325 1.99 29.51
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also evaluated with respect to the conversion, molec-
ular weight, dispersion, and polymer structural char-
acteristics. The polymerization of STY with TETMTPA
obeyed expected polymerization trends with respect
to the effects of the temperature and initiator concen-
tration. The experimental data revealed that TET-
MTPA presented typical multifunctional initiator be-
havior and could be used to produce PS with higher
molecular weights and narrower molecular weight
polydispersity at a higher reaction rate.

Finally, polymer samples produced with TETMTPA
had an exothermic peak with DSC, whereas polymers
with a monofunctional initiator and thermal initiation
had no such peak. The molecular weight of the poly-
mers before heating was somewhat higher than that
after heating. This provided evidence of the existence
of a few OOO bonds in the polymer chains. The
content of OOO in the polymer chains decreased with
conversion.
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