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ABSTRACT: We report here the alternating copolymers of diene monomers with oxygen as a new class of degradable
polymer with great potential. The alternating copolymers of alkyl sorbates with oxygen are efficiently prepared without
decomposition under atmospheric conditions in the presence of an azo initiator. The produced alternating copolymers
exothermically decompose upon heating in a similar mechanism irrespective of the kind of the ester alkyl group of the
sorbates; i.e., the methyl, ethyl, octadecyl, and trifluoroethyl esters. The initial and maximum decomposition temper-
atures (Tinit and Tmax) are determined by differential thermal analysis (DTA) and thermogravimetric analysis (TG) in a
nitrogen stream: Tinit = 106–112 ◦C (DTA), Tmax = 147–152 ◦C (DTA) or 144–148 ◦C (TG). The TG curves obtained at
a different heating rate are kinetically analyzed to evaluate an activation energy for decomposition by several methods.
The decomposition rate constants, as well as overall activation energy, for the polymeric peroxide obtained from methyl
sorbate are also precisely determined during the isothermal decomposition in a temperature range of 80–120◦C by two
different methods; Ea = 86.7 and 84.7 kJ mol−1 on the basis of the weight loss of the polymer monitored by TG analysis,
and the change in the molecular weight of the polymer determined by gel permeation chromatography, respectively. It has
been revealed that the thermal cleavage of the peroxy linkage and the subsequent successive β-scission produce fumar-
aldehyde monoester and acetaldehyde during the thermal decomposition of the alternating copolymers as the polymeric
peroxides.

KEY WORDS Radical Polymerization / Degradable Polymer / Thermal Degradation / Polyperoxide /
Diene Monomer /

One of the most important organic materials is poly-
mer degradable under mild conditions.1–7 The chemi-
cal stability of polymers is determined by the most la-
bile linkage of atoms, of which the strength depends
on the dissociation energies of chemical bonds. The
repeating structure, terminal groups, and also minor
irregular structures of polymers, as well as tempera-
ture, atmosphere, and other conditions, influence the
rate and mechanism of decomposition.1 All vinyl poly-
mers are made of successive C–C bonds in their main
chain, but they decompose in a different mode accord-
ing to the chemical structure in their side chains. The
degradation of vinyl polymers is featured by a decrease
in the molecular weight and the formation of low-
molecular-weight volatile products. Some polymers are
transformed into a quantitative amount of the corre-
sponding monomer by depolymerization, as seen in the
thermal decomposition of poly(methyl methacrylate)
and poly(α-methylstyrene). For several other polymers
such as polyisobutene, polystyrene, and polybutadiene,
depolymerization is predominant, but other types of
decomposition simultaneously occur. During the de-
composition of polyethylene, polypropylene, polyacry-
lonitrile, and poly(vinyl chloride), no depolymerization
process is observed. In general, hydrocarbon-based

polymers gradually decompose upon heating in an in-
ert atmosphere, because degradation reactions are to-
tally endothermic and the continuous supply of heat
or any other equivalent energy is required to continue
the decomposition. In contrast, when a polymer de-
composes exothermically, it may sustain decomposi-
tion under adiabatic conditions. Occasionally decom-
position rate increases during the reaction as seen in
the autopyrolysis of peroxy compounds, which read-
ily decompose via an exothermic process, namely, con-
tinue combustion even in an inert atmosphere. The
synthesis and characterization of polymeric peroxides
from many kinds of vinyl monomers have been car-
ried out,8–24 since the first synthesis of a polymeric
peroxide reported by Staudinger.25, 26 In general, how-
ever, many synthetic procedures for polymeric perox-
ides are accompanied by decomposition reactions due
to the less stability of the polymers as the products. For
example, a peroxide polymer is formed in a high yield
during the oxidative polymerization of styrene, but the
simultaneous formation of benzaldehyde and formalde-
hyde is unavoidable and influences the polymerization
kinetics and the reaction mechanism including a radical
chain transfer.8, 12, 27, 28 The accurate evaluation of the
thermal properties of peroxide polymers is often hin-
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Scheme 1.

dered by contamination with decomposition products
despite a large number of studies on the synthesis and
characterization of peroxide polymers.

Recently, we have reported that alternating copoly-
mers of alkyl sorbate (RS) with oxygen are conve-
niently prepared under atmospheric oxygen pressure
conditions by photo- and thermal polymerizations in
the isotropic or solid state.29, 30 In the literature, we can
find only a few reports on polymeric peroxides obtained
from diene monomers,31–33 in contrast to many studies
on those from various vinyl monomers. Sorbic acid and
its derivatives are well known as the preservatives for
foods, feeds, and pharmaceuticals,34 but the structure
and properties of the peroxide polymers obtained by the
oxidative polymerization of sorbic derivatives have not
been clarified.35, 36 The resulting alternating copoly-
mers (PP-RS) have peroxy linkages in their main chain
and readily decompose to produce radicals upon heat-
ing or under photoirradiation. When the polymerization
is carried out at 60 ◦C or under the photoirradiation con-
ditions, a part of the resulting PP-RS simultaneously
decomposes during the polymerization.30 In this study,
therefore, we carried out the radical polymerization of
RS with different ester alkyl groups at 30◦C using 2,2′-
azobis(4-methoxy-2,4-dimethylvaleronitrile) (AMVN)
as an azo initiator for low-temperature polymerization
37 (Scheme 1), in order to isolate pure polymeric perox-
ides without any decomposition and to accurately eval-
uate their thermal decomposition properties.

EXPERIMENTAL

Materials
Methyl sorbate (MS) and ethyl sorbate (ES) were

purchased from Tokyo Kasei Kogyo Co., Ltd., Tokyo,
and distilled under reduced pressure before use. Oc-
tadecyl sorbate (ODS) was prepared from sorbic acid
and 1-octadecanol in the presence of H2SO4 in cy-
clohexane with reflux. 2,2,2-Trifluoroethyl sorbate

(TFES) was prepared from sorbic acid chloride and
2,2,2-trifluoroethanol. Spectral data for RS are shown
as follows.

MS: 1H NMR (400 MHz, CDCl3) δ 7.26 (dd,
J = 15.2 and 9.6 Hz, CH3CH=CHCH=CH, 1 H),
6.08–6.23 (m, CH3CH=CHCH=CH, 2 H), 5.77 (d,
J = 15.2 Hz, CH3CH=CHCH=CH, 1 H), 3.73 (s,
CO2CH3, 3 H), 1.85 (d, J = 5.9 Hz, CH3CH=CH,
3 H); 13C NMR (100 MHz, CDCl3) δ 167.31
(C=O), 144.84 (CH3CH=CHCH=CH), 139.08
(CH3CH=CHCH=CH), 129.52 (CH3CH=CHCH=CH),
118.30 (CH3CH=CHCH=CH), 51.04 (OCH3), 18.31
(CH3CH=CH).

ES: 1H NMR (400 MHz, CDCl3) δ 7.24 (dd,
J = 15.2 and 10.2 Hz, CH3CH=CHCH=CH, 1 H),
6.09–6.22 (m, CH3CH=CHCH=CH, 2 H), 5.76 (d,
J = 15.2 Hz, CH3CH=CHCH=CH, 1 H), 4.18 (q,
J = 6.8 Hz, CO2CH2CH3, 2 H), 1.84 (d, J =
5.9 Hz, CH3CH=CH, 3 H), 1.28 (t, J = 6.8 Hz,
OCH2CH3, 3 H); 13C NMR (100 MHz, CDCl3) δ
166.73 (C=O), 144.45 (CH3CH=CHCH=CH), 138.69
(CH3CH=CHCH=CH), 129.49 (CH3CH=CHCH=CH),
118.73 (CH3CH=CHCH=CH), 59.66 (OCH2CH3),
18.18 (CH3CH=CH), 13.88 (OCH2CH3).

ODS: 1H NMR (400 MHz, CDCl3) δ 7.27 (dd, J =
15.2 and 9.6 Hz, CH3CH=CHCH=CH, 1 H), 6.09–
6.23 (m, CH3CH=CHCH=CH, 2 H), 5.78 (d, J =
15.2 Hz, CH3CH=CHCH=CH, 1 H), 4.13 (t, J = 6.8 Hz,
CO2CH2, 2 H), 1.86 (d, J = 5.6 Hz, CH3CH=CH, 3 H),
1.62 (m, CH2, 2 H), 1.2–1.4 (m, CH2, 30 H), 0.88 (t, J =
6.8 Hz, CH2CH3, 3 H); 13C NMR (100 MHz, CDCl3) δ
167.40 (C=O), 144.82 (CH3CH=CHCH=CH), 139.15
(CH3CH=CHCH=CH), 129.77 (CH3CH=CHCH=CH),
119.02 (CH3CH=CHCH=CH), 64.40 (OCH2), 31.90,
29.68, 29.56, 29.50, 29.35, 29.25, 28.67, 25.93, and
22.67 (CH2), 18.62 (CH3CH=CH), 14.10 (CH2CH3).

TFES: 1H NMR (400 MHz, CDCl3) δ 7.35 (dd,
J = 15.6 and 10.4 Hz, CH3CH=CHCH=CH, 1 H),
6.18–6.26 (m, CH3CH=CHCH=CH, 2 H), 5.82 (d,
J = 15.6 Hz, CH3CH=CHCH=CH, 1 H), 4.53 (q,
J = 8.8 Hz, CO2CH2CF3, 2 H), 1.90 (d, J = 5 Hz,
CH3CH=CH, 3 H); 13C NMR (100 MHz, CDCl3) δ
165.31 (C=O), 147.33 (CH3CH=CHCH=CH), 141.19
(CH3CH=CHCH=CH), 129.49 (CH3CH=CHCH=CH),
123.05 (OCH2CF3), 60.00 (OCH2CF3), 18.52
(CH3CH=CH).

Diethyl muconate was prepared by the method previ-
ously reported.38 (2E,4E)-2,4-Hexadiene (HD), methyl
acrylate, methyl methacrylate, methyl crotonate, vinyl
acetate, styrene, and α-methylstyrene were commer-
cially available and distilled before use. 2,2′-Azobis(4-
methoxy-2,4-dimethylvaleronitrile) (AMVN) and 2,2′-
azobis(isobutyronitrile) (AIBN) were purchased from
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Wako Pure Chemical Industries, Ltd., Osaka, and re-
crystallized from methanol. Di-tert-butyl peroxide
(Tokyo Kasei Kogyo Co., Ltd., Tokyo) was used with-
out any further purification. The solvents were purified
by conventional methods.

Polymerization
After the required amounts of a monomer, an ini-

tiator (monomer/initiator = 50/1 in weight), and 1,2-
dichloroethane (monomer/solvent = 1/1 in weight)
were charged in an unsealed Pyrex tube, polymeriza-
tion was carried out with the bubbling of air or O2.
A small amount (0.2–2 g, typically 1 g) of monomers
were used for each run of polymerization. After the
polymerization, the contents of the tube were poured
into a large amount of precipitant to isolate the resulting
polymer: n-hexane was used as the precipitant for the
polymerizations of MS, ES, TFES, diethyl muconate,
methyl crotonate, methyl acrylate, and vinyl acetate;
ethanol for ODS; distilled water and methanol mixture
(1/1 in volume) for HD, methyl methacrylate, styrene
and α-methylstyrene. The polymer yield is expressed
as an apparent value on the basis of the amount of the
vinyl and diene monomers in the feed. The polymer
was dried in vacuo at room temperature, and purified
by reprecipitation. During all the procedures of iso-
lation and purification, the polymer should be treated
without heating and contact with any reducing agents
and metal to avoid explosive decomposition, although
it can be handled according to the conventional proce-
dures at room temperature.

PP-MS: 1H NMR (400 MHz, CDCl3) δ 6.8–7.0
(CH=CHCO2, 1 H), 6.0–6.2 (CH=CHCO2, 1 H), 4.2–
5.1 (CH, 2 H), 3.7–3.9 (OCH3, 3 H), 1.0–1.4 (CH3,
3 H).

PP-ES: 1H NMR (400 MHz, CDCl3) δ 6.8–7.0
(CH=CHCO2, 1 H), 6.0–6.2 (CH=CHCO2, 1 H), 4.0–
5.1 (CH and OCH2, 4 H), 0.8–1.4 (CH3, 6 H).

PP-ODS: 1H NMR (400 MHz, CDCl3) δ 6.8–7.0
(CH=CHCO2, 1 H), 6.0–6.2 (CH=CHCO2, 1 H), 3.8–
5.1 (CH and OCH2, 4 H), 0.8–1.7 (CH2 and CH3, 38 H).

PP-TFES: 1H NMR (400 MHz, CDCl3) δ 6.9–7.1
(CH=CHCO2, 1 H), 6.1–6.3 (CH=CHCO2, 1 H), 4.2–
5.1 (CH and OCH2, 4 H), 1.0–1.4 (CH3, 3 H).

PP-HD: 1H NMR (400 MHz, CDCl3) δ 5.3–5.9
(CH=CH, 2 H), 4.2–4.7 (CH, 2 H), 1.0–1.8 (CH3, 6 H);
13C NMR (100 MHz, CDCl3) δ 125–133 (CH=CH),
78–86 (CH), 13–18 (CH3).

Homopolymerization of MS was carried out in
toluene (monomer/solvent = 1/3 in weight) at 120◦C
for 24 h in the presence of di-tert-butyl peroxide
(monomer/initiator = 50/1 in weight) in a sealed Pyrex
tube.39 After the polymerization, the contents of the

tube were poured into a large amount of n-hexane to
isolate the resulting polymer, which was dried in vacuo
at room temperature.

Homopoly(MS): 1H NMR (400 MHz, CDCl3) δ 5.1–
5.6 (CH=CH, 2 H), 3.5–3.9 (OCH3, 3 H), 1.6–3.5 (CH,
2 H), 0.7–1.1 (CH3, 3 H).

Measurements
Number- and weight-average molecular weights (Mn

and Mw) were determined by gel permeation chro-
matography (GPC) at 38 ◦C in tetrahydrofuran (THF)
as an eluent using a Tosoh GPC-8000 series system
and calibrated with standard polystyrenes. NMR spec-
tra were recorded on a JEOL JMN A-400 spectrome-
ter. Differential scanning calorimetry (DSC) was car-
ried out with SEIKO DSC 6200 in a nitrogen stream
at a heating or cooling rate of 5◦C min−1. The sample
weight was approximately 10 mg. Thermogravimetric
and differential thermal analyses (TG and DTA) were
carried out with a SEIKO TG/DTA 6200 in a nitro-
gen stream at a heating rate of 10◦C min−1. For ki-
netic analysis, the heating rate was changed in the range
of 5–80 ◦C min−1. The sample weight was approxi-
mately 1 mg. TG was also carried out under isothermal
conditions. The heat of decomposition (∆H) was ap-
proximately estimated from a peak area (S ) in a DTA
curve (unit is V s g−1) combined with the device con-
stant (1.77× 1012 V s kJ−1), which was determined us-
ing AgNO3 and KNO3 as the reference compounds.

RESULTS AND DISCUSSION

Synthesis of Alternating Copolymers
The results of the copolymerization of MS with oxy-

gen under various conditions are summarized in Ta-
ble I. The copolymer was produced during the ther-
mal and photopolymerization in the presence or ab-
sence of AIBN under atmospheric pressure of oxygen
or air. Sunlight was also available as the light source.
The Mn and Mw/Mn values of the obtained copolymers
were (2.1–2.6)× 103 and 1.5–2.2, respectively. In the
1H NMR spectrum of the obtained polymer, the charac-
teristic peaks of vinylene protons as the pendant in the
side chains were observed at 6.1 and 6.9 ppm as well
as the splitting of peaks at 4–5 ppm due to the methine
protons in the main chain.29, 30 The NMR spectroscopy
supports the formation of an alternating copolymer of
MS with oxygen with a 5,4 structure as the repeat-
ing unit, as shown in Scheme 1. During the thermal
and photopolymerizations under these conditions, the
polymer yield increased with the polymerization time,
while the Mn values decreased as a function of the
time. These results are due to the simultaneous photo-
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Table I. Radical copolymerization of MS with oxygen under various conditionsa

Run
Temp.

Light Source Initiator Atmosphere
Time Yield

Mn × 10−3 Mw/Mn(◦C) (h) (%)
1 65 In the dark AIBNb Air 1 14.3 2.5 1.6
2 65 In the dark AIBNb Air 10 25.3 2.1 1.5
3c 60 Hg lamp None Air 4 40.0 2.6 1.9
4c 60 Hg lamp None Air 6 56.4 2.5 2.2
5c 60 Hg lamp None Air 10 64.0 2.1 1.7
6c r.t. Sunlight None Air 6 29.3 2.2 1.6
7 30 In the dark AMVNb Air 6 15.4 2.3 1.8
8 30 In the dark AMVNb O2 1 11.1 3.2 1.7
9 30 In the dark AMVNb O2 6 43.5 3.3 1.7
10 30 In the dark AMVNb O2 10 43.7 – –
11 30 In the dark AMVNb,d O2 8 60.7 – –
12 30 In the dark AMVNb,d O2 10 76.2 – –

aPolymerization was carried out with bubbling of air or O2 in 1,2-dichloroethane under atmospheric
pressure. MS/1,2-dichloroethane = 1/1 in weight. Mn and Mw/Mn were determined by GPC calibrated
with standard polystyrenes. bMS/initiator = 50/1 in weight. cPolymerized in bulk (ref 30). dMS 2 g,
AMVN 40 mg, 1,2-dichloroethane 2 g. 10 mg of AMVN was added stepwise in 2-h interval after the
4-h polymerization (see also Figure 1).

and thermal decomposition during the polymerization
of MS under the photoirradiation and high temperature
conditions.

In order to prevent the decomposition of the pro-
duced PP-MS during the polymerization, MS was poly-
merized at 30 ◦C in the dark in the presence of AMVN,
which decomposes at a moderate rate even at such
a low temperature. The isolated polymers have con-
stant Mn and Mw/Mn values with a unimodal molecular
weight distribution, irrespective of the polymerization
time. During the polymerization of MS initiated with
AMVN, the polymer yield increased linearly against
time in the first stage of the polymerization, but it kept
constant after the 6-h polymerization, due to the too
fast decomposition of AMVN even at 30◦C (Figure 1).
The rate constant for the decomposition of commercial
AMVN as a mixture of racemic and meso isomers is
1.9× 10−5 s−1 at 30 ◦C,40 providing a half-life time of
about 10 h at 30 ◦C. It has recently been pointed out that
the racemic isomer decomposes more rapidly than the
meso isomer; a half-life time is reported to be approxi-
mately 1 h at 30 ◦C for the racemic isomer.37 The dead-
end type polymerization is possibly due to the fast de-
composition of AMVN. In fact, the stepwise addition of
AMVN was effective at getting a higher polymer yield.
When each portion of a small amount of AMVN was
stepwise added in a 2-h interval after the 4-h polymer-
ization under the conditions identical to those for the
dead-end polymerization described above, the polymer
yield increased linearly to reach ca. 80% yield for the
10-h polymerization.

Similar copolymerization was carried out using sev-
eral RS with a different ester alkyl group to synthesize
various types of alternating copolymers. The results are

Figure 1. Polymerization of MS with O2 in the presence
of AMVN at 30 ◦C. MS/1,2-dichloroethane = 1/1 in weight,
MS/AMVN = 50/1 in weight. MS 2 g, AMVN 40 mg, 1,2-
dichloroethane 2 g. (©) Without further addition of AMVN, (•)
10 mg of AMVN was added stepwise in 2-h interval after the 4-h
polymerization.

summarized in Table II. During the polymerization in
the presence of AMVN at 30 ◦C with the bubbling of
air or oxygen, the RS monomers provided the corre-
sponding polymers, PP-RS. The yield, Mn, and Mw/Mn

values of the obtained copolymers were 12.9–43.5%,
(2.3–8.6)× 103, and 1.4–1.8, respectively. The order in
the Mn values is PP-MS < PP-ES < PP-TFES < PP-
ODS, but the degree of polymerization (Pn) is similar
for all the polymers; Pn = 21–24. When the copoly-
merization was carried out with the bubbling of oxy-
gen, the yield and molecular weight were larger than
those for the copolymer obtained with the bubbling of
air. These data suggest that the yield and molecular
weight of the polymer depend on partial oxygen pres-
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Scheme 2.

Table II. Polymerization of several diene and vinyl monomers
in the presence of oxygen in 1,2-dichloroethanea

Monomer Atmosphere Yield(%) Mn × 10−3 Mw/Mn

MS Air 15.4 2.3 1.8
O2 43.5 3.3 1.7

(49.3)b (3.3)b (1.7)b

ES Air 13.7 3.3 1.7
O2 39.1 4.0 1.8

ODS Air 12.9 6.9 1.4
O2 30.4 8.6 1.4

TFES O2 43.1 5.4 1.5
HD O2 14.5 5.0 1.5
Diethyl muconate O2 ∼0 – –
Methyl acrylate O2 ∼0 – –
Methyl methacrylate O2 ∼0 – –
Methyl crotonate O2 ∼0 – –
Vinyl acetate O2 ∼0 – –
Styrene O2 12.6 < 1.0 –
α−Methylstyrene O2 2.5 < 1.0 –

aPolymerization was carried out with bubbling of air or O2 in
1,2-dichloroethane under atmospheric pressure in the presence
of AMVN at 30 ◦C in the dark for 6 h. Monomer/AMVN =
50/1 in weight. Monomer/1,2-dichloroethane = 1/1 in weight.
Mn and Mw/Mn were determined by GPC calibrated with stan-
dard polystyrenes. bUnder UV irradiation in the absence of an
initiator at 60 ◦C. Monomer/1,2-dichloroethane = 1/5 in weight.

sure in the present polymerization system, although the
copolymers always have an alternating structure under
these conditions.

In contrast to the facile production of PP-RS, vinyl
monomers such as methyl acrylate, methyl methacry-
late, methyl crotonate, and vinyl acetate did not pro-
vide a polymer under the identical conditions. Styrene
and α-methylstyrene provided oligomers (Mn < 103)
in a low yield under atmospheric pressure conditions in
this work. NMR analysis revealed that the oligomers
obtained under the present conditions contain not only
the alternating repeating structure but also the ho-
mopolymerization sequence, whereas it has been re-
ported that styrene derivatives provide an alternating

copolymer in a high yield under high-pressure condi-
tions of oxygen.12

We propose a mechanism for an efficient alternat-
ing propagation to provide PP-RS with a 5,4 repeat-
ing structure (Scheme 2). A propagating peroxy radical
tends to add to the C5 carbon, but not the C2 carbon of
the RS monomer, due to the greater electrophilicity of
the peroxy radical (k1 � k2)41–43 and electron density
diminished by the existence of an electron-withdrawing
carbonyl group. Furthermore, an attack on the C5 car-
bon results in the favorable structure of an allyl radical,
the unpaired electron of which can also resonate to the
carbonyl group. The addition of a peroxy radical to a
diene monomer is considered to be a rate-determining
step.43 The radical on the C4 carbon of RS prefer-
ably reacts with oxygen, because the homo-propagation
slowly proceeds between the stable RS radical with
a conjugated structure and the sterically hindered RS
monomer as the internal diene compound.38, 39 The 5,2
propagation is suppressed because of less affinity for a
reaction with oxygen (i.e., k3 � k4 in Scheme 2). As a
result, an alternating propagation proceeds with a high
selectivity, leading to the formation of an exclusive 5,4
polymer.

To confirm this reaction mechanism for alternat-
ing propagation, the polymerization of related diene
monomers with a symmetric structure was investigated.
When the copolymerization of HD with oxygen was
carried out under the conditions identical to those for
the RS polymerization, a copolymer was produced;
yield 14.5%, Mn = 5.0× 103 (Pn = 44), and Mw/Mn =
1.5, as shown in Table II. On the other hand, diethyl
muconate provided no polymer under similar condi-
tions. The results for the reactions with these two
monomers are interpreted by the mechanism shown in
Schemes 3 and 4, respectively. During the polymeriza-
tion of HD, the propagating peroxy radical attacks the
C2 carbon of HD. The reaction rate is probably greater
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Scheme 3.

Scheme 4.

Figure 2. 1H NMR spectrum of PP-HD.

than that for the attack to RS due to the difference in
the electron density and the structural symmetry of the
monomer. The HD propagating radical can react with
oxygen in two kinds of propagating fashions, resulting
in 2,3 and 2,5 units as the repeating structure. Actu-
ally, NMR spectroscopy suggests the existence of both
the 2,3 and 2,5 structures (21 and 79%, respectively) in
PP-HD (Figure 2). During the reaction of diethyl mu-
conate, the diene dicarboxylate monomer reacts with
a peroxy radical at a very slow rate due to the defi-
cient electron density on the double bond. The mu-
conate propagating radical can attack oxygen, but its
rate is also very low due to the diminished energy level
of the highest occupied molecular orbital (HOMO) for

the muconate, which has two electron withdrawing sub-
stituents.43 As a result, no polymer is formed. The
homopolymerization also proceeds only at a consider-
ably low rate under the conditions in this work, that is,
at a low temperature and a low monomer concentra-
tion.38 In the case of the muconate polymerization, a
molecular oxygen behaviors as a terminator rather than
comonomer.

The Tg values of PP-MS, PP-ES, PP-TFS, and PP-
HD were −10.7, −13.0, −8.5, and −36.6 ◦C, respec-
tively (see Table III), being consistent with the fact that
they are isolated as tacky polymers at room temper-
ature. PP-ODS is a solid polymer at room tempera-
ture, and shows an endothermic peak due to the melt-
ing of the long alkyl side chains in a DSC trace dur-
ing the heating process (Tm = 52.3 ◦C). An enthalpy
change associated with the melting of the side chain
was 32.1 kJ unit−1, being similar to literature values for
comb-like polymers with an octadecyl side chain.44, 45

Thermal Decomposition of PP-RS
Figure 3 shows the results of TG/DTA curves of

PP-MS and the homopolymer of MS [homopoly(MS)]
in a nitrogen stream at a heating rate of 10◦C min−1.
Homopoly(MS) was prepared by radical polymeriza-
tion in toluene at 120◦C in the absence of oxygen.
The Mn and Mw/Mn were 5.0× 103 and 1.2, respec-
tively. It is an atactic polymer consisting of predomi-
nantly a 2,5 trans structure as the repeating unit. The
thermal analysis shows that the exothermic decompo-
sition of PP-MS starts from a low temperature around
100 ◦C, while homopoly(MS) endothermically decom-
poses over 300 ◦C. Thus, the degradation behavior of
the alternating copolymers with oxygen was different
from that of the homopolymer having successive C–C
bonds in the main chain. The heat of the decomposition
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Table III. Results of TG/DTA and DSC analysis for PP-RSa

Copolymers
Tinit(DTA) Tmax(DTA) Tmax(TG) S (DTA) S ’(DTA)× 10−2 Tg

(◦C) (◦C) (◦C) (V s g−1) (V s unit−1) (◦C)
PP-MS 107.9 147.5 148.2 2.10 3.31 −10.7
PP-MS-60b 93.6 153.3 154.2 1.11 1.75 −9.4
PP-ES 107.4 147.0 145.3 1.93 3.32 −13.0
PP-ODS 112.4 152.2 144.5 0.89 3.52 (52.3)c

PP-TFES 106.5 147.5 144.6 1.51 3.41 −8.5
PP-HD 95.1 151.6 154.2 4.07 4.64 −36.6

aThe copolymers were prepared by the polymerization with bubbling of O2 in the presence
of AMVN at 30 ◦C. The Tinit and Tmax values were determined by TG/DTA at a heating rate
of 10 ◦C min−1 in a nitrogen stream. S (DTA) and S ’(DTA) are the peak areas of DTA curves
per the weight and repeating unit of the polymers. The Tg value was determined by DSC at a
heating rate of 10 ◦C min−1 in a nitrogen stream. bPrepared by the polymerization in the absence
of an initiator under UV irradiation at 60 ◦C. cMelting point of the long alkyl side chains of the
polymer.

Figure 3. TG and DTA curves of (a) PP-MS and (b) ho-
mopoly(MS) in a nitrogen stream at a heating rate of 10 ◦C min−1.
Sample weight is ca. 1 mg.

was so large that the heating rate (10◦C min−1) could
not be controlled when a large amount of PP-MS was
provided for the TG/DTA measurement. For example,
when ca. 10 mg of PP-MS was used for the TG/DTA
experiment, the temperature increased autocatalytically
by 70–80 ◦C higher than the desired temperature of a
heating process. Therefore, we carried out the anal-
ysis using a small amount of polymer (ca. 1 mg) to

prevent explosive decomposition. A similar feature has
also been pointed out for the other kinds of polyperox-
ides obtained from various vinyl monomers by Kishore
et al.46

The initial decomposition temperature (Tinit) and the
maximum decomposition temperature (Tmax) were de-
termined from the TG/DTA data (Table III). For all the
polymers obtained from RS, the Tinit and Tmax were
almost the same: Tinit = 106.5–112.4 ◦C and Tmax =
144.5–148.2 ◦C. We also estimated the heat of the de-
composition per repeating unit (∆Hunit) from the peak
intensity of a DTA curve. The peak areas were deter-
mined per the weight and the repeating unit of the poly-
mers (S and S ’, respectively), and they are summarized
in Table III. The S ’ values agreed well with one another
for all the PP-RS (3.3–3.5 V s unit−1). The values ap-
proximately correspond to −(187–196) kJ unit−1 as the
∆Hunit value. We have concluded that PP-RS decom-
poses via an exothermic process in a similar thermal
decomposition mechanism, irrespective of the structure
of the ester alkyl group. The decomposition behavior
of PP-MS prepared by the photopolymerization with
a high-pressure mercury lamp at 60◦C (PP-MS-60 in
Table III) was different from that of PP-MS prepared
with AMVN at 30 ◦C. In contrast to the rapid weight
loss in a TG curve for PP-MS with a well-defined chain
structure obtained by the low temperature polymeriza-
tion using AMVN, the weight of PP-MS-60 gradually
decreased and a weight residue was much greater at
200 ◦C. The latter polymer has also a smaller S ’ (i.e.,
∆Hunit) value. These results are due to the cleavage
of some peroxy linkages in the polymers, followed
by hydrogen abstraction and other reactions during the
photopolymerization at 60◦C, resulting in an irregular
and less-degradable structure. PP-HD also decomposes
exothermically (Tinit = 95.1 ◦C and Tmax = 154.2 ◦C).

Scheme 5 shows the thermal decomposition mecha-
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Table IV. Kinetic analysis of TG data of PP-RS under non-isothermal conditions
according to three different methodsa

Polymer Method Heating rate, β (◦C min−1) Ea (kJ mol−1)
PP-MS Ozawa 5, 10, 20, 40, 80 93.7 (α = 0.1)b

119 (α = 0.3)
127 (α = 0.5)
134 (α = 0.7)

PP-MS Kissinger 5, 10, 20, 40, 80 132
PP-MS Coates and Redfern 10 117 (100–160 ◦C)
PP-ES Coates and Redfern 10 125 (115–165 ◦C)
PP-ODS Coates and Redfern 10 143 (140–160 ◦C)
PP-TEFS Coates and Redfern 10 106 (100–160 ◦C)
PP-HD Coates and Redfern 10 131 (100–160 ◦C)

aFor the conditions and analytical methods, see experimental section. The copoly-
mers were prepared by polymerization in the presence of AMVN at 30◦C. bα is the
fraction of the weight loss in the decomposition step.

Scheme 5.

nism of PP-RS. First, the peroxy linkage of the copoly-
mers is cleft upon heating and generates two peroxy
radicals. One of them causes β-scission to produce a
fumaraldehyde monoalkyl ester. The resulting carbon
radical further undergoes β-scission and produces ac-
etaldehyde. These two kinds of β-scissions are con-
tinuously repeated and result in the production of the
two aldehydes. Another peroxy radical produced by the
first chain cleavage also continues the decomposition in
a similar mechanism. It has been confirmed by NMR

spectroscopy that the thermal decomposition products
of PP-MS as the volatile fraction are fumaraldehyde
monomethyl ester and acetaldehyde. The O–O bond
scission of the polymer chain is an exothermic pro-
cess, while the successive steps for the elimination of
the aldehydes are assumed to be slightly endothermic.20

The observed ∆Hunit values indicate the summation of
one bond scission (exothermic) and several times of β-
scission (slightly endothermic) as the average value per
polymer repeating unit. The heating value for the de-
composition of PP-HD (S ’ = 4.6 V s unit−1, which cor-
responds to −262 kJ unit−1 of ∆Hunit) was higher than
those for PP-RS (Table III). This is well consistent with
the incomplete 2,3 structure in the polymer chain of PP-
HD. The existence of 2,5 structure in the main chain
hinders the depolymerization (β-scission to eliminate
aldehydes) in a radical chain mechanism and provides
the high ∆Hunit value. In the TG analysis, PP-HD re-
sulted in the rapid decomposition at a low temperature
upon heating due to its highly alternating copolymer
structure, although the repeating units include both the
2,3 and 2,5 structures.

We also carried out kinetic analysis of the TG data
using several reported methods. The equations used for
the analyses are shown in eq. 1–3. The results are sum-
marized in Table IV.

log β + (0.4567Ea/RT ) = const. (Ozawa method)47, 48

(1)

log(β/Tmax
2) = − (Ea/2.303RTmax) + log C

− log(Ea/R) (Kissinger method)49, 50

(2)

log{− ln(1 − α)/T2} = log{(CR/βEa)(1 − 2RT/Ea)}
− (Ea/2.303RT) (Coates and Redfern method)51

(3)
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Where Ea, R, T , and C are the overall activation en-
ergy for decomposition, the gas constant, the absolute
temperature, and constants, respectively. The Ozawa
method requires TG data collected at a different heating
rate (β = 5, 10, 20, 40, and 80 ◦C min−1 in this work).
This method is a simple and convenient process without
any limited reaction kinetics; therefore, it is applied to
various types of reactions. Here, α is the fraction of the
weight loss in a decomposition step, and is represented
as follows,

α = (mt − m0)/(m∞ − m0) (4)

where m0, mt, and m∞ are the initial sample weight, the
sample weight at a time t, and the sample weight when
the decomposition is finished, respectively. For α = 0.1,
we determine T1–T5 values at each β. When the loga-
rithm of β is plotted against 1/T , a linear relationship is
obtained for each α value, as shown in Figure 4a. Ea is
determined from the slope of the line. In this case, Ea

is calculated to be 93.7, 119, 127, and 134 kJ mol−1 for
α of 0.1, 0.3, 0.5, and 0.7, respectively.

The Kissinger method, which is one of the most gen-
eral procedures for a differential method, also requires
TG data at different β values. The Tmax value was deter-
mined from the derivative TG (DTG) curves at each β.
When log (β/Tmax

2) was plotted against 1/Tmax, a lin-
ear relationship provided an Ea value of 132 kJ mol−1

(Figure 4b).
According to the Coats and Redfern method (Fig-

ure 4c), the Ea value is evaluated from a TG curve at
a fixed heating rate. The plot of log{− ln(1 − α)/T2}
against 1/T is used for evaluating an Ea value. The
slope was decided in a temperature region of 100–
160 ◦C, and therefrom Ea was determined to be 117 kJ
mol−1. Coates and Redfern plots for the other PP-RS
provided Ea of 125, 143, 106, and 131 kJ mol−1 for PP-
ES, PP-ODS, PP-TFES, and PP-HD, respectively, by
the similar procedures.

The Ea values determined by several methods in
this work are 94–143 kJ mol−1, being similar to or
slightly smaller than those for various types of perox-
ide polymers reported in the literature; for example,
103–198 kJ mol−1 for the copolymers of oxygen with
various vinyl monomers. In the Ozawa method, the
Ea values are dependent on the α value, i.e., the ini-
tial stage of decomposition implies a lower Ea value.
The Kissinger method includes Tmax values, and the
Ea value (132 kJ mol−1) is quite similar to the Ea val-
ues at a relatively higher α value in the Ozawa method
(α = 0.5–0.7). The Coates and Redfern method pro-
vides intermediate values. Thus, the experimental Ea

values depend on the method and the α value used for
the analysis. This suggests that the decomposition of

Figure 4. Kinetic analysis of TG curve for PP-MS. (a) Ozawa
plots: α = 0.1 (•), 0.3 (�), 0.5 (×), and 0.7 (�). A heating rate
of 10 ◦C min−1. (b) Kissinger plot. Heating rates of 5–80 ◦C min−1.
(c) Coates and Redfern plot. A heating rate of 10 ◦C min−1.

the polymers implies several reactions, although we ob-
serve only weight loss as the index for decomposition
during TG analysis.

Kinetic Analysis for Isothermal Decomposition
We have also investigated the isothermal decomposi-

tion behavior of PP-MS by both the TG and GPC meth-
ods to precisely evaluate the decomposition rate con-
stants. A decrease in the molecular weight of a poly-
mer due to the cleavage of a main chain is determined
by GPC, while the weight loss of a polymer is moni-
tored by TG. The weight loss of PP-MS was monitored
under isothermal conditions in a temperature range of
80–120 ◦C. Figure 5a shows the results of the isother-
mal TG at each temperature as a function of the heating
time.

When the step of the weight loss obeys first-order
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Figure 5. Isothermal decomposition of PP-MS monitored by
TG in a temperature range of 80–120 ◦C under nitrogen atmo-
sphere. (a) TG curves. (b) Plots of –ln(1–α) against the reaction
time.

reaction, eq 4 is written by eq 5.

dα/dt = kd(1 − α) (5)

where kd is the thermal decomposition rate constant.
Eq 5 is integrated as

− ln(1 − α) = kdt (6)

When logarithms of 1−α are plotted as a function of t at
each temperature, the kd values are determined from an
initial slope of the curves in Figure 5b. The kd,TG value
was determined to be (0.28–5.09)× 10−4 s−1 (Table V)
from the data in the 0 to 1000 second ranges, because
the plots were deviated from the linear relationship in
the latter stage of the reactions.

Another thermal decomposition rate constant
(kd,GPC) was evaluated with respect to the analysis
based on the change in molecular weight by GPC.

Table V. Rate constants and activation energy for isothermal
decomposition of PP-MS evaluated by TG and GPC methodsa

Temp. (◦C) kd,TG × 104 (s−1) kd,GPC × 104 (s−1)
80 0.28 0.36
90 0.39 1.09

100 1.04 1.54
110 2.23 2.99
120 5.09 8.59

Ea (kJ mol−1) 86.7 84.7
A 1.53 × 1016 1.31 × 1016

aThe copolymers were prepared by polymerization in the
presence of AMVN at 30 ◦C. The decomposition was carried
out at each temperature in a nitrogen or argon stream.

Figure 6a shows the decrease in the molecular weight
of PP-MS upon heating at various temperatures (80–
120 ◦C) in bulk under an argon atmosphere. A change
in the molecular weight was evaluated as the relative
value of the molecular weight of PP-MS (Mn) after
heating to the parent molecular weight (Mn,0), and
plotted against the heating time at each temperature.
The rate of the decrease in the molecular weight was
accelerated as the temperature increased. From these
results, the kd,GPC was determined as follows. When
the main chain of a polymer with Mn,0 is cut off once
per one polymer chain on the average upon heating,
Mn is a half of the Mn,0 value. When cleavage occurs
twice per one polymer chain on the average, Mn is one
third of Mn,0. Similarly, when a polymer chain is cut
off n times per one polymer chain on the average, Mn

is represented as,

Mn = Mn,0/(n + 1) (7)

This is changed into the following expression.

n = (Mn,0/Mn) − 1 (8)

When the values of n are plotted as a function of the
heating time, the slope of the curve results in the kd,GPC

value at each temperature. The results are shown in
Figure 6b. The plots gave an approximately linear re-
lationship and the kd,GPC values were determined from
the slopes, whose values were (0.36–8.59)× 10−4 s−1 in
a temperature range of 80–120◦C (Table V).

As compared with two kinds of the kd values, the
kd,GPC values are slightly larger than kd,TG. From the
Arrhenius plots, the Ea values were determined to be
86.7 and 84.7 kJ mol−1 for the data by TG and GPC
methods, respectively. The similar kd and Ea values
by the both suggest that peroxy linkages are cleft upon
heating and simultaneously low-molecular and volatile
fumaraldehyde monomethyl ester and acetaldehyde are
formed through successive β-scissions at a comparable
reaction rate. The Ea values for PP-RS determined in
this work are much lower than those for low-molecular-
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Figure 6. Isothermal decomposition of PP-MS monitored by
GPC in a temperature range of 80–120 ◦C under argon atmosphere.
(a) Change in the relative molecular weight. (b) The number of
bond scissions (n) against the reaction time. (�) 80 ◦C, (×) 90 ◦C,
(�) 100 ◦C, (�) 110 ◦C, and (©) 120 ◦C.

weight organic peroxide, for example, lauroyl perox-
ide (Ea = 125.3 kJ mol−1, A = 3.93× 1014, 10 h(t1/2) =
66 ◦C), benzoyl peroxide (Ea = 139.0 kJ mol−1, A =
9.34× 1015, 10 h(t1/2) = 78 ◦C), and di-tert-butyl perox-
ide (Ea = 152.7 kJ mol−1, A = 2.16× 1015, 10 h(t2/1) =
125 ◦C).52 Here, A and 10 h(t1/2) are the frequency fac-
tor and the temperature for 10-h half-life, respectively.
The absolute kd value for PP-MS is similar to that
for benzoyl peroxide; kd is calculated as 1.15× 10−4,
2.58× 10−5, and 5.60× 10−8 s−1 at 80 ◦C for lauroyl,
benzoyl, and di-tert-butyl peroxides, respectively. The
moderate decomposition rate of PP-RS is due to the fact
that the frequency factors are not so large for the de-
composition of PP-RS, possibly related to their poly-
meric peroxide structure, despite the low Ea values.

Actually, PP-RS can be treated without any special pro-
tection and technique during the preparation and isola-
tion in a laboratory, unless they are contacted with any
reducing agents or a metal. Of course, we have care-
fully carried out all the experiments for the synthesis
and characterization on a small scale (see experimen-
tal). PP-RS obtained in this work are viscous liquid or
tacky solid except PP-ODS due to their low Tg values
and low molecular weights. The relative safety of the
polymeric peroxides is one of the noteworthy features
prior to low-molecular-weight peroxide molecules, es-
pecially crystalline solids such as benzoyl peroxide,
which is sensitive to a shock, friction, and static elec-
tricity. Furthermore, the amount of heat during the de-
composition may be controlled by the content of oxy-
gen incorporated into the copolymers at the reduced
partial pressure of oxygen for the practical use of these
polymers.

CONCLUSION

We have reported a new type of radical alternating
copolymerization of alkyl sorbates with oxygen to form
degradable peroxide polymers in a convenient polymer-
ization process. The polymeric peroxides (PP-RS) were
readily prepared from several diene monomers by rad-
ical copolymerization in the presence of an azo initia-
tor with the bubbling of oxygen or air. The alternat-
ing propagation of RS with oxygen successively oc-
cured due to the asymmetric structure of the sorbate
monomers, resulting in the efficient synthesis of alter-
nating copolymers with a 5,4 repeating structure. We
have confirmed that the resulting copolymers have per-
oxy linkages in their main chain and readily decom-
pose to produce radicals upon heating. The exclu-
sive 5,4 propagation is important to determine the ther-
mal decomposition properties of the alternating copoly-
mers, because the existence of a 5,2 structure is not fa-
vored for efficient depolymerization. From the stud-
ies on the thermal decomposition kinetics and mecha-
nism, it has been revealed that the obtained PP-RS de-
composes exothermically in a nitrogen atmosphere, ir-
respective of the kind of the ester alkyl group; Tinit =
106.5–112.4 ◦C and Tmax = 147.0–152.2 ◦C by DTA.
The thermal decomposition rate constants, kd,TG and
kd,GPC, were determined from two independent meth-
ods using the weight loss monitored by TG and the
change in the molecular weight determined by the GPC
measurement. The decomposition activation energy of
PP-MS was determined to be 86.7 kJ mol−1 from the
weight loss of the polymers and 84.7 kJ mol−1 from
the molecular weight change of the polymers. We de-
tected fumaraldehyde monoesters and acetaldehyde as
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low-molecular weight decomposition products, which
were formed by the cleavage of peroxy linkages and
the subsequent β-scission. The molecular weight of
PP-RS obtained in this work was less than 104, but our
preliminary experiments have already revealed the fact
that a bifunctional monomer provides degradable gels
showing degradation temperature and properties simi-
lar to those of linear polymers. In the future, the de-
sign of a side chain structure will lead to new functional
polymers and gels, for example, degradable hydrogels,
which have great potential for a wide range of use in
various fields of polymer chemistry and material sci-
ence including adhesion, coating, environmental, and
medicinal chemistry.
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