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Abstract

The influences of the chemical composition and microstructure on the degradation behaviors of 3-series cyclic olefin copolymers
(COCs) were investigated by using non-isothermal thermogravimetric analysis (TGA). Kinetic parameters of degradation were
evaluated by using the Flynn—Wall-Ozawa iso-conversional method and the pseudo first-order method. Compared with conven-
tional polyolefins, e.g. HDPE, COCs have lower peak temperatures of degradation, narrower degradation temperature ranges and
higher amount of residual weights at the end of the degradation, which should be attributed to the chemical structure and micro-
structure features of COCs including the branching effect and the steric effect. The values of the reaction order of COCs determined
by the Kissinger method are close to 1 in the non-isothermal degradation process. Although the values of E, in region II calculated
by using the pseudo first-order method are much higher than those calculated by using the Flynn—Wall-Ozawa method, there is a
similar change trend of E, between these two methods. However, there is a good correlation between the E, in region II and the
peak temperature of degradation for COCs. The theoretical weight loss versus temperature curves, generated by using the estimated

kinetic parameters, well fit the experimental data, which indicates that the analysis method used in this work is valid.

© 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Cyclic olefin copolymers (COCs) obtained with
metallocene catalysts are engineering thermoplastics
with some unique properties, such as high glass transition
temperatures in combination with excellent trans-
parency, low dielectric loss, low moisture absorption,
and good chemical resistance for high-performance
optical, medical, electrical, packaging and other appli-
cations owing to their rigid cyclic monomer units [1,2].
Since the first report on the synthesis of COCs in 1991
[3], the synthesis of COCs has been the subject of a large
number of groups [4,5]. In recent years, it was the focus of
the synthesis and characterization of COCs to determine
the comonomer composition and sequence distribution
along the copolymer chains by 3C NMR spectroscopy
[6-10]. The design of COC materials requires a detailed
description of the relationships between the micro-
structures of copolymers and the metallocene catalysts

* Corresponding author. Tel.: +86-010-6261-3251; fax: +86-010-
6255-9373.
E-mail address: hejs@sklep.icas.ac.cn (J. He).

used as well as a complete understanding of the rela-
tionships between the microstructure and the material
properties.

Recently, a wide investigation of physical properties
of these COCs is being carried out. The possible rela-
tionships among copolymers composition, micro-
structure and thermal properties have been reported
[10-15]. The most common one is a linear relationship
between cyclic structure content and T, for the COCs
having similar microstructure or being synthesized by
the same metallocene catalyst. Forsyth et al. also stud-
iled the stress—strain behavior, microhardness and
dynamic mechanical properties of COCs [14,16]. Chu et
al. showed phenomenal increase of T, upon annealing
for their series of COCs [17,18], which was attributed to
the conformational conversion and local packing of
these copolymers. Dorkenoo et al. studied the gas
transport properties of a series of high 7, poly-
norbornenes with aliphatic pendent groups, and inves-
tigated the physical aging process of amorphous films
made from these polymers [19,20]. Khanarian studied
the optical properties of COCs, and rubber-toughened
and optically transparent blends of COCs [21,22].
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Miscibility behavior of binary blends of two cyclic olefin
copolymers was studied by Delfolie et al. [23]. Their
experimental data were compared with theoretical ana-
lysis in order to determine how the size and stiffness
disparities between the ethylene and norbornene mono-
mers and monomer sequence distribution affect the
miscibility patterns. The elongational flow birefringence
of ethylene—norbornene copolymer and ethylene—tetra-
cyclododecene copolymer had been performed by Maiti
et al. [24,25]. Takigawa et al. studied the influence of
rigid comonomer incorporated in copolymers on the
rheological properties [26]. However, there remains no
systematic study of the effects of composition and
microstructure on the long-term performance and
degradation behavior of the COCs. It is worthwhile to
study the thermal degradation of these semicommercial
copolymers which have immense applications.

There are several types of cyclic olefin copolymers
based on different types of comonomers [27]. The COCs
samples in this study were a collection of ITUPAC WP
IV.2.1 for international joint research on structure and
properties of commercial polymers (No. 421/38/00:
“Structure and properties of cyclic olefin copolymers™).
Objective of this project is to evaluate the structure—
property correlations between the chemical structure
and rheological and physical properties of the cyclic
olefin copolymers [28]. In a prior study, the chemical
structure and microstructure, and correlations between
the structure and thermal and rheological properties
were presented [15,26]. This study is concerned with the
degradation behavior of three-series cyclic olefin
copolymers using non-isothermal thermogravimetric
analysis. In the present research, we will focus on the
influences of the chemical composition and micro-
structure on the degradation temperatures and the
degradation kinetic parameters.

2. Experimental
2.1. Materials

The A, B, and C series cyclic olefin copolymers were
supplied by Hoechst Celanese, Mitsui Chemical, Nip-
pon Zeon Co., and Japan Synthetic Rubber, respec-
tively [1,2]. The chemical structures of three-series cyclic
olefin copolymers are shown in Scheme 1. The cyclic
structure content of these copolymers was determined
by 3C NMR spectroscopy and the glass transition
temperature T, was determined by differential scanning
calorimetry. The chemical structure and microstructure
of the three-series COCs have been studied in detail in
prior paper [15]. Table 1 summarizes the characteristics
of these copolymers, together with the data of molecular
weight, molecular weight distribution and density.
HDPE (grade 2480, supplied by Qilu Petrochemical
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Scheme 1. The chemical structure of cyclic olefin copolymers.

Table 1
Characteristics of these cyclic olefin copolymers studied [15]

Sample  Cyclic Glass M, x10~%  M,/M, Density

structure  transition (g/cm?)

content temperature,

(mol%) T, (°C)
Al 30.7 84 1.02
A2 41.5 149 9.5 1.79 1.02
A3 452 163 9.5 1.77 1.02
A4 58.6 177 9.1 1.91 1.02
Bl 20.2 80 8.1 2.52 1.02
B2 27.7 125 8.8 2.59 1.04
B3 31.7 145 10.2 2.68 1.04
Cl 50 138 5.8 3.02 1.01
C2 50 139 6.5 1.96 1.01
C3 50 105 4.1 1.55 1.00
C4 50 171 1.08
HDPE 0.94
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Corporation of China) was employed as a reference for
the study of the thermal degradation for COCs. All
samples were used as received.

2.2. TGA measurements

The non-isothermal kinetics of degradation was per-
formed on Perkin-Elmer TGA-7. The thermal analyzer
was temperature calibrated between experiments using
the Curie point of nickel as a reference. All experiments
were carried out under a nitrogen atmosphere at a purge
rate of 50 ml/min. For each polymer, samples of
approximately 2.5 mg was temperature-equilibrated to
250 °C before being heated to 550 °C at different heat-
ing rates (2, 5 and 10 °C/min).

3. Results and discussion

3.1. Thermal stability

The thermogravimetric (TG) and derivative thermo-
gravimetric (DTG) curves for the three-series COCs and
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Fig. 1. The TGA curves (a) and DTG curves (b) of A-series COCs
samples at heating rate 2 °C/min.

HDPE performed at a constant heating rate of 2 °C/min
are shown in Figs. 1-3. For each sample, the thermo-
gram reveals that the DTG plot shows a maximum rate
of weight loss, so the peak temperatures of degradation
(Tp) can be determined. The onset temperatures of
degradation (7gne) can be calculated from the TG
curves by extrapolating from the curve at the peak of
degradation back to the initial weight of the polymer.
Similarly, the end temperature of degradation can be
calculated from the TGA curves by extrapolating from
the curve at the peak of degradation forward to the
final weight of the polymer. These characteristic tem-
peratures are listed in Table 2. The difference of the
peak temperatures and the onset temperatures of
degradation is AT, which represents the temperature
range of thermal degradation. As a reference, the data
of thermodegradation of HDPE are also listed in
Table 2.

On the basis of the experimental results, it can be seen
that COCs have maintained the superior thermal stabi-
lity of polyolefin materials, but the thermal degrada-
tions of cyclic olefin copolymers show a different
behavior from that of HDPE as follows:
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Fig. 2. The TGA curves (a) and DTG curves (b) of B-series COCs
samples and HDPE at heating rate 2 °C/min.



200

(a)

(b)

C. Liu et al. | Polymer Degradation and Stability 81 (2003) 197-205

The onset and peak temperatures of degradation
for COCs were lower than those for HDPE, and
scattered at about 410 and 430 °C, respectively. It
should be attributed to the chemical structure
and microstructure features of COCs including the
branching effect and the steric effect. Westerhout
et al. [29] reviewed the influence of the extent of
branching of the main polymer chain on the
reaction rate at a given temperature, and found
the reaction rate increases with the extent of
branching in the following order: HDPE
<LDPE <PP <PS, which is identical with the
order that the ability of substituents to stabilize
macroradicals forming in chain scission (CHj
<CH2CH3 <CH(CH3)2 <C(CH3)3 <benzyl,
[30]). Gamlin et al. systematically studied the
effect of ethylene/propylene content on the
thermal degradation behavior of EPDM [31].
They found that both the onset and peak
degradation temperatures linearly increased as
the ethylene content increases above 40%.
However, in this study it appears that the onset
and peak degradation temperatures are respec-
tively about 415+4 and 433+2 °C for A- and
B-series copolymers except A2 of T, value
438 °C, although there are larger change on the
cyclic structure content and the 7, for these two
series samples.

For C-series copolymers, there are larger dif-
ferences in the side substituents and/or the cyclic
structure, which lead to that the onset tempera-
ture and peak degradation temperatures are dif-
ferent. It seems that the chemical structure and
microstructure features may be playing an
important role in determining the degradation
temperature. On the one hand, the branching of
cyclic structure increases the reaction rate, on the
other hand the chain stiffness of cyclic structure
reduces the mobility of the chain, then decreases
the reaction rate and improves thermal stability
[32]. It is interesting to note that both C2 and C4
have lower T}, values 424 °C, but C3 has higher
T, value 440 °C, respectively. There are phenyl
groups and ester groups on the side chain of C2
and C4, respectively. Their electron-withdrawing
groups stabilize these macroradicals and, there-
fore, the corresponding samples are less stable
[33,34]. Contrarily, compared with other samples
of C-series COCs, C3 is absent both the side-
group and the rigid bridge-ring structure posses-
sing larger tension, so it has a relatively higher
thermal stability.

The temperature range of thermal degradation
AT is equal to the difference of the peak tem-
peratures and the onset temperatures of degra-
dation. COCs have narrower temperature ranges
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Fig. 3. The TGA curves (a) and DTG curves (b) of C-series COCs
samples at heating rate 2 °C/min.

Table 2
Characteristic temperatures and activation energies obtained by the
Flynn-Wall-Ozawa method for the COCs degradation

Sample  Onset Peak AT*  E,at50% AT,
temperature, temperature, (°C) conversion (°C)
Tonset (°C) T, (°C) (kJ/mol)
Al 412 432 20 200 33
A2 422 438 16 252 28
A3 417 435 18 229 30
A4 419 435 16 212 32
Bl 413 432 19 189 36
B2 416 433 17 193 33
B3 417 435 18 201 32
Cl1 415 432 17 220 29
C2 407 424 17 154 48
C3 424 440 16 243 30
C4 404 424 20 165 43
HDPE 423 451 28 205 29

? AT—The difference of T}, and T
b AT,—The shift of 7}, at different heating rates (2 and 10 °C/min).
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of degradation than HDPE, which means the
chain scission happens in shorter time. Another
effect of branching is a possible change of the
reaction mechanism, therefore, the bonds nextto a
side chain exhibit a higher breakage rate than do
normal PE bonds, which lead to a more pro-
nounced maximum in the conversion rate curve.
(c) Because polyolefins consist of carbon and
hydrogen elements, there is usually little or no
residue once the degradation of polyolefin had
ended. However, from Figs. 1(a), 2(a) and 3(a), it
can be see that COCs have 2-5% black residual
ash upon the end temperature of degradation,
especially for samples with polar side-groups
such as C2, C4. It is probably due to some
crosslinked structures formed from the reaction
between radicals. The rate of formed radicals
increases with their stability, and therefore, the
content of the crosslinked structures is higher if
the radicals formed during the pyrolysis process
are more stable. It needs more experimental work
to determine the mechanism by which the residue

is formed.
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Fig. 4. The TGA curves (a) and DTG curves (b) of C4 sample at
heating rates 2, 5 and 10 °C/min.

3.2. Kinetic evaluations

3.2.1. Multiple constant heating rates: Flynn—Wall-Ozawa
method

Flynn and co-workers [35-37] derived a method for
the determination of activation energy based on the
equation:

E, AE,
logB = O.457<— ﬁ) + [log<T> — logF(a) — 2.315i|
(1)

where 8 is the heating rate, T is the absolute tempera-
ture, R is the gas constant, « is the conversion, E, is the
activation energy of the reaction, 4 is the pre-exponential
factor. Thus, at the same conversion, the activation
energy E, is then obtained from the slope of the plot of
log B against 1/7.

Non-isothermal TGA of the sample was performed at
constant heating rates of 2, 5 and 10 °C/min. The TGA
and DTG curves for the pyrolysis of a typical sample C4
at different heating rates are shown in Fig. 4. It is clearly
observed from these figures that the thermograms shift
towards higher temperatures as the heating rate increa-
ses. This shift of thermograms to higher temperature
with increasing f is expected and is due to a shorter time
required for a sample to reach a given temperature at a
faster heating rate. The values of the shift in the peak
temperatures (AT,) of different heating rates (2 and
10 °C/min) are listed in Table 2.

By using Eq. (1), the log g8 versus —1/RT plots from 5
to 90% conversion for the degradation of C4 are shown
in Fig. 5. The lines at different conversion values are
approximately parallel to each other and all the corre-
lation coefficients of linearity in calculation of each
activation energy were larger than 0.98. Moreover, the
activation energies of degradation calculated from these
plots are shown in Fig. 6. It is evident that the activation

-1.8x10™ -1.7x10 -1.6x10™

-1/RT

log B

-
1

Fig. 5. Application of Flynn—Wall-Ozawa method for C4 at heating
rates 2, 5 and 10 °C/min and conversions of 5, 10, 20, 30, 40, 50, 60,
70, 80, and 90%.
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Fig. 6. Activation energies calculated as a function of conversion for
COC:s using the Flynn—Wall-Ozawa method.

energies of degradation for these samples remain rela-
tively constant after 10% conversion, which reveals that
up to 10% conversion there is one dominant kinetic
process. In contrast, the activation energy of HDPE
increases with increasing conversion, which is similar to
the values reported in literature [31,38].

The values of the activation energies of degradation at
50% conversion are listed in Table 2. However, as same
as the influence of cyclic structure on the peak tem-
perature, there is no clear trend between the activation
energy of degradation and the cyclic structure content
of these samples. The activation energy values for COCs
are £50 kJ/mol of that of HDPE, and are comparable
with those of EPDMs [31]. The activation energy values
154 and 165 kJ/mol for C2 and C4 are somewhat lower
than the value of HDPE, but is similar to the value of
170 kJ/mol for PS [39,40]. Lower values of E, for C2
and C4 should be attributed to the increasing stability
of the radicals formed during the pyrolysis process. On
the other hand, A2 and C3 have higher E, values 252
and 243 kJ/mol than other samples, which is consistent
with their higher thermal stability.

3.2.2. Single heating rate: pseudo first-order method

For a first order reaction, Chan and Balke [41] have
proved that the activation energy, E,, is related to the
weight fraction remaining in TGA run, W, the rate of
weight loss, —dW/d¢, and the temperature, 7, by the
following equation:

ln<M> =F, (— L) + InA
W RT

Therefore, for a first order degradation process, a plot
of In[(—dW/dt)/W)] versus [—1/(RT)] will be a straight
line with slope equal to the activation energy E,. The
method is also useful for dealing with a change in
mechanism if only a few values of activation energy will
explain most of the data.

2
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Fig. 7. Pseudo first-order kinetic plot for C4 at heating rate 2 °C/min.

The reaction order of the non-isothermal degradation
process, n, has been determined by the Kissinger
method [42]:

n=1264/s ©)

where s is the shape index of the differential thermal
analysis curve for non-isothermal dynamic degradation.
The shape index is the absolute value of ratio of slopes
of tangents to the DTG curve at the inflection point,
Twm. The reaction orders for degradations for COCs and
HDPE are shown in Table 3.

The reaction order of HDPE is similar to the reported
values in the literature [39,40], and the reaction orders of
COCs are very close to 1, therefore, it is reasonable to
assume the degradation reactions are all first order. Fig. 7

Table 3
Kinetic parameters for the degradation of COCs calculated using the
pseudo-first order method at 2 °C/min

Sample n*  Region I Region 11 Region 111
In A4 E, In 4 E, In 4 E,
(min~") (kJ/mol) (min~!') (kJ/mol) (min~—') (kJ/mol)
Al 0.95 21.2 146 53.8 327 10.6 90
A2 0.87 21.6 154 74.4 449 12.6 96
A3 0.96 13.8 109 53.7 346 10.5 91
A4 0.92 13.1 107 60.1 364 8.1 71
Bl 0.90 7.4 74 59.2 358 14.8 113
B2 0.88 11.7 100 62.6 378 19.8 141
B3 0.88 10.4 92 59.0 358 18.0 130
Cl 0.98 16.7 125 61.3 369 13.1 99
C2 1.03 7.7 76 42.0 259 7.7 69
C3 1.02 12.8 105 68.7 418 5.4 53
C4 0.92 14.0 108 46.5 282 12.6 104
HDPE 0.77 13.0 101 51.3 320 nd® nd

4 n—order of decomposition reaction as determined by the Kissinger

method.
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Fig. 8. Plot of E, in Region II versus T, at heating rate 2 °C/min.

shows a typical plot of In[—dW/d¢)/ W] plotted against
—1/(RT) for a heating rate of 2 °C/min for sample C4.
On the basis of Eq. (2), if the reaction were first order,
we would have expected that these data could be fit by a
straight line of slope equal to the activation energy.
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Instead, in the figure three linear regions are observed,
then three straight lines are needed to fit these data
points. These regression lines, shown as solid lines in the
figure, can be considered as three pseudo-first order
regions and are designated as region I, region II and
region III, respectively, with two transition zones
between them. This observation indicates that three
distinctly different types of reactions have dominated
the degradation process. Similar results were obtained
for all COCs samples, and a summary of the kinetic
parameters obtained using the pseudo-first order
method, shown in Table 3.

Chan et al. [41] and Gamlin et al. [31] have evaluated
the kinetic parameters of degradation using the pseudo
first-order method for PP and EPDM, respectively.
There were two stages of degradation: the one at lower
degradation temperatures was attributed to scission of
‘weak links’ [43] in the polymer; the other at higher
temperatures was associated with random scission
throughout the polymer. It is obvious that there are
three different types of reactions dominating the COCs
degradation process, instead of two types of reactions
reported in the literature. The first two regions are

100
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Fig. 9. Comparison between the experimental TGA curve and the curve calculated using the pseudo first-order kinetic parameters for A2 (a), B3 (b),

C1 (c) and C4 (d) at heating rate 2 °C/min (— expt.; - - - model).
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similar to region I and region II in the literature, but the
region III that occurs upon conversion of 95%, it is
postulated, is attributed to the degradation of the
crosslinked structure. In Section 3.2, it has been pro-
vided that COCs have small amount of residual weight
upon the end temperature of degradation. Abou-Shaa-
ban et al. reported that crosslinked polyethylenes have
three stages of degradation and the last one was attri-
buted to the destruction of a graphite char from the
crosslinked material [44].

The second difference between this work and the lit-
erature is the range of these regions. Region I extends
from zero to around 15-30% conversions for PP and
EDPM. However, for all COCs region I occurs under
5% conversion and region II covers a conversion range
of approximately 5-95%. The shift of the location of
transition region to lower conversion should be attrib-
uted to the structure features of COCs.

It should be noted that the activation energies in
region II, calculated by using the pseudo first-order
method, are much higher than those calculated by using
the Flynn—Wall-Ozawa method. This phenomenon was
observed for the degradations of PP and EPDM [31,41],
and it was attributed that region II was characterized by
large weight losses associated with high temperature
and high degrees of chain scission. Recently, Yang et al.
[45] reported the activation energy of the mCOC poly-
mer was 349 kJ/mol on primary weight-loss region,
which is consistent with the results in region II. In the
present work, although the values of E, in region II are
higher, there is a similar change trend of E, between two
methods. However, it is surprising that the E, in region
IT is proportional to the peak temperature of degrada-
tion for COCs, as shown Fig. 8. It seems that there is a
good correlation between the degradation temperature
and the activation energy for COCs.

As a check on the validity of the fit using the pseudo
first-order method, theoretical weight loss versus tem-
perature curves were generated by using the Kkinetic
parameters E, and A given in Table 3 for the three
regions by using Eq. (4) [41]:

ART? 2RT E,

In(l —a)=—InW = 4E, (1 E, )exp( RT)
“
The TGA experimental curves and the predicted ones
from the application of Eq. (4) are shown in Fig. 9 for
samples A2, B3, C1 and C4 as representations of three-
series COCs. As can be seen, a good overall fit is
obtained for all four representations. However, in each
case, slight deviations are noticeable near the transition
ranges between regions. This is expected since the tran-
sition regions are not taken into account and the kinetic
parameters vary significantly in this region. These
results indicate that the analysis method used in this

work is valid.

4. Conclusions

The thermal stability and degradation kinetics of
three-series cyclic olefin copolymers have been reported
in this research. Kinetic parameters of degradation were
evaluated by using the Flynn—Wall-Ozawa iso-conver-
sional method and the pseudo first-order method. It can
be see that COCs have maintained the superior thermal
stability of polyolefin materials, but COCs have lower
peak temperatures of degradation, narrower degrada-
tion temperature ranges and higher amount of residual
weights at the end of the degradation, which should be
attributed to the chemical structure and microstructure
features of COCs including the branching effect and the
steric effect.

From the non-isothermal degradation dada, the
kinetic parameters such as E, and A4 for all the polymers
have been calculated by using the methods of Flynn—
Wall-Ozawa and the pseudo first-order. The values of
the reaction order of COCs determined by the Kissinger
method are close to 1, which verify the validity of the
first-order assumption. There is no correlation between
the calculated values for activation energy and the cyclic
structure content of COCs in both methods, but there is
a similar change trend of E, between two different
methods. However, the values of E, in region II calcu-
lated by using the pseudo first-order method are much
higher than those calculated by using the Flynn—Wall-
Ozawa method. The E, in region II is proportional to
the peak temperature of degradation, which indicates
that there is a good correlation between the degradation
temperature and the activation energy for COCs.
Finally, by using the estimated kinetic parameters, the
predicted weight loss versus temperature curves well fit
the experimental data, which supported the validity of
estimated parameters and applicability of the analysis
method used in this work.
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