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Abstract Poly(cyclohexene carbonate) (PCHC) is an
alternative copolymer of carbon dioxide and cyclohexene
oxide. Severe thermal decomposition occurs during melt
processing of PCHC, thus, it is important to find the
reason for thermal decomposition and raise its thermal
stability. In this report, as-polymerized PCHC was
obtained under Y(CCl3;COO);-ZnEt,-glycerin rare earth
coordination ternary catalyst. The pyrolysis gas chroma-
tography with mass spectrometry analysis disclosed that
chain unzipping depolymerization dominated the thermal
decomposition process. The residue metal (mainly ZnO in
this catalyst system) was important in PCHC degradation,
and the onset decomposition temperature of PCHC
containing 5 ppm zinc was 56 °C higher than that of
PCHC containing 4,400 ppm Zn, corresponding to
apparent activation energy change from 190 KJ/mol to
146 KJ/mol. When PCHC was subjected to melt process-
ing, its average molecular weight decreased more rapidly,
as it contained more catalyst residue, indicating metal
residue in PCHC could accelerate the decomposition
process, and removing the metal residue should be
effective in raising its thermal stability.

Keywords Poly(cyclohexene carbonate) - Thermal
stability - Unzipping degradation - Catalyst residue

G. Li- Y. Qin* X. Wang (X)) - X. Zhao * F. Wang

Key Laboratory of Polymer Ecomaterials, Changchun Institute of
Applied Chemistry, Chinese Academy of Sciences,

Changchun 130022, People’s Republic of China

e-mail: xhwang@ciac.jl.cn

G. Li
Graduate School of Chinese Academy of Sciences,
Beijing 100039, People’s Republic of China

Introduction

Since the pioneering work of Inoue in 1969 [1, 2],
aliphatic polycarbonate from alternating copolymerization
of carbon dioxide and epoxides has become promising
biodegradable plastics, not only for its fixation of CO,,
but also for its potential application as a biodegradable
material. Till now much progress has been achieved,
especially in highly active and selective catalyst systems
[1, 3—12]. One of the progresses is the commercialization
of high molecular weight poly(propylene carbonate)
(PPC) from CO, and propylene oxide by rare earth
coordination ternary catalyst [6, 13, 14]. Although PPC
has shown important applications in biodegradable food
and medical packaging, the dimension stability of PPC at
temperatures above 40 °C is still not satisfactory, since it
is an amorphous polymer with low glass transition
temperature (T, of Ca. 35 °C). As shown in Scheme 1,
poly(cyclohexene carbonate) (PCHC) is an alternative
copolymer from cyclohexene oxide and CO,, it has T, of
over 115 °C approaching that of bisphenol-A polycarbon-
ate (150 °C), which has good dimension stability at
temperatures above 100 °C. As a new biodegradable
polymer suitable for high-temperature application and as a
promising alternative to engineering resins, PCHC may
provide a solution to the poor dimension stability of PPC.
This may help PCHC become the most important CO,
copolymer next to PPC. However, PCHC degrades
severely during melt processing, leading to great deterio-
ration in mechanical performance. To improve the thermal
stability of PCHC, factors influencing the thermal degra-
dation of PCHC must be understood and an effective way
to improve its thermal stability must be determined.

Two thermal degradation mechanisms have been
proposed for PPC, namely, chain unzipping degradation
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Scheme 1 Chemical structure of PCHC

and chain random scission [15, 16]. The chain-unzipping
degradation due to the backbiting of terminal hydroxyl
group on carbonate carbon produces cyclic carbonate,
which can be significantly depressed by end-capping
[17-19]. However, since the chain random scission
occurs through decarboxylation, a new hydroxyl end
group can be produced, accompanied by a chain unzip-
ping degradation. Therefore, for end-capped PPC, al-
though the first degradation is restricted to chain random
scission, the chain-unzipping reaction exists after chain
scission.

Traces of transition metal ions often behave as degrada-
tion catalysts in polymeric materials with or without
oxygen. Despite investigations on the thermal properties
of PCHC [20, 21], few results are available on the influence
of the metal residue on the thermal stability of PCHC [22].
Our results indicate that metal residue on a 15,000 ppm
scale exists in the as-polymerized PCHC due to catalyst
transformation during post-polymerization treatment, which
may influence thermal behavior. Furthermore, this paper
will investigate the thermal degradation behavior of PCHC
using pyrolysis gas chromatography with mass spectrome-
try (Py-GC/MS), focusing on the effects of metal residue
amount on its decomposition kinetics parameters based on
thermogravimetric analysis (TGA) data. This paper also
attempts to provide a method to improve the thermal
stability of PCHC.

Experiment
Materials
Cyclohexene oxide (CHO) and 1,3-dioxane were refluxed

over calcium hydride for 20 h and distilled prior to use.
Glycerol was distilled under reduced pressure prior to

use. Yttrium trichloroacetate, (Y(CCl;COO);), was syn-
thesized according to literature [23] and heated in vacuum
at 80 °C for 48 h before use. Diethyl zinc (ZnEt,)
synthesized according to literature [24] was in purity of
97% and used directly. The rare earth metal coordination
ternary catalyst was prepared according to literature [25].
Commercial CO, (99.99% purity) was used without
further purification.

Preparation of PCHC with different zinc (Zn) contents

Copolymerization reaction was performed in a stainless
autoclave equipped with a mechanical stirrer. After the
autoclave was dried in vacuum at 85 °C for 10 h, the rare
earth coordination ternary catalyst was brought into the
reactor followed by the introduction of CHO in 1,3-dioxane
solution. The autoclave was then pressurized with CO, to
4.0 MPa, and heated to a reaction temperature of 80 °C.
The copolymerization reaction last for 8 h, and the reactor
was vented after cooling. The as-polymerized PCHC was
precipitated from the solution by water. To prepare PCHC
with different Zn content, the as-polymerized PCHC was
dissolved in CH,Cl,, and precipitated by a 5% HCI
aqueous solution. It was then washed with distilled water/
ethanol solution until the filtrate became neutral. The
dissolution/precipitation process was repeated several times
to obtain PCHC with different Zn content.

To prepare the PCHC film, the chloroform solution of
PCHC was cast on the surface of a glass Petri dish. After it
was placed at room temperature for 2 days and most of the
solvent evaporated, the film was washed with methanol and
vacuum dried.

Monitoring the degradation of PCHC under melt process

Melt degradation were carried out in a Haake batch
intensive mixer (Haake Rheomix 600, Germany) with a
batch volume of 50 mL. Polymers were melted at 180 °C at
50 r/min screw speed for 5 min. The torque was
continuously monitored during the entire mixing process.

Characterization

The molecular weight of PCHC was measured at 30 °C on a
Waters 2414 gel permeation chromatograph (GPC) system

Table 1 The obtained PCHC

samples with various Zn content Sample Zn content (ppm) M, (Kg/mol) M,, (Kg/mol) Polydispersity
PCHC-0 15,000 48.9 639.7 13.1
PCHC-1 4,400 46.3 274.5 5.9
PCHC-2 120 58.6 379.9 6.5
PCHC-3 5 69.6 347.8 5.0
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Fig. 1 The Py-GC/MS total ion current spectra of PCHC-1 (a, b, ¢) and PCHC-3 (d, e, f) at various pyrolysis temperature
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with a refractive index (RI) detector in polystyrene standard
using CH,Cl, as eluent at a flow rate of 1.0 mLmin .

To measure the Zn content in PCHC, PCHC was
degraded by a 25% ammonia solution, dissolved in 1 mol/
L hydrochloric acid, and then the Zn content was measured
with a PE-Analyst 800 atomic absorption flame emission
spectrophotometer (AA).

TG (TG/DTA) of PCHC film was conducted on Perkin-
Elmer TGA 7 under a constant nitrogen flow (100 ml
minfl), at a heating rate of 5, 10, 15, and 20 °C/min from
room temperature to 450 °C.

Pyrolysis-gas chromatograph/mass spectra (Py-GC/MS)
of PCHC samples were conducted from 40 °C to 400 °C at
a heating rate of 10 °Cmin” ' on a Frontier Lab double-shot
pyrolyzer PY-2020D with a Frontier Lab SS-1010E
selective sampler and a Shimadzu GC/MS-QP5050 chro-
matograph/mass spectrometer. High-purity helium was used

as carrier gas at 50 mlmin .

Results and discussion
Preparation of PCHC samples with different Zn contents

The number average molecular weight (M,) and weight
average molecular weight (M,,) of PCHC with various Zn
(PCHC-n) are listed in Table 1. The M,, M,, and Zn
content of the as-polymerized PCHC (PCHC-0) were
48.9 kg/mol, 639.7 kg/mol, and 15,000 ppm, respectively.
After repeating the dissolution/precipitation procedure
thrice, the Zn content in PCHC was reduced to Ca.
5 ppm. M, increased from 48.9 to 69.6 kg/mol, mainly
due to the removal of oligomer during the dissolution/
precipitation process. The change in My, was complicated,
but a decreasing tendency was observed, and the polydis-
persity decreased from 13.1 to 5.0.

Thermal pyrolysis behavior of PCHC

PCHC-1 and PCHC-3 were selected to investigate the
thermal decomposition behavior using Py-GC/MS, since
the Zn content of PCHC-0 was too high. Figure 1 shows the
Py-GC/MS total ion current spectra of PCHC-1 (a, b, ¢) and
PCHC-3 (e, d, f) at different pyrolysis temperature.

The characteristic peaks in the Py-GC/MS (TIC) spectra
were assigned as follows. The retention time of Ca. 2.5—
3.1 min corresponded to CO,, and that of Ca. 6.9-7.8 min
was from CHO, that of Ca. 10-11 min was from 1,2-
cyclohexanediol, while those from 14 to 15.5 min for
PCHC-3 and 14-18 min for PCHC-1 due to the chain-
unzipping product of CHC. At a lower pyrolysis tempera-
ture of 300 °C, as shown in Fig. la and d, the pyrolysis
spectrum of PCHC-3 had only two sharp peak character-
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Scheme 2 Zn catalyzed unzipping depolymerization of PCHC

istics of CO, and CHC. The pyrolysis spectrum of PCHC-1
was more complicated at around 12—18 min. The intensity
of the CHC peak in the Py-GC spectra of PCHC-1 was
much stronger than that in PCHC-3, indicating that the
latter was more stable than the former, which confirmed
that residue Zn enhanced the unzipping reaction. The
possible unzipping reaction mechanism due to the Zn
catalysis was shown in Scheme 2.

When the pyrolysis temperature increased to 400 °C, in
addition to the increase of peak intensity corresponding to
the unzipping product of CHC, the spectrum became
complicated. The peaks characteristic of CHO and 1,2-
cyclohexanediol appeared, indicating that random chain
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Fig. 2 Effect of catalyst residue on thermal stability of PCHC-0
(curve 1), PCHC-1 (curve 2), and PCHC-3 (curve 3)
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Fig. 3 Kissinger plot of In(p/
T,,°) vs. 1/T,, for PCHC-1 (a)
and PCHC-3 (b)
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scission existed. Correspondingly, the pyrolysis curve at
500 °C was more complicated, and many unexpected
products appeared, indicating that the pyrolysis reaction
became uncontrollable at this temperature.

Kinetics analysis of PCHC degradation

To understand the thermal degradation behavior of PCHC
with various Zn content, weight loss of PCHC at increasing
temperature under N, atmosphere was measured. As shown
in the TG curves in Fig. 2, all curves showed nearly
complete degradation, and the onset decomposition tem-
perature (T4) decreased with increasing Zn content. The Ty
of PCHC-3 with Zn content of 5 ppm was 282 °C, while
that of PCHC-1 was 226 °C. A 56 °C increase was
observed when the Zn content decreased from 4,400 ppm to
5 ppm, indicating that residue Zn (existing as ZnO)
accelerated the thermal degradation of PCHC, which was
consistent with previous work [16].
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Fig. 4 Plots of logp vs. 1,000/T for PCHC-3 at different degradation
conversions using the FWO method
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100077,

(b)

Generally, the kinetic parameters for polymer degrada-
tion could be evaluated by TGA [26-34]. For example, the
apparent activation energy (£,) can be estimated by the
Kissinger method [26], calculating from the slope of a plot

of 1n<T'BZ>Vs. (1/Tyy,) based on Eq. 1:
I - m el Ea
In Lz = In MAR _ (1)
T E, RT,,

where (§ was the heating rate, 7,, was temperature
corresponding to the inflection point of the thermal
oxidative degradation curves as the maximum reaction rate,
A was the pre-exponential factor, «,, was the maximum
conversion, and n was the reaction order.

Figure 3 showed the Kissinger plot of In(B/7},”) vs. 1/T,,,
for PCHC with various Zn content. The activation energy
for the decomposition of the PCHC was estimated accord-
ing to Equation (1). It was 199.9 KJ/mol and 143.9 KJ/mol
for PCHC-3 (Zn content of 5 ppm) and PCHC-1 (Zn
content of 4,400 ppm), respectively.

The apparent activation energy could also be calculated
by the Flynn-Wall-Ozawa (FWO) method, where it can be

Table 2 Activation energy (E,)
and correlation coefficiency (R)
of PCHC-3 by FWO method

A E, (KJ/mol) R

0.05 180.02 0.98814
0.1 192.69 0.9859

0.2 195.04 0.99103
0.3 191.93 0.99453
0.4 190.96 0.9962

0.5 189.57 0.99746
0.6 188.46 0.99768
0.7 189.50 0.99736
0.8 182.16 0.99857
0.9 174.48 0.99901
0.95 170.20 0.99924

@ Springer



1182

EzzzZ1 before processing

600 - I after processing

—

Mw (Kg/mol)
3

[y
]
(=]

o
=]

0
No.

.l

G. Li et al.
1 I &z before processing
12 _E % I after processing
10 /
8l
=
§ i
Z 6
= | ;
4
2l
0 .
0

Fig. 5 Changes in My, and polydispersity of PCHC with various Zn content after melt processing

directly obtained from weight loss versus temperature
curves at different heating rates, according to Eq. 2:

AE, 4
4 _ 2315 — %
g(a)R RT

log = log (2)
where 3, 4, R, and E, were the same as those in Eq. 1, T
was the absolute temperature, and g(a) was the integral
function of conversion.

The activation energy at different conversion can be
calculated from the plot of Inf3 against 1,000/T as shown in
Fig. 4. The nearly parallel fitted straight lines indicated the
suitability of this method to the entire degradation process.
From the slopes of the set of fitted straight lines, the
apparent activation energies for PCHC-3 at different
conversion were shown in Table 2, and a mean value of
185.9 KJ/mol was obtained. The same method was used to
acquire the apparent activation energy of PCHC-1. The
mean value was 146.6 KJ/mol, which was comparable with
those obtained using the Kissinger method. The existence
of the Zn compound reduced the apparent activation energy
of PCHC thermal degradation, an increase of Ca. 45 KIJ/
mol was observed between PCHC-1 (Zn content of
4,400 ppm) and PCHC-3 (5 ppm). This was consistent
with early reports on the effects of metal compounds on the
degradation behavior of biodegradable polymers like poly
(lactic acid), poly(hydroxyl butyrate), and poly(e-caprolac-
tone) [35, 36]. Therefore, removing the residue Zn was
effective in improving the thermal stability of PCHC.

To understand the effect of Zn content on the degradation
of PCHC under melt processing conditions, the changes in
molecular weight and polydispersity were measured after melt
processing. Figure 5 showed that the M,, of PCHC generally
decreased, and became more severe with increasing Zn
content in PCHC. For example, after melt processing, the
M,, and polydispersity of PCHC-0 (Zn content of
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15,000 ppm) decreased from 639.7 kg/mol and 13.1 to
314.1 kg/mol and 6.0, respectively, a Ca. 50% decrease was
observed. The M,, and polydispersity of PCHC-1 with Zn
content of 4,400 ppm decreased from 274.5 kg/mol and 5.9
to 87.1 kg/mol and 2.6 before and after melt processing,
respectively, also Ca. 50% decrease existed. For PCHC-3
with Zn content of Ca. 5 ppm, the M,, and polydispersity
decreased from 347.8 kg/mol and 5.0 to 269.6 kg/mol, 3.6
before and after melt processing, respectively. Only a 22%
decrease was observed, again indicating that the Zn
compound accelerated the decomposition process. Further-
more, the samples were analyzed by "H-NMR technique. As
shown in Fig. 6, the signal at 6=3.78 ppm was assigned to -
CH of cyclohexene carbonate, which produced from the
unzipping depolymerization of PCHC. In addition to the new
peak characteristics of cyclohexene carbonate, other peaks in
the "H-NMR spectra were similar to each other before and
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Fig. 6 'H-NMR of PCHC-1 before and after melt processing
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after melt processing, indicating that the backbone structure
of PCHC did not change even though the molecular weight
decrease phenomenon was observed.

Conclusions

The influence of Zn content due to catalyst transformation
on the thermal degradation of PCHC was studied, the
residue Zn compound accelerated thermal degradation of
PCHC. The apparent activation energy for PCHC thermal
degradation obtained from the Kissinger or FWO method
was in good agreement with each other. The apparent
activation energy of PCHC with 4,400 ppm Zn was about
45 KJ/mol lower than that of PCHC with less than 5 ppm
Zn. Removing the Zn compound residue was effective in
improving the thermal stability of PCHC.
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