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Abstract : The thermal decomposition behavior of poly(3-hydroxyoctanoate-co-3-hydroxyundec-10-
enoate)s (PHOUs) and their partially epoxidized products {PHOUESs) have been studied by thermo-
gravimetric analysis and differential scanning calorimetry. The thermograms of partially epoxidized
PHOUs showed three-step degradation, while that of PHOU exhibits one-step degradation. The higher
thermal stability of PHOUEs might be due to the crosslinking reactions caused by pendant epoxide
groups in the copolymer during the degradation process. Crosslinking reactions were confirmed by the
exothermic peak on DSC thermogram. From the isothermal study at 250°C, the residual weight
appears to be directly correlated with the amount of epoxide groups introduced into PHOUs.

Introduction

Poly(3-hydroxyalkanoate)s (PHAs)
optically active and biodegradable polyesters
produced as an intracellular polymer by a large
variety of micro-organisms. Among them, poly(3-
hydroxybutyrate) (PHB) and poly(3-hydroxy-
butyrate-co-3-hydroxyvalerate) (P(3HB-co-3HV))
are currently made using a large scale fermenta-
tion process by the Zeneca Bio Products and are
sold under the trade name “Biopol .

Many researches on the thermal stability of
PHB have been conducted because its thermal
stability is one of the fundamental properties
determining processing and application. It is well
known that high temperature treatments such as
melt processing may influence the physical
properties of PHB due to thermal degradation.
Until now, it is widely believed that this degrada-
tion of PHB occurs almost exclusively via a non-
radical, {B-elimination)
mechanism involving a six-membered ring transi-
tion state as shown below:

As pioneer works, Grassie et a suggested
that random chain scission is the main degradation
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mechanism in PHB resulting in a decrease of
molecular weight. Evolution of volatile products is
observed only when extensive chain breakdown
yields oligomeric products. The process is becom-
ing significant at temperature well above 200 °C
irrespective of the nature of atmosphere (N, air,
vacuum). The molecular weight decrease of PHB
also occurs even at temperature close to its melting
point 180 °C in a few minutes.*

Accordingly, many attempts®® to increase the
melt stability of PHB have been done by the
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Figure 1. Epoxidation reaction of PHOU(6/94) with m-
chloroperbenzoic acid.

examination of the properties of its blends with
various organic or inorganic compounds. However,
unsatisfactory results have been obtained till now:
most additives accelerate PHB decomposition
while their stabilizing effects are rather weak.

In the present study, poly{3-hydroxyoctanoate-
co-3-hydroxyundec-10-enocate)s (PHOUs) were
produced from various mixtures of sodium oc-
tanoate and 10-undecenoic acid using microor-
ganism Pseudomonas oleovorans. PHOUs were
partially epoxidized with m-chloroperbenzoic acid
{(MCPBA) as shown in Figure 1.”* The effect
of epoxide groups on the thermal degradation
of partially epoxidized PHOUs (PHOUEs) has
been investigated by thermogravimetric analysis

(TGA) and differential scanning calorimetry
(DSC).
Experimental

Materials. PHOU samples were produced by

the fermentation as described in previous papers.”®

Partially epoxidized PHOU samples were
prepared by reaction with MCPBA for various
periods to produce differently epoxidized
products. The results were included in Table 1.

Polymer Characterization. All molecular
weight data were obtained by gel permeation
chromatography in THF using a solvent delivery
system with a WYATT/OPTILAB 903 differential
refractometer detector and three Polymer Labs
PL 5 wm gel mixed column. A 1 mL/min THF
flow rate was used. Molecular weights reported
are based on polystyrene standards. 'H-NMR
spectra were obtained on either a Bruker AC-200
or a Bruker DPX-300 NMR spectrometer.
Chloroform-d solutions of the polymer of 10 mg/
mL were used and the spectra were run using an
angle of 90°, a pulse width of 4.3 us, and a delay
time of 5s, and the peaks were referenced to
tetramethylsilane.

Thermal Analysis. Differential scanning
calorimetry was conducted using a Simultaneous
Thermal (Rheometric  Scientific Co.).
The temperature scale of the instrument was
calibrated with indium. Samples were tested from
30°C to 600°C in a nitrogen atmosphere at a
heating of 10°C/min. Thermogravimetric analysis
was conducted using TA 2950
(DuPont Co.) or Simultaneous Thermal Analyzer
(Rheometric Scientific Co.). TGA was conducted
in a nitrogen atmosphere from 30°C to 600°C at
a heating rate of 10°C/min, and both maximum
and onset degradation temperatures are reported.
Isothermal analysis was conducted at 200, 225,
and 250°C for 1 hour.

Analyzer

Instruments

Table 1. Epoxidation and Characterization Results of PHOU(6/94) Sample

Polymers MCPBA® (eq)  Epoxidation Time (h) Epoxidation Yield’ (%) U Content® (mol%) E Content’ (mol%}
PHOU - - - 94 -
PHOUE-1 1.3 0.5 61 37 57
PHOUE-2 1.3 1.0 76 23 71
PHOUE-3 1.3 2.0 85 14 80
PHOUE-4 1.3 6.0 94 6 88
PHOUE-5 1.3 12.0 100 - 94

“Based on unsaturated groups in PHOU sample.
*Determined by 'H-NMR.
‘Unsaturated group content.
d .
Epoxide group content.
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Results and Discussion

Epoxidation of PHOU(6/94). Epoxidation
reactions were carried out with MCPBA because it
is readily available, stable in solution at moderated
temperature for prolonged periods, and reacts
under mild conditions. As a result of the latter,
the epoxidation of the unsaturated units in
PHOU(6/94) could be carried out quantitatively
without side reactions in chloroform. For this
study the PHOU sample with unsaturated U unit
content of 94 mol% was dissolved in chloroform
at a concentration of 5 wt% and reacted with 1.3
equivalent, eq., (based on the U unit content) of
MCPBA at 20°C for a period of from 30 min to
12 hours depending on the epoxidation vyield
desired. The results are listed in Table I. The
PHOUE samples with different epoxide group
contents from 57 to 94 mol% could be prepared
as confirmed by 'H- and “C-NMR analysis.

Figure 2 shows 'H-NMR spectra of the PHOU(6/.

94) and the PHOUE copolymer with epoxide
group content of 57 mole% (epoxidation vield:

[ 1) 56 51 “ g 0 3 31 28 74 0 18 12 o8
(o)

(b)
Figure 2. 'H-NMR spectra of (a) PHOU and (b) partially
epoxidized PHOUE (epoxidation yield: 61%).
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61%). As shown in these spectra, the proton
signals for the vinyl groups(peak g and h) of
unsaturated units decreased after a partial
epoxidation, while the proton signals for epoxide
groups(peak j and k) appeared.

Thermal Stability of Partially Epoxidized
PHOUs. In a previous paper,” it was reported
that thermal degradation of the PHOU
copolymers follows the random chain scission
degradation pathways. In order to investigate the
effect of epoxidation vyields on the - thermal
stability of partially epoxidized PHOUE samples,
differential scanning calorimetry, DSC, and
thermogravimetric analysis, TGA, were employed.
Figure 3(b)-(d) shows TGA thermograms of
PHOUEs with different epoxide group content.
The thermal decomposition pattern of PHOUE
samples which contain the epoxide contents of 57,
75, and 86 mole%, respectively, followed a
considerably different pattern from that of PHOU
(6/94) in Figure 3(a). As the epoxide content of
PHOUE samples increases, their thermal stability
increases. The onset temperatures of thermal
decomposition of PHOUESs, as measured by the
intersection of base line with a tangent to the
weight loss curve, had similar values as that of
PHOU(6/94) reported. But the degradation
pattern for PHOUEs contained three separate
degradation stages with three maximum rate
peaks as will be shown clearly from the corres-
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Figure 3. TGA thermograms of PHOU and PHOUE sam-
ples with different epoxide group content: {a) 0 mole%, (b)
57 mole%, (c} 75 mole%, and (d) 86 mole%.
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ponding DTG curves. Figure 4 shows DTG
thermograms of PHOUEs with different epoxide
group content. As the epoxide content of PHOUE
samples increases, the late two decomposition
peaks become remarkable with decrease of
original first peak. Especially, the peak area at
about 390°C increases remarkably with the
epoxide content of PHOUE samples. The late
two decomposion peaks, which are obtained only
for PHOUE samples, at about 390°C and 455°C
on DTG curves may be caused by thermal cross-
linking reaction during the degradation process.

In order to investigate the thermal crosslinking
reaction during degradation process, DSC
analysis was conducted up to 600°C. Figure 5
shows a typical DSC thermogram for the original
PHOU(6/94). The DSC thermogram of PHOU(6/
94) sample shows one endothermic decomposi-
tion peak at 299 °C, indicating one step random
chain scission reaction. But the DSC thermo-
grams of PHOUE in Figure 6(a) were somewhat
complicated by overlapping between two endo-
thermic peak (at about 290°C and 390°C) and
one broad exothermic peak, which occurred in
the middle temperature range of the two. As the
epoxide content of PHOUE samples further
increases, the higher endothermic peak on DSC
thermograms has a doublelet shape with peak
temperatures at around 410 and 450°C as
shown in Figure 6(b)-(d). Therefore, the exother-

mic peak, following the lower endothermic
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Figure 4. DTG thermograms of PHOU and PHOUE sam-

ples with different epoxide group content: {a) 0 mole%, (b)
57 mole%, (c) 75 mole%, and (d) 86 mole%.
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Figure 5. A DSC thermogram of a PHOU sample.

decomposition peak, can easily be ascribed to
thermal crosslinking (or condensation) of
introduced epoxide group with fragments{chain
ends of these fragments were expected to be
vinyl or carboxyl as mentioned above), which are
formed by the random chain scission reaction of
PHOUE samples during the decomposition
process. Grassie et al’® reported that the
condensation which occurs in the initial stages of
the degradation of PHB is associated with the
reaction of terminal hydroxyl end groups in the
polymer chain and carboxyl groups formed by
chain scission, even though the extent of reaction
is limited due to a lower hydroxyl end group
content. Condensation reactions of this type
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Figure 6. DSC thermograms of PHOUE samples with dif-

ferent epoxide group content: (a) 57 mole%, (b) 71 mole%,
{c) 86 mole%, and (d) 94 mole%.
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during the thermal degradation of polymers have
been reported previously to occur in hydroxy
terminated siloxanes'>"* and nylons."”

Therefore, the following two type reactions can
be proposed for the crosslinking reactions occurred
during the degradation process of PHOUEs.

Equation (1) represents the ester linkage for-
mation of epoxide groups with terminal carboxyl
groups formed as a result of thermal degradation,
and equation (2) the ether linkage formation of

OH
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epoxide groups with hydroxyl groups, which are
formed when the epoxide groups react with
terminal carboxyl groups. The temperature range
above 300°C seems to be high enough to occur
these reactions without catalyst. It is, therefore,
proposed that the peaks at about 390 °C and 455
°C on DTG thermograms may be due to the
degradation of newly formed ester and ether
linkages.

Figure 7 shows isothermal degradation results
obtained at 250°C for PHOU and PHOUESs. The
PHOU sample was almost degraded and volatili-
zed in 10 min at 250°C as shown in Figure 7(a),
while the residual weight of PHOUEs,
isothermal degradation for 1h, approximately
corresponds to epoxide contents in the copolymer
as shown in Figure 7(b)-(e). The relationship of
epoxide group content in PHOUEs with the
residual weight after isothermal study at 250 °C is
plotted in Figure 8. The residual weight appears
to be directly associated with the amount of
epoxide groups in PHOUE, indicating that most
of epoxide groups participated in thermal
crosslinking reactions reacted most likely with
carboxyl groups formed during degradation as
discussed above.

The samples of PHOUEs after the isothermal
study at 250°C were not soluble and were only
slightly swellable in chloroform, THF, acetone and

after
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Figure 7. Isothermal TGA thermograms of PHOU and
PHOUE samples with different epoxide group content: {a) 0
mole%, {b) 57 mole%, (c) 71 mole%, (d) 80 mole%., and (e)
86 mole%.
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Figure 8. Residual weight as a function of epoxide group
content (mole%) in PHOUE after isothermal degradation at
250 °C for 1 hour.

methylene chloride. The change of solubility after
isothermal degradation may be a result from the
crosslinking reactions by pendant epoxide groups
in the copolymer during degradation process.

Conclusions

The PHOUs with unsaturated side chains
decompose by one step process, according to the
well known chain scission mechanism of PHB.
The thermal stability of PHOUEs increased by
the presence of epoxide group compared with
that of PHOU. In addtion, the thermal decom-
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position pattern of PHOUESs is more complicated
than that of PHOU. This increased and
complicated degradation pattern of PHOUEs
may be due to the thermal crosslinking reaction
(esterification and etherification), in which the
epoxide group reacted with carboxyl ends of
fragments or with hydroxyl ends formed in the
former reaction. From isothermal degradation
study, it is confirmed that the residual weight is
directly correlated with the amount of epoxide
groups in PHOUEs. Therefore, It can be deduced
that most, if not all, of epoxide groups
participated in thermal crosslinking reactions.
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