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Abstract

Thermal degradation of poly(lactic acid) stereocomplex (scPLA) was investigated to clarify
the pyrolysis mechanism. Three scPLA samples with different chain end structures were prepared,
namely, as-polymerized scPLA-ap, precipitated-with-methanol scPLA-pr, and purified metal-free
scPLA-H. From the analyses of thermal degradation kinetics and pyrolyzates of the scPLA samples,
typical degradation mechanisms of these scPLAs were proposed as follows: The pyrolysis of
scPLA-ap proceeds through main unzipping depolymerization caused by Sn-alkoxide chain ends
with apparent E, = 80-100 kJ mol™, showing zero-order weight loss behavior. The pyrolysis of
SCPLA-pr also proceeds via a zero-order weight loss process consisting of main Sn-catalyzed
selective lactide elimination with apparent E, = 100-120 kJ mol™ caused by Sn-carboxylate chain
ends. The pyrolyzates from scPLA-ap and scPLA—pr were predominantly L,L-/D,D-lactides. In the
case of scPLA-H, random degradation is a main process, producing a large amount of meso-lactide
and cyclic oligomers. These degradation mechanisms were nearly the same as those of the
corresponding PLLAS, except that the scPLA-ap pyrolysis started at higher temperature due to the
higher melting point of scPLA.

Keywords: poly lactide / poly (lactic acid) / stereocomplex / thermal degradation / thermal
stability / pyrolysis / Kinetics



1. Introduction

Poly(lactic acid) {poly(lactide), PLA} is one of the best-known bioabsorbable polymers and has
received much interest for its medical and pharmaceutical applications [1-3]. It originates naturally
from renewable resources, and has many good properties, such as biodegradability, mechanical
strength, transparency, and compostability [4-6]. These properties have recently attracted both
industry and academia, who believe that PLA and its related copolymers can substitute for
commodity resins and take over many of their applications [7].

The optically pure poly(L-lactide) (PLLA) and poly(D-lactide) (PDLA), derived from L,L- and
D,D-lactides, respectively, are crystal polymers having the same melting point at about 175°C [8].
Interestingly, in 1980s, it was found that an equivalent mixture of PLLA and PDLA formed a
stereocomplex (scPLA), which had a higher melting point (245°C) than those of PLLA and PDLA
alone [9,10]. Consequently, the stereocomplex has been extensively studied, especially regarding
new synthetic approaches using a mixture of L,L-lactide and D,D-lactide in a simple and direct
process [11-15]. Such studies, which progress the synthetic chemistry of scPLA, are expected to
greatly extend its applications.

It is well known that PLA belongs to a group of polymers, which, because their repeated
aliphatic ester structure is relatively easy to breakdown, are easy to hydrolyze and have poor thermal
and photo-stability [16-18]. These characteristic properties of PLA are important in determining how
molten scPLA should be processed without causing serious thermal decomposition.

Many studies on the thermal degradation and thermal stability of PLA have been reported.
Factors, which influence the thermal behavior of PLA, include molecular weight and its distribution,
residual and hydrolyzed monomers and oligomers, residual metal catalyst, and moisture, etc.
McNeill and Leiper investigated the degradation of PLA under conditions of both controlled heating
and isothermal heating [19,20]. They reported that the main products in the pyrolysis were cyclic
oligomers, including lactides. They also determined the production of other lower boiling point
products, such as carbon dioxide, acetaldehyde, ketene, and carbon monoxide. In their research, they
employed a 1st-order reaction kinetic equation to calculate the apparent activation energy, E,, as 119
kJ mol™, in the temperature range of 240-270 °C. Kopinke and co-workers reported a multi step
process for PLLA pyrolysis. They found that intra-molecular transesterification was a dominant
degradation pathway, and that pyrolysis behavior was different between pure and Sn-containing
PLLAs [21,22]. Cam et al. reported that some metal compounds, such as Sn, Zn, Al and Fe, had a
great influence on the pyrolysis behavior of PLLA [23]. In 1999, Babanalbandi et al. [24] reported E,
values for PLLA pyrolysis using an isothermal method. They showed that the E, value complexly
changed as 103 * 72 ° 97 kJ mol™ accompanied by a weight loss. Aoyagi et al. also reported a
similar result of a complex change in E, value (90 * 80 * 160 kJ mol™) [25]. They reported that

the pyrolysis of PLLA involved more than two mechanisms. Recently, we have presented one



solution for understanding the complex thermal degradation behavior of PLLA by analyzing the
kinetics and mechanism of the thermal degradation of some PLLAs with a variety of end structures
[26-29]. Consequently, we clarified that various degradation processes occurred each having
individual kinetic parameters. The particular process and parameters depend on the PLLA’S Sn
content and end structure, as well as the temperature of pyrolysis. In explanation we proposed
various types of degradation mechanisms dependant on the Sn content and end-structure, i.e.,
nucleophilic attack by alkoxide anion on carbonyl carbon, Sn-catalyzed selective lactide elimination,
Sn2 reaction on asymmetrical methyne carbon, and random degradation initiated by metal-free chain
ends [27,29].

Despite there being so many reports on PLA pyrolysis, to date we are not aware of any report
on the thermal degradation of scPLA having been published, although its melting properties have
been intensively studied. The high melting point of scPLA has been the focus of many of its
potential applications. The melt-processing of scPLA needs higher temperatures than that of PLLA,
which means that it is important to determine the thermal degradation characteristic of scPLA in
detail in order to control it. In this study, to clarify the thermal degradation behavior of scPLA,
thermogravimetric analysis (TG/DTA) and pyrolysis-gas chromatography/mass spectrometry
(Py-GC/MS) were applied to analyze pyrolyzates. Pyrolysis kinetics was also discussed based on the

TG/DTA results, and a possible degradation mechanism was proposed.

2. Experimental part

2.1. Materials

Monomers, L,L- and D,D-lactides were obtained from Shimadzu Co. Ltd. and PURAC. These
monomers were purified by recrystallization three times from dry toluene and then one time from
dry ethyl acetate. After the purification, in each lactide, no other stereoisomer was detectable by gas
chromatography (GC) measurement. The vacuum dried L,L- and D,D-lactides were stored in an N,
atmosphere before use. A catalyst, tin 2-ethylhexanoate {Sn(Oct),} was obtained from Wako Pure
Chemical Industries, Ltd. and distilled under reduced pressure. Other chemicals and solvents were

purchased from Wako Pure Chemical Industries, Ltd. and used as received.

2.2. Polymerization of L,L- and D,D-lactides

Both PLLA and PDLA were synthesized by ring-opening polymerization of L,L- and
D,D-lactides catalyzed by Sn(Oct), in bulk, respectively. Purified L,L- or D,D-lactide 1.0 g (6.94
mmol) was added into a reaction tube in a glove box under N, atmosphere. A solution of 0.2M
Sn(Oct),/toluene 17.3 pL (3.47 umol) was added by using a micro syringe. The reaction tube was

connected to a vacuum line and the toluene was evaporated for 48 h at ambient temperature in vacuo.



After the tube was flame sealed, it was immersed into an oil bath and heated according to a
multi-temperature process (150 °C/0.5 h + 130 °C/5 h + 110 °C/13 h + 90 °C/12 h). After the
polymerization, white solid as-polymerized PLA (PLLA-ap or PDLA-ap) was obtained. According
to 'H-NMR analysis, both the polymerization of L,L- and D,D-lactides proceeded with ~100 %
conversion.

A part of the as-polymerized PLA was dissolved in chloroform and precipitated with 10-fold
of methanol to prepare a precipitated PLA (PLLA-pr or PDLA-pr) in about 95 % yield. Further, a
part of the precipitated PLA was dissolved in chloroform, then residual Sn compounds in the PLA
were extracted with 1M HCI aqueous solution three times, after which the chloroform solution was
washed with distilled water until the aqueous phase became totally neutral. Finally, the polymer was
precipitated with methanol to prepare the purified PLA (PLLA-H or PDLA-H) in about an 80 %
yield.

2.3. Preparation of PLLA/PDLA stereocomplex (scPLA) film

For preparing scPLA film samples, equal amounts of PLLA and PDLA were dissolved in
chloroform (0.05 g each in 5 mL CHCI3) and then cast on a glass Petri dish surface. After
evaporation of the solvent, formed film was washed by methanol and then vacuum dried to obtain an
SCPLA film sample (scPLA-ap, scPLA-pr, or scPLA-H).

2.4. Dynamic pyrolysis

Thermogravimetric analysis (TG/DTA) of scPLA film samples was conducted on a Seiko
Instruments Inc. EXSTAR 6200 TG system in aluminum pans under a constant nitrogen flow (100
mL min™) using about 5 mg of scPLA film sample. For each sample, prescribed heating rates, ¢, of 1,
3,5, 7, and 9 K min™ were applied from room temperature to 400°C. The pyrolysis data were
collected at regular intervals (about 20 times K™) by an EXSTAR 6000 data platform, and recorded

into an analytical computer system.

2.5. Isothermal pyrolysis of scPLA in glass tube oven

About 50 mg of scPLA-ap sample was put into a Shibata GTO-350D glass tube oven. After air
was substituted by nitrogen in the chamber of the oven, the oven was heated rapidly to 250°C and
then kept at this temperature for 2h. The distilled components were collected and analyzed by gas

chromatography (GC).

2.6. Measurements
'H-NMR spectra were recorded on a Varian INOVA400 NMR spectrometer operating at 400

MHz for a proton investigation in chloroform-d solution with tetramethylsilane as the internal



standard.

The gas chromatography (GC) measurements were recorded on a Shimadzu GC-9A gas
chromatograph with a Varian cyclodextrine-? -236M-19 capillary column (0.25 mm x 50 m) using
helium as a carrier gas. The column and injector were set isothermally at 150 and 220 °C,
respectively. The sample (3 mg) was dissolved in acetone (1 mL) and a 1 pL aliquot of the solution
was injected. The peaks for meso-, L,L-, and D,D-lactides were identified by comparison with pure
substance peaks.

Differential scanning calorimetry (DSC) measurements were carried out under a nitrogen flow
of 20 mL min™ using a SEIKO Instruments Inc. EXSTAR6000-DSC6200 calibrated with indium.
The film samples (2-3 mg) were encapsulated in aluminum pans and heated from 30 to 250 °C at a
heating rate of 10 °C min™. The first, second, and third scans were recorded in all cases. The melting
temperature (Ty,) was taken at the peak point.

Gel permeation chromatography (GPC) was measured on a TOSOH HLC-8220 GPC system
at 40°C using TOSOH TSKgel Super HM-H column and chloroform eluent (0.6 mL min™). Low
polydispersity polystyrene standards with M, from 5.0x10? to 1.11x10° were used for calibration.
The PLLA or PDLA sample (12 mg) was dissolved in chloroform (2 mL) before filtering the
solution through a 0.5 um membrane filter.

The Sn content in scPLA samples was measured with a Shimadzu ICPS-8000 interactively
coupled plasma spectrometer (ICP). The sample was degraded by a 25 % ammonia solution, diluted
with 1M-HCI, and then measured.

Pyrolysis-gas chromatograph/mass spectra (Py-GC/MS) were recorded on a Frontier Lab
double-shot pyrolyzer PY-2020D with a Frontier Lab SS-1010E selective sampler connected to a
Shimadzu GCMS-QP5050 chromatograph/mass spectrometer. High purity helium was used as
carrier gas at 50 mL min™. The volatile products were analyzed with an Ultra Alloy*-5 capillary
column (30 m x 0.25 mm i.d.; film thickness, 0.25 um). The film sample was put in the pyrolyzer
and heated from 60 °C to a prescribed temperature at a heating rate of 10 °C min™. The volatile
pyrolysis products were introduced into the GC through the selective sampler. The temperature of
the column oven was first set at 40°C. After the pyrolysis process had finished, the column was
heated according to the following program: 40 °C for 1 min; 40-120 °C at 5 °C min™*; 120-320 °C at
20 °C min™; 320 °C for 13 min. Mass spectrum measurements were recorded 2 times s™ during this

period.

Results and discussion
3.1. Preparation of PLA stereocomplex
Original PLLA and PDLA were synthesized through the ring-opening polymerization of L,L-

and D,D-lactides, respectively, using tin 2-ethylhexanoate {Sn(Oct),} as a catalyst in bulk. In this



equilibrium polymerization system [30], a solid phase polymerization was employed for a long time
(13 h/110 °C + 12 h/90 °C) to minimize the presence of residual lactide in the product [31]. From
'H-NMR and GPC analyses of as-polymerized PLAs (PLLA-ap and PDLA-ap), no residual lactide
was detected in each PLA. According to Kowalski et al. [32], it is assumed that Sn atoms in the
as-polymerized PLAs bond through alkoxide groups to polymer chain ends to form “PLA-O-Sn”.
The as-polymerized PLAs were dissolved in chloroform and precipitated with excess methanol to
prepare precipitated PLAs (PLLA-pr and PDLA-pr). During the precipitation process, the end
structure “PLA-O-Sn” will change into “PLA-OH” by a reaction with excess methanol [33].
According to the previous reports [23,34,35], Sn atoms in PLA are not removable from the polymer
matrix even through a repeated precipitation process. It is considered that after the precipitation
process Sn atoms in the precipitated PLAs must be bonded to polymer chain ends in the form of a
salt, “HO-PLA-COO" Sn®*X™. Further, to prepare the metal free polymer “HO-PLA-COOH”, the
precipitated PLAs were treated by a liquid-liquid extraction method with 1M HCI [22,23,26],
resulting in the formation of purified PLAs (PLLA-H and PDLA-H).

Characteristics of the three sets of PLAs are listed in Table 1. All PLAs had nearly the same
molecular weight of M, 118,000-128,000 and M,, 207,000-220,000. From DSC analysis, observed
high T, values (178-179 °C) of PLLA-H and PDLA-H indicate the sufficient optical purity of the
PLAs.

Table 1. PLA and scPLA samples

PLAs SCPLAS
Sample description Tm Tm AH  Sncontent
¢S My My (G (g  (ppm)
. PDLA-ap 124,000 212,000
As-polymerized PLLA-ap 118000 209,000 SscPLA-ap 236.6 58.2 286
- . PDLA-pr 124,000 210,000
Precipitated with methanol PLLA-pr 120,000 211,000 SCPLA-pr 237.2 64.7 266
Purified with 1M HCI aqg. PDLA-H 1795 126,000 ~ 220,000 SCPLA-H 236.9 56.9 <10

PLLA-H 178.7 128,000 207,000

To prepare the stereo complex samples, each set of PLAs with equal amounts of
corresponding PLLA and PDLA was dissolved in chloroform and then cast on the glass surface.
Evaporation of the solvent gave transparent scPLA film samples (Table 1). Tin contents of scPLAS
were measured with ICP, and found to be scPLA-ap, 286 ppm; scPLA-pr, 266 ppm; and scPLA-H,
<10 ppm. This last value indicates that the amount of Sn in scPLA-H was below the lower limit of
detection under the experimental conditions. As is well known, scPLAs have different thermal
properties from the original PLAs as shown in Table 1. Representative DSC spectra of sScPLA-H film
are illustrated in Figure 1. As-cast scPLA film showed a higher T, value, at about 240 °C in first
scan, than those of PLLA-H and PDLA-H. After the melting, the sample was quenched at —74 °C by



dry ice/methanol, and then given a second scan. A DSC spectrum of the second scan showed a clear
T transition point at 56 °C, a crystallization peak at 120~140°C, followed by two melting peaks at
around 175°C and 230°C. A third scan was carried out after the second scanned sample had been left
standing to cool, which showed similar T, peaks to the second scan, but no crystallization peak was
detected. According to the previous reports [9,11], the as-cast ScCPLA films must be mainly composed
of typical stereocomplex crystal having T, at about 240°C. On the other hand, the crystallized
scPLAs in molten state had two kinds of crystal regions, i.e., homochiral crystals and stereocomplex

crystal regions. In this paper, the as-cast scPLA films were used for the following studies.
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Figure 1. DSC curves of scPLA-H at a heating rate of 10 K min™ under N, flow of 20 ml
min™. First scan: as-casting film; second scan: quenched sample after first scan; third scan:

normally cooled sample after second scan.

The three as-cast scPLA films had nearly equal Tp,, and ’H values, but different Sn content
values (Table 1). According to the previous report on the effect of residual Sn atoms in PLLA
pyrolysis [28], the Sn content values of scPLA-ap (286 ppm) and scPLA-pr (266 ppm) samples are
regarded as having nearly equal values. Thus, differences in the thermal degradation behavior among
the three scPLA samples must reflect the differences in the polymer chain end structures,
“scPLA-0-Sn”, “HO-scPLA-COO™ Sn?*X ™, and “HO-scPLA-COOH”, without any need to consider

the influences of molecular weight and crystal structure.

3.2. Thermogravimetric analysis (TG) of ScCPLAs

Thermogravimetric analysis (TG) is an effective approach for evaluating the thermal
properties of polymer materials. To analyze the thermal degradation behavior of scPLA samples, a
dynamic thermal degradation procedure was conducted with TG/DTA in nitrogen flow. Typical
weight loss profiles of scPLA samples at ¢ = 5 K min™ are shown in Figure 2, compared to the
profiles of corresponding PLLA and PDLA samples.
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Figure 2. Thermogravimetric curves of (a) a set of PLLAs, (b) PDLAS, and (c) scPLAs at a

heating rate of 5 K min™ under N, flow of 100 ml min™.

Results in Figure 2(a) were nearly the same as previously reported TG profiles of a set of
PLLA samples (M, 217,000-266,000; M,, 429,000-451,000; Sn content, 1,006 (ap), 689 (pr), 23 ppm
(H)) [29]. These indicate that the thermal degradation behavior of PLLA samples can be readily
reproduced. The TG profiles of a set of PDLA samples (Figure 2(b)), which were first shown in this
study, completely agreed with the profiles of corresponding PLLA samples. This means that both
homopolymers degrade in the same manner under the same conditions without being influenced by
optical isomerism.

In the cases of scPLA samples, each sample showed an individual TG curve in a different
temperature range (Figure 2(c)). The weight loss of scPLA-ap started at around 220 °C and finished
at around 290 °C. The weight loss of scPLA-pr started at a higher temperature of around 260 °C and
rapidly proceeded to completion at around 320° C. In the case of scPLA-H, the degradation occurred

in the highest temperature range, starting at around 260 °C and finishing at around 380 °C. The



differences in thermal degradation behavior among these scPLA samples are obvious, i.e., SCPLA-ap
and scPLA-pr degraded in a narrow temperature range of about 60-70 °C, whereas the pyrolysis of
SCPLA-H continued to degrade through a wide temperature range of 120 °C. The individual TG
profile of each scPLA sample must be ascribed to a characteristic degradation mechanism occurring
in a particular temperature range, rather than a simple downward shift of the degradation
temperature range with the Sn content, since both scPLA-ap and scPLA-pr have almost the same Sn
content. Thus, these characteristic degradation behaviors should be due to the different chain end
structures, which must initiate different degradation reactions.

Comparing the TG profiles of scPLAs with those of PLLAs and PDLAs showed the profiles
of scPLA-pr and scPLA-H to be nearly same as those of corresponding PLLA and PDLA samples. In
contrast, the profile of scPLA-ap showed a shift to a temperature range higher than those of
PLLA-ap and PDLA-ap, especially for temperature ranges where the starting temperature was higher
than 40°C. The major reason for this difference is the higher melting point of scPLA compared to
those of PLLA and PDLA. In Figure 3, DTA profiles of scPLA-ap and PLLA-ap are illustrated along
with the TG profiles. The T, peaks of scPLA-ap and PLLA-ap were observed at around 240 °C and
180 °C, respectively, which corresponded to the starting points of the weight loss in TG profiles.
Thus, these results mean that the thermal degradation of scPLA starts at a temperature above its T,
even in the presence of Sn compound as a degradation catalyst. Obviously, the thermal degradation
of PLAs was affected by the T, of the crystal, because of the restricted mobility of molecular chains

in the crystals.
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Figure 3. TG/DTA curves of scPLA-ap and PLLA-ap pyrolysis at a heating rate of 5 K min™
under N, flow of 100 ml min™.



3.3. Activation energy of scPLA pyrolysis

The apparent activation energy, E,, of the thermal degradation of scPLAs was estimated from
the weight loss data according to a previously published method [36-39]. The TG measurement was
carried out at various heating rates ¢ of 1~9 K min, and then the E. values were calculated with
plural methods [36,37,40]. Figure 4 shows the E, values at different fractional weights, w, during the
pyrolysis of scPLA-ap, scPLA-pr, and scPLA-H. Each sample exhibits a characteristic E, curve. The
E. value of scPLA-ap decreased gradually from 100 to 80 kJ mol™ with w. This change in E, value
closely followed the E, curve of PLLA-ap pyrolysis obtained in our previous study [29]. Wachsen et
al. also reported a similar E, value of 92 kJ mol™ for the pyrolysis of as-polymerized PLLA
catalyzed by Sn(Oct),, though they calculated the E, value from the change in molecular weight,
regarding it as a random decomposition reaction [41]. In the case of scPLA-pr, which had a similar
Sn content with that of scPLA-ap, the E, value decreased from 120 to 100 kJ mol™, keeping about 20
kJ mol™ higher than that of scPLA-ap. This result is comparable with E, H120 kJ mol™ of PLLA-pr
samples containing 169-607 ppm of Sn atom in the previous report [28]. Obviously, the gap in E,
value between scPLA-ap and scPLA-pr pyrolysis is significant, and corresponds to the gap in the
degradation temperature range. This must reflect any differences that exist in the pyrolysis
mechanism of each sample. The E, value of scPLA-H, which started at about 125 kJ mol ™ and rose
up to 180 kJ mol™ as the degradation progressed, agrees with the previously reported values for
purified PLLA-H [26,28]. These results indicate that the scPLA degrade through a similar reaction

route to those of the corresponding PLLA.
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Figure 4. Apparent activation energy, E,, values of scPLA-ap, scPLA-pr, and scPLA-H
pyrolysis.

3.4. Kinetics of scPLA pyrolysis
The thermal degradation Kinetics of scPLA samples was studied by several analytical
approaches [38,42,43]. Integration analysis plots of TG data of scPLA-ap (5 K min™) and model

reactions are shown in Figure 5, in which activation energy value E, = 90 kJ mol™ and
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pre-exponential value A = 1.0 x 10° s™ were employed. In this Figure, 8 = (E./¢R)p(y) is defined as
the reduced time [38], where R is the molar gas constant and function p(y) is tabulated by Doyle [40].
After a slow weight loss process in the initial period, the experimental data plot showed an almost
linear relationship between w and A, in parallel to a simulation plot of a zero-order reaction. In a
later period, the experimental data plot curved slightly to the retarding side. As shown in Figure 4,
the E, value gradually changed with w. It is assumed that plural reactions were occurring during the
pyrolysis of scPLA-ap, in which each reaction changed its contribution to the weight loss process
with temperature. Thus, considering the Wachsen’s speculation [18], a minor random degradation
process may occur at the same time as the unzipping depolymerization, contributing to the resulting
zero-order weight loss behavior. In the final stage of the pyrolysis, the experimental data plot
gradually deviated from the simulation plot of the zero-order reaction, suggesting a gradual shift to a

1*“order or random degradation mechanism.
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Figure 5. Plots of experimental (AE,/¢R)p(y) (=A6) vs. w of scPLA-ap pyrolysis at a heating
rate of 5 K min™, and of model reactions (E, = 90 kJ mol™ and A = 1.0 x 10° s™). Model

reactions: zero- (n = 0), 1st- (n = 1), and 2nd-order (n = 2), and random degradations (L = 2-4).

In Figure 6, the experimental data of scPLA-pr pyrolysis (5 K min™) was plotted by the
integral analysis method along with the simulation plots of model reactions with E, = 115 kJ mol™
and A = 1.4 x 10% s Similar to the scPLA-ap pyrolysis, after a slow weight loss process in the
initial period the experimental data plot showed a linear relationship between w and A, in parallel to
the simulation plot of a zero-order reaction. Thus, the main degradation of scPLA-pr was also a
zero-order weight loss process. The initial slow weight loss process may have been caused in part by
a lower mobility of long chain ends remaining in the initial period. Nearly the same result was found
in the pyrolysis of PLLA-pr in our previous study [29]. Though the main degradation process of both
scPLA-ap and scPLA-pr was evaluated as being the same zero-order weight loss process, each

elementary reaction will be different because of the significant gaps in the kinetic parameters and

12



degradation temperature ranges.

1.0

scPLA-pr
0.8 5K I'I'Iil"l-1
0.6
=
0.4

0.2

0.0

0.0 0.5 1.5 2.0

Figure 6. Plots of experimental (AE./¢R)p(y) (=AH) vs. w of scPLA-pr at a heating rate of 5
K min™, together with model reactions (E, = 115 kJ mol™ and A = 1.4 x 10° s™). Model

reactions: zero- (n = 0), 1st- (n = 1), and 2nd-order (n = 2), and random degradations (L = 2-4).
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Figure 7. Plots of log[-log{1-(1-w)“?}] vs. 1/T for thermogravimetric data of sScPLA-H at a
heating rate of 9 K min™, together with model reactions (E, = 178 kJ mol™ and A = 2.0 x 10*

s1). Model reactions: zero- (n = 0), 1st- (n = 1), and 2nd-order (n = 2), and random
degradations (L = 2-4).

The pyrolysis of scPLA-H was analyzed using the improved random degradation analysis
method [43], which traced precisely the degradation routes of purified PLLA pyrolysis [26]. In
Figure 7, the plots of log[-log{1-(1-w)®*}] vs. 1/T for experimental data of sScPLA-H (9 K min™) and
model reactions with kinetic parameters E, = 178 kJ mol™ and A = 2.0 x 10 s™ are illustrated. In
this Figure, the data measured at ¢ = 9 K min™ were used to inspect the degradation path at the main
stage of w < 0.5. This range is large enough to minimize the influence of minor reactions evident at a
lower temperature range. The experimental data plot of scPLA-H closely followed the nth-order

13



reaction plots in the initial stages, and then shifted onto a random degradation simulation plot with L
= 4-5 in the later stages, where L means the least number of repeating units of oligomer not
volatilized [38]. It was exactly the same with the degradation behavior of metal free PLLA-H as
previously reported [26,28].

Therefore, the thermal degradation of each scPLA sample proceeded through characteristic
plural reactions having peculiar Kinetic parameters. Compared with the corresponding PLLA
samples previously reported [29], almost the same thermal degradation behaviors and similar kinetic
parameters were derived, except that the pyrolysis of scPLA-ap started at a temperature about 40 °C

higher than that of PLLA-ap pyrolysis.

3.5. Pyrolyzates from scPLAs

It is well known that the 6-membered cyclic dimers, including meso-lactide, L,L-lactide and
D,D-lactide, are the main ingredients in pyrolyzate of PLA [22,44,45]. Here, the pyrolyzates from the
scPLA samples were analyzed to confirm the effects of the end-structures of scPLAs. Figure 8 shows
Py-GC/MS chromatograms of pyrolyzates from scPLA-ap, scPLA-pr, and scPLA-H in a temperature
range of 60-400 °C at a heating rate of 10 °C min™. All samples showed a main peak at 13.4-13.7
min in retention time. This peak has been confirmed to be L,L-/D,D-lactides by comparing it with
those of the standard substances [26,28]. Evolution of meso-lactide was clearly determined by a peak
at 12.2 min in the chromatograms of scPLA-pr and scPLA-H, but this peak was only slightly visible
in the chromatogram of scPLA-ap. Though the pyrolysis of PLLA-pr hardly formed any
meso-lactide in our previous study [29], a small amount of meso-lactide (9.14 %) was formed in the
pyrolysis of scPLA-pr. This difference between scPLA-pr and PLLA-pr could be attributable to the
presence of PDLA component in scPLA-pr. The chromatogram of PLLA-H showed the formation of
a large amount of meso-lactide (19.99 %) and other cyclic oligomers (32.01 %). A series of peaks
periodically appearing in groups at 23-33 min represent the production of the cyclic oligomers from
trimer to octamer, each of which consisted of a group of diastereoisomers [22,26,28,44].

Composition of L,L- and D,D-lactides in the pyrolyzates from scPLA was determined through
the GC analysis with a capillary column, cyclodextrin-2-236M-19, to split diastereoisomers of the
pyrolyzates. In Figure 9, a GC chromatogram of the pyrolyzates on the isothermal degradation of
scPLA-ap at 250 °C for 2 h in a glass tube oven showed the formation of a nearly equal amount of
L,L- (48.94 %) and D,D-lactides (48.71 %) at 12.4 and 13.1 min, respectively, and a small amount of
meso-lactide (2.35 %). Thus, this means that the main peak at 13.4-13.7 min in Py-GC/MS

chromatograms (Figure 8) is composed of an equal amount of L,L- and D,D-lactides.
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Figure 8. Py-GC/MS (TIC) chromatograms of scPLA-ap, scPLA-pr, and scPLA-H

pyrolyzates in a heating process of 60-400°C at a constant heating rate of 10 K min™ under He

flow of 50 ml min.
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Figure 9. GC chromatogram for volatile pyrolyzates of scPLA-ap at 250 °C for 2 h in a

glass tube oven.

To determine changes in the pyrolyzate composition, the pyrolyzates that had evolved in
different temperature ranges from scPLAs were collected and analyzed with Py-GC/MS. Results of
the composition analysis are illustrated in Figure 10, in which the content of each component was
calculated from the corresponding peak intensity in the Py-GC/MS chromatogram. The pyrolyzates
from scPLA-ap were, other than a small amount of meso-lactide (<5 %), almost all L,L-/D,D-lactides
over the whole degradation range. The meso-lactide formation, after its appearance at 250 °C,
gradually increased with temperature. On the other hand, the pyrolyzates from scPLA-pr were
composed of the dominant L,L-/D,D-lactides and a greater amount of meso-lactide at temperatures
higher than 280 °C. Interestingly, at lower temperatures than 270 °C, no meso-lactide formation was
detected. The result that showed meso-lactide formation occurring at lower temperatures in
scPLA-ap pyrolysis compared to scPLA-pr pyrolysis is similar to the result found in PLLA-ap and
PLLA-pr pyrolysis [29]. It is considered that the meso-lactide formation is related to irregular
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reactions occurring in later stages of the pyrolysis, and that such reactions should occur at higher
temperatures in the case of scPLA-pr pyrolysis than scPLA-ap pyrolysis. The large amount of
meso-lactide formation, compared to that formed in the PLLA pyrolysis, must be caused by some

inter-molecular reactions between PLLA and PDLA chains in the later stage.
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Figure 10. Content ratio of volatile products from scPLA-ap and scPLA-pr pyrolysis in

different temperature ranges.

3.6. Mechanism of scPLA pyrolysis

The Sn-catalyzed polymerization of L,L- or D,D-lactide is a typical equilibrium polymerization
[30,46]. It is considered that the thermal degradation of scPLA-ap proceeds in a similar way to the
depolymerization mechanism in the equilibrium polymerization of L,L-/D,D-lactides (Scheme 1) [33].
Namely, the active end structure of scPLA-ap will be Sn-alkoxide with the alkoxide anion attacking
a carbonyl carbon in a penultimate lactate unit, resulting in the formation of lactide [32,47]. This
nucleophilic attack must occur repeatedly as an unzipping depolymerization to form the 6-membered
cyclic dimer L,L- or D,D-lactide, so preventing the formation of meso-lactide. However, at a lower
level other inter-molecular reactions such as bimolecular transesterification must occur to form some
hetero-sequence units such as L-lactate-D-lactate in newly combined PLLA-PDLA chains, leading to
the formation of a small amount of meso-lactide. Kowalski et al. estimated that the ratio of the rate
constant for the polymerization, k, and bimolecular transesterification, ki, on solution

polymerization of L,L-lactide was 200 at 80 °C [33]. This bimolecular transesterification reaction
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should occur more often at the later stage of pyrolysis, when a greater number of residual chains are
concentrated around a chain end. This will be one reason for the increase in meso-lactide content at
the later stage. Moreover, the observed zero-order weight loss behavior will be the result of a
combination of the main unzipping depolymerization and the minor bimolecular transesterification
reaction (Scheme 1).
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Scheme 1. Unzipping and transesterification reactions on scPLA-ap decomposition

Pyrolysis of scPLA-pr also proceeded mainly through the zero-order weight loss process as
shown in Figure 6. The pyrolyzates were composed of dominant lactides and a small amount of
cyclic oligomers, which were detected at temperatures higher than 300 °C (Figure 9). The
degradation behavior of scPLA-pr was very similar to the PLLA-pr pyrolysis behavior. Thus, the
Sn-catalyzed selective lactide elimination mechanism is expected to be a main mechanism for
SscPLA-pr pyrolysis, which was previously proposed for the PLLA-pr pyrolysis (Scheme 2) [29]. In
this pyrolysis process, bimolecular transesterification reactions are also expected to be occurring on
Sn atoms, because of the considerable formation of meso-lactide at the later stage of the pyrolysis.

Further, similar intra-molecular transesterification should cause the formation of cyclic oligomers as
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shown in Figure 9.
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Scheme 3. Random degradation reactions on scPLA-H decomposition

The pyrolysis of scPLA-H proceeded mainly through the random degradation (L = 4) in the
same way as the purified PLLA-H pyrolysis [26,28,29]. Particularly, the formation of a large amount
of meso-lactide and diastereoisomers of cyclic oligomers in Figure 8 means that the inter-molecular
transesterification often occurred during the scPLA-H pyrolysis. This production of cyclic oligomers,
consisting of diastereoisomers, will be due to the random reactions caused by the hydroxyl and
carboxyl end groups, and the ester-semiacetal tautomerization occurring at temperatures above
300°C (Scheme 3) [22].

Conclusion
To clarify the pyrolysis behavior of PLA stereocomplex (scPLA), the scPLA samples with
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different chain end structures, namely, as-polymerized scPLA-ap, precipitated-with-methanol
SCPLA-pr, and purified metal free scPLA-H, were prepared. The stereocomplex crystal made the
starting temperature of the thermal degradation rise to around Ty, (220 °C). Though the pyrolyzates
from scPLA-ap and scPLA-pr were predominantly L,L-/D,D-lactides, a relatively large amount of
meso-lactide formation was detected in the later stage of pyrolysis compared to those of the
corresponding PLLAS, suggesting inter-molecular transesterification reactions occurred between
PLLA and PDLA chains. From the analyses of dynamic TG data and the pyrolyzates, typical
degradation mechanisms of these scPLAs were proposed as follows: unzipping depolymerization
from Sn-alkoxide chain ends along with minor inter-molecular transesterification reactions,
Sn-catalyzed selective lactide elimination and minor inter-molecular transesterification reactions,
and random degradation (L = 4-5) at higher temperatures for scPLA-ap, scPLA-pr, and scPLA-H,
respectively. These degradation mechanisms were nearly the same as those of the corresponding
PLLA samples.
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