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ABSTRACT: The effect of compressed CO2 treatment on the thermal behavior of poly(L-lactide) (PLLA)
with low L-isomer content of 94% was studied by using differential scanning calorimetry (DSC) and
temperature modulated DSC. It was shown that the treated samples displayed rich thermal transition signals
during DSC heating, which is differ from the PLLA having high L-isomer content, including enthalpy
relaxation, endothermic annealing, melting-recrystallization process, and cold crystallization. The results
suggested that the crystalline phase obtained has less perfection and low crystallinity regardless of the
treatment conditions because of the low crystallizability of the PLLA. This PLLA was induced to crystallize
after treatment underCO2 at 2MPa and temperatureg65 �Cand at pressures of 4-16MPa and temperatures
as low as 0 �C. At 2MPa, the R crystal form is formed predominantly in the crystallized samples. The results
also indicated that the PLLA-CO2 system exhibited the property of retrograde vitrification.

Introduction

Poly(L-lactide) (PLLA) draws currently great attention from
both scientific and technological areas due to its biodegradability
and biocompatibility. PLLA is a semicrystalline polymer, and its
thermal behavior has been studied extensively in terms of physical
aging, cold crystallization, multiple melting, polymorphism, and
crystal form transition. Most of these studies have been focused
on the optically pure PLLA with high molecular weight, which
have melting points (Tm) typically in the 160-180 �C range and
enthalpies of melting of 40-50 J/g depending on the processing
conditions. It have been shown that themolecular structure, such
as chemical composition, molecular weight, and molecular
weight distribution, and processing parameters can influence
the solid state structure of PLLA, which determines a number
of its physical properties and applications.1-13

In recent years, the interactions between PLLA and CO2

have attracted wide attention. CO2 has low-cost, nontoxic, non-
flammable, and environmentally friendly properties. Moreover,
CO2 can dissolve in amorphous phase of polymer to a substantial
amount, leading to the dramatic depression of the glass transition
temperature (Tg) andTmof polymers.14-19 Therefore, potentially
harmful organic solvents and high-temperature process can be
avoided by using CO2 as a medium in the synthesis and process-
ing of PLLA, such as polymerization,20-22 particle forma-
tion,23,24 fiber preparation,25 and foam and porous polymer
fabrication.26-30

The effects of supercritical and subcritical CO2 on the crystal-
lization behavior of PLLAhave been studied by several groups to
gain in-depth understanding about the relationships between
physical properties and polymer processing. The kinetics of
crystallization from melt and glassy state were reported in the

presence of CO2 up to 5 MPa by using high-pressure differential
scanning calorimetry (DSC).19,31,32 The crystallization tempera-
ture range shifts to lower temperature becauseTg andTm linearly
decrease with pressure of CO2, while the maxima crystallization
rate increases obviously.19,30 The crystallization rate is increased
at the temperatures in the crystal growth controlled region
and decreased at the temperatures in the nucleation controlled
region.19,32 Because of the strong plasticization effect of CO2,
PLLA can be crystallized under compressed CO2 even at a low
temperature of 0 �C.33,34 Furthermore, PLLA samples crystal-
lized at 0-10 �C under 7-15 MPa and 0-20 �C under 3 MPa
have high transparency comparable to the amorphous one. The
reason seems to be that the crystals formed duringCO2 treatment
are disorder with the crystalline superstructure on a nanosized
scale. It is worth to note that the polymers used in all above-
mentioned studies were PLLA with high L-isomer content of at
least 98% (optical purity >96%). The PLLA can be sufficiently
crystallized just under CO2 at 3 MPa and 0 �C for 2 h, exhibiting
no cold crystallization behavior during heating.33 Therefore,
when the time, pressure, and temperature were above certain
values, the melting behavior of these treated PLLA is almost
independent of treatment conditions of compressed CO2.

In the previous studies, we have investigated the crystallization
behavior of polycarbonate (PC) and poly(ethylene 2,6-naph-
thalate) (PEN), which have slow rate for thermal-induced crystal-
lization due to their chain rigidity, with help of the supercritical
CO2 technique.

35,36 Supercritical CO2 induced the crystallization
of PC under mild conditions to overcome the time-consuming
process of thermal crystallization, which was help to study the
influence of long-chain branching on the crystallization behavior
ofPC.35ForPEN, the crystallization temperaturewasmodulated
in a wide range by changing the pressure of supercritical CO2 and
adding a cosolvent, and a diagram of the crystallization of PEN
versus temperature, pressure, and solubility parameter of med-
ium was established.36
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In general, the crystallization kinetics of PLLA strongly
depends on the L-isomer content. The crystallizability of PLLA
having low L-isomer content is lower than the ones with high
L-isomer content. It was reported that the crystallization half-
time increases about 40% for every 1 wt % meso-LA in the
copolymerization of L-LA with meso-LA,37 and the random
copolymer of L-LA with 12% meso-LA has maxima spherulite
rate growth more than 100 times slower than the L-LA homo-
polymer.6 Therefore, the treatment by compressed CO2 would be
an effective method to study the thermal behavior of PLLA
having low L-isomer content. PLLA with low L-isomer content
would have different crystallization kinetics from those with high
L-isomer content in the presence of CO2, and the treated samples
would exhibit variable melting behavior depending on the treat-
ment conditions. As far as we are concerned, there is no study on
the thermal behavior of PLLA with low L-isomer content after
treatment under compressed CO2.

In the present study, a commercialized PLLA having relatively
low L-isomer content of ca. 94% was used. It can be induced to
crystallize in compressed CO2 in a wide range of treatment
conditions. According to the treatment pressures and tempera-
tures, the PLLA sample in compressed CO2 displayed quiet
distinct crystallizability, such as from being amorphous or low
crystallinity at the pressure of 2MPa at 0-50 �C to relatively high
crystallinity at higher pressures. Therefore, the relationship
between rich thermal transitions of treated PLLA samples and
treatment conditions of compressed CO2 has been examined in
detail by using standard DSC and temperature-modulated DSC
(TMDSC), including endothermic annealing, cold crystalliza-
tion, and double melting phenomena. Some particular behaviors
for the treated PLLA, which relate with the relatively low
L-isomer content, are discussed. The results obtained in this study
would facilitate to gain insight into the relationship between
physical properties and molecular structures of PLLA.

Experimental Section

Materials and Sample Preparation. Poly(L-lactide) (PLLA)
(Mw = 1.3� 105,Mw/Mn = 1.9), prepared through ring-open-
ing polymerization of L-LA, was kindly supplied by Zhejiang
Hisun Chemical Co. Ltd., China, as commercialized granular
pellets. The optical purity was determined to be 88% by optical
rotation measurement, i.e., L- and D-isomer contents of PLLA
were 94% and 6%, respectively. Among eight possible well-
resolved hexad stereosequences with sis and iis/sii core sequ-
ences,38 only the resonance corresponding to iiiss at∼5.208 was
present in the homonuclear-decoupled 1H NMR spectrum of
the PLLA (see Supporting Information for details). This in-
dicates that the stereosequence distribution of the PLLA is
similar to that of random copolymer of L-LA with 12% meso-
LA. CO2 with a purity of 99.95% was supplied by Beijing
Analytical Gas Factory, China.

The PLLA were molded by compression at 180 �C into films
of 300 μm thickness after drying under vacuum at 60 �C over-
night and then quickly quenched to room temperature. The
obtained transparent films were cut into specimens with dimen-
sions of 10 � 10 mm for further compressed CO2 treatment.

Compressed CO2 Treatment.The PLLA samples were treated
by CO2 at designed temperature and pressure for 2 h in a high-
pressure vessel connected to a high-pressure pump, which was
flushed with low-pressure CO2 for about 3 min before pressur-
ization. Then the vessel was depressurized in 1 h. After treat-
ment, all the samples were kept dry at ambient condition for
about 2-3 weeks to ensure the total desorption of CO2 prior to
further measurements. For convenience, the code of PLLAx-y
was used to represent the sample after treatment under CO2 at x
MPa and y �C for 2 h.

Measurements. A TA Instruments Q-1000 DSC was used for
standard DSC and TMDSC analysis. All measurements were

carried out with ca. 5 mg samples from 20 to 180 �C under a
nitrogen environment. In the standard DSC analysis, a heating
rate of 10 �C/min was used unless indicated. The Tg, ca. 56 �C,
was taken as the midpoint of the glass transition step in the heat
capacity curve for samples quenched from melt at 180 �C for
2 min. The TMDSC measurements were performed with a
heating rate of 3 �C/min having an oscillation period of 60 s
and amplitude of 0.5 �C. The crystallinity was calculated by
using the fusion heat of 93 J/g for 100% crystalline PLLA.39 The
results were analyzed by using Universal Analysis 2000 (ver.
4.5A) of TA Instruments.

XRD analysis was conducted on a Rigaku D/max 2500 with
Cu KR radiation. All patterns were obtained at 40 kV and
300 mA from 5� to 30� with a scanning rate of 1�/min.

Results and Discussion

Optically pure PLLA, i.e., the L-isomer content higher than
98%, is a semicrystalline polymer with slow crystallization rate.
Incorporation of stereochemical defects into PLLA further
reduces the crystallization rate as well as the melting point and
crystallinity.3,6,37,40,41 It was reported that PLLA would lose its
crystallizability when the optical purity was smaller than 76%.3

In this study, the PLLA polymer with 94% L-isomer content, i.e.,
an optical purity of 88%,was used. It had lowability to crystallize
at ambient pressure, and the crystallization from melt was
hindered at a cooling rate as low as 5 �C/min. However, different
extents of crystallization were induced by the treatment in
compressed CO2.

Samples Crystallized after Treatment. Figure 1 shows the
DSC heating curves for PLLA samples after treatment in
compressed CO2 at 2, 4, 8, and 16 MPa and different treat-
ment temperatures (Ttr) for 2 h. The results for the quenched
and untreated samples are also present in Figure 1a for
comparison. As shown in Figure 1, the samples reveal ob-
vious feature of endothermic peaks and no exothermic one
above 80 �C after treatment under CO2 at 2 MPa and Ttr g
65 �C or higher pressures and all temperatures studied. This
indicates that the crystals corresponding to themelting peaks
were induced at Ttr as low as 0 �C when the pressure was
above 4MPa. In these samples crystallized after treatment in
compressed CO2, there are up to three endotherms in the
DSC curves. In the following discussion, these peaks are
denoted as P1, P2, and P3 from low to high temperatures, and
the peak temperatures of them are listed in Table 1.

Annealing Peak for Crystallized Samples. P1 is a small and
broad endothermic peak, which is analogous to the well-
known annealing peak reported in many semicrystalline
polymers, such as isotactic polystyrene,42-44 poly(phenylene
sulfide),45 poly(ethylene terephthalate),45 and syndiotactic
polypropylene,46 etc. However, it has never been mentioned
for PLLA treated in compressed CO2.

P1 has the peak temperature varying in a wide range from
80 to 130 �C according to the treatment conditions. The peak
temperature is about dozens degrees above Ttr with almost
unchanged intensity at a certain treatment pressure. How-
ever, the difference between the peak temperatures of P1 and
Ttr decreases with increasing Ttr, e.g., from about 38 �C
for PLLA2-50 to 18 �C for PLLA2-95. Replotted from
Figure 1, Figure 2 shows the DSC curves of PLLA samples
treated under compressed CO2 at 65 �C and various pres-
sures. The shift of P1 to higher temperature with increasing
treatment pressure results in a merge of P1 into P2 at the
lower temperature side for PLLA16-65. On the other hand,
P1 fades away for the samples after treatment at the pressure
of 16 MPa, as shown in Figure 1d.

P1 also varies with testing conditions. Figure 3 shows the
DSC curves obtained at heating rates from5 to 40 �C/min for



8604 Macromolecules, Vol. 43, No. 20, 2010 Lan et al.

PLLA2-65 and PLLA4-65. With increasing heating rate,
P1 shifts to higher temperature with unchanged intensity,
indicating a superheating nature of the process related to P1.

The annealing peak is suggested to originate from the
nonreversible enthalpy relaxation of rigid amorphous frac-
tion, which is a third phase in semicrystalline polymers
located in the interface between the crystalline and mobile
amorphous phases.42,43 Consequently, the characteristic of
P1 was further studied by TMDSC. TMDSC is a powerful
tool to study complex thermal processes contained in the
heat flow curves by separating the total heat flow signals into
reversible part relative to heat capacity and nonreversible
one resulting from kinetic effects.47 Therefore, exothermic
peaks appear only in the nonreversible curves, and endo-
thermic signals can be detected in both reversible and non-
reversible curves.48,49 Chosen as examples, the total, rever-
sible, and nonreversible heat flow curves of TMDSC for

Figure 1. DSC curves for PLLA samples treated under compressed CO2 at different pressures: (a) 2, (b) 4, (c) 8, and (d) 16 MPa.

Figure 2. DSC curves for PLLA samples treated under compressed
CO2 at 65 �C and different pressures (replotted from Figure 1).

Table 1. Summary of DSC Data at the Heating Rate of 10 �C/min
for PLLA Samples

peak temperature (�C)

sample P1 P2 P3 ΔHtotal
a (J/g)

quenchedb

untreated 0.4
PLLA2-0 137.3 0.2
PLLA2-35 139.4 0.2
PLLA2-50 88.2 127.4 138.2 0.4
PLLA2-65 94.7 128.8 138.7 7.7
PLLA2-80 104.5 132.2 140.1 29.5
PLLA2-95 113.1 135.9 shoulder 30.5
PLLA4-0 87.3 127.6 138.1 22.2
PLLA4-35 92.1 129.6 137.8 25.0
PLLA4-50 103.2 132.2 139.4 26.1
PLLA4-65 103.0 132.3 139.1 26.6
PLLA4-80 110.3 134.9 shoulder 28.8
PLLA4-95 shoulder 138.4 29.0
PLLA8-0 shoulder 137.9 22.2
PLLA8-35 103.0 134.1 138.4 22.0
PLLA8-50 113.9 136.5 26.7
PLLA8-65 116.7 137.2 26.6
PLLA8-80 shoulder 138.3 26.4
PLLA8-95 shoulder 141.2 25.1
PLLA16-0 shoulder 138.2 22.0
PLLA16-35 135.4 138.9 22.1
PLLA16-50 shoulder 138.8 24.4
PLLA16-65 140.8 23.3
PLLA16-80 136.9 144.3 21.1

aObtained from TMDSC total heat flow curve. bQuenched from
melt after 2 min at 180 �C in DSC and then tested with heating rate
of 10 �C/min.
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PLLA2-65 and PLLA4-65 are shown in Figure 4. Their
total heat flow curves are similar to the conventional DSC
curves at low heating rate (Figure 3). For PLLA4-65, the
total heat flow curve exhibits P1 at about 100 �C. An
endotherm corresponding to P1 is clearly displayed in the
nonreversible heat flow curve, while no endothermic peak is
present in the reversible curve in the same temperature range.
For PLLA2-65, P1 disappears in the total curve due to the
overlap by a followed exothermic cold crystallization peak,
which will be discussed later. The results shown in Figures 3
and 4b confirm that the process related to P1 has the same
nonreversible feature with that of annealing peak, indicating
that P1 is due to the nonreversible relaxation of rigid
amorphous phase formed during CO2 treatment.

Double Melting Peaks for Crystallized Samples. Figures 1
and 2 show that many of PLLA samples crystallized in CO2

presents double melting endotherms closely in DSC curves.
As shown in Table 1, the crystallized samples have Tm in the
range from 125 to 145 �C, which are far below typical values
of optically pure PLLA in the 160-180 �C range. It is well-
known that the Tm of crystallized PLLA greatly depends on
the optical composition in polymer,3,6,40,41 decreasing dra-
matically with an increase in the D-isomer content because
these stereoisomer units would be rejected from the crystal as
defects. Being a PLLA with 6% D-isomer, the PLLA used in
this study has Tm closer to the random copolymers of L-LA
with 12% meso-LA6 than the one with 6% D-LA,41 whose
Tm were reported in the range of 135-145 and 145-155 �C,
respectively. It is consistent with the result disclosed by
1H NMR, indicating that D-isomer units are randomly

distributed in the polymer chains unpaired, instead of in pair
as in L-LA/D-LA copolymers.

Double melting is a common feature for semicrystalline
polymers. For PLLA, it is well accepted that the doublemelt-
ing behavior is associated with the melting-recrystallization
process occurred during heating.3,10,11,50 However, the
double melting behavior for the treated PLLA having high
L-isomer content in CO2 is too slight to deserve well-stu-
died.31-33 In this study, the low melting peak P2 is related to
the crystals formed by the primary crystallization during
CO2 treatment, while the high melting peak P3 to those
reorganized after (partial) melting of original crystals by
recrystallization process.

To verify the origin of double melting peaks, the DSC
curves conducted at different heating rates are shown in
Figure 3. From these curves, it is clear that the relative
intensity of P2 to P3 increases with increasing heating rate.
Meanwhile, the position of P2 is almost independent of the
heating rate, i.e., 128.5( 0.9 �C for PLLA2-65 and 132.0(
0.5 �C for PLLA 4-65, and P3 slightly shifts to lower
temperature with increasing heating rate and completely
combines with P2 at 40 �C/min for PLLA4-65. These results
are compatible with the melting-recrystallization model for
double melting behavior of semicrystalline polymers.51,52

The primary crystallization occurred in a completely uncon-
strained melt under the assistance of compressed CO2 to
form original crystals. P2 is attributed to the melting of these
crystals presented in the sample, which exhibit similar melt-
ing range irrespective of the heating rate in DSC measure-
ment due to their relative high stability and perfection.When
the heating rate was lower, there was enough time for

Figure 3. DSC curves at different heating rates for treated PLLA
samples: (a) PLLA2-65 and (b) PLLA4-65.

Figure 4. TMDSC curves for (a) PLLA2-65 and (b) PLLA4-65.
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polymer chains, which would obtain increasing mobility by
the increase in temperatures to form more perfect crystals
related to P3. In contrast, when the scan rate was higher,
structural reorganization was kinetically suppressed. For
PLLA4-65, the high stability of original crystals was also
unfavorable for the melting-recrystallization process, re-
sulting in a single melting peak at 40 �C/min compared to
double peaks for PLLA2-65. On the other hand, secondary
crystallization, which generally results in low stability crys-
tals with superheating nature,35 is excluded in this study to
explain the multiple melting behavior.

The TMDSC results shown inFigure 4 further confirm the
existence of melting-recrystallization process during heat-
ing. In the reversible heat flow curves, double melting peaks
can be seen in the range from 90 to 150 �C, corresponding to
P2 and P3 in the total heat flow curves, respectively. How-
ever, the low reversible melting peak is much bigger than P2,
while the high one is smaller than P3. A sharp nonreversible
exothermwith the peak temperature between 130 and 135 �C
is present accompanied by P1 and low reversible endothermic
peak, ascribed to the recrystallization. The nonreversible
exotherm counteracts the big reversible melting endotherm
to result in P2 having small intensity in the total heat flow
curve. As for the nonreversible endotherm ranged from 135
to 145 �C, it represents the nonreversible melting contribu-
tion of the recrystallized crystals. In addition, the wide
exotherm below 130 �C corresponds to the cold crystal-
lization process during heating, to be discussed later. There-
fore, it can be concluded that the melting of original crystals
during heating proceeds simultaneously with the cold crys-
tallization and the subsequent recrystallization process to
form crystals with higher stability. The melting of recrystal-
lized crystals at higher temperatures includes reversible and
nonreversible signals.

As shown in Figures 1 and 2, with increasing Ttr and
treatment pressure, P2 moves to higher temperature, and P3

keeps almost unchanged. Meanwhile, P2 increases in inten-
sity at the expense of P3. Consequently, P3 fades away and
merges as shoulder of P2 at the high temperature side, when
the treatment conditions are above a certainTtr and pressure.
Higher pressure of CO2 results in the combination of P2 and
P3 at lowerTtr, i.e., from 95 �C for 2MPa to 80 �C for 4MPa,
and 50 �C for 8 and 16 MPa, respectively, as shown in
Table 1. It is clear that more primary crystals with increasing
thermal stability can be formed by increasing Ttr and pres-
sure in compressedCO2 treatment, resulting in the decease of
the extent of recrystallization during subsequent heating.
Accordingly, the intensity of P3 decreases as the peak tem-
perature and intensity of P2 increase.

However, by increasingTtr to 80 �C at 16MPa, the treated
sample exhibits double melting peaks again with the major
melting peak moving to lower temperature, as shown in
Figure 1d. The degradation of polymer during the treatment
can be excluded by thermogravimetric analysis because
PLLA16-80 has almost the same weight loss curve with
the untreated sample (Figure S2 in the Supporting In-
formation). This downward shift of the major melting peak
means some imperfection in the crystallized samples. It is
well-known that the melting point of the polymer decreases
with increasing pressure of CO2. If the PLLA sample was
molten during compressed CO2 treatment and crystalliza-
tion took place from the melt only when the treatment was
over, i.e., at lower temperature and/or pressures in a rela-
tively short period of time, these conditions would result in
the formation of the crystals with less perfection. Accord-
ingly, we suggest that the Tm of PLLA was reduced from
about 140 �C at ambient pressure to below 80 �C at 16MPa.

The depression of Tm of PLLA is consequently estimated to
be above 3.75 �C/MPa in this study, which is higher than 1.76
�C/MPa determined by Lian et al.53 By combining data from
different references19,54 and their work, Lian et al.53 reported
a linear relationship between Tm of PLLA and CO2 pressure
up to 41.4 MPa. The difference in Tm depression is most
probably attributed to the fact that those PLLA samples
used in their studies had higher L-isomer contents, indicated
by the higher Tm than this used in our study here. The minor
stereoisomer units incorporated as stereochemical defects
would decrease the equilibrium melting temperature3,6,40,41

and the fold surface free energy6 of PLLA, both of which
would influence the effect of pressure on theTmof polymer in
the presence of CO2.

Crystallinity of Crystallized Samples. The total enthalpies
of multiple endothermic peaks,ΔHtotal, are calculated for all
treated samples from the TMDSC total heat flow curves.
They include P1, a value less than 1 J/g, due to the severe
overlap with P2.

Figure 5 summarizes the ΔHtotal for all samples after
treatment. For the samples treated at the pressure of
2 MPa, the ΔHtotal is small at Ttr e 50 �C and increases
abruptly to about 29.5 J/g asTtr increases to 80 �C.At higher
Ttr of 80 and 95 �C, the ΔHtotal levels off. For the samples
treated at the higher pressures, the ΔHtotal increases slightly
with increasing Ttr, and the ΔHtotal is independent of pres-
sure in the range of 4-16 MPa at Ttr e 65 �C. On the other
hand, for the samples treated at higher Ttr of 80 and 95 �C,
the ΔHtotal decreases with the treatment pressure. In the
presence of CO2, the chain mobility increased significantly
from the ambient pressure to 2 MPa. Therefore, the com-
pressed CO2 accelerated the crystallization of PLLA under
same supercooling degree below Tm, and the maximum
crystallization rate increased remarkably.On the other hand,
with increasing the pressure, the chain mobility did not
increase so obviously. The curve of crystallization rate vs
temperature for PLLA would move to lower temperature
due to the depression of Tg and Tm. Therefore, the crystal-
lization rate was depressed at higher pressures and tempera-
tures just below the real Tm under CO2 because the condi-
tionswere in the nucleation controlled region. Consequently,
the crystallinity developed in the samples treated at 80 and
95 �C for limited time period of 2 h decreased with increasing
the treatment pressure from 2 to 16 MPa, resulting in low
enthalpy. The crystallinities for crystallized samples except
PLLA2-65 are 22-33%by using the heat of fusion of 93 J/g
for 100% crystalline PLLA.39 By comparison, the PLLA
with similar stereosequence distribution was reported to

Figure 5. ΔHtotal for different treated PLLA samples.
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have quite low crystallinities after complete crystallization,
i.e., <20% for random copolymer of L-LA with 12%meso-
LAat ambient pressure and 105-115 �C.6 It suggests that the
crystallizability of PLLA is higher in the presence of com-
pressed CO2 than at ambient pressure regardless of the
crystallization temperatures.

Crystal Form of Crystallized Samples. PLLA is a semi-
crystalline polymer possessing polymorphism. The R form is
themost commonand stable polymorphof PLLA,which can
be obtained by crystallization from themolten or glassy state at
high crystallization temperature, while a disordered R0 form is
developed at low crystallization temperature by normal ther-
mal treatment.9-11,50,55,56 Both the R and R0 forms have a 103
helical chain conformation,11,56 and the latter having loose
chain packing in crystals can transform into the former at
elevated temperatures.12,55,56 Recently, another disordered
crystal modification of R form (R00 form) was suggested for
the crystallized PLLA with high optical purity after treatment
with CO2 at 3-15 MPa and 0-30 �C.33

XRD is used in this study to investigate the polymorphous
behavior of samples because the R crystals of PLLA exhibits
more subtle XRD pattern than the disorder one. Figure 6
shows theXRDpatterns of samples after treatment inCO2 at
2 MPa and different Ttrs. The result of untreated sample is
also presented for comparison. The assignment of diffraction
peaks is based on the reported crystal structure for theR form
of PLLA.4 Two strong diffractions, corresponding to
(110)/(200) and (203), are observed at 2θ values of 16.6�
and 18.9� for all crystallized samples, respectively. The
(004)/(103) and (204) diffractions, which are absent in the
R0 form, can be seen at 12.3� and 20.5�, respectively. More-
over, two characteristic diffractions of the R form of PLLA,
attributed to (206) at 25.1� and (016) at 23.8�, are present
instead of the characteristic diffractions of the R0 form of
PLLA at 24.5�.11 Therefore, the R crystal can be induced in
PLLA samples uniquely by compressed CO2 at 2 MPa and
temperature as low as 65 �C.

For optically pure PLLA, theR formwas reported to develop
in the crystallization at ambient pressure and at temperatures
higher than 100 �C and become predominant at temperatures
higher than 120 �C. In this study, the as-molded amorphous
sample treated at ambient pressure and 95 �C for 2 h also exhib-
its typical diffractions of the R form in XRD pattern (Figure S3
in the Supporting Information). The result suggests that the
optical purity influences the temperature range to produce the
R crystals, which would be extended to low temperature. In
contrast, themolecularweight of PLLAwas reported tohave no
effect on the respective crystallization temperature ranges to

form the R0 and R crystals, although it influenced the crystal-
lization rate significantly.11 Both the high-pressure CO2 and the
low optical purity account for the formation of the R form of
PLLA in a wide rage of treatment temperatures under com-
pressed CO2, which need further investigation.

It iswell-known that a small exotherm, attributed to the solid
phase transition from R0 to R form, exists just before the main
melting peak in DSC curves for the crystallized PLLA samples
containing R0 crystals.11,50,55 However, PLLA2-65 having
initial crystal form of R also exhibits a broad and weak
exothermic peak between P1 and P2 with the peak temperature
at 106.2 �C, when the heating rate was decreased to 5 �C/min
shown in Figure 3a. The cold crystallization process could be
responsible for the exotherm. PLLA2-65 had a low initial
crystallinity, and the cold crystallization of amorphous phase
becamepossible at a slower heating because the polymer chains
had enough time to develop into crystals. The cold crystal-
lization of PLLA2-65 was obstructed at a higher heating rate,
namely 10 �C/min in this study.

The TMDSC results shown in Figure 4 confirm the
existence of exothermic cold crystallization peak. For
PLLA2-65, there is a big and broad exothermic peak in
the nonreversible curve in the range from 90 to 130 �C,
attributed to the signals of cold crystallization. The non-
reversible exotherm overlaps with the nonreversible endo-
thermic signals corresponding to annealing peak tomake the
latter invisible. Moreover, the reversible endothermic melt-
ing signals beginning at about 100 �C cannot offset the
nonreversible cold crystallization signals, resulting in an
obvious cold crystallization peak in total heat flow curve.
On the other hand, the TMDSC nonreversible heat flow
curve for PLLA4-65, as shown in Figure 4b, also indicates
the cold crystallization processwith small intensity, although
the standard DSC curves for PLLA4-65 display no exo-
therm at heating rates from 5 �C/min to 40 �C/min, as shown
in Figure 3b.

In addition, there is an obvious endothermic peak attrib-
uted to enthalpy relaxation in physical aging around the glass
transition region57 for all samples except the quenched one
(Figure 1), which is absent in PLLA with high optical purity
after treatment by compressed CO2.

32,33 This peak is related
to the thermal history before the DSC measurements. In
order to ensure the total desorption of CO2, all treated
samples were kept at ambient conditions after treatment
for about 2-3 weeks as well as the untreated one. On the
other hand, the presence of enthalpy relaxation peak means
considerable amorphous regions existing in the treated sam-
ples. The peak temperature of enthalpy relaxation and
enthalpy loss for physical aging are included in the Support-
ing Information, Table S1.

Amorphous Samples after Treatment. According to their
low crystallinity, three samples, i.e., PLLA2-50, PLLA2-35,
and PLLA2-0, having high transparency by visual inspection,
were regarded to be amorphous after treatment.

As shown in Figure 1a, PLLA2-50 only exhibits small
double endothermic peaks at about 127.4 and 138.2 �C,
respectively, with a crystallinity of 2.2%. It was reported that
theTg of PLLA in the presence of 2.0MPa ofCO2was reduced
about 7.3 �C, measured by using high-pressure DSC.19 There-
fore, the insufficient crystallization of PLLA2-50 was due to
the short time period for induced crystallization in compressed
CO2 at a temperature just above the plasticized Tg.

As expected, PLLA2-35 exhibits thermal behavior simi-
lar to the amorphous untreated sample because of the PLLA
being in the glassy state during treatment in compressed
CO2. There is only a very small endothermic peak above the
enthalpy relaxation peak during heating in DSC, indicating

Figure 6. XRD patterns for the PLLA samples treated under com-
pressed CO2 at 2 MPa and different temperatures.
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almost no crystallinity induced by compressed CO2 at 2MPa
and 35 �C.

PLLA2-0 exhibits a broad exothermic peak around
111 �C attributed to the cold crystallization of PLLA and
an endothermic melting peak around 137 �C during heating
in DSC. However, similar area for the two peaks suggests
that PLLA2-0 was also amorphous before DSC measure-
ment. The cold crystallization temperature is higher than the
typical values ranged from 95 to 110 �C for amorphous
optically pure PLLA.13 It is consistent with the results of
Tsuji and Ikada3 that the cold crystallization temperature for
amorphous PLLA increased with decreasing their optical
purity. Although being amorphous, PLLA2-0 displays
DSC curve totally different with those of PLLA2-35 and
PLLA2-50. The big cold crystallization peak means that
lots of nuclei were present in the sample, which would reduce
the energy barrier for crystal growth to facilitate crystal-
lization during heating.

There are two possible explanations for the cold crystal-
lization peak shown in the DSC curve for PLLA2-0. One is
based on the assumption that the sample was in the glassy
state during treatment in CO2 due to the low Ttr. It is
suggested that the microstructure rearrangements of poly-
mer occurred during the physical aging process are similar to
those during crystallization induction period.13 Therefore,
local ordered domains might be expected to preform in
PLLA sample during treatment and subsequent storage,
which would significantly shorten crystallization induction
period, accelerate the nucleation process, and consequently
facilitate the cold crystallization of polymer in the DSC
heating scan. Similarly, PLLA2-35 would exhibit more
obvious cold crystallization peak because higher Ttr would
promote the microstructure rearrangements of polymer.
However, it was in disagreement with the DSC results,
indicating the assumption is incorrect.

Actually, PLLA2-0 became opaque after compressed
CO2 treatment followed by rapid quench of pressure. Lots
of microcells were formed, which was confirmed by SEM
(Figures S4 and S5 in the Supporting Information), indicat-
ing that the PLLA was in the rubbery state during treatment
by CO2 at 2 MPa and 0 �C. By comparison, PLLA2-35
obtained by quickly depressurizing remained transparent
and could not be foamed even in a water bath of 40 �C.
Therefore, it is interesting to note that a glassy to rubbery
state transition occurred with increasingTtr from 35 to 50 �C
and decreasingTtr from 35 to 0 �C under CO2 at 2MPa. This
effect termed retrograde vitrification is a unique phenomen-
on for several polymer-gas systems,15,58-61 which is a result
of rapid increase of gas solubility in polymer at low tem-
perature. As far as we know, the retrograde vitrification
behavior has never been reported in the PLLA-CO2 system.
However, this result is not surprising because the carbonyl
groups in PLLA chains have favorable interaction with CO2,
which is similar to the well-studied poly(methyl methacry-
late) exhibiting retrograde vitrification behavior.15,58,59 Ac-
cordingly, the degree of supercooling below Tm for crystal-
lization was much higher at Ttr = 0 �C than at 50 �C under
CO2 at 2 MPa, resulting in high driving force for nucleation
to form plentiful crystal nuclei. During heating in DSC,
PLLA2-0 performed cold crystallization from these crystal
nuclei as soon as the polymer chains had enough mobility.

Marubayashi et al.33 reported that PLLA can crystallize
by treatment under CO2 at 3 MPa and temperatures ranged
from 0 to 40 �C for 2 h. The combination of the results shown
above and in the literature suggests that the Tg-pressure
envelop for retrograde vitrification of PLLA has a peak
pressure with value between 2 and 3 MPa. The schematic

illustration of retrograde envelop for PLLA is included in the
Supporting Information, Figure S6. It is suggested that the
physical state of PLLA treated under CO2 at 2MPa depends
on the temperature, while the PLLA-CO2 system behaves
like a rubber at 3MPaand above, irrespective of temperature
because the conditions are in the rubbery region. The
behavior of retrograde vitrification is useful to prepare
nanocellular foams in polymer foaming.59,61

Accordingly, three amorphous samples, PLLA2-50,
PLLA2-35, and PLLA2-0, exhibit distinct crystallization
behavior during heating scan, indicating their different
microstructure formed during compressed CO2 treatment.

Conclusions

PLLA having L-isomer content of 94%, which has stereose-
quence structure similar to the random copolymer of L-LA with
12%meso-LA, was treated under compressed CO2 at 2-16MPa
and 0-95 �C for 2 h. Then these treated samples were character-
ized by standard DSC and TMDSC to investigate the thermal
behavior after CO2 totally diffusing out. It was shown that the
crystallization of PLLA is accelerated in the presence of CO2 by
comparison with ambient condition. Therefore, this PLLA
possessing low crystallizability is induced to crystallize after
treatment under CO2 at 2 MPa and Ttr g 65 �C or higher
pressures and all temperatures studied. At 2 MPa, the R crystal
form is formed predominantly in the crystallized samples. More-
over, the results suggested that the crystalline phase obtained has
less perfection and low crystallinity regardless of the treatment
conditions. Consequently, the treated PLLA exhibited rich
thermal transition signals during the DSC heating run, which is
differ from the PLLA having higher L-isomer content.

Besides the endothermic enthalpy relaxation peak displayed in
all treated samples, up to three endotherms and one exotherm
were observed above Tg depending on the treatment condition
and the heating rate. The endothermic annealing peak, P1, is
assigned to the nonreversible relaxation of rigid amorphous
phase formed during CO2 treatment, which has small intensity
and shifts to high temperature with increasing treatment tem-
perature, pressure, and DSC heating rate. The double melting
peaks, P2 and P3, are originating from melting-recrystallization
process. P2 is attributed to the melting of original crystals
presented in the crystallized sample and P3 to the melting of
recrystallized crystalswith higher stability formedduring heating.
Compared to those of analogue crystallized under ambient
pressure, the endothermic peaks have similar peak temperatures
and bigger entropies. The intensity ratio of P2 to P3 increases with
treatment temperature, pressure, and DSC heating rate. The
exothermic peak relates to a cold crystallization process because
of the significant fraction of amorphous phase presented in
the treated sample. This peak appears between P1 and P2

especially in theDSC curve at a low heating rate, as themolecular
chain has enough time to form crystalline structure. On the other
hand, the behavior of retrograde vitrification for the PLLA-CO2

system was revealed from the thermal behavior and foaming
result of the treated samples by compressed CO2. Therefore,
PLLA is in the glassy state in the presence of CO2 at 2 MPa and
35 �C while in the rubbery state at all pressures studied and
temperature as low as 0 �C.
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