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ABSTRACT: It has been found that, dependent on the crystallization temperature (Tc), the disorder (R′) and
order (R) phases of poly(L-lactide) (PLLA) are formed at low (Tc < 100°C) and high (Tc g 120°C) temperatures,
respectively. In the DSC curves, the sample withR′ phase demonstrates a peculiar small exothermal peak around
160°C just prior to the melting point, while the sample crystallized at temperatures around 120°C (between 110
and 130°C) shows a double melting behavior. These distinct thermal behaviors of various PLLA samples were
investigated in detail by simultaneous measurements of WAXD and DSC. It is confirmed that the small exothermal
peak corresponds to the disorder-to-order (R′-to-R) phase transition, in which the chain packing of the crystal
lattice becomes more compacted. In the process of theR′-to-R phase transition, the isosbestic points were found
in the temperature-dependent WAXD profiles. So far, theR′-to-R transition was considered to occur apparently
continuously as long as the main 200/110 peak was measured, but detailed investigation of higher 2θ peaks has
revealed for the first time that theR′ phase transforms discretely to theR phase in the first-order transition mode.
On the basis of the X-ray diffraction and DSC data, a kind of phase diagram concerning theR′ andR forms has
been constructed reasonably.

Introduction

Poly(L-lactide) (PLLA) (-[CH(CH3)COO]n-) is a biode-
gradable crystalline polymer produced from renewable biomass
such as corn, and it exhibits the biocompatibility and high
mechanical performances comparable to those of petroleum-
based traditional polymers.1,2 In the past decades, PLA has been
applied to products such as clothes, cups, packaging, and many
other everyday products. Nowadays, more advantageous ap-
plications of this environmentally friendly polymer are under
development for car and computer parts, which bring forward
the demand on improving the thermal and mechanical properties
of the PLA-based product.

PLA homopolymer (PLLA or PDLA) is known to form three
kinds of crystal modifications (R, â, and γ forms).3-7 Very
recently, a new crystal modification namedR′ form (disorder
R) was proposed for the PLLA sample crystallized below
120 °C, different from the orderR form crystallized at higher
temperature (>120°C).8,9 Existence of these two crystal forms
can explain the peculiar crystallization behavior of the conven-
tional R form:9-17 (1) The curve of spherulite growth rate (G)
vs crystallization temperature (Tc) shows a clear deviation from
the usual bell-shaped curve of polymer crystal growth, and a
discontinuity is observed around 100-120°C.10,11(2) The size
of spherulites crystallized above 120°C is on the order of several
hundred micrometers, while only tiny spherulites are obtained
below 120°C.9,11,12,16(3) Crystal thickness and long period have
minimum at aroundTc ) 120 °C and increase at both higher

and lowerTc.9 In this way, the recognition of the two different
crystal formsR′ andR can explain many kinds of observations
made for the conventionally assignedR form. However, because
of the high similarity in the X-ray powder diffraction pattern
and IR spectra among the various PLLA samples crystallized
at low and highTc, there are still many ambiguities for the
existence of theR′ form of PLLA.10,18 In our previous paper,19

we reported for the first time the X-ray fiber patterns and
polarized IR/Raman spectra which were taken successfully for
the uniaxially orientedR′ form of PLLA. These data gave direct
evidence for the existence of the disorderR form (R′), which
should be distinguished from the orderR form formed at higher
temperature. The preliminary analysis of these data suggests
that the chain conformation and chain-packing mode of the
disorderR form are different from those of orderR form. The
details of the structural analysis will be reported elsewhere.

Another important aspect of theR′ form is about the phase
transition behavior in the heating process. On the basis of
temperature-dependent measurements of FTIR spectra of the
unorientedR′ form,8 a phase transition was detected around
160 °C prior to the melting, which corresponds to a small
exothermic peak in DSC thermogram. However, lacking rigor-
ous assignment of the IR bands of PLLA, it was hard to
conclude that this is a “phase transition”. More clear evidence
is needed to show the structural change occurring in the crystal
lattice by the X-ray diffraction method. Cho et al.9 assigned a
small peak of the DSC thermogram to the formation of regular
crystals on the basis of the temperature-dependent SAXS
measurement. Recently, Di Lorenzo20 proposed a partial melt/
recrystallization/crystal perfection mechanism for the structural
reorganization of theR phase at high temperature before melting.
But these interpretations have not yet been confirmed with well-
established experimental evidence. Once we confirm the exist-
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ence of theR′ form, the detailed investigation of the DSC
thermograms can be made on the basis of the thermal behavior
of the R′ form.

In the present study, a kind of phase diagram concerning the
R′ andR forms has been constructed reasonably on the basis of
detailed wide-angle X-ray diffraction (WAXD) and DSC studies.
That is, the structural changes during the heating of the various
crystal modifications (R′, R, and their mixture phase) of PLLA
were investigated by the simultaneous measurements of WAXD
and DSC. The disorder-to-order (R′-to-R) phase transition is
confirmed, and its phase transition mechanism is discussed
according to the detailed investigation of higher 2θ diffraction
peaks of WAXD data. The multiple melting behavior of PLLA
sample has also been discussed.

Experimental Section

Samples.Synthesis and purification of the PLLA samples with
various molecular weights (Mw ) 9.8× 105, 1.5× 105, and 5.0×
104 g mol-1 andMw/Mn ) 2.0, 1.8, and 1.8, respectively) used in
this work were performed according to the procedures reported
previously.21

Measurements.DSC. The thermal behaviors of PLLA sample
crystallized isothermally at various constant temperatures from the
melt were investigated using a TA Instruments DSC Q1000. The
thermal program employed is depicted in Figure 1. A sample was
heated from 30°C to melting temperature at a rate 20°C /min,
where it was held for 1 min, then cooled at a rate 100°C /min to
a desired crystallization temperature (Tc), and kept for 1 h for the
isothermal crystallization (holding time 1 h was found to be enough
to finish the crystallization in the temperature range from 85 to
150 °C). Subsequently, the crystallized sample was heated im-
mediately to 200°C at a rate of 10°C /min, during which the DSC
thermogram was measured. The similar procedure was made for
the samples crystallized at the various constant temperatures from
85 to 150°C.

WAXD-DSC Simultaneous Measurements. A Rigaku X-ray
diffraction RINT-TTR III was used for the simultaneous measure-
ment of WAXD and DSC in the heating process from the ambient
temperature. The X-ray beam used was Cu KR radiation. The X-ray
powder patterns were measured in the 2θ ranges of 5°-30°, and
the heating rate was 2°C/min.

Results and Discussion

Effect of Tc on the Thermal Behavior of PLLA. As
mentioned in the Introduction, it has been found that the crystal
modifications of PLLA are related to the crystallization tem-
perature (Tc). For establishing the relationship betweenTc and
thermal behavior of the crystal modification in detail, the DSC
thermograms of PLLA are analyzed as a function ofTc in a
wide temperature region from 85 to 150°C, which is above
the Tg (≈58 °C) and below the melting point of PLLA
(≈170 °C). Figure 2 shows the effect of crystallization tem-
perature on the thermal behavior of PLLA, where three kinds

of samples with different molecular weights were examined.
The thermal behaviors of all these samples show essentially
the sameTc dependence. Three kinds of distinct melting
behaviors could be identified with increasingTc from 85 to
150°C. As an example, the typical thermal behavior investigated
for the sample with middle molecular weight (1.5× 105 g
mol-1) is described here. WhenTc < 110°C, the DSC curve is
characterized by a small exothermic peak (denoted asTexo) prior
to the melting peak (Tm1). When 110°C < Tc < 130 °C, the
small exothermal peak disappears, and an additional melting
peak (Tm2) is observed. The peak height ofTm2 relative toTm1

increases with increasingTc. At Tc > 130 °C, only a single
melting peak (Tm2) appears. The enthalpy change in the melting
(∆Hm), the small exothermic enthalpy (∆HR¢fR), and the peak
positions ofTm1, Tm2, andTexo are plotted against the crystal-
lization temperature, as shown in Figure 3.

Texo behaves in a different manner fromTm1 andTm2. As will
be clarified later by the X-ray diffraction measurement, theR′
form transfers to theR form at Texo. Both theTm1 andTm2 are
considered to relate with the melting phenomenon of theR form.

Figure 1. Thermal program employed for the DSC measurement of
PLLA samples isothermally crystallized at different temperatures.

Figure 2. Effect of crystallization temperature on melting behavior
of PLLA samples with different molecular weights: (a) 9.8× 105, (b)
1.5 × 105, and (c) 5× 104 g/mol.

Figure 3. Enthalpy changes∆H and the melting and transition
temperatures plotted as a function of crystallization temperature.
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They merge into one point by extrapolating into a straight line
Tm ) Tc, giving an equilibrium melting point of ca. 189°C
according to the Hoffman-Weeks equation.22 The linear relation
shows thatR phase is formed atTc g 120°C. A similar relation
is obtained also for the samples given in Figure 2a,c: the
equilibrium temperature is 198°C for the sample withMw )
9.8 × 105 g mol-1 and 178°C for the sample withMw ) 5.0
× 104 g mol-1.

It should be noticed here that the∆Hm shows a minimum
around 110°C and increases for both higher and lowerTc. It is
easy to understand that the∆Hm increases with increasingTc

because the crystallinity is usually improved by annealing at
higher temperature. However, atTc < 110 °C, a peculiar
decrease of∆Hm is observed with increasingTc. This is similar
to theTc dependence of∆HR′fR. Because the disorderR phase
obtained at lowTc (<110°C) reorganizes into the orderR phase
in the heating process, the final melting enthalpy does not
represent the initial crystallinity of the starting material (R′).
The melting enthalpy ofR′ form in the starting sample
crystallized below 110°C may be evaluated by the following
equation:

The result depicted in Figure 3 shows that∆Hm,R′ remains almost
unchanged with increasingTc below 110°C and is lower than
the∆Hm obtained above 110°C. That is to say, the crystallinity
of PLLA sample crystallized atTc below 110°C is kept constant
and smaller than those crystallized at higher temperature
(>110°C). The decrease in∆HR′fR with increasingTc may be
ascribed to at least two reasons: (i) the decreases inR′ content
included in the sample crystallized at relatively high temperature
and (ii) the gradual improvement of crystal regularity during
annealing at higherTc. The X-ray diffraction data support these
factors explicitly, as discussed in the next section.

X-ray Diffraction Patterns of PLLA Crystallized at
Different Tc. The WAXD patterns of unoriented PLLA samples
crystallized at variousTcs are shown in Figure 4a. For
comparison, all the diffraction patterns given there are normal-
ized using the strongest 200/110 reflection intenstiy. Indexing
of the observed reflections is based on the crystal structure
reported for the orderR.23-25 As seen in these profiles, the
relative intensities of the X-ray reflection peaks are not
necessarily the same among the samples crystallized at the
variousTc, probably due to the preferential orientation of the

crystallites which depends more or less on the sample history.
The two strong reflections of 200/110 and 203 are observed
for all the samples. Several reflections such as 210 and 103 are
quite weak for the samples crystallized below 110°C. The
zoomed-up profiles of the two strong reflections are depicted
in Figure 4b. AtTc < 120 °C, an obvious change is found
for the peak position of the 200/110 and 203 reflections. When
100 °C < Tc < 120 °C, the profiles of the 203 reflection can
be resolved into two components originating from theR′ andR
phases, which suggests that the samples crystallized in this
temperature range are the mixture ofR′ andR phases.

The half-width is also found to change depending onTc. As
a trial, the crystallite size is estimated on the basis of Scherrer’s
equation.26 Figure 5a shows theTc dependence of lattice spacing
and crystallite size estimated for the 203 reflection. In the data
analysis, the 203 reflection profile was separated into two
components coming from theR′ andR phases through the curve-
fitting process. As theTc is increased, the lattice spacing
becomes smaller and therefore the chain packing becomes closer
gradually. The half-width of the reflection becomes narrower,
corresponding to the increase in the crystallite size (D203). As
already discussed in the previous paper,19 the R′ form takes a
disordered structure concerning the conformation and packing
modes of the chains. The remarkable intensity increase and
sharpening of many reflections during the crystallization even
below 100°C indicate a continuous and gradual enhancement
of the structural regularity of theR′ form, although the degree
of ordering is far lower than that of theR form. As seen in
Figure 5a, the size ofR′ crystallite increases withTc below
100 °C. When theTc is higher than 100°C, theR crystallite
starts to appear as already pointed out, but the domain size is
small judged from the half-width of theR reflection. As the
Tc is increased, the domain size of theR form is larger and
the R′ domain decreases instead, as illustrated in Figure 5b.
Finally, the stableR form is formed atTc g 120 °C, which is
consistent with the previous DSC data. On the basis of the X-ray
diffraction and DSC data, a kind of phase diagram concerning
theR′ andR forms has been constructed reasonably, as shown
in Figure 3.

As shown in Figure 5, the lattice spacing ofR′ form decreases
with increasingTc at low temperature (Tc < 100°C). It suggests
that theR′ form is a kind of metaphase rather than a stable

Figure 4. Powder diffraction patterns measured at room temperature
for PLLA samples melt-crystallized at different temperatures. Figure 5. (a) Lattice spacing (open circle) and crystal size (solid circle)

as a function of crystallization temperature derived from 203 reflection
in Figure 4. (b) Proposed model for the crystal modifications acquired
under various crystallization temperatures.

∆Hm,R′ ) ∆Hm - ∆HR′fR
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phase. Currently, it is not clear why the crystal structure of
PLLA forms the disorderR (R′) phase at low temperature (Tc

< 100 °C). The morphology study by polarized optical
micrographs (POM) shows that larger and more perfect spheru-
lites and grainlike morphology appeared at high and low
temperatures for theR′ andR phases, respectively.16 By using
TEM, the fibrillar crystallites with many sheaflike structure are
observed clearly forR′ form.8 In contrast, the stableR form
demonstrates the lamellar morphology, and two chains are
packed in the antiparallel mode in the unit cell.24,25 By
considering that the very fast crystallization kinetics of PLLA
caused by the higher nucleation rate at low temperature have
been reported,10,11 we speculate that the disorder structure of
R′ form appears to rest on statistical upward-and-downward
orientations of helical chains formed at low temperature with
the distinct crystallization dynamics which are different from
these of R form formed at high temperature. We need to
investigate the crystallization mechanism ofR′ form in more
concrete way, including molecular dynamics simulation, etc.

Simultaneous Measurement of WAXD and DSC.For
disclosing the structural change in the small exothermic peak
detected for the unorientedR′ form, as shown in Figure 2, the
simultaneous WAXD and DSC measurement was performed
for the PLLA sample crystallized at 90°C as an example. Figure
6 shows the result obtained at the heating rate 2°C/min. With
increasing temperature prior to the small exothermic peak, the
peak position of the observed reflections shifts to lower angle
side due to the thermal expansion of the lattice. In the
temperature region of small exothermic peak, the 200/110 and
203 reflections shift remarkably toward the higher angle. Many
sharp reflections start to appear, and the peaks of theR′ phase
disappear. As shown in Figure 7, the evolution of the overlapped
WAXD profiles in the region of 18°-26° demonstrates such
trend clearly. Of particular note, the apparent shifting of 203
and 116 reflections exhibits an isosbestic point, which is strong
evidence that there is a first-order transition of the two phases
(R′ andR).

By the technique of curve fitting, the quantitative analysis
of the intensity, half-width, and lattice spacing of the 203
diffraction of R′ and R is made as shown in Figure 8 in
comparison with the DSC data. Corresponding to the small
exothermal peak, the intensity ofR′ phase decreases and that

of R phase increases instead, which clearly suggests that the
R′-to-R phase transition takes place. The inverse intensity change
of 200/110 and 116 reflection (R′ andR) and the appearance of
the new reflection 210 (R) in this temperature region, as shown
in Figure 9, also evidence this point. In the process of theR′ to
R phase transition, the half-width ofR′ phase increases gradually
and that ofR phase decreased remarkably. This change can be
interpreted as discussed already in Figure 5b: the crystal domain
of theR′ phase decreases in number because of the generation
of the R domain. At the beginning, the size of the newly born
R domain is small. With the transition ofR′ to R, theR domain
continues to grow and increases in size to give sharper X-ray
reflection.

Figure 6. Simultaneous measurements of DSC (a) and WAXD (b)
for the unoriented PLLA sample melt-crystallized at 90°C (R′ form).
For clarification, different enlarge coefficients as indicated in the figure
are used in different ranges of diffraction angles. Heating rate: 2°C/
min.

Figure 7. Overlapped WAXD profiles in the region of 18°-26°
measured in the heating process from 148 to 165°C (measured every
ca. 2.4°), which is the temperature region ofR′-to-R phase transition.

Figure 8. Temperature dependence of the intensity, half-width, and
lattice spacing of the 203 diffraction ofR′ andR. For comparison, the
corresponding DSC curve is displayed.
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In association with theR′-to-R phase transition, both of the
lattice spacings ofR′ andR phases decrease slightly. It indicates
that the chain packing of the remainingR′ and newly generated
R phase becomes more compacted. After completion of theR′-
to-R phase transition, theR phase starts to melt with increasing
temperature further, which corresponding to the melting peak
well.

Simultaneous WAXD and DSC measurement was performed
also for the sample crystallized at 120°C, as shown in Figure
10a. This sample consists of theR phase and demonstrates the
double melting behavior. A plot of the lattice spacing and the
intensity of 200/110 reflection as a function of temperature is
shown in Figure 10b. As pointed out already, this sample shows
a subpeak (Tm2) below the main melting peak (Tm1) in the DSC
thermogram. The relative crystallinity decreases obviously, and
a very slight apparent lattice contraction appears corresponding
to the temperature region of the subpeak. These changes are
considered to reflect the characteristic melt-recrystallization
behavior ofR form itself.

Figure 11 compares the temperature dependence of the
apparent lattice spacing (d200/110) estimated for three kinds of
samples crystallized at 90, 120, and 140°C; the curve separation
is not performed in this figure. The lattice spacing reaches
essentially the same value at high temperature 170°C, sup-
porting the existence of two kinds of crystal modifications with
different thermodynamic stability. The sample ofTc ) 90 °C
experiences the change fromR′ to R phase in the temperature
region 150°C, giving a remarkable change ind200/110. The
samples ofTc ) 120 and 140°C exhibit essentially the same
behavior, although the lattice spacing becomes smaller for the
sample crystallized at higherTc. Anyway, it is important to
notice that the lattice spacing reached at high temperature is
essentially the same for these three samples.

Conclusion

In the present report, the thermal behavior of the various
PLLA samples crystallized at the variousTc’s was investigated
on the basis of WAXD and DSC measurements. It has been
confirmed that the small exothermic peak in the DSC curve
detected just prior to the melting peak is associated with the
first-order-type disorder-to-order (R′-to-R) phase transition, as
supported by the observations that the isosbestic points were
found in the temperature-dependent WAXD profiles, and the
observed reflections consist of two components of theR′ and
R phase as seen clearly for the higher 2θ reflections. As already
reported, the X-ray fiber pattern keeps the high degree of chain
orientation during the transition, indicating that theR′-to-R
transition occurs in the solid state. The remarkable change in
the half-width of the X-ray reflections corresponds to the change
in the domain size between theR′ and R phase regions, as
illustrated in Figure 5b. These findings shed more light on the
phase transition mechanism of theR′-to-R transition in a
concrete way. The experimental confirmation of the existence
of R′ form is quite important in the interpretation of the various
types of experimental data collected for the PLLA samples
treated under the various thermal conditions.
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