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Morphological Contributions to Glass Transition in Poly(L-lactic acid)
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ABSTRACT: Poly(rL-lactic acid) (PLLA) samples were prepared with different degrees of crystallinity,
obtained during cooling from the melt at different scanning rates, and subjected to annealing below T%.
For intermediate crystallinities two endothermic peaks assigned to enthalpy recovery could be detected
by differential scanning calorimetry (DSC) on heating, indicating the existence of two distinct glass
transition dynamics. The morphology at different length scales was characterized using WAXS, SAXS,
and polarized light microscopy to correlate the DSC results to the microstructure. The low-temperature
process was assigned to the bulklike glass transition whereas the high-temperature one was attributed
to the restricted motions of the amorphous phase confined by the crystalline structures. The position
and broadness of the two endotherms were found to be essentially independent of the spherulitic content
of the samples. This was related to the invariance of the lamellar morphology within a large range of
degrees of crystallinity. The occurrence of the high-temperature process throughout such range allowed
to attribute this process to the hindered motions of the mobile amorphous phase within the lamellar

stacks.

Introduction

Poly(rL-lactic acid), PLLA, is a very well-known bio-
degradable and biocompatible polyester, widely used in
biomedical applications,!~® including wound closure,
prosthetic implants, controlled drug delivery systems,
and three-dimensional scaffolds for tissue engineering
as well as in packaging and textile applications. A main
feature of PLLA is its intrinsic low rate of crystalliza-
tion,* % being possible to produce polymer with different
degrees of crystallinity. This parameter, and the general
lamellar organization, may be controlled by adequate
thermal histories” and will have an influence on proper-
ties such as mechanical performance as well as on its
rate of hydrolytic or enzymatic degradability.”—11

In semicrystalline polymers the amorphous phase also
influences intrinsically the mechanical properties, es-
pecially near the glass transition temperature.!? An-
other important effect associated with the amorphous
fraction of the polymer below T, is the occurrence of
structural relaxation: in the nonequilibrium glassy
state the system tends slowly toward its thermodynamic
equilibrium, and several physical and mechanical char-
acteristics will change with time. As the glass transition
temperature of PLLA ranges typically between 60 and
65 °C, we expect that upon implantation PLLA will
exhibit time-dependent behavior due to this purely
physical phenomenon, besides the effects associated
with chain scission. Therefore, from a practical point of
view, it is important to investigate structural relaxation,
as well as the general glass transition behavior, on such
systems. Some descriptive studies presented results on
structural relaxation studied by differential scanning
calorimetry (DSC) in PLLA or PDLLA.1314 A more
quantitative analysis of structural relaxation and glass
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transition dynamics was reported more recently.l®> In
that work DSC data were produced around T, after
different thermal histories in both quasi-amorphous and
highly crystalline PLLA. The glass transition dynamics
exhibited quite different characteristics in the two cases.
For example, in the latter material the distribution of
characteristic times for segmental mobility is broader
and the glass transition is shifted to higher tempera-
ture, when compared with the quasi-amorphous one.1?
This is the result of a clear confinement effect due to
the presence of the crystalline structure in semi-
crystalline polymers.

This problem can be included, from a fundamental
point of view, among the general problem dealing with
the behavior of materials that are geometrically con-
fined on a nanometer spatial scale, such as 3D confine-
ment (such as in nanoporous glasses or zeolites), 2D
confinement (in silicate layers of nanocomposites or in
layered block copolymers), or thin polymer films. The
understanding of the finite-size effects on the materials’
properties may be also relevant for technological reasons
in areas such as chemical engineering, biomaterials,
medicine, microelectronics, and a series of applications
in nanotechnologies.16-18

Using different thermal histories in semicrystalline
polymers, different lamellar structures may be pro-
duced. Therefore, this procedure allows to tailor, within
a certain range, the nanometric confinement of the
amorphous phase.1?20 Therefore, semicrystalline sys-
tems may be also used as an adequate model for
studying conformational mobility in confined geom-
etries. Poly(ethylene therephthalate) (PET) has been
widely used in this context. It would be interesting to
extend such kinds of work to other semicrystalline
polymeric systems, exhibiting different lamellar struc-
tures. Moreover, as will be discussed later, the origin
of the confinement imposed by the crystalline environ-
ment is not fully understood. Is the dynamics of the
amorphous phase changed between the lamellae or
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between the lamellar stacks regions? Do the glass
transition features of the confined amorphous phase
change with the total degree of crystallinity? A strategy
to address such questions is to compare the glass
transition behavior of both confined and bulklike amor-
phous phases with structural information, preferably in
samples covering a broad range of degrees of crystal-
linity.

The influence of crystallinity on the dynamics of the
amorphous phase in poly(lactic acid) has been carefully
accessed by dielectric relaxation spectroscopy.2!-22 It was
shown that this technique may provide quantitative
information about the dynamic behavior of the poly-
meric chains throughout a wide frequency range. The
rough experimental results could not discriminate, for
intermediate degrees of crystallinity, the motions of both
nonconfined and confined amorphous phases. Also for
PET, for example, a continuous change of the position
of the a-relaxation peak is observed in the frequency
scale during isothermal crystallization, together with
a broadening of the distribution of relaxation times.23:24
More recently, some authors were able to deconvolute
the overall dielectric glass transition signal into two
o-relaxation processes using a fitting procedure.?5> How-
ever, it was shown that the glass transition of the two
kinds of amorphous phases in PET could be clearly
distinguished from experimentally DSC curves, looking
at the endothermic peaks due to enthalpy recovery after
a stage below T,.26728 In this work a similar analysis
will be performed in PLLA. Moreover, different degrees
of crystallinity will be explored, and the morphology of
the samples will be analyzed by both optical microscopy
and X-ray scattering, which will assist in the attribution
of the amorphous phase that is assigned to the observed
glass transition processes.

Experimental Section

A Perkin-Elmer DSC7 was used to study the glass transition
behavior of PLLA with different degrees of crystallinity and
after an aging period below T, using nitrogen as a purge gas.
Both temperature and heat flow were calibrated with indium.
All the DSC experiments were carried out at 10 °C min~! from
25 to 80 °C.

The PLLA used in this work is from Purac Biochem with
molecular weights [3/,00= 86 000 and @/,,0= 151 000, evalu-
ated from gel permeation chromatography (Shimadzu, LC 10A,
Japan) using polystyrene as standard and chloroform as
solvent. PLLA films of ~0.2 mm thickness were obtained by
hot pressing at about 200 °C and quenching them in cold
water. Samples were cut from the films, with weights varying
between 7 and 10 mg. Different crystallinities were introduced
by melting samples in the DSC at 190 °C for 2 min, cooling at
200 °C min~! to 160 °C, and then cooling at various rates, q-,
from 1 to 5 °C min~!, down to room temperature. To erase the
effect of the different cooling rates in the formation of glass
phase, the samples were reheated to 78 °C and held for 5 min
and then were quenched down to 45 °C and aged for 42 h in a
tube furnace. After this aging period, the samples were
quenched to room temperature and stored immediately in a
refrigerator in order to freeze further structural relaxation
before the DSC experiments.

For both wide-angle and small-angle X-ray scattering
experiments, WAXS and SAXS, sample plates of ~1 mm
thickness were obtained by hot pressing at about 200 °C and
quenching them in cold water. A Mettler hot-stage (FP80) was
used to obtain different crystallinities, following the same
procedures of thermal treatment as that for DSC experiments.
The same samples were also used for polarized optical mi-
croscopy (Olympus BH-2 optical microscope). Thin films of 10
um were cut from the plates using a microtome (Leitz 1401)
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and then embedded in epoxy resin between microscope glass
slides under a certain load for 1 day. WAXS and SAXS
experiments were performed using X-ray synchrotron radiation
(transmission mode) at the Soft Condensed Matter A2 beam-
line at HASYLAB (DESY) synchrotron facility in Hamburg
(Germany). The experimental setup includes a MARCCD
detector for acquiring two-dimensional SAXS patterns (sample-
to-detector distance being 280 cm) and a linear detector for
1-D WAXS measurements (distance 23 cm). Cu Ka radiation,
with a wavelength of 2 = 0.154 nm, was employed for both
SAXS and WAXS measurements.

Results and Discussion

The DSC thermograms recorded on heating of all
samples after the aging period (42 h at 45 °C) are shown
in Figure 1 (solid lines). For each sample the first
heating ended at 80 °C, followed by a quenching down
to 25 °C, after which a second heating has performed
(dashed line). The interpretation of the results taken
from the quenched samples (second runs) is difficult,
especially for the samples previously subjected to a slow
cooling from the melt where the glass transition was
barely detectable. Moreover, for intermediate cooling
rates, it is hard to resolve eventual different glass
transition processes in such curves. However, the previ-
ous aging process noticeably enhances the molecular
processes involved in the glass transition of the materi-
als (first runs). For ¢~ of 1 and 1.5 °C min~!, an
endothermic peak is found at 70.2 and 67.5 °C, respec-
tively. For the highest g~ (4 and 5 °C min™!) basically a
narrow peak is observed around 64 °C. The nature of
these two peaks is different, as analyzed in detail before,
by treating DSC data obtained on both amorphous and
semicrystalline PLLA after subjected to different ther-
mal histories below T, using a phenomenological model
based on configurational entropy.!® It was found in that
work that the exponent § of the KWW equation is lower
for the semicrystalline material than for the amorphous
one, indicating a difference in the distribution of relax-
ation times; the same conclusion was achieved in PET.26
However, the study in ref 15 was only carried out in
the two extremes of crystallinity content. A question
that could be raised here is how these two dynamics
would progress with the degree of crystallinity from a
material almost amorphous toward a highly semi-
crystalline one. Figure 1 shows that for intermediate
g~ the curves display two endothermic peaks. A similar
behavior was found in PET, although in a restricted
number of degrees of crystallinity.26-28 During the aging
period below T, the mobile polymeric segments will
relax toward equilibrium. During heating the recovery
of the enthalpy will happen at temperatures that will
depend on the mobility of the chains. The lower tem-
perature peak in Figure 1 corresponds to the glass
transition dynamics of a less-hindered amorphous phase,
similar to the bulk one. In fact, for a sample quenched
from the melt, with no spherulitic content, only the low-
temperature peak was observed, at the same tempera-
ture position and with similar shape (not shown). The
higher temperature peak arises from the mobility of a
confined amorphous phase, such as the one appearing
in the more crystalline material (g~ = 1 °C min™1).

An important finding is that during the evolution of
g~ the positions of the two peaks are maintained
approximately at the same position: for ¢~ from 2 to
3.5 °C min! the higher temperature peak (higher Ty
process) has a maximum at 69 + 1 °C, and the lower
temperature one is found at 65 + 0.5 °C. This provides
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Figure 1. DSC scans obtained at 10 °C min™!, from 25 to 80 °C, on the PLLA samples prepared by cooling from the melt at
different rates, ¢~ (indicated in the graphics in °C min™1). Solid lines: first heating thermograms obtained after an aging period
at 45 °C for 42 h. Dashed lines: second scan obtained by immediately quenching the sample from 80 °C down to 25 °C after the

first run.
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a clear indication that the system shows two distinct
glass transition dynamics that exhibit quite indepen-
dent behaviors and that do not depend significantly on
the crystallinity content.

The evolution of segmental dynamics in PLLA with
crystallinity was also previously followed by dielectric
relaxation spectroscopy. During crystallization of PLLA,
from both melt and glass, Mijovic and Sy?! detected, as
expected, a continuous decrease of the intensity of the
dielectric loss peak of the a-relaxation during crystal-
linity development; surprisingly, the position of the peak
in the frequency axis did not vary upon crystallization.
However, another study clearly showed a slowing down
of the segmental dynamics with increasing crystallinity
in PLLA?? and explained the data reported in ref 21 as
a result of an insufficient crystallinity level reached by
the system.

First, it would be helpful to discuss the effect of a
general confinement due to the existence of a crystalline
fraction surrounding amorphous regions. As found in
most polymers, this effect is associated with an increase
of T5.2% It is to be noticed that this may not be the
general case for other sorts of confinements. For ex-
ample, poly(propylene glycol) confined in silica-based
nanoporous glasses exhibited lower T,s with respect
with the bulk material when pore sizes are 5, 7.5, and
20 nm;3° however, for pore sizes of 2.5 nm an increase
of Ty is found. Such a diversity of behaviors, resumed
for example in ref 29, has been attributed by some
authorstoacompetitionbetween twodifferent contributions.032
First, there is the effect of the geometrical confinement
itself, where the length scale associated with conforma-
tion mobility, in the framework of the Adam and Gibbs
theory,?3 increases with decreasing temperature being
limited by the size of the confinement if it is of the order
of a few nanometers (i.e., close to the length scale of
the material’s molecular fluctuations at T'); according
to these authors, this gives rise to an acceleration of the
molecular mobility, leading to a reduction of T, with
respect to the bulk. An opposite effect results from the
influence of the surface interaction with the relaxing
entities: attractive interactions between the mobile and
surface molecules results in a slowing down of the
relaxation times and hence to an increase of T;. Similar
effects were found in low molecular weight glass-formers
as propylene glycol 3435 Taking into account this picture,
we may conclude that this later “adsorption” effect is
dominant in the confinement induced by the crystalline
phase in semicrystalline polymers. In such systems one
should have thus a favorable interaction between the
mobile amorphous phase and molecular groups of the
confinement scaffold in contact with it, which would be
constituted by the so-called rigid amorphous phase.36
A major reason could be related to the fact that there
are polymeric chains in the interface region sharing both
mobile and rigid regions, enhancing thus the interaction
between the phases. We will assume that the extent of
the confinement for a particular system, that will be
reflected, for example, by the increase of T,, will be
mainly determined by the thickness of the mobile
amorphous phase region. However, we should analyze
further what this amorphous phase should be.

It would be helpful in this context to get further
information about the morphology at different length
scales of the PLLAs studied. This can be informative to
elucidate on the relationship between structure and the
two different dynamics observed for conformational
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mobility. Optical micrographs of the samples obtained
at different cooling rates are shown in Figure 2. Similar
pictures were shown by Mijovic and Sy, obtained during
isothermal crystallization.?! The results clearly demon-
strate that the studied samples exhibited a wide range
of spherulitic content and thus a great variety of degrees
of crystallinity.

Further analysis was carried out by WAXS where one-
dimensional scattering profiles are shown in Figure 3.
The calculation of the degree of crystallinity, X., was
performed by treating each WAXS pattern according to
the method used in ref 37: two Gaussian peaks riding
on a baseline were used to fit the amorphous back-
ground, and the ensemble of the crystalline diffraction
peaks was described by 6 Gaussian curves; X, was
calculated by dividing the total intensity of the crystal-
line reflections with the overall intensity. Values of X,
ranging between 7 and 46% were obtained for the
different ¢—. In Figure 4 this parameter is plotted
against the amount of the area occupied by the spheru-
lites in the polarized microscopy data, obtained by
treating the pictures in Figure 2 with an image analyzer
software. This figure shows a fairly good correlation
between the amount of spherulites and the crystallinity
between ¢~ from 1 to 3 °C min~!, which suggests that
the overall degree of crystallinity is mainly controlled
by the amount of spherulites. Moreover, the inset of
Figure 3 shows that the half-width (in radians) of the
two major diffraction peaks, 5, does not change system-
atically with ¢~. This would indicate that the PLLA
apparent lateral crystal sizes, Lpz, do not depend
significantly on ¢, as Ly, is intimately related to S by
Scherrer’s equation:38 Ly, = kA/(8 cos 0), where k is a
constant, being about 0.9 for most polymeric systems,
and 4 is the wavelength of radiation used. This may be
an indication that the crystalline fraction and crystalline
dimensions within the spherulites weakly depend on the
cooling rate, at least for g~ < 3 °C min~1. Therefore,
the total degree of crystallinity is mainly determined
by the content of spherulites in the volume.

More insight at the nanoscale level may be achieved
by SAXS. Figure 5 shows SAXS patterns of the different
samples analyzed as a function of the scattering vector,
s = (2/2) sin(0/2). The long spacing was calculated by L
= 1/Smax, Smax being the scattering vector of maximum
intensity of the Lorentz-corrected SAXS curves. For g~
higher than 2.5 °C min~! the amount of spherulites was
too small to resolve the lamellar structure from SAXS.
Moreover, the differences in the densities of the amor-
phous and crystalline phases in PLLA are small, which
renders particularly difficult to collect SAXS patterns
in this system. For g~ of 1.5, 2, and 3 °C min~!, where
more drastic changes are observed in the DSC data, the
long period is similar (L between 20 and 21 nm). Such
values are typical for PLLA (e.g., ref 39). The fraction
of mobile amorphous phase, Xp,af, in PLLA crystallized
at different temperatures was shown to vary between
18 and 27%.%2 Therefore, assuming a simple two-phase
microstructure, consisting of continuous lamellar stacks,
as well as a similar density for both amorphous and
crystalline phases, we could estimate, from the product
of L and X\,,.¢, that the mobile amorphous layers would
have average thicknesses in the range of 3.6 and 5.7
nm.

As proposed by other authors,%20 this mobile amor-
phous layer confined between crystalline lamellae should
be on the origin of the slow glass transition dynamics
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5

Figure 2. Representative polarized optical micrographs obtained at room temperature for the PLLA samples prepared after

different ¢~ (the same as in Figure 1).

detected in semicrystalline polymers. Therefore, the
temperature difference between the two structural
relaxation peaks observed by DSC are expected to be
dependent on the thickness of the interlamellar mobile
amorphous phase. For PET such differences are close
to 10 °C,28 whereas for PLLA we found 4 °C. This may

reflect the higher confinement of the amorphous phase,
as the thickness of the free amorphous phase between
the lamellae in PET is typically below 3.2 nm.20
However, another interesting hypothesis has been
proposed for the source of the amorphous phase that
gives rise to the slower process,?> based on simultaneous
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Figure 3. Wide-angle X-ray scattering patterns for the PLLA
samples crystallized upon different cooling rates, ¢~ (indicated
next to the curves, in °C min~1). The half-width of the two main
diffraction peaks, corresponding to the (200)/(110) and (203)
diffraction planes, are shown in the inset graphics as a function
of q~.
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Figure 4. Area ratio occupied by spherulites in the optical
microscopy pictures (data taken from Figure 2) as a function
of the overall crystallinity degree (obtained from the WAXS
data), for the samples obtained at the different ¢~ (indicated
next to the experimental points, at °C min™1).

dielectric relaxation spectroscopy and X-ray scattering
measurements in PET. It is suggested that the inter-
lamellar amorphous phase is rigid and does not par-
ticipate in any o-relaxation. During primary crystalli-
zation lamellar stacks are formed, even in the early
stages,*® where (i) the interlamellar amorphous phase
is dynamically arrested and (ii) the amorphous phase
between the lamellar stacks (intralamellar stacks amor-
phous phase) is as mobile as the bulk one as long as
the lamellar stacks are well separated from each other.25
Therefore, during this first process we should only
observe a reduction of the intensity of the glass transi-
tion process as a result of the formation of the primarily
lamellae, without any change in the dynamics. Upon
secondary crystallization secondary lamellar stacks
starts to develop within the liquid pockets existing
between primary lamellar stacks.*’42 The hindered
dynamic process is assigned to the segmental mobility
of the amorphous chains that will be confined in this
liquid pockets in which secondary lamellae started to
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Figure 5. Lorentz-corrected small-angle X-ray scattering
patterns for PLLA samples crystallized at different cooling
rates from 1 to 3.5 °C min™! (indicated next to each curve).
The inset graphics shows the variation of the long period, L,
with ¢~.

grow, which should occur in later stages of crystalliza-
tion.?> After deconvoluting the main dielectric peak,
Alvarez et al. found that the slower process appear only
beyond a given crystallinity level that should correspond
to the onset of secondary crystallization.

In the particular case of the system studied in the
present work, both processes appear simultaneously and
independently whenever spherulites and interspheru-
litic regions are both present, i.e., throughout a very
large range of degrees of crystallinity. This includes the
presence of a confined glassy phase at the early crystal-
lization stages that gives rises to the higher T, process,
where presumably secondary crystallization had not yet
occurred, with similar characteristics of the confined
glassy phase present in a much extended crystallization
stage. Moreover, we may conclude, from a qualitative
comparison of Figures 1 and 2, that the evolution of the
relative magnitude of the two DSC peaks follows ap-
proximately the spherulitic development, and from the
results of Figure 4, it also follows the overall degree of
crystallinity: as the amount of crystalline phase in-
creases, we observe a progressive intensity enhance-
ment of the hindered glass transition process and a
depletion of the bulklike mechanism. Moreover, both
processes maintain their main characteristics, namely
their shape and temperature position.

From the above observations, we suggest, at least for
the case of the system studied in this work, that the
low-temperature glass transition is assigned to the
segmental motions within interspherulitic amorphous
phase. The high-temperature process should be assigned
to the presence of intraspherulitic amorphous phase,
probably confined within the primary (or secondary)
lamellar stacks.

Main Conclusions

PLLA samples can be obtained with a wide range of
degrees of crystallinity, exhibiting a clearly defined
spherulitic structure, by cooling the melt at different
rates down to room temperature. This provides an
adequate model to systematically study the influence
of crystallinity on the glass transition dynamics. After
subjecting these samples to an aging process below Ty,
two well-distinguished endothermic peaks can be found
when both intraspherulitic and interspherulitic amor-
phous phases are present, corresponding to the glass
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transition of a bulklike process (at lower temperatures)
and a broad process assigned to the glass transition of
a confined mobile amorphous phase. The position in the
temperature axis and the general shape of these peaks
do no change significantly with the degree of crystal-
linity. The effect of confinement exerted by crystalline
phase should be mainly dominated by the nature of the
interface between the free amorphous phase and the
rigid phase (adsorption effect) and not due to the
geometrical confinement itself. In fact, according to
previous works, the geometrical confinement effect
should lead to a decrease of T in the confined phase
and the opposite behavior is found in typical semicrys-
talline systems. As the higher temperature glass transi-
tion process is present even in the early stages of
crystallization, we assigned it to the molecular motions
of the interlamellar amorphous phase. Such kinds of
systematic work should be extended in other semicrys-
talline systems in order to check any universal behavior
on the effect of crystalline confinement in polymers.
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