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ABSTRACT: Positron annihilation lifetime spectroscopy (PALS) was conducted to follow the evolution of
free volume during crystallization of PLLA at 100 °C. A finite lifetime distribution of three components was
used to fit the PALS spectra. The analysis of the longest lifetime component (z3) indicates that the free volume
distribution evolves during crystallization by increasing the number of holes yet decreasing their size;
moreover, the free volume fraction increased during crystallization. Following the evolution of the shortest
components a correlation was found with crystalline and amorphous phase contents present in PLLA. The
first component (z;) was assigned to positron annihilation in occupied zones of the crystalline phase whereas
the second component (7,) was attributed to annihilation by different amorphous arrangements. A model for
the supramolecular arrangement of PLLA chains was devised in terms of free volume enlargement for
annealed samples. According to this model transformations occur in mobile amorphous phase (MAP) and
rigid amorphous phase (RAP) with PLLA chains evolving from folded or coil conformations in the as-
quenched samples containing uniquely MAP to opener (more extended) conformations in samples containing
larger RAP and crystalline fractions. The proposed model provides a rational for the understanding of some
unexpected effects associated with free volume that have been observed in several semicrystalline polymer
systems, i.e., the lowering of density during crystallization (dedensification), the acceleration of polymer
chains dynamics around the 7, (dynamic fragility) due to a rigid amorphous phase confined by crystallites,

and also the gas permeability behavior in terms of solubility and diffusion coefficients.

Introduction

Poly(r-lactide) (PLLA) is a semicrystalline biodegradable
polymer of increasing use in medical applications such as tem-
porary implants or scaffolds for tissue engineering. The biome-
dical applications are highly dependent on biodegradation rate of
PLLA that can be tuned by the crystalline and amorphous phases
developed during the manufacturing processes. PLLA is known
to yield nearly full amorphous structure when thermoplastic
conformation is carried out by quenching from the melt state
to temperatures below the glass transition temperature (7).
However, as a result of its chain stereoregularity, PLLA develops
partial crystallinity if a subsequent annealing treatment is con-
ducted above T,, or also when during conformation a noni-
sothermal solidification of the melt is carried out at mild/low
cooling rates.'

A semicrystalline polymer can be considered as a heteroge-
neous material whose amorphous fraction displays different
behaviors depending on the dimensions and location of the
disordered domains with respect to the crystalline phase. Amor-
phous chains characterized by different mobility have been
observed by calorimetry and relaxauon expenments in semicrys-
talline polymers such as polyethylene 4 isotactic and syndiotac-
tic polypropylene,”® polyamide 6, poly(ethylene terephthalate)
(PET)} poly(butylene terephtaldte) QPBT) % poly(phenylene
sulphide) (PPS),'"! polycarbonate poly(hydroxybutyrate)
(PHB)™" or poly(L-lactide).'>'® The loss of segmental mobility
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of the amorphous phase, termed rigid amorphous phase (RAP),
due to coupling to crystals causes in PLLA a decrease of the
specific heat capacity and an increase and broadening of the glass
transition temperature in regard to the bulk mobile amorphous
phase (MAP), and hence can be quantitatively assessed by
thermal analysis.'®!”

The dimensions of the crystalline—amorphous regions and
the magnitude of the immobilization of the amorphous phase
probably are controlled by chain architecture that fixes the
inherent flexibility of the macromolecule and by the structure
and amount of the crystal surfaces that can be adjusted within
limits by properly choosing the conditions of crystallization. In
this work we have chosen poly(L-lactide) as model polymer to
conduct an isothermal crystallization conditioning after melt
quenching in order to tune its crystalline and amorphous
phases.

The crystalline fraction (x.) and both amorphous MAP
(xma) and RAP (yra) fractions were determined by thermal
analysis and X-ray diffraction (WAXS). The crystalline mor-
phology and the nature of the lamellar structure, with indica-
tion of whether spherulites are space filling or not, was studied
by polarized Atomic Force Microscopy (AFM) in order to
asses the appropriate distribution of RAP and MAP according
to the existing models. The heterogeneous stack model (HEM)
considers the entire MAP located at the interspherulitic
boundaries and hence RAP is located between adjacent lamel-
lae within spherulites. Contrarily, for the homogeneous stack
model (HSM) the MAP is placed between the lamellae within
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spherulites and hence RAP is assumed in the occluded space
between spherulites.’

Early works by Galeski et al'®!? focused on the boundary
regions between spherulites observing cavities that resulted
because of the confinement of the melt in a buildup of negative
pressure. The presence of cavities between spherulites was
confirmed in polypropylene, high-density polyethylene and
other semicrystalline polymers. The occluded areas of the
interspherulitic regions were called “weak spots” since holes
and cavities act as stress concentrators leading to brittle failure
in semicrystalline polymers.?® In this context it is worthy to
note that the PALS results studied in the present work are
applicable to the changes associated with the free volume
during RAP formation in both possible locations, intraspheru-
litic according to HEM, and interspherulitic according to
HSM.

In a recent work,'® some of us reported that crystallinity and
RAP formation not only elevated the 7, in regard to the bulk
amorphous polylactide, but also increased the dynamic fragility
of polylactide chains. Although impediments for segmental
mobility can be associated with a T, enlargement in polymeric
systems, our results showed also that the steepness or easy with
which polymer chains relax on cooling to form a glass around the
T, increased with crystalline confinement; this behavior denotes a
more fragile liquid and suggests an eventual increase of free
volume of the ri%id amorphous phase.

Schick et al.>! considered that the amorphous constrained
chains are vitrified in the state corresponding to the crystalli-
zation temperature, 7., thus the free volume of the RAP should
be notably larger than that of MAP vitrified at considerably
lower temperatures.”> Moreover, quenching of glassy poly-
mers from the melt state is a usual method to enhance the
formation of microvoids.** The larger free volume of the RAP
has been demonstrated using positron annihilation spectroscopy
(PALS)* and also combining PALS with pressure-volume-tem-
perature (PVT).> Indeed, some authors proposed alternative
ways to quantify RAP and MAP fractions based on PALS
data.**?® Also, permeability measurements®>’ can allow the
detection of the RAP. In the case of poly(ethylene naphthalate)
(PEN), free volume parameters obtained from PALS have not
revealed any substantial difference between amorphous, cold- or
melt-crystallized and oriented semicrystalline samples. However,
oxygen transport properties of these samples allowed detecting a
different accessible free volume of the amorphous phase in
crystalline samples.?’

Positron annihilation spectroscopy (PALS) gives account of
free volume characteristics in polymer materials (see ref 28 for
a complete review), hence we have used PALS to deepen into
the PLLA supramolecular structure. When a positron enters a
solid it can be annihilated after a thermalization process,
with the electrons of the medium, or it can be also formed a
bound state (¢- —¢’) named positronium (Ps). The positronium
is basically formed in two states, 75% as orthopositronium
(0-Ps) with parallel spins (triplet state) and 25% as paraposi-
tronium (p-Ps) with antiparallel spins (singlet state). Paraposi-
tronium annihilates intrinsically (i.e., annihilation between the
particles forming the Ps) mainly into two y-rays of 511 keV.
The lifetime of p-Ps is very short and has a value of 120 ps in
vacuum. However, orthopositronium annihilates in vacuum
into three y-rays in order to conserve spin with a lifetime of
142 ns.?’ Into the solid, the positron wave function overlaps
with electrons outside the positronium. The annihilation
with such electrons having an antiparallel spin decreases the
lifetime by about 2 orders of magnitude and amounts of about 1
to 5 ns. This process, with results in two y-rays, is called
pick-off annihilation and provides a sensitive measure of polymer
properties associated with free volume.**** The observed lifetime
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of the o-Ps depends on the positron (p, (r)) and electron (p—(r))
densities at the region where the annihilation takes place in the
form,

- A
BT T @)p-(F) dT

where A is a normalization constant. A semiempirical equation
can be used to approach the solution to the last equation in
function of the hole size considering a model in which one Ps
particle is located in a sPherical wall with radius R having an
infinite potential barrier.”* This semiempirical approach assumes
a homogeneous electron layer with a thickness of (AR = Ry — R)
inside the wall, where Ry is the infinite spherical potential radius
and R is the hole radius. That hypothesis conduces to the
following equation for the o-Ps lifetime in function of the hole
radius,

1)
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Nakanishi et al.** have determined the value of AR by fitting the
observed lifetimes with the known hole and cavity sizes in
molecular substrates. The best fitted value of AR was found to
be 1.66 A.

When positrons are injected in polymers they can annihilate in
several stages. These stages are present in the positron annihila-
tion spectra with some components shorter than the o-Ps lifetime.
Some authors*®*” have summarized various possibilities for these
short components (7; and 7,). The origins of these shorter
lifetimes have not been firmly established, yet they could be
associated with the annihilation of positrons in different regions
other than the free volume, these are crystalline and amorphous
regions and crystalline/amorphous interphases. Some authors®®
have evidenced in different semicrystalline polymers that Ps is
formed and annihilated only in the free volume. However many
works can be found in the literature relating the lifetime and
intensity of o-Ps to different characteristics other than free
volume, for example molecular weight, cross-linking, crystal-
linity, mechanical properties, etc.’®*"*4 Nonetheless, in our
opinion these relations between o-Ps lifetime parameters and the
aforementioned polymer properties do not evidence that o-Ps
annihilate in regions other than free volume.

The evolution of the parameters associated with free volume
during polymer crystallization carrying with it RAP formation is
not well understood yet; hence, specific investigations with
different polymers and novel strategies seem necessary to reveal
the macromolecular superstructure of semicrystalline polymer
systems. In this framework it should be noted that the pioneering
work of Olson et al.>* was prompted by a study of oxygen
permeability in semicrystalline poly(ethylene terephtalate)
(PET) revealing that the gas solubility was reduced but not in
direct proportion with the decrease in amorphous volume con-
tent. The strategy devised to control the structure showed that in
cold-crystallized samples, having higher rigid amorphous fraction
for a specific crystallinity degree, 73 was longer (greater hole
volume) and 73 was smaller (fewer number of holes) than in melt-
crystallized samples. The permeability results reported evidence
to conclude that the dominant free volume parameter controlling
the diffusion process was the hole volume whereas the dominant
parameter controlling the solubility was the hole density.

PALS computations of free volume hole size and the values of
positron annihilation lifetime intensities for MAF and RAF
provide values evolving with crystallization conditions. For ex-
ample, as crystallization progressed on PET>* a decrease of o-Ps
intensities (/3) and free volume were observed in melt-crystallized
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and cold-crystallized samples; with respect to o-Ps lifetime (73), a
decrease with crystallinity was observed in cold-crystallized sam-
ples whereas a constant value was found in melt-crystallized
samples. In another example, as a result of the analysis of poly-
(3-hydroxybutyrate-co-3-hydroxyvalerate)*' both I3 and free vo-
lume decreased with crystallinity while 5 lifetime increased up to a
crystallinity of 68% and then decreased for higher crystallinity
degrees. Finally, studies on poly(tetrafluoroethylene) (PTFE) and
of its copolymer with perfluoro (propyl vinyl ether) (PFA),>
suggested that the RAF presented distinctly smaller specific free
and total volume than the MAF. One may conclude from this
latter study that RAF contains more holes than MAF. In conclu-
sion, the free volume aspects related to conformational changes
occurring during polymer crystallization have not been established
yet and new investigations seem necessary with semicrystalline
polymers presenting different chain rigidity and hence the ability to
develop crystalline and rigid amorphous phases.

Moreover, PALS contributions to free volume in semicrystal-
line polymers have until now only focused on the interpretation
of the third component. In this work we have found some
interesting results for the two first components of PALS spectra,
for which the studies are scarce in polymer science. Prompted by a
study of polylactide chain dynamics that revealed an acceleration
of segmental dynamics when traversing the T, due to the chain
confinement by crystallites in the rigid amorphous fraction,'® the
aim of this work is to analyze the different positron annihilation
lifetimes in a PLLA system in order to contribute to the under-
standing of the supramolecular structure of semicrystalline poly-
mers, particularly when PALS results are interpreted in terms of
free volume changes associated with mobile and rigid amorphous
phases during polymer crystallization.

Experimental Section

Sample Preparation and Thermal Treatments. For this study
PLLA with an average number molecular weight (M,) of
153000 g/mol and a polydispersity index (M,,/M,) of 1.38, as
determined by GPC, Biomer (Germany), was employed. It
contains 2% D-lactyl moieties and 0.2% residual monomer,
according to the supplier.

PLLA pellets were dried overnight in a vacuum oven at 30 °C
prior to processing and afterward conformed in sheets of 100
mm x 100 mm x1 mm in a hydraulic hot press by compression
molding at 180 °C under a pressure of 4 bar for the first minute
and 240 bar for additional 4 min. Solidification was carried by
moving away the sheet from the mold and sinking it in a water
bath (water-quenching, WQ). The compression-molded sheets
were cut in smaller sheets of 10 mm x 10 mm x1 mm, and were
annealed in an oven. Thermal treatments were carried out at 100
°C during 2, 4, 10, 15, 30, and 60 min in order to obtain samples
containing different crystalline and rigid amorphous fractions.

Positron Lifetime Measurements. Positron annihilation mea-
surements were carried out on PLLA samples using a **Na
positron source deposited onto a thin Kapton foil. This positron
source was enveloped with two identical PLLA samples of 1 mm
thickness. Positron lifetime spectra were recorded at room tem-
perature using a conventional fast—fast nuclear spectrometer with
a time resolution (fwhm) of 230 ps. For every measurement the
average of three spectra with 2 x 10° total counts were registered
and analyzed using the program PATFIT-88.

Differential Scanning Calorimetry. Differential scanning cal-
orimetry (DSC) was conducted on a DSC 2920 thermal analyzer
from TA Instruments. All scans were carried out in hermetic
aluminum pans under a nitrogen atmosphere for a sample
weight of approximately 5 mg. The analysis procedure consisted
of a heating scan from 0 to 250 °C at a heating rate of 10 °C/min.
During the scans the glass transition, cold crystallization,
crystallization just before melting and melting transitions could
be observed.

del Rio et al.

The fractions of crystalline (y.), mobile amorphous (yma),
and rigid amorphous (yra) phases in PLLA were determined
according to a procedure described in a previous work'® with
eqs 3—5

AH,, — (AH, + AH,,)

Xe = AHO (3)
AC,

_2% 4

AMA AC]? (4)

Ira = 1 =X~ Xma (5)

where AH,, AH., and AH, are the experimental values of
melting enthalpy, cold crystallization and crystallization just
before the melting of PLA crystals; AH?, is the theoretical value
of melting enthalpy for perfect PLLA crystals taken as 106 J/g,**
and (AC,) and (ACﬁ) are the experimental specific heat changes
at T, of PLLA and PDLLA respectively, the later giving account
for the specific heat change at T, of the nonconfined mobile fully
amorphous phase (ACﬁ = 0.639 J/(g K)).*?

X-ray Diffraction. In order to follow the evolution of the
crystallinity with the thermal treatment, grazing incidence X-ray
diffraction (GIXRD) measurements were performed on every
sample. Cu Ka radiation in a Bragg—Brentano—Soller config-
uration was used in a Siemens diffractometer and the 26 angle
was scanned from 8° to 40° in steps of 0.04°.

Atomic Force Microscopy. The samples for the crystal mor-
phology studies by AFM were prepared using in a first instance
the solvent casting technique with chloroform (Panreac). The
polymer was dissolved at a concentration of 1 wt % at room
temperature and the resulting solutions were deposited into a
Petri-dish and dried at 30 °C for 24 h in an oven. In order to
prevent the binding of the sample with the glass substrate, Petri-
dishes were covered by a thin film of PTFE. After obtaining the
as-cast films, a small sample was cut and adhered to a AFM
mounting disk and introduced in an oven and heated to 210 °C
in order to erase previous thermal history, melt the film and
evaporate any residual solvent. This temperature was main-
tained for 3 min and then the melted films were introduced in a
preheated oven at the desired 7 crystallization temperature (80,
100, 120, 140, and 150 °C). Images of spherulitic morphology
were obtained in the samples after completion of crystallization.
The desired crystallization conditions were obtained by holding
each sample at its crystallization temperature for 900 min and
then by quenching to —10 °C; hence, any further development of
the semicrystalline structure of PLLA was prevented. In order to
erase any effect of the surface on the crystallization of PLLA,
films of 50 £ 5 um were used.

Atomic force microscopy (AFM) images of isothermally
melt-crystallized PLLA films were recorded at room tempera-
ture using a Nanoscope I11a Multimode Scanning Probe Micro-
scope (Veeco Instruments, Santa Barbara, CA). The V531rl
program was employed for determining both spherulite size and
spherulite density. All experiments were carried out in contact
mode. The characteristic force constant of the Si;Ny cantilever
was approximately 0.58 N/m. Scan rate of images was 2 Hz
resolutions of 256 x 256 data points were used for all scans.

Results

Positron Lifetime Results. Positron lifetime spectra in
polymer materials generally contain multiple exponential
decay components. In the literature discrete lifetime analysis
by three or four components are common to fit the lifetime
spectra of polymers usually presenting a positron lifetime
component longer than 1 ns that is attributed to o-Ps
annihilation in interstitial free volume of crystals.>>* In
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Figure 1. Positron annihilation lifetime parameters for the PLLA samples as an evolution of the annealing time at 100 °C. Q corresponds to the

as-quenched sample.

the present work three and four component fittings have
been explored for all samples. Good fittings were obtained
for both types of analyses. The lifetime parameters (lifetime
and intensity decays) obtained from a four components
analysis had too much dispersion with the annealing time;
however fitting the spectra with three components gave
significant and physically meaning evolutions in the positron
annihilation parameters with the annealing time. Hence,
three components fitting was used in the analysis of our
PALS spectra.

Parts a—f of Figure 1 show the evolution of positron
lifetimes and intensities during the course of PLLA crystal-
lization by annealing at 100 °C. In all cases, the length of the
error bars corresponds to the difference between the maximum
and minimum values obtained. The lifetime long component
73 has an initial value of 1990 ps in the as-quenched sample
and falls down to 1890 ps after 30 min annealing. The
intensity /3 remains constant at 15.3% for 4 min, and then

monotonously increases up to reaching a constant 18.8%
value at 30 min.

For the first component 7, the value at 2 min is nearly 190
ps, which is the value measured for the as-quenched sample.
For longer annealing times a significant step is observed and
the 202 ps value obtained at 4 min remains approximately
constant until 60 min. The intensity of the first component 7;
rapidly increases between the as-quenched state and 10 min
up to 17.5%, after that a slower increase is observed reaching
20% at 60 min.

The second component 7, monotonously increases from
397 ps in the samples annealed during 2 min to a value of 416
ps in the samples treated for 60 min. As for the intensity of
the second component, 7, decreases from 71% in the as-
quenched sample to 63% in the 60 min annealed sample.

Scanning Differential Calorimetry Results. Figure 2 shows
the DSC curves of PLLA samples after conformation by
water quenching and annealing at 100 °C. The as-quenched
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sample shows a distinct glass transition with a heat enthalpy
change at T, = 60.6 °C followed by an exothermal deviation
of the baseline indicating cold crystallization at 113.4 °C;
finally a melting endotherm centered at 173.3 °C is observed.
The DSC curves corresponding to the 2 and 4 min annealed
samples follow qualitatively the same trends of the as-
quenched sample showing 7, cold-crystallization and melt-
ing peaks located in similar positions, yet with a small
increase of the crystalline fraction in the 4 min annealed
sample (Table 1). The samples annealed at 10, 15, 30, and 60
min showed a less prominent heat capacity change at the
glass transition and an enlargement of crystallinity with
annealing time. In addition these samples showed another
deviation of the baseline at higher temperatures than the cold
crystallization, this is an exothermal event suggesting a
recrystallization of the existing structure giving rise to crys-
tals of higher perfection just before the melting.*’

Table 1 summarizes the thermal properties obtained by
DSC. It is noted that the 7, significantly increases with
annealing time, from 60.6 °C obtained in as-quenched PLLA
to a maximum value of 66.8 °C in PLLA annealed for 30 min.
It can be noted that the continuous decrease in the heat
enthalpy change with annealing time does not quantitatively
correspond with the increase observed in the crystalline
fraction. This result suggests the existence of a rigid amor-
phous phase and will be discussed later on.

The results obtained for the fractions of crystalline (y..),
mobile amorphous (y,,4) and rigid amorphous (x z4) phases
in PLLA samples calculated according to eqs 3—5 can also be
read in Table 1 and Figure 5. Assuming that PDLLA with
AC?, = 0.639 J/(g K) at T, contains uniquely mobile amor-
phous phase corresponding to the fully amorphous polymer,
the reduced heat enthalpy change observed in PLLA indi-
cates the coexistence of both MAP and RAP. Finally, it is
observed that when quenched in water PLLA gives an
inconsiderable crystalline fraction and RAF and therefore

relative Heat Flow (W/g), exo>

0 50 100 150 200 250
T (°C)

Figure 2. DSC curves of PLLA: (a) water quenched, (b) recrystallized 2
min at 100 °C, (c) 4 min at 100 °C, (d) 15 min at 100 °C, (¢) 30 min at 100
°C, and (f) 60 min at 100 °C.
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it can be considered nearly amorphous. However, after
quenching, annealing of PLLA increases monotonously the
crystalline and rigid amorphous fractions until reaching
respectively the values of 36.5% and 48.5% after a 60 min
annealing time.

X-ray Diffraction Results and Atomic Force Microscopy. In
order to corroborate how the thermal treatment affects the
crystalline fraction and morphology of PLLA X-ray diffrac-
tion and atomic force microscopy analysis was carried out.
Figure 3 shows the X-ray diffraction spectra vs annealing
time. In order to compare the spectra profiles the data have
been normalized to the total area under the diffractogram.
The as-quenched sample and the sample annealed for 2 min
showed only a smooth distribution corresponding to the
amorphous halo. The X-ray diffraction profile of samples
annealed for 4 min or longer times showed the characteristic
diffraction peaks of semicrystalline PLLA. Diffraction peaks
appear progressively as the crystalline fraction develops at 26
values of 14.6°,16.5°, 18.8°, and 22.1°. The most intense peak
ata 20 = 16.5°is due to reflections from (200) and/or (110)
planes. Less intense peaks are also observed at 260 = 14.6°,
18.8°, and 22.1° corresponding respectively to reflections of
(010), (203), and (015) planes. These results are in close
agreement with the peaks rePorted in the literature for the
a polymorph of polylactide.***®

Figure 4 shows the height images of PLLA obtained in the
atomic force microscope after melt quenching and isother-
mal crystallization for 1 h at 100 and 120 °C respectively.
Please note that despite the films were initially conformed by
solvent casting they were subsequently mounted in an AFM
probe and melted in an oven previously to their crystal-
lization at the selected temperature. Taking into account that
thin films of 50 um produced by solvent casting were
quenched from melt state in air when moving from the
melting oven to the crystallization oven, the crystallization
procedure used for AFM and PALS samples are considered

Intensity (a.u.)

4
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=2 min
7/ _4min
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Figure 3. X-ray diffraction pattern for the PLLA samples in function of
the annealing time at 100 °C. The difractograms have been normalized
to the under total area.

Table 1. Thermal Properties of PLLA by DSC Including Crystalline Fraction (X.), Rigid Amorphous Phase (Xgr4) and Mobile Amorphous Phase
(Xma) after Water Quenching (WQ) and Recrystallization at 100 °C

sample 7, (O AC, J/g°C) Al (J/g) AH.; (/g AH,, (J/g) Xe Xra Xnvia
wQ 60.6 0.553 247 25.6 0.008 0.112 0.880
2 min, 100 °C 61.3 0.526 18.1 19.5 0.013 0.149 0.838
4 min, 100 °C 62.2 0.502 36.5 415 0.047 0.154 0.799
10 min, 100 °C 61.7 0.405 15.2 1.2 36.8 0.193 0.162 0.645
15 min, 100 °C 61.7 0.193 1.7 36.5 0.327 0.366 0.307
30 min, 100 °C 66.8 0.151 3.1 38.8 0.338 0.422 0.241
60 min, 100 °C 65.1 0.094 2.0 40.7 0.365 0.485 0.150
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Figure 4. AFM height images of PLLA quenched from the melt and isothermally crystallized at (a) 100 °C and (b) 120 °C.

Table 2. Spherulite Diameter and Nucleation Density of PLLA
Samples Quenched in Water from the Melt and Recrystallized at
Different Crystallization Temperatures (7,)

T. (°C) spherulite diameter (um) nucleation density (mm?)
80 7 30000
100 16 4335
120 40 2400
150 142 50

equivalent, being at the time similar to that termed melt-
crystallization in another work.>*

The AFM images reveal spherulitic morphology close to
space filling confinement in both cases. Table 2 reports a
monotonous increase in spherulite diameter from 7 um after
completion of crystallization at 80 °C to 142 yum at 150 °C. In
addition, the nucleation density monotonously decreases
from 30000 to 50 mm > as crystallization temperature
increases from 80 to 150 °C (Table 2). Hence, AFM analysis
reveals that average size diameter increases when PLLA
crystallization is performed at lower undercoolings from
the melt and is leaded by a lowering of nucleation density.
The changes observed during the treatment follow the results
reported in the literature for recrystallization studies in
polymer films.

Discussion

Previous comments have delineated the fact that the structure
of semicrystalline polymers requires the consideration of a three
phase model including a crystalline phase, a noncrystalline
amorphous phase and a crystalline—amorphous interphase. In
polymers crystallizing with spherulitic morphology the rigid
amorphous phase has been associated with the presence of
topological constraints induced by confining lamellae that ra-
dially grow as stacks from a spherulite nucleus. Interlamellar
regions are separated by amorphous layers (20—40 A) while
much thicker mobile amorphous layers separate the spherulites
from one another (100—2000 A).*”* From this point of view, it
has been proposed that RAP is associated with the interlamellar
thin regions. In addition, it is accepted that RAP does not
contribute to the jump of heat capacity; hence, only the MAP
regions participate in the glass transition.*’

Differences in the mobility and free volume between RAP and
MAP can be analyzed by different methods such as calorimetry,
relaxation, free volume or permeability measurements. It is also
well established that free volume, particularly the size of the
holes,* plays an important role in mobility. Thus, discussion will
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Figure 5. Crystalline, rigid amorphous and mobile amorphous phase
fractions versus annealing time at 100 °C, obtained from scanning
differential calorimetry results. Q corresponds to the as-quenched sample.

be focused on the influence of RAP. With this aim, all the
components of the positron annihilation lifetime spectrum will
be analyzed in this work.

Figure 5 shows the evolution of crystallinity together with the
rigid amorphous and mobile amorphous fractions of PLLA
versus annealing time. It deserves being emphasized here the fact
that the crystalline development in PLLA during annealing
carries with it not only an enlargement of the T, but also the
presence of a rigid amorphous fraction, since larger values of yg o
correspond to larger y. values.

The third component of PALS spectra, corresponding to the
pick off annihilations of o-Ps is related to the free volume. In
semicrystalline polymers, it is widely assumed that the free
volume is principally located in the amorphous regions and not
in the more dense crystal regions.”* Furthermore, we have not
observed in our PLLA samples the extra o-Ps lifetime observed in
some semicrystalline polymers.”>**

Since RAP is vitrified at crystallization temperature (7¢), the
free volume characteristics should be different in RAP and MAP.
At T, the interlamellar RAP has a reduced mobility while the
MAP has a rubbery character featured by micro-Brownian
segmental motions.>® Thus, it can be expected that both amor-
phous phases to possess different free volume hole size and
distribution for MAP and RAP. In this work, due to the limited
resolution of positron spectra, the data corresponding to the third
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components 73 and /3 will be considered as an average of both
amorphous phases”>~® and the observed evolution for 73 and I
will be analyzed taking into account the relative amounts of RAP
and MAP.

The values of 73 correspond to the pick off annihilations of o-
Ps present in PLLA and the relative intensity /3 accounts for the
number of free volume holes. This positron state is formed in free
volume regions and a mean radius of the free volume hole can
also be determined by means of eq 2. Hence, the decrease of 73
with annealing time should be associated with a size decrease of
free volume holes. According to the calculations, the free volume
hole 51ze () ranges from 95.7 A® in the as-quenched sample to
86.5 A% in the 60 min annealed sample Itdeserves to be noted that
all analysis has been performed using a discrete term fitting. Since
I; increases with annealing time, the calculated hole size value
decreases as the amount of free volume holes increases. Hence,
according to this analysis, an evolution to smaller but higher
quantity of holes results as a consequence of the thermal treat-
ment at 100 °C, in comparison to the as-quenched state.

Olson et al. % conducted PALS measurements on PET samples
quenched from the melt and recrystallized at 110 and 210 °C for
samples termed cold-crystallized and melt-crystallized respec-
tively. The results indicated that crystallization yields a decrease
in Iz for both cold-crystallized and melt-crystallized samples.
However, a decrease of 73 with crystallinity was only observed
in melt crystallized samples while in cold crystallized samples 73
remained practically constant. The evolutions of /3 and 73 PLLA
observed in Figure 1 for PLLA agree with the above-mentioned
trends observed for melt-crystallized PET. This result is notice-
able since PLLA samples investigated in this work were crystal-
lized at a temperature with a melt undercooling approximately
the same of that used for the above-mentioned melt-crystallized
PET samples.

On the basis of yra, ¥ma, and 73 and I3 variations, some
numerical estimations of free volume magnitudes in RAF, i.e.,
73 rAF and I3 gar, have been carried out. 2 Our computations
with PLLA resulted in values of Livar = 14%, 13 mar = 1990 1s,
I raF = 36.5% and 73 gar = 1904 ns. These differences between
RAF and MAF free volume parameters are in agreement with
previous results obtained for melt-crystallized PET.** Also, the
larger value for I3 gar agrees too with Dlubek et al., 25 who
suggested that RAP should contain a higher amount of holes
than MAP.

The fraction of free volume (f,) is defined by the ratio of the
free volume to the total volume,

Soo =+ (6)

where V', = V,— V,and V, s the occupied volume. In the studies
of polymers, it is useful to determine changes in this parameter in
order to relate it with different physical properties like diffusion
or mechanical properties. The probability of o-Ps annihilation is
assumed to be proportional to the number of free volume holes
and the free volume fraction, f,, can be determined by using the
following equation,’'*>

fr = Cly(t3) (7)

where v, is the free volume hole size determined as above-
mentioned by eq 2 and C is a empirical scaling constant which
is determined by other type of free volume fraction measure-
ments. In common polymers the value of C ranges from 0.001 to
0.002 but due to the fact that it is difficult to know the C value,
Hill et al.* have proposed to use an arbitrary average value of
0.0015. Also, Li et al.>* have defined an apparent free volume
fraction, fy 4, = I3v/13). Also, some authors have pointed out
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Figure 6. Free volume fraction increment for the PLLA samples in
function of the annealing time at 100 °C. Af, = (f,' = —1,2)/1,%, where
/V is the free volume fraction after an annealing time of  minutes and 1.2
is the free volume fraction in the as-quenched state.

with an argument against this relation between 5 and f, con-
sidering that I3 is affected by radiation chemistry of polymeric
materials.”>>® However, eq 7 can be considered as a relative value
for a polymer of the same series since it was derived on the basis of
the Williams—Landel— Ferry theory.** Relative fractional free
volume estimated by f, ,,, is well accepted in the literature. 24,30,58
Recently, Cheng et al have observed a good linearity between
crystallinity andf‘,,a,,p In this work, in order to obviate C and
taking into account that we are more interested in the evolution of
£, with annealing than in its absolute value, we have used the free
volume fraction increment, defined as Af, = (f, = —£,9)/f,%,
where £, is the free volume fraction after an annealing time of ¢
minutes and £,€ is the free volume fraction in the as-quenched
state.

Figure 6 shows the evolution of the free volume fraction
increment with annealing time relative to the as-quenched PLLA.
As can be seen, a 2 or 4 min of annealing produces an initial
decrease of free volume fraction increment; however, longer
annealing times yield an increase of this quantity with respect
to the as-quenched state. This last result could seem counter-
intuitive since the amorphous fraction and its associated free
volume decreases with crystalline development. At this point of
the discussion, it is worth mentioning what the density values
reported for other semicrystalline polymers containing rigid and
mobile amorphous phases are. Semicrystalline syndiotactic poly-
(styrene), for instance, presents smaller density than its fully
amorphous counterpart, the latter being obtained by av01d1ng the
crystallization by rapid solidification from the melt.* For poly-
(ethylene terephtalate), although some results for dlfferent crys-
tallinity samples report no s1gn1ﬁcant change of ,,** other results
have revealed for interlamellar regions containing RAF a deden-
sification thus higher £, in terms of PALS.®® Regarding poly(3-
hydroxybutyrate-co-3-hydroxyvalerate), an increase of the rela-
tive fractional free volume with temperature during a thermal
treatment was also reported, likely inducing recrystallization.””

One could also argue that PLLA lamellae and hence the crystal
lattice itself may contain a significant part of the free volume to be
added to the free volume of the rigid and mobile amorphous
regions computing for total free volume. In this hypothesis, the
possibility of a change in helical structure of PLLA could be
considered as a contributing factor to the free volume. However,
according to the X-ray diffraction results the o crystal form of
PLLA and its parameters at 100 °C do not change with annealing
time. Moreover, the density of the amorphous PLLA is inferior to
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the crystalline one, 1.245 and 1.29 g/em® respectively.®! Our
PALS analysis shows that both I3 and fractional free volume
(f,) increase with crystallinity while 73 decreases. If the observed f,
increase was due to the increase of free volume inside the crystal
lattice originated by a change of helical structure in PLLA, the
larger fractional free volume observed would not agree either
with the trend to higher density that is derived from the higher
density of crystalline PLLA reported above or with the un-
changed crystalline lattice parameters of the a crystalline lattice
derived from X-ray diffraction patterns. We have measured the
densities of the PLLA samples by a gradient density column, and
the results obtained indicated that density was not increased with
crystallinity, suggesting a smaller density for RAP. As a conse-
quence, in the PLLA case, we discard a significant contribution of
the free volume located in crystal lattices and corresponding
lamellae. Hence, our results suggest that conformational changes
induced by annealing in the amorphous phases of PLLA lead to a
larger free volume fraction that being associated with RAP region
formation exceeds the free volume reduction corresponding to
the fractional increase of the lamellar crystalline regions.

Solubility of gases in glassy polymers has also been related to
the free volume. Some authors have observed an enlargement of
oxygen solubility due to a larger excess of free volume associated
with RAF.?22+2760 Diffusion processes are more sensitive to the
free volume hole size as it has been observed in PET, in which the
melt-crystallized samples have both lower oxygen diffusion
coefficient and 75 in comparison to cold-crystallized ones.>* Thus,
the variation obtained for both 73 and f; in this work are in good
agreement with these results.

The PALS results in PLLA agree too with those recently
reported by some of us in which segmental dynamics of polylac-
tide chains covering the T, — 30 °C to T, + 30 °C range was
studied in the absence and presence of a crystalline phase by
dynamic mechanical analysis (DMA). These results, obtained
using the framework provided by the WLF theory and Angell’s
dynamic fragility concept,'® indicate that amorphous PDLLA is
a stronger glass former than semicrystalline PLLA, hence the
latter is dynamically more fragile; i.e., the conformational
changes when traversing the glass transition are performed faster.
Since PLLA contains also a RAP fraction these results suggest a
higher free volume fraction of RAP favoring the segmental
mobility of PLLA chains under crystalline confinement condi-
tions, leading to a higher dynamic fragility in regard to fully
amorphous PDLLA containing only MAP.

Throughout the bibliography the two shorter annihilation
components have not been extensively discussed. For example,
7, has been attributed to “defects” present in the polymeric
crystalline regions®®*’ as occurs in conventional crystalline
materials like metals or inorganic compounds. However, in our
opinion this explanation is not suitable for polymers in which the
crystalline structure arrangement is formed by chain folding.
Concerning to the first component, 7, is usually associated with
the annihilation of positronium in the p-Ps state. As mentioned in
the Introduction, p-Ps autoannihilate with a lifetime of 120 ps in
vacuum, however 7 reported in the bibliography are somewhat
higher than this value. Although the positron annihilation
research in polymers has not usually interpreted 7; and 7, in
relation to structural characteristics, we have found some inter-
esting results for these annihilation lifetimes in annealed PLLA.
In order to explain them we propose that the first and the second
components 71 and 7, are related with the occupied zones of the
polymer, either crystalline or amorphous.

Figure 1d shows a very remarkable high intensity values
associated with the second component /,. In the as-quenched
state the crystallinity is only 5% indicating that the PLLA sample
is mainly amorphous. We propose that the second component is
associated with the annihilation in the amorphous zone; hence,
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the decrease of the intensity I, with annealing time would describe
the progressive amorphous to crystalline transformation leading
to a decrease of the intensity of the second component. As shown
in Figure lc, the increase of 7, from 397 ps for the as-quenched
samples to 416 ps in the 60 min annealed sample suggests a
transformation inside the total amorphous region (MAP plus
RAP) to opener structures. The folded conformations that
characterize chains in mobile amorphous phase obtained in
the as-quenched samples would evolve to rigid amorphous
regions in the annealed ones presenting more extended chain
conformations.

The amorphous—crystalline phase transformation carries with
it the formation of a rigid amorphous phase having a larger free
volume fraction than the MAP due to a higher amount of free
volume holes, even though the hole size is smaller (Figure 1, parts
aand b). In addition the evolution of the second component 7, to
longer values has suggested that a more extended conformation
of the amorphous chains is formed during the formation of rigid
amorphous phase giving rise to opener structures. The following
scenario could be drawn to explain these results: the formation of
new holes of free volume are produced due to the conformational
changes in confined chains in regard to chains that are not
confined forming mobile amorphous regions. The confined
chains are located in the interlamellar or interspherulitic spaces
forming a RAP or interphase of reduced mobility. Being an-
chored to crystals, chains in RAP are forced to take more
extended conformations. Since PLLA’s mobile amorphous phase
at 100 °C is above its T, chains easily adapt their conformations
to form new holes and free volume distribution. However, RAP
becomes vitrified during melt crystallization at higher tempera-
ture than MAP, and because of the reduction of mobility with
regard to MAP the RAP, unlike MAP, cannot reduce its free
volume to values closer to those corresponding to the equilibrium
state. This opener amorphous arrangement of PLLA chains in
RAP explains the increase of 7, with the progress of crystal-
lization during annealing.

Parts a and b of Figure 1 show the evolution of the first
component parameters 7; and I;. As proposed above for the
second component, the increase of /; with annealing time suggests
that this positron annihilation state is associated with the
occupied crystalline phase. The results of 7; suggest two different
stages: the former corresponding to the as-quenched and crystal-
lization until 4 min (7; takes a 190 ps value) and the latter for
longer annealing times showing an almost constant lifetime value
of 204 ps.

However, before the discussion of the data corresponding to
the first component some comments are necessary. As mentioned
in the Introduction, 25% Ps formed in the sample should
annihilate in p-Ps state, whose lifetime in vacuum has been
reported to be around 125 ps. In our case the annihilation lifetime
spectrum has been properly fitted with values ranging from 190 to
205 ps, as shown in Figure la, yet they are attributed to the
annihilation of the p-Ps state. Taking into account that the p-Ps
fraction contains '/3 0-Ps, one could expect a partial influence of
the latter on 7;. Our results show that I3 changes from 15.5 to
18.75%, thus only a 1% of the I; can be attributed to the o-Ps
contribution in p-Ps state. Since Figure 1b shows that 7; ranges
from 13.2% to 19%, the evolution of /; with annealing time will
be interpreted in terms of the annihilation in the crystalline
regions. Please note that although there is a clear correlation of
I; with crystallinity, the change in I; cannot coincide quantita-
tively with the crystallinity change determined by DSC that is
computed from mass fractions. PALS is sensitive not only to the
occupied crystalline and amorphous regions but also to the free
volume, which is not accounted for in the DSC measurements;
hence, it seems not to be pertinent to establish a quantitative
relation between PALS intensities and DSC crystallinity.
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Assuming that 7, represents the annihilation of positrons in
occupied crystalline zones, the 7; jump observed in Figure 1a after
4 min annealing suggests an increase of the crystalline cell volume
and a decrease of the atomic packing density in the crystalline
region. These low variations in 7, lifetimes have been related to
dilatation phenomena in other crystalline materials.®* Since 7,
remains almost constant at 202 ps after 4 min, our results indicate
that the crystalline phase has achieved a critical size, denoting no
further structural changes in the occupied crystalline regions as
crystalline fraction develops during annealing.

Conclusions

Positron annihilation lifetime spectra are sensitive to the
structural complexity of semicrystalline polymers and can com-
pliment the information provided by other techniques such as
X-ray diffraction or calorimetry. The PALS analysis conducted
in this work has allowed monitoring of the changes produced in
the supramolecular structure of PLLA by isothermal crystal-
lization of an amorphous sample by annealing at 100 °C. The
changes in the supramolecular structure detected by PALS
comprise not only those determined by the crystalline and
amorphous (RAP and MAP) fractions, but also give account
of the free volume and the occupied volume characteristics
associated with polymer chains in crystalline and both amor-
phous regions.

The analysis of the third component of the annihilation
spectrum (73 and 13) associated with free volume demonstrated
that a lower free volume hole size and a higher number of holes
were found in PLLA as RAF increased during crystallization. As
a combination of both, an increase of the free volume fraction
was determined, in good agreement with previous results re-
ported on semicrystalline polymers. Some interesting trends were
also observed in the first two components (7; and I;; 7, and b,
respectively). Since no interpretation for these shorter lifetime
components applied to polymer systems is found in the literature,
a hypothesis has been proposed to be validated by further studies.
According to it, the first component is associated with the
annihilation in zones occupied by chain segments of the crystal-
line phase; here the initial increase of 7, is related with dilation
phenomena produced in the initial stages of crystallization until a
crystal critical size is achieved. Concerning the second compo-
nent, it reflects the changes in the amorphous structure evolving
from folded conformations to more extended conformation as
RAP fraction increases.

The PALS analysis indicates that chains must adopt more
extended and rigid conformations in RAP regions than in MAP
regions. On a whole the PLLA crystallization process results with
the formation of a large number of new holes of smaller free
volume, attributed to the fact that chains are vitrified in RAP at
higher temperatures than those in MAP. The results are in good
agreement with the free volume data obtained by means of the
third component. The analysis of the PALS results has provided a
theoretical background to explain the increased gas solubility and
dynamic fragility as well as the uncommon density loses reported
for several polymer systems containing a rigid amorphous frac-
tion over those containing only a mobile amorphous phase.
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