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The segmental dynamics of polylactide chains covering the Tg� 30 �C to Tgþ 30 �C range was studied in
absence and presence of a crystalline phase by dynamic mechanical analysis (DMA) using the framework
provided by the WLF theory and the Angell’s dynamic fragility concept. An appropriate selection of
stereoisomers combined with a thermal conditioning strategy to promote crystallization (above Tg) or
relaxation of chains (below Tg) was revealed as an efficient method to tune the ratio of the rigid and
mobile amorphous phases in polylactides. A single bulklike mobile amorphous phase was taken for
poly(D,L-lactide) (PDLLA). In turn three phases, comprising a mobile amorphous fraction (MAF, XMA),
a rigid amorphous fraction (RAF, XRA) and a crystalline fraction (Xc) were determined in poly(L-lactide)
(PLLA) by modulated differential scanning calorimetry (MDSC) according to a three-phase model. The
analysis of results confirms that crystallinity and RAF not only elevate the Tg and the breadth of the glass
transition region but also yields an increase in dynamic fragility parameter (m) which entails the
existence of a smaller length-scale of cooperativity of polylactide chains in confined environments.
Consequently it is proposed that crystallinity is acting in polymeric systems as a topological constraint
that, preventing longer range dynamics, provides a faster segmental dynamics by the temperature
dependence of relaxation times according to the strong–fragile scheme.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction poly(ether ether ketone) (PEEK) [5], syndiotactic polystyrene [6] or
Although in many aspects there is still a lack of understanding of
the fundamentals that govern the segmental relaxation of macro-
molecules in both non-confined and confined environments, it is
well established that constraints on polymer chains, caused for
instance by crosslinking or crystallinity, affect the Tg behavior. In
thermosetting systems it is confirmed that Tg shifts to higher
temperatures as crosslink density increases, since chains find
a growing hindrance to relax [1].

Concerning semicrystalline polymers, macromolecules are
longer than the thickness of the crystal lamellae, thus they can cross
the phase boundaries and cause various degrees of coupling; on
weak coupling, the dynamics of the non-crystalline segments shows
usually a broadening of the glass transition region, yet on stronger
coupling the non-crystalline material may also show a distinct glass
transition, at a higher temperature of the bulk amorphous phase due
to a rigid amorphous phase [2]. Restricted dynamics due to crystal-
line confinement and the presence of a rigid amorphous phase have
been reported for example in poly(phenylene sulphide) (PPS) [3,4],
All rights reserved.
polycarbonate [7]. Concerning poly(L-lactide) [8], when prepared
with intermediate degree of crystallinity, two Tg dynamics were
observed; the high Tg dynamics was attributed to the hindered
motions of the amorphous phase within the lamellar stacks.

The occurrence of the glass transition in polymers is associated
to cooperative motions of macromolecular chain segments. Coop-
erative segment length (x) results to be in the range of 1–3 nm at
the glass transition temperature depending on the glass-forming
polymer [9]. Often found in the literature is the not unambiguous
query as to whether the chain mobility is increased or decreased by
constraints. The fact that the Tg appears at higher temperatures in
crosslinked, semicrystalline and fiber reinforced polymer systems
has usually been interpreted as a restricted dynamics of polymer
chains in confined environments. Moreover, the fact that the Tg in
confined environments may be suppressed [10,11] supports the
idea that cooperativity of chain motion is impeded when the
dimension of the topological constraint (d) is smaller than x.

However, controversial results are reported for confined and
unconfined conditions of polymer chains when describing the
segmental dynamics by the temperature dependence of relaxation
times according to the strong–fragile scheme. The glass transition of
supercooled polymer liquids is a kinetic process in which the relax-
ation time of the constituent molecules can increase by many orders
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of magnitude in a narrow temperature range. The glassy state is
unstable because a glass is continually relaxing towards equilibrium
and therefore the different related properties are also changing. The
dynamic fragility [12] accounts for the ease with which the glass
transition is completed. According to Angell [13], a polymer is
defined dynamically fragile when there is little impediment for
segmental relaxation of chains, carrying rapidly a drastic change in
properties (viscosity, modulus, etc.) at the Tg. During the last years
the fragility dilemma of liquids has raised research interests and
particular efforts have been carried out to systematize the different
polymers according to the fragility parameter [13,18].

Early studies on polymer glasses using the coupling scheme [19]
revealed a relaxation process delayed by chain length due to
entanglements. However, when studying the segmental dynamics
in model polymer networks, the description of the temperature
dependence of relaxation times according to the strong–fragile
scheme showed an increase in dynamic fragility with crosslinking
density [1]. Similar increased fragilities were found by molecular
modeling studies simulating the relaxation behavior of polystyrene
chains in confined conditions such as those found inside the
galleries of silicate layers in nanocomposites [10].

In this work we have focused on crystalline confinement and its
effect on Tg and dynamic fragility of polylactides. There is
a considerable interest in understanding the temperature depen-
dence of segmental relaxation of polymer chains in presence of
a crystalline phase. Early attempts were made with semicrystalline
polymers [20] such as poly(ethylene terephthalate), polypropylene
or poly(dimethylsiloxane) but the authors pointed that the inter-
pretation of neither the relaxation function nor coupling parame-
ters was straightforward. Studies on polymers with high Tm such as
PEEK [21] and PPS [22] report that the presence of crystals slows
down the relaxation of chains. However, in more flexible chains, for
example in PVDF or some blends, the relaxation time is reported to
be unaffected or even to decrease with crystalline confinement
[23,24]. Recently, PLLA has been the subject of several segmental
dynamics studies [25–29]. An unchanging dynamic fragility, the Tg-
normalized temperature dependence of a property, was obtained
during crystallization of PLLA suggesting that the segmental
dynamics is not sensitive to the different degree of crystallinity
[25]; yet the molecular dynamics of bulklike mobile chains in
PDLLA was not conducted in this work. Finally, a significant
reduction in Tg has been reported for PLLA crystallized under
partially constrained conditions [29] which was attributed to an
increment of net free volume in the amorphous phase when the
polymer was prevented from shrinking during crystallization.

The above apparently contradictory results justify our study on
Tg and dynamic fragility. We have chosen polylactide as model
polymer since, selecting the enantiomer composition and a proper
thermal conditioning during processing, crystalline and rigid
amorphous fractions could be tuned. DMA provides changes of
selected properties with frequency for a range of temperatures
around the glass transition [30], hence this method was used to
determine the dynamic fragility of polylactide chains in presence
and absence of crystalline confinement. The comparison of the
dynamic fragility parameter in polylactides containing an uncon-
fined bulk amorphous phase or a partly crystalline-confined one
will allow one to draw a straightforward comparison of the
differences in segmental cooperativity occurring during the relax-
ation processes around the Tg in both cases.

2. Experimental part

2.1. Starting materials

Poly(D,L-lactide) (PDLLA) and poly(L-lactide) (PLLA) were
supplied by Purac biochem (The Netherlands). The molecular
weight of both polymers was measured viscometrically in a Ubbe-
lohde type viscometer in chloroform at 30 �C, using the relations
[31]:

h
h
i
¼ 2:21� 10�4M0:77

v ðdl=gÞ (1)

h
h
i
¼ 5:45� 10�4M0:73

v ðdl=gÞ (2)

Values of Mv¼ 3.8� 105 and Mv¼ 3.2�105 g mol�1 were
obtained, respectively, for PDLLA and PLLA.
2.2. Conformation and thermal conditioning of materials

Pellets of PDLLA and PLLA were previously dried and used as
starting materials to conform 1 mm thick sheets by compression
molding at 200 �C. PDLLA was solidified by water quenching. To
develop a range of crystalline and rigid amorphous fractions in
PLLA different cooling rates and thermal annealing strategies were
used as follows. A PLLA sheet was prepared by water quenching
from the melt (PLLA-WQ). Another PLLA sheet was prepared by
slow cooling of the melt inside the plates of the press (PLLA-SC)
until reaching the room temperature. Finally the water quenched
PLLA sample was submitted to an annealing treatment in an oven at
80 �C for 3 h (PLLA-WQA).
2.3. Modulated differential scanning calorimetry

Thermal analysis was carried out on an MDSC from TA Instru-
ments, model DSC Q200. Approximately 5–10 mg of each polymer
was weighed and sealed in an aluminium pan. DSC scans were
performed on sheet samples with a period of 60 s and a scan rate of
2 �C min�1 in a heat only process, up to 200 �C. The thermograms
obtained are those of heat capacity (Cp), total heat flow (HF),
reversing heat flow and non-reversing heat flow. Glass transition
temperatures were measured in reversing HF curves as middle
point values.
2.4. Dynamic mechanical analysis

Rectangular specimens were cut from compression molded
sheets and tested on a dynamic mechanical analyzer DMA/SDT
A861 from Mettler-Toledo (shear mode). Displacement and force
amplitudes were properly adjusted for each sample. An isothermal
conditioning strategy at a sub-Tg temperature was used to detect
eventual structural changes occurring in PLLA (relaxation from RAF
or aging) with respect to PDLLA. To prevent crystallization during
the subsequent DMA heating scan, the PLLA-WQ samples were first
homogenized in the DMA chamber at 80 �C for 2 h, quenched to
50 �C and then submitted to the selected different isothermal
conditioning periods: 15, 30, 60 or 120 min. The same temperature
and time conditioning were also applied to PDLLA, yet in this case
no crystallization is expected and hence the homogenization step
was skipped. The subsequent DMA temperature range studied was
30–90 �C, the frequency used 1 Hz, the heating rate 3 �C min�1; the
storage modulus (G0) and the mechanical loss (tan d) evolution with
temperature were registered.

To obtain the master curves and dynamic fragility of materials
new DMA measurements were conducted between 20 and 0.01 Hz
in isothermal conditions from Tg� 30 �C to Tgþ 30 �C every 3 �C.
Master curves for the storage modulus G0 and tan d were composed
by shifting the values obtained in isothermal conditions along the
frequency scale according to the time–temperature principle. The
time–temperature superposition principle was used taking into
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Fig. 2. MDSC heat flow curves of PLLA analyzed in as-received pellet form.

Table 1
Thermal properties of polylactides by MDSC

Tg

(�C)
DCp

(J g�1 �C�1)
DCp/DCp

0 DHc1

(J g�1)
DHc2

(J g�1)
DHm

(J g�1)
cc cRA cMA

PDLLA 50 0.623 1 – – – 0 0 1
PLLA-WQ 51 0.617 0.990 30 17.2 48.1 0.008 0.002 0.990
PLLA-SC 71 0.321 0.515 0 6.0 41.4 0.334 0.151 0.515
PLLA-WQA 65 0.233 0.374 0 7.9 50.9 0.406 0.220 0.374

DCp: specific heat change at Tg; DCp
0: specific heat change at Tg in fully amorphous

polylactide; DHc1: exothermal enthalpy change (cold crystallization peak); DHc2:
exothermal enthalpy change (just before melting), DHm: melting enthalpy.
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account that it is only valid if the width at half-maximum of the
relaxation process does not change with temperature [32].

3. Results and discussion

3.1. RAF, MAF and crystalline fractions as determined by MDSC

Fig. 1 shows the heat capacity MDSC curves of PDLLA and PLLA
on heating. Please note that three different thermal conditioning
strategies were followed to tune the crystalline fraction of PLLA as
mentioned in the experimental part; in addition, as it will be shown
below, crystallization of the sample entailed the development of
a rigid amorphous fraction. PDLLA shows a single transition cor-
responding to the Tg at 50 �C with a heat capacity change at Tg of
0.628 J g�1 �C�1, a value that agrees reasonably well with those
reported for fully amorphous polylactides [33]. The Tg of PLLA-WQ
is 51 �C, very close to that of PDLLA, reflecting a nearly amorphous
material after water quenching; hence during the MDSC in this case
a cold crystallization peak around 90 �C can also be observed and,
finally, the crystal melts around 170 �C.

It is noted that melting in all PLLAs of Fig. 1 is accompanied by
a small exothermal event. This exothermal signal overlapping the
melting peak has been already reported elsewhere and has been
attributed to a recrystallization of already existing a crystals into an
a polymorph of higher perfection [34]. Looking at the two bottom
curves corresponding to the annealed and slowly cooled crystallized
PLLA samples, a suppression of cold crystallization behavior and
a broadening of the glass transition are observed, as expected, taking
into account that these treatments were specifically chosen to
develop crystallinity in PLLA. Finally, a remarkable shift in Tg is also
noted in crystalline PLLAs, larger in 15–21 �C compared to the Tg

found in fully amorphous PDLLA or in nearly amorphous PLLA-WQ.
The crystallization and melting signals superimposed in the

total heat flow of PLLAs could be separated in the reversing HF and
non-reversing HF signals by MDSC. Fig. 2 shows the results
obtained with PLLA that were used in as received pellet form. As
can be observed the total HF decomposes in an endothermal HF
signal due to melting (appearing in the non-reversing HF curve)
and in an exothermal HF signal (appearing in the reversing HF
curve). Hence using MDSC allows one to separate the crystallization
process hidden during crystal melting by standard DSC. Since MDSC
also provides the means to obtain direct measurement of Cp vs.
temperature [35], we could determine the crystalline, RAF and MAF
by using the three-phase model described below.
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Fig. 1. Specific heat (Cp) curves and specific heat change at Tg (DCp) measures of poly-
lactides having different crystalline, RAF and MAF (see Table 1). PDLLA: quenched in
water from the melt, not annealed; PLLA-WQ: quenched in water from the melt, not
annealed; PLLA-WQA: quenched in water from the melt and annealed at 80 �C for 3 h;
PLLA-SC: slowly cooled from the melt inside the mould.
Table 1 shows the values of the thermal properties of PDLLA and
PLLA obtained by MDSC to determine, according to a three-phase
model, the fractions of the existing possible phases, the crystalline
(cc), the mobile amorphous (cMA) and the rigid amorphous (cRA)
phases. Table 1 reports the Tg position, the specific heat change at Tg

(DCp), the heats of cold crystallization (DHc1) and crystallization just
before melting (DHc2), and the melting enthalpy of polylactides.

Crystalline index of PLLA was determined according to Eq. (3).
The standard enthalpy values of fully crystalline polylactide poly-
morphs used in the literature are not always coincident. Although
many crystalline index calculations for a-polylactides appearing in
the literature have been made with the value of DHm

0¼ 93 J g�1

[36], a better correlation between WAXS and DSC was obtained
using DHm

0 ¼106 J g�1 [37,38].Thus the later value was used in our
calculations of crystalline fraction in PLLAs.

Accepting that there is a single bulk mobile amorphous phase in
PDLLA, the bulklike MAF in PLLA can be determined with Eq. (4) as
the ratio of the specific heat change at Tg of PLLA (DCp) and PDLLA
(DCp

0), both obtained experimentally by MDSC. Finally, according to
a three phase model the RAF can be determined by Eq. (5).

cc ¼
DHm � ðDHc1 þ DHc2Þ

DH0
m

(3)

cMA ¼
DCp

DC0
p

(4)

cRA ¼ 1� cc � cMA (5)

The results obtained for the fractions of crystalline (cc), mobile
amorphous (cMA) and rigid amorphous (cRA) phases of PDLLA and
PLLA samples can also be read in Table 1. Assuming that PDLLA
contains a single MAF, it is observed that PLLAs contain both MAF
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and RAF. It is remarkable that, when quenched in water (PLLA-WQ),
PLLA gives an inconsiderable crystalline and RAF and therefore it is
nearly amorphous. However, annealing of the quenched PLLA at
a temperature above Tg (PLLA-WQA) or non-isothermal crystalli-
zation from the melt results in crystalline development. Finally,
following with the crystalline PLLAs, it is observed that crystalline
development carries with it a rigid amorphous fraction, since larger
values of cRA correspond to larger cc values.
3.2. RAF and MAF as determined by DMA

Fig. 3 shows the DMA curves for storage modulus and tan d of
PDLLA. A single dissipation peak corresponding to the Tg in PDLLA
appears for all isothermal conditioning times unchanged and
centered at 60 �C. It is also noted that the Tg transition of PDLLA is in
all cases quite narrow starting at approx. 50 �C and ending at 70 �C.
It can be confirmed from these results that the isothermal condi-
tioning time used at 50 �C had no significant effect in glass tran-
sition behavior of PDLLA.

Fig. 4 shows the DMA curves for storage modulus and tan d of
PLLA. It is noted in this case that the Tg transition of PLLA is broader,
starting at approx. 50 �C and finishing at 90 �C. Moreover tan d shows
a double peak behavior and is affected by the isothermal condi-
tioning time at 50 �C. PLLA after crystallization at 80 �C without
thermal conditioning or with a small period of 15 min at 50 �C shows
a prominent Tg peak centered at 75 �C and a small peak at 60 �C that
increases in height as isothermal conditioning time increases. The
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Fig. 3. Dynamic mechanical curves of PDLLA isothermally conditioned at 50 �C for
different times: , 15 min, B 30 min, : 60 min, ; 120 min. Frequency: 1 Hz.
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Fig. 4. Dynamic mechanical curves of PLLA-WQA isothermally conditioned at 50 �C for
different times: , 15 min, B 30 min, : 60 min, ; 120 min. Frequency: 1 Hz.
lower Tg peak in semicrystalline PLLA is coincident with the Tg peak
position of PDLLA and suggests the presence in PLLA of a mobile
fraction that coexists with a larger amount of RAF which is giving the
Tg peak centered at 75 �C. The fact that the relative heights of Tg

dissipation peaks in PLLA vary with isothermal conditioning time
entails that some chains initially in RAF are converting into MAF due
to a time dependent relaxation process proceeding at 50 �C.

In order to determine the rigid and mobile amorphous fractions
in PLLA by DMA the percent area of peak 1 (attributed to MAF) over
the total area in tan d was calculated. Loss factor curves obtained in
DMA were fit to gaussian profiles using Kaleidagraph. Because the
loss factor peaks corresponding to the glass transition of the rigid
and mobile amorphous phases are poorly resolved from
surrounding contributions, only the experimental data between 58
and 80 �C were included for the fittings. To further reduce fitting
artifacts, both peaks were fit assuming identical width. These
simplifications can introduce errors in the absolute areas of the
peaks, but are necessary to obtain comparable results free of
senseless fitting artifacts. In addition the sensitivity of both relax-
ation peaks is assumed identical. The quantitative analysis provided
the following MAF values for t¼ 15 min, t¼ 30 min, t¼ 60 min and
t¼ 120 min conditioned PLLA-WQA respectively: cMA¼ 0.39,
cMA¼ 0.41, cMA¼ 0.46 and cMA¼ 0.48. Hence the quantitative
determination by DMA proves that the rigid amorphous phase of
PLA is partly converting into a mobile amorphous phase by
a thermal conditioning treatment at a sub-Tg temperature.

Since there is no significant sign of change either in the position
or in the height of the loss tangent peak in PDLLA (Fig. 3), it should be
inferred that there is no significant aging occurring at the sub-Tg

temperature and thermal conditioning times selected for polylac-
tide chains in bulklike mobile amorphous phase. Hence, the effects
of thermal conditioning on Tg behavior must be interpreted in terms
of relaxation of chains initially in RAF. The rigid amorphous phase
has a higher Tg, hence on cooling the deviation from equilibrium
values of thermodynamic parameters such as the specific volume
occurs at a higher temperature [39]; this leaves a larger neat free
volume excess in PLLA that explains the partial conversion of chains
from RAF to MAF occurring at a sub-Tg temperature during the
thermal conditioning time.

3.3. The segmental dynamics around the Tg as determined by
WLF theory and Angell’s dynamic fragility parameter

The dynamic fragility is related to the deviations from simple
Arrhenius temperature dependence of the relaxation process.
According to the Vogel–Fulcher–Tammann–Hesse (VFTH) equation
the relaxation time, s, is given in the following way [40]:

s ¼ s0 � eðB=ðT�T0ÞÞ; (6)

where s0, B, and T0 are positive constants. From VFTH equation the
dynamic fragility (m) is related to the steepness index in the glass
transition as follows:

m ¼ d log s
dðTg=TÞ

����
T¼Tg

¼ BT�
Tg � T0

�2; (7)

The Williams–Landel–Ferry (WLF) equation is mathematically
equivalent to the VFTH equation; it is constructed to eliminate the
pre-exponential factor of VFTH equation and states the tempera-
ture dependence in the following manner [41]:

log
s
s0
¼ log aT ¼

�C1
�
T � Tg

�
C2 þ T � Tg

; (8)

C1 and C2 are material constants and thus the fragility parameter
can be stated as follows [14]:



10-710-610-510-410-310-210-1 100 101 102 103 104 105 106 107 108
10

100

1000

S
t
o
r
a
g
e
 
m
o
d
u
l
u
s
 
(
M
P
a
)

Frequency*a
t
 (Hz)

0.0

0.2

0.4

0.6

master curve at 69.8 °C (342.8 K)

PLLA

t
a
n

Fig. 5. Storage modulus (left) and tan d (right) vs. frequency for PLLA-WQA, for
T¼ 69.8 �C.

1E-3

0.01

0.1

1

10

100

1000

PDLLA

S
t
o
r
a
g
e
 
m
o
d
u
l
u
s
 
(
M
P
a
)

-1

0

1

2

3

4

5master curve at 54.5 °C (327.5 K)
t
a
n

10-710-610-510-410-310-210-1 100 101 102 103 104 105 106 107 108

Frequency*a
t
 (Hz)

Fig. 6. Storage modulus (left) and tan d (right) vs. frequency for PDLLA, for T¼ 54.5 �C.

Table 2
Dynamic fragility of polylactides (m) determined with Eq. (8)

PLLA-WQA PLLA-SC PDLLA

Master curve Tg (K) 342.8 350.36 327.5
m¼ TgC1/C2 149.9 98 69.6

PLLA-WQA: quenched in water from the melt and annealed at 80 �C for 3 h; PLLA-
SC: slowly cooled from the melt inside the mould; PDLLA: quenched in water from
the melt, not annealed.
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m ¼ d ðlog aTÞ
dðT =TÞ

��� ¼ TgC1

C
: (9)
0.90 0.92 0.94 0.96 0.98 1.00

-5

T
g
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Fig. 7. Angell’s plot, log at vs. Tg/T: PDLLA (:), PLLA-SC (-) and PLLA-WQA (C). PLLA-
WQA: quenched in water from the melt and annealed at 80 �C for 3 h; PLLA-SC: slowly
cooled from the melt inside the mould.
g

�

T¼Tg 2

The dynamic fragility parameter of polymers has been reported
to fall inside an m¼ 40–200 range [17]. If m has a high value, then
the material is classified as a fragile liquid, whereas when m is low
it is a strong glass former. In this work we have conducted
a molecular dynamics analysis by DMA in order to study the
segmental relaxation of polylactide chains around the Tg in a fully
Table 3
Minimum and maximum values (mmin and mmax) of the dynamic fragility parameter (m)

PLLA PLLA_mmin PLLA_mmax

C1¼12.7� 0.7 C1(�)� Tg/C2(þ) C1(þ)� Tg/C2(�)
C2¼ 29.1� 2.4 130.4 173.0

mmin and mmax were calculated taking into account the deviation obtained in C1 and C2

equation.
amorphous medium and in the presence of a crystalline-confined
environment.

In a previous work on the conformational behavior in PLLA films
[42], we observed that the interphase seemed to extend over the
whole interlamellar region showing the features of a semiordered
metastable phase. According to the MDSC and DMA results shown
above both MAF and RAF coexist in PLLA. Considering a single
mobile amorphous phase in PDLLA and the presence of mobile and
rigid amorphous fractions in PLLA, it seems reasonable to foresee
a different molecular segmental dynamics around the Tg in both
cases.

Master curves were built for PLLA and PDLLA (Fig. 5 and Fig. 6,
respectively) using the DMA results obtained at different temper-
atures and frequencies, according to the WLF theory (Eq. (8)). C1

and C2 constants were deduced by fitting the shift values (at)
experimentally obtained to the WLF equation. Finally the dynamic
fragility parameter (m) was calculated with Eq. (9). The mean
values for PDLLA, PLLA-SC and PLLA-WQA shown in Table 2 indicate
that a larger crystalline and rigid amorphous fractions correlate
with larger values of the dynamic fragility parameter (m).

Table 3 reports the calculated maximum and minimum values of
fragility parameter in PLLA and PDLLA accounting for the fitting
errors derived from C1 and C2 constants obtained during the
hyperbolic representation of (�log at) vs. (T� Tg). From these
calculations resulted a dynamic fragility of PLLA falling inside the
limits of m¼ 130.4 and m¼ 173.0, larger values than the dynamic
fragility values obtained in PDLLA (limit values: m¼ 61.1 and
m¼ 79.5). In Table 3 is also reported a broader dispersion of m in
PLLA regarding PDLLA which is derived from the higher Tg value
and the higher C2 absolute error introduced in the denominator of
Eq. (9).

Angell’s plot in which log at is represented in ordinates vs. Tg/T in
abscissa is also a good method to compare the segmental dynamics
of different glass forming polymer liquids. Fig. 7 shows these plots
for PDLLA and PLLA. As can be observed PDLLA shows a near
of polylactides

PDLLA PDLLA_mmin PDLLA_mmax

C1¼10.3� 0.5 C1(�)� Tg/C2(þ) C1(þ)� Tg/C2(�)
C2¼ 48.6� 3.9 61.1 79.5

when fitting the experimentally obtained at values of the master curves to the WLF
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Arrhenius behavior indicating a strong glass former. On the other
corner, showing a higher deviation from linearity, indicative of
dynamic fragility, are found the PLLA containing the larger crys-
talline and RAF (PLLA-WQA). The dynamic fragility of PLLA slowly
cooled from the melt (PLLA-SC), having intermediate crystallinity
and RAF (see Table 1 for values), falls in between PDLLA and PLLA-
WQA. Taking the derivative of the curves at Tg/T¼ 1 dynamic
fragility parameters were obtained, respectively, for PDLLA and
PLLA-WQA; the results are m¼ 75.5 and m¼ 128.4, showing a good
agreement with the fragility parameter values of Table 2.

It is proposed that crystallinity is acting in polymeric systems as
a topologycal constraint, in a similar way as silicate layer surfaces in
exfoliated nanocomposites, preventing longer range dynamics and
hence allowing a smaller length-scale of cooperativity of polymer
chains.
4. Conclusions

Three phases, comprising a mobile amorphous fraction (MAF),
a rigid amorphous fraction (RAF) and a crystalline fraction (cc) were
found in poly(L-lactide) (PLLA). The RAF in PLLA was established
after isothermal crystallization at a temperature above Tg or by non-
isothermal crystallization of samples from the melt. A single MAF
was adopted for PDLLA to determine the different fractions in PLLA
by a three-phase model approach.

Dynamic mechanical analysis of PLLA after thermal conditioning
at a sub-Tg temperature of 50 �C revealed a relaxation of chains
initially in the rigid amorphous phase that partially converts to the
MAF, thus giving rise to a modification in the double Tg behavior.
The lower temperature tan d peak in PLLA was coincident with the
Tg of PDLLA confirming that it is a result of segmental mobility of
the bulklike non-confined polylactide chains.

Our results show that amorphous PDLLA is a stronger glass
former than semicrystalline PLLA. It was proved that crystallinity
and RAF not only elevate Tg but also increase the dynamic fragility
of polylactide chains around the Tg. These results are novel and
agree with recently reported correlations between dynamic fragility
and glass transition temperature for different classes of polymeric
glass formers showing an increase in m with increasing Tg.

Although impediments for segmental mobility are associated to
a Tg enlargement in polymeric systems, our results show that the
steepness or ease with which a polymer glass former relaxes on
cooling around the Tg increases with crystalline confinement,
denoting a more fragile liquid behavior. The interest of the system
studied is exceptional since it is demonstrative of a smaller length-
scale cooperativity for the relaxation mechanism of macromole-
cules in nanoconfined systems, this being applicable not only
to confinement by crystalline lamellae (semicrystalline polymers),
but also to other macromolecular systems for instance those con-
taining crosslinks (thermosettings) or silicate layer surfaces
(nanocomposites).
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[30] Alves NM, Mano JF, Gómez-Ribelles JL. Polymer 2002;43:3627–33.
[31] Schindler A, Harper DH. J Polym Sci Polym Chem Ed 1979;17:2593.
[32] Zhang SH, Jing X, Painter PC, Runt J. Polymer 2004;45:3933–42.
[33] Pyda M, Bopp RC, Wunderlich B. J Chem Thermodyn 2004;36:731–42.
[34] Ohtani Y, Okumura K, Kawaguchi A. J Macromol Sci Phys 2003;B42:875–88.
[35] Pyda M, Wunderlich B. Macromolecules 2005;38:10472–9.
[36] Fischer EW, Stertzel HJ, Wegner G. Kolloid-Z.Z. Polym 1973;251:980–90.
[37] Cho TY, Strobl G. Polymer 2006;47:1036–43.
[38] Sarasua JR, Prud’homme RE, Wisniewski M, Le Borgne A, Spassky N. Macro-

molecules 1998;31:3895–995.
[39] Dlubek G, Sen Gupta A, Pionteck J, Häbler R, Krause-Rehberg R, Kaspar H, et al.
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