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Crystallinity and Crystalline Confinement of

the Amorphous Phase in Polylactides
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Summary: Stereorregular polylactides such as poly (L-lactide) (PLLA) or poly

(D-lactide) result frompolymerizationofoptically pure lactides andare semicrystalline.

Optically non-active poly(D,L-lactide) (PDLLA) can be regarded as random or atactic

copolymers, show a random moiety distribution, and are completely amorphous. In

this work three phases, comprising mobile amorphous fraction (MAF, xMA), rigid

amorphous fraction (RAF, xRA) and crystalline fraction (xc) were determined in PLLA.

It will be shown that RAP fraction not only elevates Tg but also increases the dynamic

fragility (m) of polylactide chains around the Tg. These results agreewith reported cases

in which topologycal constraints inhibit longer range dynamics and suggest a smaller

length scale of cooperativity of chains in confined environments.
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Introduction

In many aspects there is still a lack of

understanding of the fundamentals of

physical chemistry that govern the seg-

mental relaxation of polymer chains in both

non-confined and confined environments.

Nonetheless, it is well established that

constraints of polymer chains caused by

crystallinity lead to an increase in the

temperature of the glass transition, for

chains find a growing hindrance to relax.

Since macromolecules are longer than the

crystal lamellae are thick, 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 range, yet on stronger coupling

the non-crystalline material may also show

a distinct glass transition, at higher tem-

perature of the bulk amorphous phase due

to a rigid amorphous phase.[1]

The occurrence of the glass transition in
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motion of macromolecular chain segments.

Cooperative segment length (j) results to

be in the range 1–3 nm at the glass

transition temperature depending on the

glass forming polymer.[2] Although there is

still no unambiguous answer as to whether

the chain mobility is increased or decreased

by constraints, the observation that the Tg

of polymeric systems in confined environ-

ments may be suppressed[3,4] supports the

idea that cooperativity of chain motion is

impeded when the dimension of the

topological constraint (d) is smaller than j.

The glassy state is unstable because a

glass is continually relaxing towards equili-

brium and therefore the different related

properties are also changing. The dynamic

fragility, concept introduced by Angell,[5]

accounts for the easy with which this

transition is completed. A polymer is defined

dynamically fragile when there is little

impediment for segmental relaxation of

chains and carries rapidly a drastic change

in properties (viscosity, modulus, etc.) at the

Tg, characteristic of each polymer. 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 accord-

ing to the fragility parameter.[6,7]
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The dynamic fragility is related to the

deviations from simple Arrhenius tempera-

ture dependence of the relaxation process.

According to the Vogel-Fulcher-Tammann-

Hesse (VFTH) equation the relaxation

time, t, is given in the following way:[8]

t ¼ t0 � e
B

T�T0

� �
; (1)

where t0, B, and T0 are positive constants.

From the VFTH equation a convenient

measure for the dynamic fragility (m) is

related to the steepness index in the glass

transition as follows:

m ¼ d log t

dðTg

�
TÞ

�����
T¼Tg

¼ BT

ðTg � T0Þ2
; (2)

The Williams-Landel-Ferry equation is

mathematically equivalent to the VFTH

equation; it is constructed in order to

eliminate the pre-exponential factor of

VFTH equation and reflects the tempera-

ture dependence in the followingmanner:[9]

log
t

t0
¼ log aT ¼ �C1ðT � TgÞ

C2 þ T � Tg
; (3)

C1 and C2 are material constants and the

fragility parameter can be calculated as

follows:[9]

m ¼ d log aTð Þ
dðTg

�
TÞ

�����
T¼Tg

¼ TgC1

C2
: (4)

Dynamic fragility of polymers has been

reported to fall inside a m¼ 40–200

range.[10] 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

amorphous medium and in presence of a

crystalline-confined environment.

The comparison of the dynamic fragility

parameter in an unconfined bulk amor-

phous phase and in a partly crystalline

confined one will allow us to draw straight-

forward conclusions on the different seg-

mental cooperativity of polylactide chains
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during the relaxation processes involved in

both cases. In a previous work on the

conformational behavior in PLLA films,[11]

we concluded that the interphase seemed to

extend over the whole interlamellar region

showing the features of a semiordered

metastable phase. 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.
Experimental Part

PDLLA and PLLA were supplied by Purac

Biochem (The Netherlands). The molecu-

lar weight of both polymers was measured

viscometrically in a Ubbelohde type visc-

ometer in chloroform at 30 8C. Values

of Mv¼ 3.8 � 105 g/mol and Mv¼ 3.2 � 105
were obtained using the appropriate Mark-

Houwink constants for each polymer.[12]

In the present work both amorphous

PDLLA and semicrystalline PLLA were

used as starting materials to obtain 1mm

thick sheets by compression molding. All

samples were melted at 200 8C and rapidly

quenched in water. PLLA samples were

further crystallized whether by annealing at

80 8C for 3h after quenching or by slow

cooling from the melt into the plates of the

press.

Thermal analysis was carried out on a

DSC from TA Instruments, model DSC

2920. Approximately 5–10mg of each blend

was weighed and sealed in an aluminium

pan. DSC scans were performed on sheet

samples with a scan rate of 20 8C/min. Glass

transition temperatures were measured as

middle point values.

Rectangular specimens were cut from

compression molded sheets and tested in a

dynamic mechanical analyzer DMA/SDT

A861 from Mettler-Toledo (shear mode).

To obtain the master curves and dynamic

fragility of materials the measurements

were conducted in the DMA between 20

and 0.01 Hz in isothermal conditions from

Tg-30 8C to Tgþ 30 8C every 3 8C. Master
, Weinheim www.ms-journal.de
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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.[9]
Results and Discussion

Figure 1 shows the DSC thermogram of

PDLLA and PLLA samples conformed

from the melt without or with thermal

treatment. PDLLA shows the heat jump

corresponding to the Tg at 54 8C. The glass

transition of PLLA-WQ appears at 61 8C
followed by a typical cold crystallization

peak at 92 8C and a melt fusion peak at

181 8C, which is accompanied by a small

exothermal event just before the melting at

161 8C. This second exothermal peak has

been already reported elsewhere and has

been attributed to a recrystallization into

a polylactide crystal polymorph of higher

perfection.[13] Looking at the two curves of

the bottom corresponding to annealed and

slowly cooled PLLA samples, in addition to

the suppression of cold crystallization

behavior due to the higher crystallinity of

the samples, it is remarkable a Tg increase

of 10–14 8C with respect to the non-treated

quenched PLLA-WQ and an increase of
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Figure 1.

DSC curves of PDLLA and PLLA with different thermal trea

annealed; PLLA-WQ: quenched in water from the melt, n

melt and annealed at 80 8C for 3h; PLLA-SC: slowly coo
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17–21 8C with respect to fully amorphous

PDLLA.

Crystallinity degree (xc) of PLLA was

determined using a value of 106 g/mol for

melting enthalpy of 100% crystalline poly-

lactide according to Equation 5.[14] As can

be observed the heat capacity change at Tg

reduces significantly with crystallinity and

RAF. Equation 6 and Equation 7 can be

proposed to account for rigid amorphous

and mobile amorphous fractions respec-

tively:[15]

xc ¼
DHm � ðDHc � DHrcÞ

DH0
m

(5)

xRA ¼ 1� xc �
DCp

DC0
p

(6)

xMA ¼ 1� xc � xRA (7)

Table 1 reports the thermal properties

obtained for PDLLA and PLLA. It is

observed that mobile amorphous phase is

only present in PDLLA and rigid amor-

phous fraction increases with crystallinity in

PLLA. Even quenched in water, PLLA

shows a non-negligeable amount of crystal-

line and rigid amorphous fractions. Finally

PLLA annealed samples show both higher

crystallinity and RAF than samples crystal-

lized from the melt.
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Table 1.
Thermal properties of polylactides.

Tg (8C) DCp (Jg
-18C) DCp/DC

0
p xc xRA xMA

PDLLA 54 0.62 1 0 0 0
PLLA-WQ 61 0.45 0.274 0.107 0.167 0.726
PLLA-SC 74 0.30 0.516 0.265 0.251 0.484
PLLA-WQA 71 0.10 0.839 0.388 0.451 0.161

DCp: specific heat change at Tg; DC0p: specific heat change at Tg in fully amorphous polylactide; DHc1:
exothermal enthalpy change (cold crystallization peak);DHc1: exothermal enthalpy change (just before melting),
DHm: melting enthalpy.

Macromol. Symp. 2008, 272, 81–8684
Figure 2 represents the master curve for

PLLA. Master curves were built and the

shift values (at) obtained for PLLA and

PDLLA using the DMA experiments

conducted at different temperatures and

frequencies according to the WLF theory

(Equation 3). C1 and C2 constants were

deduced by WLF equation using the shift

values (at) experimentally obtained. Finally

the dynamic fragility parameter (m) was

calculated with Equation 4. Table 2 reports
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Figure 2.

PLLA-WQA: master curve at 69.8 8C.

Table 2.
Dynamic fragility (m) of polylactides, taken into accoun

PLLA PLLA_min PLLA_max

C1¼ 12.73787
� 0.72637

C1(�)�Tg/C2(þ)

m¼ 130.4

C1(þ)�Tg/C2(�)

m¼ 173.0C2¼ 29.12788
� 2.44863
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the fragility values taking into account the

fitting errors.

Angell’s plot in which log at is repre-

sented in ordinates versus Tg/T in abscissa

is also a good method to compare the

segmental dynamics of different glass

forming liquids. The Angell’s plots for

PDLLA and PLLA are presented in

Figure 3. Angell’s plot in which log aT is

represented in ordinates versus Tg/T in

abscissa is also a good method to compare
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curve at 69.8 ºC (342.8ºK)

PLLA

 ta
nδ

t the fitting errors.

PDLLA PDLLA_min PDLLA_max

C1¼ 10.32397
� 0.53822

C1(�)�Tg/C2(þ)

m¼ 61.1

C1(þ)�Tg/C2(�)

m¼ 79.5C2¼ 48.61025
� 3.86054
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Figure 3.

Angell’s plot: PDLLA (~), PLLA-SC (&) and PLLA-WQA (�).
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the segmental dynamics of different glass

forming liquids. Materials showing near

Arrhenius behavior are strong glass for-

mers and hence the deviation from linearity

is an indication of dynamic fragility. Taking

the derivative of the curves at Tg/T¼ 1 the

following dynamic fragility values were

obtained respectively for PLLA-WQA

and PDLLA: m¼ 128.4 and m¼ 75.5.
Conclusion

In summary, our results show that fully

amorphous PDLLA is a stronger glass

former than semicrystalline PLLA. Three

phases, comprising mobile amorphous frac-

tion (MAF), rigid amorphous fraction

(RAF) and crystalline fraction (xc) were

found in poly (L-lactide) (PLLA). The

amount of RAP was established after

isothermal cold crystallization or by non-

isothermal cooling of samples from the

melt. Dynamic mechanical analysis (DMA)

of PLLA after aging at 50 8C revealed a

partial relaxation of the rigid amorphous

phase giving rise to double Tg behaviour.

The lower temperature tan d peak in PLLA

is coincident with the Tg of PDLLA and

hence confirms is a result of segmental

mobility of non-confined polylactide

chains.
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RAP fraction not only elevates Tg but

also increases 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 hydrogen bonding

organics and polymeric glass formers show-

ing an increase in m with increasing Tg.[10]

Although impediments for segmental

mobility are associated to a Tg increase

in polymeric systems, segmental dynamics

around the Tg, i. e. the steepness or easiness

with which a glass former relaxes (fragile

liquid behavior) increases with crystalline

confinement. It is proposed that crystal-

linity is acting in polymeric systems as a

topologycal constraint, in a similar way as

silicate layer surfaces of exfoliated nano-

composites,[3] inhibiting longer range

dynamics and hence allowing smaller

length scale of cooperativity.
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