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Thermal Properties and Crystallization Behaviors

of Polylactide and Its Enantiomeric Blends

Pakorn Opaprakasit,*1 Mantana Opaprakasit2

Summary: Thermal properties and crystallization behaviors of polylactide and its

enantiomeric blends are investigated. DSC results demonstrate that only homo-

polymer crystallite is observed in PDLA and PLLA single polymers. A relatively stronger

crystal structure, stereocomplex, can be achieved by mixing the two PLAs in a 1:1 ratio.

For non-equimolar blends, both types of crystallites are formed at lower temperature

than that of the single polymer counterparts. The degree of reduction in crystal-

lization temperature is dependent on the degree of deviation of blend content from

the equimolar value and the mobility of the polymer chain. The composition of the

two crystallite domains is also dependent on the blend content, where the stereo-

complex content is maximized in a 1:1 blend, and decreases upon varying the mixing

ratio from equimolar value. Infrared spectroscopy is employed to follow the crystal-

lization mechanisms of the non-equimolar blend. Results indicate a domination of

stereocomplex formation band characteristics, despite evidences suggesting an

existent of homopolymer crystallite formation, probably due to the involvement

of C–H��O¼C hydrogen bonding, which leads to larger change in dipole moment

responsible for infrared transitions.
Keywords: C–H��O¼C hydrogen; crystallization; polylactide; stereocomplex; thermal

properties
Introduction

Polylactide (PLA) is a well known biopo-

lymer. This thermoplastic is of interest in

various applications, for example, medical,

packaging, and agricultural applications;

because of its biocompatibility, degradabil-

ity, and mechanical properties that are

comparable to those of commodity plas-

tics.[1–5] Most importantly, the monomer

constituent of this polymer can be derived

from renewable resources such as corn,

cassava, and sugar cane.

As its repeat unit consists of a carbon

chiral center, PLA is presented in two
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enantiomeric isomers: poly(D-lactide)

PDLA, and poly(L-lactide), PLLA. The

two isomers adopt an opposite helical

conformation in solid state. It has been

reported that a racemic crystal structure or

stereocomplex can be obtained by mixing

the two enantiomeric PLAs.[6] This stereo-

complex, in turn, showed a higher melting

temperature (�50 8C) than that of its

single component counterpart.[7] Accord-

ingly, this stereocomplex has received some

attention as potential high performance

biodegradable materials. Crystallization

mechanisms of stereocomplex in compar-

ison with its single component counterparts

have been extensively studied to obtain

an insight into the differences in their

crystal structures and crystallization

mechanisms.[8,9] Recently, reports on the

involvement of unconventional C–H��O¼C

hydrogen bonding in the crystal structure
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of stereocomplex have gained popular-

ity.[10,11]

In our recent study,[12] we observed

weak vibrational modes in the �3,500 cm�1

region of the PLA infrared spectra, and

assigned the bands to overtone combina-

tion modes of carbonyl stretching. The

bands were used to follow the correlation of

changes between C¼O and C–H groups

during crystallization by employing

2D-FTIR correlation spectroscopy. The

results showed that C–H��O¼C hydrogen

bonding interaction accompanied the for-

mation of stereocomplex, while interaction

associated with crystal formation of PLA

single polymer was induced dipole interac-

tion.

In this communication, thermal proper-

ties and the mechanisms of crystallization

and melting process of PLA single poly-

mers and their blends are examined by

employing DSC and FTIR experiments.
Experimental Part

Relatively low molecular weight PLLA

(low-PLLA, Mv¼ 3.2� 103) was purchased

from Birmingham Polymers. High-MW

PLLA (high-PLLA, Mv¼ 1.4� 104) and

PDLA (Mv¼ 8.7� 104) was supplied by

Cargill Dow Polymers and PURAC Bio-

chem, respectively. Blends of PLLA and

PDLA were prepared by separately dissol-

ving each component in dichloromethane.

The two solutions were then mixed in

desired compositions and stirred vigorously

for 24 hours. Two series of blends were

prepared. Low-MW blends consist of low-

PLLA and PDLA and are referred to as LB

series e.g. LB64 consists of 60:40 PDLA/

low-PLLA. Similarly, the high-MW blend

series is referred to as HB series (e.g.

HB55).

Thermal properties and in-process crys-

tallization and melting of the samples were

determined using a Perkin Elmer DSC7.

Samples were scanned from 30 to 250 8C at

a heating rate of 10 8C/min. Crystallization

mechanisms of PLA and its blends were

investigated by FTIR spectroscopy. A film
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sample was prepared by casting the solu-

tions on a glass slide. The samples were

then melted at 240 8C in a Mettler (model

FP-82) hot-stage and quenched in ice water

to completely erase its thermal history.

FTIR spectra were recorded on a Nicolet

model 6700 spectrophotometer at a resolu-

tion of 2 cm�1. A ‘‘HARRICKS’’ tempera-

ture controller was used in the measure-

ments of infrared spectra as a function

temperature and crystallization time. Cold-

crystallization was carried out by heating

the amorphous samples to, and keeping

them, at 80 8C. Melt-crystallization was

performed at 120 8C after by heating the

sample to 240 8C for 5 minutes to erase its

thermal history. FTIR spectra were

recorded as a function of time at 30 second

intervals.
Results and Discussion

Thermal properties of amorphous PLAs

and theirs blends were studied by employ-

ing DSC experiments. Glass transition

temperature (Tg) of PDLA, high-PLLA,

and low-PLLA were observed at 58, 56, and

40 8C, respectively. Single Tg was observed

for all corresponding blends, whose values

are shown as a function of PDLA content in

Figure 1. The results obtained from both

high-MW blend (HB) and low-MW (LB)

blend series agree with the trend predicted

from the Fox equation. This indicates

miscibility between these enantiomeric

PLAs at a length scale of �10 nm, the

approximately experimental probe size of

DSC.

In-process crystallization and melting

behaviors of PLA single polymers and

blends were examined. Thermograms of

the samples recorded from the glassy state

to above Tm are shown in Figure 2 and

Figure 3. Crystallization exotherms (Tc)

and melting endotherms (Tm) of high-

PLLA, and PDLA are significantly com-

parable (Tc� 105 8C, Tm� 175 8C), reflect-

ing the independence of Tc and Tm on

structural configurations. In contrast, the

corresponding exotherm and endoterm of
, Weinheim www.ms-journal.de



Figure 1.

Experimental Tg’s of PDLA/low-PLLA (^) and PDLA/high-PLLA (~) as a function of PDLA content, and the

predicted Tg from the Fox-Flory equation (solid lines).
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the low-PLLA was observed at 80 and

160 8C, respectively. This indicates that the

shorter-chain PLLA has more flexibility to

organize and form crystal structure at lower

temperature. The low MW is also respon-

sible for the reduction of the melting point.

The observed Tm of stereocomplex from

the blends is, however, increased to 215 8C,

indicating a relatively stronger crystal

structure.

Crystallization of PDLA/high-PLLA

blends depends strongly on blend composi-

tion, where Tc was observed at tempera-

tures lower than that of the single polymer

counterparts. The lowest Tc of the blends
Figure 2.

DSC thermograms of neat PDLA(a), high-PLLA(e), and PD
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was observed in the equimolar blend

(HB55) at 97 8C, much lower than those

obtained from its single polymer constitu-

ents (See Figure 2). When the blend

composition is deviated from a 1:1 ratio,

crystallization takes place at slightly higher

temperature, i.e., 98 and 99 8C for HB64

and HB73, respectively. This is because a

formation of stereocomplex is favored to

homopolymer crystallite formation, hence

taking place at lower temperature. In HB55

equimolar blend, only stereocomplex is

formed, reflecting by a single Tm located at

215 8C. This results in crystal formation

occurring at the lowest temperature. When
LA/high-PLLA blends: HB55(b), HB64(c), HB73(d).

, Weinheim www.ms-journal.de



Figure 3.

DSC thermograms of neat PDLA(a), low-PLLA(g), and PDLA/low-PLLA blends: LB28(b), LB37(c), LB55(d), LB73(e), and

LB82(f).
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excess amount of high-PLLA is presented

in the blends, i.e. HB64 or HB73, a mixture

of stereocomplex and single crystallite was

observed, as indicated by 2 Tm’s at 215 and

165 8C, respectively. This results in a slight

increase in the observed Tc’s, compared to

that of HB55.

DSC thermograms of low-MW blends

series are shown in Figure 3. Unlike the

previous blend series, the results indicate

that Tc is dependent on two factors; the

blend composition and the content of the

low-MW constituent. Tc of the PDLA-rich

blends decreases, upon increasing of low-

PLLA content, from 86, 82, and 74 8C for

LB28, LB37, and LB55, respectively. How-

ever, further increasing of the low-PLLA

content in the PLLA-rich blends enables

the chain to crystallize at lower tempera-

ture. (Tc of LB73 and LB82 were observed

at 73 and 72 8C, respectively.) This is

probably because the crystal formation of

these blends is affected by the mobility

provided from the low-PLLA, which

enables the co-crystallization of the two

enantiomeric chains to form stereocom-

plex. Surprisingly, the thermograms of the

blends show single Tm of the stereocomplex

at 215 8C for the blend that contains

low-PLLA of up to 70%, where the Tm
Copyright � 2008 WILEY-VCH Verlag GmbH & Co. KGaA
of homopolymer crystallite appears when

content of low-PLLA reaches 80% (LB82).

This can be explained in term of restriction

of PLLA homopolymer crystallite forma-

tion from stereocomplex domain. The more

flexible shorter low-PLLA chains promote

the stereocomplex formation. The crystal

structure, in turn, lowers the flexibility of

the excess PLLA fraction to organize,

hence remain in amorphous phase until

significant amount of excess PLLA is

reached (i.e. LB82).

An insight into the influence of blend

composition on fractions of the two crystal-

lites was further investigated when the

polymers chains are allowed to crystallize at

a constant temperature. The samples were

first isothermally crystallized at 70 8C for 30

minutes, and their DSC thermograms were

then recorded. The results obtained from

low-MW blend series indicate two Tm’s

derived from homopolymer crystallite and

stereocomplex for all samples. The crystal

composition was obtained from the ratios

of DHm of the two endotherms, as shown in

Figure 4. The maximum stereocomplex

content is obtained in the equimolar blend.

A reduction in the racemic crystallite

content is observed for blends with PDLA

content >0.5 or <0.5, and vice versa for
, Weinheim www.ms-journal.de



Figure 4.

Crystal domain composition represented by DHm of PDLA/low-PLLA blends after crystallization at 70 8C, where
closed and open symbols represent the stereocomplex and the homopolymer crystallite, respectively.
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homopolymer crystallite, which is similar to

that reported previously for blends of

similar molecular weight[13,14].

In our recent study,[12] we found that

weak vibrational modes were observed in

the �3,500 cm�1 region of the PLA infrared

spectra. These were assigned to overtone

combination modes of carbonyl stretching.

At least two vibrational modes were

observed in the different spectra as a

function of crystallization time of PLA

and its 1:1 blend. The patterns of intensity

change of the two systems are different; in

PLLA or PDLA single polymers, a

3510 cm�1 mode increases in intensity,

while the lower frequency mode at

3482 cm�1 decreases. On the other hand,

the intensity of the higher frequency mode

at 3510 cm�1 decreases, while the

3480 cm�1 band increases for HB55 blend

(stereocomplex formation). Subsequently,

the bands were used to follow the correla-

tion of changes between C¼O and C–H

groups during crystallization by employing

2D-FTIR correlation spectroscopy. The

results showed that the two groups changed

simultaneously in the stereocomplex, indi-

cating an involvement of C–H��O¼C hydro-

gen bonding. In contrast, results observed

in PDLA single polymer spectra showed

that C¼O group change preceding that of

C–H group, reflecting an involvement of

induced dipole interaction.

The infrared band of C–H stretching

mode also indicates different interactions
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associated with the formation of homo-

polymer crystallite and stereocomplex. In

single polymer, the frequency of the

asymmetric C–H3 stretching mode at

2995 cm�1 shifts to higher frequency,

indicating lateral interchain interaction,

while those of the Ca–H mode at

2880 cm�1 remain unchanged[15]. In the

formation of stereocomplex, however, the

C–H3 stretching mode now red-shifts to

lower frequency at 2992 cm�1. This is due to

the involvement of C–H��O–C hydrogen

bonding. The explanation for the red-shift

is because of the attractive interaction

between the C–H and C¼O that leads to

the elongation of the C–H bonds.[16]

To obtain insight into crystallization

mechanism of blends that consists of

unequal amount of enantiomeric constitu-

tes, infrared spectra of HB73 blend were

examined. Figure 5 shows the difference

spectra as a function of cold-crystallization

time in the C¼O overtone, C–H stretching,

and C–C coupling C–H modes. The results

indicates a domination of intensity change

patterns similar to that found in the

equimolar (HB55) blend, i.e. the intensity

reduction of 3480 cm�1 mode, the increase

of 3510 cm�1 band, the red-shift of CH3

stretching modes, and the increase in

intensity of the crystal characteristic at

908 cm�1. These results suggest a formation

of the stereocomplex. Surprisingly, the

band characteristic of homopolymer crys-

tallite formation cannot be observed,
, Weinheim www.ms-journal.de



Figure 5.

Difference infrared spectra as a function of cold-crystallization time; in the C¼O overtone (a), C–H stretching (b),

and C–C backbone coupling C–H modes (c).
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despite clear evidences from DSC indicat-

ing that the existent of particular formation.

DSC thermogram of the same sample

shows two Tm’s upon isothermal crystal-

lization at the same temperature, with DHm

ratio of 52/10.

The different spectra obtained during

melting process after cold crystallization, as

shown in Figure 6, also indicate two melting

mechanisms, associated with homopolymer

crystallite and stereocomplex. As the

temperature reaches 160 8C, a reverse

intensity-change pattern to the formation
Figure 6.

Difference infrared spectra recorded during melting proc

30 minutes.
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of homopolymer crystallite was observed.

The opposite change pattern (a reverse

trend to that observed in stereocomplex

formation), however, appears when the

temperature was raised above the melting

point of stereocomplex (>240 8C). This, in

good agreement with DSC results, indicates

that two difference domains of crystals

were formed during cold crystallization.

The significant domination of stereocom-

plex band characteristics in the infrared

spectra is probably because the structure is

more thermodynamically stable and asso-
ess of HB73 after isothermal crystallization at 70 8C for

, Weinheim www.ms-journal.de



Figure 7.

Difference infrared spectra as a function of melt-crystallization time; in the C¼O overtone (a) and C–C backbone

coupling C–H modes (b).
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ciated with stronger interactions, compared

to homopolymer crystallite, resulting in

larger dipole transitions that are respon-

sible for infrared absorption.

The dynamic spectra obtained during

melt-crystallization of the HB73 blend at

120 8C are shown in Figure 7. The patterns

of change are similar to those observed in

the cold-crystallization process, i.e. largely

dominated by stereocomplex characteris-

tics. Kinetic of the two crystallization

process are compared by employing the

intensity of C–C coupling C–H vibrational

mode at 908 cm�1, as shown in Figure 8.

The results show that longer induction time

is required in the cold crystallization, as the
Figure 8.

Extent of crystal formation calculated from band intensi

and melt-crystallization at 120 8C.
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mobility of chains is limited compared to

that in the melt crystallization. However,

the growing rate of the crystal formation is

comparable, reflecting the strong interac-

tion accompanied the formation process.
Conclusions

Results from DSC experiments on PLA

enantiomeric blends reveal that PDLA and

PLLA are miscible for all composition.

Crystallization of the blends is taking place

at lower temperature, compared to that of

the single component counterparts, and the

degree of reduction is dependent on the
ty of the 904 cm�1 mode: cold-crystallization at 70 8C,
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blend composition and chain mobility. A

formation of stereocomplex is observed in

equimolar blend. When the blend composi-

tion is deviated from a 1:1 ratio, two

domains of crystal structures are devel-

oped. The stereocomplex content is max-

imized when 1:1 PDLA/PLLA is blended.

The racemic structure content decreases

upon varying the composition from the

equimolar value. Crystallization mechan-

ism of the non-equimolar blend is also

examined by employing FTIR spectro-

scopy. The band characteristics of stereo-

complex formation dominate the change in

both cold- and melt-crystallization pro-

cesses, despite a combination of homopo-

lymer crystallite and stereocomplex forma-

tion is taking place.
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