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ABSTRACT: Nanocomposites of equimolar enantiomeric polylactide blends with multiwall carbon nanotubes (MWCNTs) were pre-

pared by a solvent casting/sonication procedure. The first objective of the study was to investigate the effect of MWCNTs as nucleat-

ing agents for the selective crystallization of the polylactide (PLA) stereocomplex to obtain PLA-based nanocomposites. Transmission

Electron Microscopy (TEM) studies revealed large agglomerates and poor distribution of the non-functionalized MWCNTs within the

matrix. To enhance the compatibility between PLA and MWCNTs, pyrene-end-functionalized PLLA (py-end-PLLA) nanocomposites

were prepared because of the ability of the pyrene moieties to interact with the MWCNTs via p2p stacking, and were subsequently

blended with poly(D-lactide) (PDLA) to investigate the possibility of achieving nanocomposites in which the enantiomeric blend crys-

tallizes as stereocomplex. The resulting nanocomposites were characterized by Differential Scanning Calorimetry (DSC), X-ray Dif-

fraction (XRD), TEM, and Nuclear Magnetic Resonance Spectroscopy (NMR), revealing that MWCNTs were efficient nucleating

agents for the overall crystallization of the blends. Interestingly, full stereocomplexation could be achieved with the aid of soft specific

thermal treatments. According to these results, the addition of small amounts of MWCNTs combined with a mild thermal treatment

might extend the processing window for the preparation of polylactides exclusively crystallized in the stereocomplex form. VC 2013
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INTRODUCTION

Polylactides (PLAs) are biodegradable and biocompatible ali-

phatic polyesters derived from renewable resources, non-toxic

for the human body and the environment. PLAs have been used

as biomedical materials for tissue regeneration, matrices for

drug delivery systems, sutures and scaffolds1 and as alternatives

for commercial polymeric materials to reduce the impact on the

environment.2

Since stereocomplexation between PLLA and PDLA homopoly-

mers was reported in 1987 by Ikada et al.3 numerous studies

have been devoted to the formation, structure, properties, deg-

radation, and applications of the PLA stereocomplexes.4–9 The

stereocomplex crystals show different properties compared with

those of PLLA or PDLA crystals.10 The stereocomplex shows a

melting temperature (Tm) approximately 50�C higher than the

Tm of either PLLA or PDLA. This significant increase is due to

hydrogen bonding interactions in the stereocomplex crystalline

structure.11,12 Stereocomplex crystallization can be considered

one of the most effective and promising method to improve the

mechanical and thermal properties13 and also the hydrolytic

degradation resistance14,15 of PLA-based materials. However, the

length of L- and D-lactyl unit sequences is a crucial parameter

for the stereocomplexation because the homocrystallization pre-

vails over stereocomplex crystallization when blends are pre-

pared from high molecular weight PLLA and PDLA, as it has

been concluded in our previous studies;10,16,17 yet, high molecu-

lar weights are required for most polylactide applications.18,19

VC 2013 Wiley Periodicals, Inc.
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Carbon nanotubes (CNTs) are considered of great interest in

materials science due to their extraordinary electrical and

mechanical properties20–22 and thermal conductivity,23 hence

CNTs are considered potentially excellent reinforcements to

obtain polymeric composites.24,25 The properties of the compo-

sites depend on the dispersion of CNTs within the matrix,26,27 as

well as on the strength of the interaction between the polymer

and the CNTs.28 It is well known that in their pristine state

CNTs tend to form agglomerates due to p–p stacking interactions

and van der Waals bonds.29 Therefore, a variety of chemical and

physical methods have been used to obtain good dispersions of

the CNTs within polymer matrices. The different strategies

include chemical modification,30 covalent attachments of mono-

mers, oligomers, and polymers,31 adsorption of charged surfac-

tants and polyelectrolytes,32 wrapping with polymers,33 non-

wrapping adsorption of partially collapsed block copolymers,34

and complexation by p–p35,36 or cation–p interactions.37

Recently, many researchers have encouraged the investigation of

the enhancement of the CNT dispersion using appropriate func-

tional groups that may include aromatic compounds such as

pyrene, which is electronically very similar to graphite, to

accomplish p–p stacking interactions with the graphitic struc-

ture of the CNTs.38–41 The surface modification of the CNTs by

pyrene-containing polymers of different nature and molecular

architecture can be a very straightforward and efficient method

for making them dispersible in a wide variety of solvents, and

for preparing homogenous CNT-based polymer composites.42,43

Among other factors, the enhancement of crystallization by

CNTs acting as nucleating agent can also be crucial to improve

the properties of polylactides. CNTs strongly improve the heter-

ogeneous nucleation of the polymer matrices increasing the

nucleation density and thus the overall crystallization rate.44,45

This phenomenon occurs by molecular interactions between the

polymer matrix and the surface of the nucleating agent, causing

the reduction of the free energy, necessary to form a stable

nucleus.19 Besides CNTs, both inorganic46,47 and organic nucle-

ating agents48–51 have been investigated in the crystallization of

polylactides. However, little is known about the effect of these

nucleating agents in the selective stereocomplex formation in

enantiomeric polylactide blends.

In this article, PDLA/PLLA multiwall carbon nanotube

(MWCNT) nanocomposites were analyzed in order to evaluate

the nucleating effect of the MWCNTs to form stereocomplex

crystals in high molecular weight polylactide enantiomeric equi-

molar blends. It will be shown that the use of pyrene-end-PLLA

as compatibilizer in PDLA/MWCNTs blends improves the dis-

persion of the MWCNTs and, at the same time, influences posi-

tively in the formation of stereocomplex crystals.

EXPERIMENTAL

Materials

Commercial poly(D-lactide) and poly(L-lactide) of high optical

purity (100%) and molecular weight were supplied by PURAC

BIOCHEM (The Netherlands). Table I summarizes important

properties of the as received polylactides, including Residual

Solvent (RS), Residual Monomer (RM), rotatory power (a), and

intrinsic viscosity ([g]) in CHCl3 at 25�C. Number-average

molecular weights (Mn) and dispersity (D) were determined rel-

ative to PS standards by GPC in CHCl3 at 25�C.

Pyrene-end-functionalized PLLA (py-end-PLLA) of different

molecular weights (2900, 9000, and 24,900 g/mol) were synthe-

sized following the method described in the following section.

MWCNTs (GraphistrenghtTM C100) were provided by Arkema

(France). A pristine MWCNT is featured by a length in the

range 0.1–10 lm, an outer mean diameter in the range 10–15

nm and a mean number of walls ranging from 5 to 15. The

degree of purity is around 90%.

Synthesis of Poly(L-lactide) (PLLA) and Pyrene-End-

Functionalized PLLA (py-end-PLLA)

Py-end-PLLA was synthesized in chloroform solution (20 mL)

by Ring Opening Polymerization (ROP) of L-lactide (5.8 g,

40.3 mmol) initiated with 1-pyrenemethanol (132 mg, 0.57

mmol) and catalyzed by 1,8-diazobicyclo[5.4.0]undec-7-ene

(DBU) (21 ll, 0.15 mmol). After stirring the solution at room

temperature for 10 min in presence of the catalyst, three drops

of acetic acid were added, and the organic layer was washed

two times with HCl (0.1M). Finally, the compound was pre-

cipitated in n-hexane and dried under vacuum overnight at

60�C. The yield obtained was around 90%. Non-functionalized

poly(L-lactide), PLLA, was also synthesized to be used as refer-

ence. ROP of L-lactide was initiated with isopropanol in pres-

ence of DBU as catalyst. The reaction was performed at room

temperature using chloroform as solvent. PLLA was washed

with HCl 0.1M. The organic phase was precipitated in n-hex-

ane. After filtering, the solid was dried in a vacuum oven

overnight at 40�C under reduced pressure.36,37 The reaction

schemes of the synthesis are shown in Figure 1. Table II dis-

plays the molecular weight and thermal properties of the syn-

thesized PLLA and py-end-PLLAs.

Table I. Characteristics of the Commercial Enantiomeric Polylactides

Materials
RS
(%)

RM
(%)

a
(deg)

[g]
(dL/g)

Mn

(g/mol) D

PDLA <0.03 <0.2 1158.2 5.68 3.5 3 105 1.92

PLLA <0.01 <0.1 2158.3 1.54 1.2 3 105 1.25

Figure 1. ROP of L-Lactide from 1-pyrenemethanol and isopropanol.
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Preparation of Enantiomeric Blends

Previous studies have demonstrated that stereocomplexation is

favored in blends with equimolar composition.52,53 In this

study, polylactide blends and nanocomposites from equimolar

compositions of two enantiomeric polylactides (PDLA and

PLLA or py-end-PLLA) were prepared. Py-end-PLLA of differ-

ent molecular weights (2900, 9000, and 24,900 g/mol) and dif-

ferent amounts of MWCNTs (0.5, 1.0, 1.5, and 3.0 wt %) were

used for nanocomposite formulations.

PDLA/PLLA and PDLA/py-end-PLLA blends were prepared by

solvent casting. Pellets were dried in vacuum at 100�C for 24 h

before preparation of polymer solutions. Solutions of PDLA

and PLLA (or py-end-PLLA) were separately prepared by dis-

solving 125 mg of both polymers in 10 mL chloroform. The

two solutions were mixed together with vigorous stirring, fol-

lowed by solvent evaporation at room temperature for about 3

days.

PDLA/PLLA and PDLA/py-end-PLLA nanocomposites contain-

ing 0.5, 1.0, 1.5, and 3.0 wt % of MWCNTs were prepared

according to the following procedure. The required amount of

nanotubes was first dispersed in chloroform and subjected to

tip-sonication during 20 min in an ice bath. Subsequently, the

desired composite compositions were prepared by mixing the

nanotube dispersions with the PDLA/PLLA or PDLA/py-end-

PLLA blend solutions. These mixtures were again sonicated for

additional 30 min, and finally allowed to evaporate at room

temperature for 48 h.

DSC Analysis

Thermal properties of blends were evaluated using a Differential

Scanning Calorimetry (DSC) from TA instruments, model DSC

Q200. The DSC was calibrated using the melting temperature

and enthalpy of indium. Approximately 5 mg of sample were

placed in the aluminium pans for measurement under N2

atmosphere. A DSC scan from 0�C to 250�C at a heating rate

of 10�C/min was used to evaluate the crystallization and melt-

ing behavior of samples. Degrees of crystallinity were calculated

according to the equations used in previous articles using the

values of DH0
m 5 106 J/g for PLA homocrystals and

DH0
m 5 142 J/g for stereocomplex crystallites.10,16

X-ray Diffraction (XRD)

The X-ray powder diffraction patterns were collected by using a

PHILIPS X’PERT PRO automatic diffractometer in theta-theta

configuration, secondary monochromator with Cu Ka radiation

(k 5 1.5418 Å) and a PIXcel solid state detector. The sample

was mounted on a zero background silicon wafer fixed in a

generic sample holder. Data were collected from 10 to 25� 2h
(step size 5 0.026�) at room temperature and at 0�C after cool-

ing at 5�C/min from 250�C.

TEM Analysis

Dispersion of MWCNTs was evaluated by Transmission Electron

Microscopy (TEM) with a TECNAI G2 20 TWIN instrument

under an acceleration voltage of 200 kV. Ultrathin sections with

thickness of around 100–1200 nm were used for TEM observa-

tions. Sections were cut under cryogenic conditions (280�C)

using a Leica EM FC6 ultramicrotome.

NMR Analysis

1D 13C NMR spectra were obtained using a Bruker 400 WB

Plus spectrometer at room temperature. Spectra were collected

by using a 4 mm CP-MAS probe spinning at 10,000 Hz.

CPMAS 13C NMR spectra of solid samples were recorded for

24 h using the standard pulse sequence, at 100.6 MHz, a time

domain of 2 K (2048 data points), a spectral width of 29 KHz,

a contact time of 1.5 ms and an interpulse delay of 5 s.

2D diffusion-ordered (DOSY) NMR experiments were obtained

using a standard Bruker protocol with a 400 MHz Avance spec-

trometer equipped with a broad-band z-gradient probe; 32 1D
1H spectra were collected with a gradient duration of 2 ms and

an echo delay of 100 ms for PLLA, or 250 ms for the py-end-

PLLA. Acquisition times of about 16 and 32 min were required

for the PLLA samples and py-end-PLLA. The ledbpg2s pulse

sequence, with stimulated echo, longitudinal eddy current com-

pensation, bipolar gradient pulses, and two spoil gradients, was

run with a linear gradient (53.5 Gcm_1) stepped between 2%

and 95%. The 1D 1H spectra were processed and automatically

baseline-corrected. The diffusion dimension, zero-filled to 1 k,

was exponentially fitted according to pre-set windows for the

diffusion dimension.

RESULTS AND DISCUSSION

Stereocomplexation of PDLA/PLLA Blends

Figure 2 shows the thermograms of the two enantiomeric opti-

cally pure polylactides (PDLA and PLLA) and their 50/50 blend,

prepared by solvent casting. All curves exhibit the typical exo-

therm corresponding to the cold crystallization and the endo-

therm corresponding to the melting of crystals. In the case of

the 50/50 blend, there is a double endothermic peak, one

around 170�C, corresponding to the melting of homocrystals,

and a small melting peak at about 230�C, corresponding to the

melting of a small amount of stereocomplex crystals.

With the aim of increasing the stereocomplex formation in the

50/50 blends, specific isothermal crystallizations were per-

formed. Table III shows the thermal properties of the 50/50

blend crystallized isothermally at 140, 160, 180, and 190�C for 1

and 24 h. It can be noted that the crystalline amount of poly-

mers depends on thermal treatments carried out on samples.

These thermal treatments included melting of the polymer sam-

ple at a temperature of 250�C for 2 min, followed by quenching

Table II. Molecular Weight and Thermal Properties of the Synthesized

Polylactides

Materials Tm
a (�C)

DHm
a

(J/g)
Mn

b

(g/mol) Db

py-end-PLLA2900 134.8 60.8 2900 1.17

py-end-PLLA9000 139.0 58.4 9000 1.11

py-end-PLLA24900 142.0 27.4 24900 1.13

PLLA24900 152.9 30.5 24900 –

a Determined by DSC analysis in THF at 35�C using universal calibration.
b Determined by SEC in THF at 35�C using universal calibration.
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to the selected crystallization temperature comprised between

140 and 190�C.

As can be seen in Table III, in the 50/50 blends annealed for 1 h

at temperatures below 180�C, the homocrystal melting enthalpies

are larger than the stereocomplex melting enthalpies, indicating

that homocrystal formation is favored at these conditions. After

annealing 24 h, the overall crystallinity degree of the samples is

slightly increased, but the relative amounts of crystalline forms

remain almost unchanged. However, when the selected crystalli-

zation temperature reaches the melting temperature of the homo-

crystals (180–190�C), the crystal type formation is drastically

reversed. After annealing at 190�C for 1 h, the relative amount of

stereocomplex crystallization attains 36%, reaching complete ster-

eocomplexation after 24 h. These data indicate that the homo-

crystals of polylactide, after remelting at 190�C, can recrystallize

selectively as stereocomplex during annealing.10

Figure 3 shows the DSC curves for the 50/50 blend annealed for

24 h at the temperatures listed in Table III. Curves “a” and “b”

correspond to samples annealed for 24 h at 140 and 160�C,

where the formation of the homocrystal is favored against ster-

eocomplexation as explained previously, and show therefore

intense endotherms. However, the endothermic peak centered

around 170�C, that appears in curves "c" (sample annealed at

180�C) and "d" (after annealing at 190�C) corresponds to the

small fraction of homocrystals formed during the cooling step

after the annealing treatment, as a result of incomplete stereo-

complex crystallization. Notice that at these annealing tempera-

tures the homocrystal is melted and does not crystallize. Since

the cooling step covers the whole range of crystallization tem-

peratures, these crystals may be a mixture of crystals of different

perfections, but they are homocrystals in any case.

As can be seen, double melting peaks appear with increasing

annealing temperature as a consequence of the structural reorgan-

ization of the chains. The crystals corresponding to the intermedi-

ate peaks between those of the homocrystal and the high melting

stereocomplex act as precursors for the formation of the final ster-

eocomplex. The occurrence of double melting endotherms during

DSC heating of polymers has been reported for several semicrys-

talline polymers.54–59 Two models have been proposed to explain

this phenomenon, the double lamellar thickness model60,61 and

the melting of the thinner lamellae.62,63 The double lamellar thick-

ness model is associated with the existence of two populations of

crystalline lamellae with different thicknesses. The melting of the

thinner lamellae gives rise to the low endotherms and melting of

the thicker lamellae to the high endotherm. The melting recrystal-

lization model postulates that the low temperature endotherm

arises from melting of most of the lamellae initially present. The

partially melted amorphous material then undergoes a continuous

Table III. Thermal Properties Measured by DSC of Polylactide Equimolar Blends at Different Crystallization Temperatures and Times

1 h 24 h

Annealing
T (�C)

DHH

(J/g)
DHS

(J/g)
Xstereo

(%)
Xc

(%)
DHH

(J/g)
DHS

(J/g)
Xstereo

(%)
Xc

(%)

140 36.3 8.1 18 39 59.3 9.2 13 62

160 46.8 8.1 15 49 60.5 11.7 16 65

180 47.5 9.4 16 33 6.4 56.9 90 41

190 30.4 17.0 36 18 - 85.2 100 60

Melting enthalpy of homocrystals (DHH), stereocomplex crystals (DHS), stereocomplex fraction of the total crystallinity (Xstereo), and overall crystallinity
(Xc).10

Figure 3. DSC curves of 50/50 blend after annealing for 24 h at (a)

140�C, (b) 160�C, (c) 180�C, and (d) 190�C.
Figure 2. DSC curves of as-cast (a) PDLA, (b) non-functionalized 50/50

blend, (c) and PLLA.
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process of recrystallization into thicker, more perfect lamellae,

which melt at higher temperatures.64

Effect of MWCNTs on the Stereocomplexation of PDLA/PLLA

Blends

This study investigates the addition of MWCNTs to PDLA/PLLA

blends with the aim of analyzing the crystallization behavior and

the nucleation efficiency of the MWCNTs in the polylactide ster-

eocomplex crystals, since their effectiveness as nucleating agents

has been shown in several polymeric matrices.65–67

Figure 4 displays the DSC thermograms of 50/50 blends con-

taining 0 and 1.5 wt % of MWCNTs. As can be seen, the addi-

tion of small amounts of MWCNTs to the blend removes the

recrystallization peak, also termed cold crystallization, associated

with the formation of crystals during heating. This result indi-

cates that MWCNTs favor the crystallization of PLLA, in addi-

tion the overall crystallinity increases from 13.5% for the

sample without MWCNTs to 28.8% for the nanocomposite con-

taining 1.5 wt % of MWCNTs. In consequence, the addition of

MWCNTs improves the crystallization of the polylactide matrix.

Figure 5 shows the evolution of the melting enthalpy of the

homocrystal and the stereocomplex, along with the overall crys-

tallinity degree, with the content of MWCNTs during the first

DSC scan for the solvent cast 50/50 blends. As can be seen, the

addition of MWCNTs increases the melting enthalpy of the ster-

eocomplex while the one of the homocrystal decreases, showing

reduced values for nanocomposites containing 3.0 wt % of

MWCNTs. On the other hand, the overall crystallinity degree

increases upon the addition of small amounts of MWCNTs, but

decreases again for nanotube contents above about 0.5 wt %.

As discussed before, during a heating DSC scan only a limited

extent of stereocomplexation can be usually achieved in high

molecular polylactide enantiomeric blends, hence, appropriate

thermal treatments were carried out to achieve full stereocom-

plexation now in presence of MWCNTs. For the nanocomposite

containing 1.0 wt % of MWCNTs in the equimolar blend,

annealing at 180�C for 4 h was found enough to achieve full

stereocomplexation. Hence, the addition of MWCNTs allows

achieving full stereocomplexation with milder thermal treat-

ments, since the annealing temperature and time are reduced

from 190�C to 180�C, and from 24 h to about 4 h respectively.

The melting enthalpy with MWCNTs is, however, smaller (34 J/

g) than without the nanotubes (85 J/g). This decrease in melting

enthalpy of stereocomplex together with the decreasing of over-

all crystallinity by adding larger amounts of MWCNTs may be

due to the formation of agglomerates as a consequence of the

poor dispersion of the MWCNTs in the matrix.

Effect of Pyrene Terminal Group in the Stereocomplexation

of PDLA/PLLA Blends

In this study, py-end-PLLA was used with the aim of getting two

different enhancing effects. On the one hand, it is expected to

improve the dispersion of MWCNTs due to the presence of

pyrene terminal group that interact with MWCNTs, while on the

other hand, 50/50 blends of py-end-PLLA and PDLA were carried

out to verify that end-functionalized PLLA short chains interact

with the PDLA matrix to favor stereocomplex crystals formation.

Figure 6 shows TEM images of the nanocomposites containing

1.0 wt % MWCNTs. In Figure 6(A), the polymer matrix is

PLLA (Mn 5 24900, Table II), and the TEM image shows large

aggregates (of about 270 lm) suggesting a poor dispersion of

the nanotubes. In Figure 6(B), the polymer matrix is py-end-

PLLA of the same molecular weight (Table II), and the TEM

image reveals individual MWCNTs randomly dispersed, as a

consequence of the presence of the terminal pyrene groups,

confirming a fine and homogeneous dispersion in the matrix.

Changing the molecular weight of the py-end-PLLA chains can

affect the nanocomposites in several ways. On the one hand,

lower molecular weights imply a larger amount of pyrene end-

groups per nanotube (for a given MWCNT composition), and

may favor the dispersion of the nanoreinforcing particles. On

the other hand, lower molecular weights favor preferentially the

formation of stereocomplex crystals instead of homopolymer

Figure 4. DSC thermograms of 50/50 blends of high molecular weight

polylactides (a) without MWCNTs and (b) with 1.5 wt % of MWCNTs.

Figure 5. Evolution of melting enthalpy of (�) homocrystals (DHH), (~)

stereocomplex crystals (DHH), and (�) overall crystallinity (Xc) with the

content of MWCNTs in 50/50 blends prepared as cast.
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crystallites according to previously published results.3 To analyze

these effects, equimolar PDLA/py-end-PLLA mixtures were pre-

pared using py-end-PLLA chains with three different molecular

weights (2900, 9000, and 24,900 g/mol, Table II).

Figure 7 graphs the first DSC scans for as cast py-end-PLLA/

PDLA blends prepared using py-end-PLLA chains of different

molecular weights. As can be seen, when low molecular weight

py-end-PLLA (2900 or 9000 g/mol) is blended with PDLA, sim-

ilar traces can be observed. In both cases, full stereocomplexa-

tion occurs spontaneously during casting, producing in the

DSC analyses significant endothermic peaks of 38 and 43 J/g, at

temperatures about 209�C, due to stereocomplex crystal melt-

ing. These results indicate easy stereocomplexation with low

molecular weights. In contrast, the PDLA/py-end-PLLA24900

matrix shows a completely different behavior, since this system

shows three endothermic peaks at about 142, 175, and 209�C,

corresponding to py-end-PLLA homocrystallites (as shown in

Table II), PDLA homocrystallites and stereocomplex crystallites,

respectively. In addition, an exothermal peak with DHc � 16 J/g

is observed at about 83�C. This enthalpy value corresponds

approximately to the sum of the three melting enthalpies

observed; hence, crystallization is concluded to occur during the

heating scan.

Numerous methods have been reported for tracing polylactide

stereocomplexation, particularly X-ray diffraction studies have

been often used to separate homocrystallization and stereocom-

plexation in polylactides.68 Another alternative is FTIR spectros-

copy, since the C5O stretching band of the stereocomplex is red

shifted relative to the homocrystals (the former is located at

about 1748 cm21 and the latter at about 1759 cm21) due mainly

to C–H���O5C hydrogen bonding interactions.10 In addition, 13C

NMR spectroscopy can be also an effective method for detecting

polylactide stereocomplexation.2 This technique has been used in

this work to gain insight on the microstructure of the nanocom-

posites investigated in this article.

Figure 8 shows the 13C NMR spectrum of the carbonyl carbon

of as cast PDLA, py-end-PLLA and their equimolar blends. Pris-

tine PDLA [Figure 8(a)] shows a broad peak in which the

Figure 6. TEM images of (A) PLLA/MWCNTs and (B) PLLA/py-end-PLLA/MWCNTs.

Figure 7. DSC curves of PDLA/py-end-PLLA blends with py-end-PLLA

chains of (a) 2900 g/mol, (b) 9000 g/mol, and (c) 24,900 g/mol.

Figure 8. 1D 13C_NMR spectra of carbonyl carbon region in (a) PDLA,

(b) py-end-PLLA9000, (c) PDLA/py-end-PLLA2900, (d) PDLA/py-end-

PLLA9000, and (e) PDLA/py-end-PLLA24900.
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maximum contribution corresponds to the amorphous phase at

170 ppm, while pure py-end-PLLA [Figure 8(b)] shows resolved

amorphous and homocrystal peaks at 170 and 172 ppm, respec-

tively. These values are in agreement with those obtained by

other authors for polylactides.2 The different behavior between

both enantiomers can be assigned to the different molecular

weights. The equimolar blends of PDLA with the py-end-PLLA

samples of lower molecular weight, spectra 8(c) and 8(d), show a

new peak at 173.1 ppm corresponding to the carbonyl carbon in

the stereocomplex crystals. However, in the equimolar blend of

PDLA with py-end-PLLA24900, the main contribution indicates

again that the polymer matrix is mainly in the amorphous state,

and the small shoulders indicate the presence of minor amounts

of homocrystals. In conclusion, NMR results agree with those

obtained by DSC, indicating that the py-end-PLLA of higher

molecular weight does not crystallize during the casting step.

To evaluate the effect of the pyrene end-group on the crystalliza-

tion process, PDLA has been blended with PLLA24900 with and

without functional end-groups. Figure 9 shows the first DSC

scans for the as cast PDLA/py-end-PLLA24900 [Figure 9(a)], and

the PDLA/PLLA24900 systems [the latter lacking end-pyrene

groups, Figure 9(b)]. As can be seen, the PDLA/PLLA24900

blend crystallizes completely in the stereocomplex form while the

system modified with pyrene is amorphous as previously

observed. The results suggest that the presence of pyrene in

PDLA/py-end-PLLA24900 blends hinders the stereocomplexation.

With the purpose of corroborating this hypothesis, the transport

properties of py-end-PLLA and PLLA molecules were deter-

mined by the Diffusion ordered NMR spectroscopy (DOSY)

method.69 DOSY experiments of py-end-PLLA24900 and

PLLA24900 using chloroform as solvent were carried out as

shown in Figure 10. PLLA24900 has an average log D value of

8.03, whiles the same DOSY experiment for py-end-PLLA24900

shows a value of 8.52. The difference between the two diffusion

coefficients is quite significant; indicating that in spite of the

same size of the PLLA chains, the diffusion of PLLA is faster

than that of py-end-PLLA. This indicates that the pyrene group

prevents the mobility of the PLLA chain; due to the existence of

many pyrene groups interacting between them by p2p interac-

tions. Similar p2p anchoring systems can be found in literature

for pyrene derivates in which p conjugated molecules are used

for chiral organization70 and for fullerene-end groups, showing

self-assembly of fullerenes that results in nanoscale aggregates.71

To summarize, when the pyrene group is end-functionalized to

the shorter PLLA chains (2900 and 9000 g/mol), the PLLA chains

can move more easily and reach a PDLA segment to crystallize as

stereocomplex, in agreement with the conclusions drawn from

the DSC analysis. However, when py-end-PLLA24900 (the py-

end-PLLA with the highest molecular weight) is used, the stereo-

complex crystallization is prevented due to the p2p stacking of

aromatic rings. These interactions are so strong that pyrene-

pyrene groups form aggregates decreasing the mobility of the

PLLA chains in the blend and hindering the approximation of

the enantiomeric molecules, required for the formation of the

stereocomplex crystals (Figure 11).

Effect of MWCNTs in the Stereocomplexation of

PDLA/py-end-PLLA Blends

The addition of MWCNTs should favor the crystallization of the

PDLA/py-end-PLLA24900 blends, and might compensate the

adverse effect attributed to the pyrene end-groups. Figure 12(i)

presents the thermal behavior of the PDLA/py-end-PLLA24900

blends with 1.0 wt % MWCNTs and without MWCNTs. In the

first DSC scan, both samples show three different melting peaks

at about 140, 175, and 210�C, corresponding to py-end-PLLA

homocrystals, PLLA homocrystals and stereocomplex crystals,

respectively. However, the blend without MWCNTs crystallizes

during the heating scan, indicating an initially amorphous sam-

ple, while the system with 1.0 wt % MWCNTs does not show

any crystallization during heating, suggesting that the as cast

sample was already crystallized. The Figure 12(ii) shows the

X-ray diffraction profiles for samples previously analyzed by

DSC. Figure 12(i-a) shows no characteristic diffraction peaks of

any type of crystal. Therefore, it may be concluded that the

Figure 9. DSC curves of equimolar (a) PDLA/py-end-PLLA24900 and (b)

PDLA/PLLA24900 blends.

Figure 10. DOSY spectra of py-end-PLLA24900 (in red color) and

PLLA24900 (in black color). [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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sample is totally amorphous at room temperature. However, the

curve 12(i-c) for the nanocomposite with 1.0 wt % MWCNTs

shows the diffractions due to stereocomplex crystals (2h 5 12, 21,

and 24�) and those of homocrystals (2h 5 14.5, 16.5, and 18.7�).

These data support the DSC results.

The upper insert in Figure 12(i) shows the cooling traces, and

as can be seen the blend with 1.0 wt % of MWCNTs crystallizes

at 111�C with an enthalpy value of 22 J/g, while the blend with-

out MWCNTs crystallizes at 101�C with an enthalpy value of

3 J/g. Concerning to the second run, the sample without

MWCNTs shows two melting peaks, one corresponding to the

stereocomplex formed during cooling and another one to the

homocrystal formed during heating in the second run. How-

ever, the blend with 1.0 wt % MWCNTs shows a single melting

peak at about 190�C, which can be attributed to the stereocom-

plex crystals as Figure 12(ii-d) shows.

These results indicate that MWCNTs can act as an effective

nucleating agent, specifically favoring the formation of the ster-

eocomplex. The favorable effect of the MWCNTs is probably

enhanced by the fact that the unfavorable pyrene–pyrene p–p

Figure 11. Pyrene end-group agglomerations in PDLA/py-end-PLLA24900

system in absence of MWCNTs (carbon atoms in grey, oxygens in red,

and hydrogens in black). [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

Figure 12. (i) DSC curves of first and second runs, and (ii) X-ray diffraction patterns corresponding to PDLA/pyPLLA24900 (a,b) without MWCNTs

and (c,d) with 1.0 wt % of MWCNTs. The cooling scan at 5�C/min is shown in the upper side square being the blend (A) without MWCNTs and (B)

with 1.0 wt % of MWCNTs.

Figure 13. Interactions between MWCNTs and pyrene groups of pyrene-

end-PLLA chains in PDLA/py-end-PLLA/MWCNTs (carbon atoms in

grey, oxygens in red, and hydrogens in black). [Color figure can be viewed

in the online issue, which is available at wileyonlinelibrary.com.]
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interactions should be counterbalanced by the favorable pyrene–

MWCNT p–p interactions (Figure 13). Thus, the addition of

MWCNTs should prevent the formation of aggregates, promot-

ing the homogeneous dispersion of the chains, and therefore

the stereocomplexation.

However, to achieve full stereocomplexation and high perfection

crystals, specific thermal treatments are still required. Table IV

shows the DSC results obtained with the equimolar PDLA/

py-end-PLLA24900 blends containing 0 and 1.0 wt % MWCNTs

annealed at temperatures up to 160�C. On the one hand, when

the 50/50 blend without MWCNTs is annealed for 1 h at differ-

ent temperatures, homocrystal formation prevails over stereo-

complex crystallization. Increasing the selected crystallization

temperature increases the amount of homocrystallization, while

the amount of stereocomplex crystals remains nearly

unchanged. However, this behavior is radically changed upon

the addition of MWCNTs, since stereocomplex formation is

favored against homocrystallization. When the blend is annealed

at 120�C for 1 h, the melting of the stereocomplex crystals

occurs at about 200�C. Annealing at 140�C for 1 h improves

the perfection of the stereocomplex crystals, increasing the melt-

ing temperature to about 206�C, but a small amount of homo-

crystal is also present, hence, incomplete stereocomplexation

occurs. However, annealing at 160�C for 1 h was found enough

to achieve full stereocomplexation, obtaining high perfection

stereocomplex crystals with a melting temperature at about

210�C. These findings prove that the addition of MWCNTs

improves the selective formation of stereocomplex especially

with the aid of specific thermal treatments.

CONCLUSIONS

This article investigates different strategies to improve the for-

mation of polylactide stereocomplex crystals. Initially, equimolar

blends of PLLA and PDLA of high molecular weight were stud-

ied. The main crystalline formation in these blends was homo-

crystal, and a harsh annealing at 190�C for 24 h was found

necessary to achieve complete stereocomplexation. The addition

of low contents of MWCNTs to 50/50 blends was found to

enhance the overall crystallinity and the stereocomplex crystalli-

zation since full stereocomplexation was achieved with less

aggressive annealing, at 180�C for 4 h. However, a poor disper-

sion of MWCNTs leads to the formation of agglomerates

restricting the stereocomplex crystallization.

When py-end-PLLA of 2900 and 9000 g/mol were blended with

PDLA, full stereocomplexation was obtained in the as cast

blends, whereas in PDLA/py-end-PLLA24900 blends DOSY

experiments indicated that the pyrene end-group prevented the

arrangement of L- and D-units required to obtain the stereo-

complex crystals due to the agglomeration of pyrene-end-

groups by p2p stacking interactions.

The addition of MWCNTs to the PDLA/py-end-PLLA24900

system promoted the spontaneous crystallization of the nano-

composite, and slightly enhanced the selective stereocomplex

crystallization. This behavior is attributed to the occurrence

of pyrene–MWCNT p–p interactions that compete with the

formation of agglomerates through pyrene–pyrene p–p stack-

ing interactions. The pyrene–MWCNTs coupling favors the

mobility of the PLLA chains (end-functionalized by pyrene

groups), allowing the formation of hydrogen bonds with the

PDLA matrix and in consequence, the full stereocomplexation

is achieved in even milder annealing conditions of 1 h at

160�C.
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