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Stereocomplex formation between enantiomeric poly(lactic acid)s.
XI. Mechanical properties and morphology of solution-cast films
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Abstract

Films of 1:1 blend and films non-blended were prepared from pdbtic acid) (PLLA) and polyg-lactic acid) (PDLA) with a solution
casting method, and the mechanical properties and morphology of the films were investigated using tensile tests, dynamic mechanical
relaxation measurements, polarizing optical microscopy, differential scanning calorimetry (DSC) and X-ray diffractometry. The tensile
strength, Young’'s modulus, and the elongation-at-break of 1:1 blend films were found to be higher than those of non-blended films when their
weight-average molecular weightl{)) was in the range % 10°~1x 10°%. The enthalpy of melting for stereocomplex crystallites in 1:1 blend
films was higher than that of homo-crystallites whdp of polymers was below % 10°, while this relationship was reversed whief,
increased to X 10°%. Spherulites formation was suppressed in 1:1 blend films, whereas large-sized spherulites with radii of 1p@s-1000
were formed for non-blended PLLA and PDLA films, irrespectivavigf The mechanical properties of 1:1 blend films superior to those of
non-blended films were ascribed to the micro-phase structure difference generated as a result of formation of many stereocomplex crystallites
which acted as intermolecular cross-links during solvent evaporation of blend solution. On the contrary, non-blended films had larger-sized
spherulites of less contacting area with the surrounding spheruit&999 Elsevier Science Ltd. All rights reserved.
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1. Introduction 3. optical purity of the two isomeric polymers [17-19];
4. temperature and time after blending of the two isomeric

In the past two decades, a large number of studies have polymers in solutions or after melting their blend [12,15—
been performed for poly(lactide)s, poly(lactic acid)s (PLAS) 17,19];
and their copolymers which are hydrolyzable in the human 5. nature of the solvents utilized for polymer blending
body as well as in natural circumstances [1-9]. As our first  [13,14];
report on the stereocomplexation (racemic crystallization) 6. nature of the co-monomer units and length of lactide unit
between enantiomeric pohAlactide) or poly(-lactic acid) sequences in copolymers [21-26];
(PLLA) and polyfp-lactide) or polyp-lactic acid) (PDLA) 7. blending mode of the two isomeric polymers [12-16,20].
[10,11], effects of numerous parameters on the stereocom-
plexation have been intensively investigated [11-25]. These
studies revealed that exclusive formation of either stereo-
complex crystallites (racemic crystallites) composed of an
equimolar amount of-lactide andb-lactide unit sequences 1. equimolar blending of-lactide and.-lactide units [10—

The most common conditions of polymer blending for
exclusive formation of stereocomplex crystallites without
formation of homo-crystallites include:

or homo-crystallites composed of eitherlactide or p- 17];
lactide unit sequence alone occurs depending on the para2. low molecular weight for both the isomeric polymers
meters given below: [13];

3. sufficiently long sequences of both isotactitactide and

1. blending ratio of the two isomeric polymers [10-17]; p-lactide units [17-19,23]

2. molecular weight of the two isomeric polymers [12—-16];

The blending mode and nature of solvents also affect

* Corresponding author. §trongly stereocomplexation. Moreover, ste_reocompl_exatlon
E-mail addressyyikada@frontier.kyoto-u.ac.jp (Y. lkada) is found to occur as far as the system contains bd#ctide
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Table 1
Polymerization conditions and molecular characteristics of PLLA and PDLA utilized in this study

Polymerization conditiorfs Molecular characteristics
Code Time (min) Lauryl alcohol (wt.%) M,, (g/mol) My/M, []
PLLA1 600 3.0 1.0x 10* 1.4 —149
PLLA2 600 1.0 5.0x 10* 1.8 —-153
PLLA3 600 0.5 1.2x 10° 1.7 —154
PLLA4 600 0.5 1.5 10° 1.4 —154
PLLAS 600 0 2.5x 10° 1.8 —154
PLLAG 600 0 9.8x 10° 2.0 —155
PDLA1 600 2.5 2.2 10* 1.5 146
PDLA2 600 2.0 5.4x 10* 1.7 155
PDLA3 600 0.3 1.0x 10° 1.9 155
PDLA4 600 0.4 1.5¢ 10° 1.8 155
PDLA5 20 0 1.8x 10° 15 156
PDLAG6 600 0 1.0x 10° 2.1 157

#Bulk polymerization was carried out in the presence of 0.03 wt.% stannous octoate’@t 140

andp-lactide unit sequences, disregarding whether they arecomplexation took place more readily than homo-crystal-
in different molecules or are connected to co-monomer lization [12,13]. High-resolution solid-state*CNMR
sequences other than lactide units [17-19,21-27]. Exam-spectroscopy revealed that the stereocomplex precipitated
ples include stereocomplexation pflactide andp-lactide from dilute acetonitrile solution was composed of four
block copolymers [21,22,26,27] betweercaprolactone or  regions: rigid stereocomplex crystalline region, disordered
ethylene oxide and- or p-lactide blockcopolymers [22,25],  stereocomplex crystalline region, trace amounts of homo-
between L-lactide-rich PLAs andbp-lactide-rich PLAs crystalline region, and non-crystalline region [32]. Vibra-
[18,19], and between glycolide and or p-lactide copoly- tional mobility of PLLA and PDLA in stereocomplex was
mers [23]. studied by Kister et al. [33] using Raman and IR spectro-
L-lactide andp-lactide unit sequences form stereocom- scopy. Li and Vert [34,35] showed that stereocomplexation
plex crystals upon mixing under side by side packing [28— of statistic copolymers from- andvr-lactides would occur
31]. Okihara et al. [28,30] found triangular single crystals to during hydrolysis by predominant scission and preferable
be formed by stereocomplexation and Brizzolara et al. [29] removal of the chains having relatively random sequences
proposed a mechanism for their single crystal formation. of b- andr-lactide units, leaving the chains of long isotactic
Similar to the spherulites composed of homo-crystallites sequences af- andi-lactide units.
of eitherL-lactide orp-lactide unit sequences, batHactide In spite of plenty of information accumulated on PLA
andp-lactide unit sequences could form normal spherulites stereocomplexation, there has been few reports on mechan-
by stereocomplexation in bulk, from the melt [16,17,19] as ical properties of PLA stereocomplexes. Exceptions are the
well as in solution [15], when they were composed of only tensile properties of blend fibers from PLLA and PDLA, but
stereocomplex crystallites. However, spherulite morphol- they contain both stereocomplex crystallites and homo-crys-
ogy was complicated when the spherulites contained bothtallites [20]. Improved mechanical properties of PLLA and
stereocomplex crystallites and homo-crystallites [16,19]. PDLA blends compared to non-blended materials were
Brochu et al. [17] reported epitaxial crystallization of reported in a patent article without detailed estimation of
stereocomplex crystallites and homo-crystallites from the molecular characteristics of the polymers and the content of

melt of blends constituting of PLLA and poly{lactide- respective crystalline species in the specimens [36]. We
co-L-lactide) (80/20). We found the equilibrium melting found that a 1:1 blend film prepared through solution-cast-
temperature of stereocomplex crystallites to be°€rand ing of PLLA and PDLA having a viscosity-average mole-

the critical isotactic sequence for stereocomplexation of cular weight {,) of 2—4 x 10* and containing solely
L-lactide-rich PLA and-lactide-rich PLA to be 15 isotactic ~ stereocomplex crystallites, exhibited tensile strength higher
lactate (half of lactide) units [19]. When stereocomplexation than that of non-blended PLLA or PDLA film. However,
was allowed to proceed in concentrated chloroform solu- any reason for the higher strength of blend films has not
tion, three-dimensional (3D) gelation occurred as a result been proposed so far.

of formation of stereocomplex microcrystallites which acted ~ The purpose of the present work is to investigate mechan-
as cross-links. This happened because the critical concenidical properties of blended and non-blended films prepared
tration for stereocomplexation by intermolecular interaction from PLLA and PDLA having a wide range of molecular
was lower than that of homo-crystallization by intra- and weight and to find the reason for the difference in mechan-
intermolecular interaction. In other words, stereo- ical properties between blended and non-blended films. For
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Fig. 1. DSC thermograms of (a) 1:1 blend films; and (b) non-blended PLLA films.

this purpose blended and non-blended films are prepared byRing-opening polymerization ob- and L-lactides was
casting the solutions from PLLA and PDLA having a performed in bulk at 14@€ using stannous octoate
weight-average molecular weight1{) from 1.0 x 10* to (0.03 wt.%) and lauryl alcohol as a polymerization catalyst
1.0 x 10° as the critical highest molecular weight below and initiator, respectively [37,38]. Polymerization condi-
which only stereocomplex crystallites are formed is higher tions and molecular characteristics of PLLA and PDLA
for solution-castingl, = 4 x 10% [13] than for melt-crys- utilized in this study are listed in Table 1. Films used for
tallization (M, = 6 x 10% [16] and melting at high tempera-  physical measurements and optical observation were
tures in the melt-crystallization procedure may lower the prepared with the method described in previous articles
polymer molecular weight and change the monomer unit [13,18,23]. Briefly, each solution of PLLA and PDLA was
sequences by intermolecular transesterification betweenseparately prepared to have a polymer concentration of
PLLA and PDLA. Their mechanical properties and 1.0 g/dl and then admixed with each other under vigorous
morphology are investigated without any drawing and stirring in the case of blended film preparation. Methylene
heat treatment of film specimens using tensile tests, dynamicchloride was used as a solvent and the mixing ratio of PLLA
mechanical relaxation measurements, and polarizing opticaland PDLA was fixed to 1:1 unless otherwise specified. The
microscopy, differential scanning calorimetry (DSC), and solutions were cast onto petri-dishes, followed by solvent
X-ray diffractometry. evaporation at room temperature for approximately 1 week.
To avoid reaching a dried state of quasi-equilibrium, solvent
evaporation was performed very slowly as in previous arti-

2. Experimental cles[13,18,23]. The resulting films were dried in vacuo for 1
week and stored at room temperature for more than 1 month

2.1. Materials to approach the equilibrium state prior to physical measure-
ments.

Synthesis and purification of PLLA and PDLA used in A series of 1:1 blends obtained from polymer pairs of
this work were described in previous articles [10-16,37,38]. PLLA1 and PDLA1, PLLA2 and PDLA2, PLLA3 and
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Fig. 2. AH, of stereocomplex crystallites and homo-crystallites of (@) 1:1  Fig. 3. T,, of stereocomplex crystallites and homo-crystallites of (a) 1:1
blend films, and (b) non-blended PLLA and PDLA films as a function of pjend films and (b) non-blended PLLA and PDLA films as a function of

M..; where the symbol®: stereocomplex crystallites in 1:1 blend filn@; M,, Where the symbol®: stereocomplex crystallites in 1:1 blend filn®;
homo-crystallites in 1:1 blend filmsk: homo-crystallites in non-blended  homo-crystallites in 1:1 blend filmsk: homo-crystallites in non-blended
PLLA films; B: homo-crystallites in non-blended PDLA films. PLLA films; B: homo-crystallites in non-blended PDLA films.

PDLAS, PLLA4 and PDLA4, PLLA5 and PDLA5, and
PLLAG6 and PDLAG6 were abbreviated as Blendl, Blend2, concentration of 1 g/dl and 26 using a JASCO DIP-140
Blend3, Blend4, Blend5, and Blend6 films, respectively. polarimeter at a wavelength of 589 nm.
Appearance of the films was mostly opaque, except for Melting and glass transition temperaturek, (and T
PLLA1, PDLA1, Blendl, and Blend4, and Blend5 films respectively) and enthalpy of meltind\{l,)) were deter-
(whitish) and Blend3 film (transparent). Tensile testing, mined with a Shimadzu DT-50 differential scanning calori-
dynamic mechanical relaxation and DSC measurements,meter. Films were heated at a rate of’@Onin under a
and X-ray diffractometry were performed on films of nitrogen gas flow for DSC measuremeni&, T, and
50 pm thickness while morphology study was performed AH,, were calibrated using tin, indium, and benzophenone
on films of 25um thickness. as standards. Tensile properties of films were measured at
25°C and 50% relative humidity using a tensile tester at a
cross-head speed of 100%/min. The initial length of speci-
2.2. Physical measurements and optical observation mens was always kept at 20 mm. Dynamic mechanical
analysis of films was performed using an Orientec Rheovi-
M, and the number-average molecular weight,)( of bron DDV-01F at 35 Hz and a heating rate 6C4min.
polymers were evaluated in chloroform at°@0using a X-ray diffractometry was performed at 25 using a
Tosoh GPC system with TSK gel columns (GiHx 2) Rigaku RINT-2500 equipped with a CuK source.
and polystyrene as a standard. Specific optical rotaidn [ Morphology of films was studied with a Zeiss polarizing
of polymers was measured in chloroform solution at a microscope.
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Fig. 4. T, of 1:1 blend films ©), non-blended PLLA films £), and non-
blended PDLA films M) as a function oM,,.

3. Results
3.1. Thermal Properties

Fig. 1(a) and (b) shows DSC thermograms of 1:1 blend
and non-blended PLLA films, respectively. The result of
non-blended PDLA films is not given in Fig. 1, because
the DSC thermograms of non-blended PDLA films were
exactly comparable with those of non-blended PLLA

6703

peaks of stereocomplex crystallites and homo-crystallites.
However, all the non-blended PLLA films have only the
melting peak of homo-crystallites.

The AH,, and T,, values of blend and non-blended films
are plotted as a function ®,, in Figs. 2 and 3, respectively.
M,, of blend films was obtained by arithmetically averaging
M,, of PLLA and PDLA. It is clear from Fig. 2(a) that
predominant stereocomplexation occurs in blend films
when theM,, of both the isomers is low. The strong effect
of M,, on stereocomplexation is peculiar to the blends
between enantiomeric PLAs as reported earlier [12—16].
The critical value oMM,, below which solely the stereocom-
plex crystallites form is approximately 1x010°. This value
is 2—3 times as high as % 10* expressed irM, [13].
Obviously, with a rise iM,,, AH,,, of stereocomplex crystal-
lites of blend films decreases while that of homo-crystallites
increases. HoweverAH,, of homo-crystallites of non-
blended films decreases gradually (Fig. 2(b)).

As seen from Fig. 3(a),, of stereocomplex crystallites of
blend films has a maximum atM,, of around 1.0x 10°,
while T,, of homo-crystallites monotonously increases with
the increasingVl,,. This suggests that the crystalline thick-
ness of the stereocomplex crystallites in blend films
becomes the highest atM,, of around 1.0x 10°, if the
chain orientation disorder in the crystallites is assumed to
be independent df,,. The decreased,, of blend films at
M,, higher than 1x 10° may be as a result of incomplete
growth of stereocomplex crystallites by the following
homo-crystallization. Howevef,, or the crystalline thick-
ness of the homo-crystallites in non-blended films and blend
films increases with the increasimg,, (Fig. 3(a) and (b)).

films. The endothermic peaks noticed around 180 and This is the normal dependence ©f on M,, observed for

220°C can be assigned to melting of PLLA homo-crystal-
lites and stereocomplex crystallites, respectively [10,11]. It
is obvious that Blendl, Blend2, and Blend3 films wii),
lower than 1.0x 10° exhibit only the melting peak of stereo-
complex crystallites while Blend4, Blend5, and Blend6
films with M,, higher than 1.5x 10° have two melting

T T T T T T T

Blend 3

Intensity

Blend5

26 / degree

Fig. 5. X-ray diffraction profiles of 1:1 blend films.

conventional polymers.

Fig. 4 showsT of blend and non-blended films estimated
from the DSC results as a function bf,. T, of PLLAL is
not given in Fig. 4 because of its too small glass transition
peak. Non-blended PLLA and PDLA films have approxi-
mately a constank, of around 65C. T, of blend films is 8C
higher than that for non-blended films wikh, in the range
5 x 10°-1 x 10°, where predominant stereocomplexation
occurs in the blend filmsTy of blend films is comparable
with that of non-blended films au,, higher than 2x 10°.
This highT, of blend films withM,, in the range X 10°-1x
10° suggests that the- andp-lactide chains are well mixed
even in amorphous region and that chains in the amorphous
region of blend films are more densely packed than those
of non-blended films. However, a small difference T
between blended and non-blended filmshvat > 2 x 1P
implies thatL- andp-lactide chains are phase-separated in
the amorphous region.

3.2. X-ray diffractometry

X-ray diffraction profiles of Blend3, Blend4, Blend5, and
Blend6 films are shown in Fig. 5. The result of Blend1 and
Blend2 films is not given in Fig. 5, because their X-ray
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Fig. 6. Representative polarizing microscopic photographs of 1:1 blend films and non-blended PLLA films.
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diffraction profiles are in good agreement with that of
Blend3 film. The most intense peaks of Blend3 film are
observed at & values of 12, 21° and 24, in excellent
agreement with the reported results [10,11,27,33] for PLA
stereocomplex crystallized in a triclinic unit cell of dimen-
sions:a = 0.916 nm,b = 0.916 nm,c = 0.870 nm,a =
109.2, B = 109.2, andy = 109.8, in whichL-lactide and
p-lactide segments are packed parallel takingh@lical
conformation [30]. The main peaks of Blend6 film appear
at 20 equals to 1§ 17, and 19, [10,11,27,33], which are
comparable with the results for tleform of PLLA crystal-
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stereocomplexation is not accompanied by spherulite
formation and that nucleus density of stereocomplex
micro-crystallites in blend solution is higher than that of
spherulites of homo-crystallites in non-blended solution.
The spherulite radius of non-blended films decreases from
1000 to 100.m whenM,, increases from 1.8 10*to 1.0x

10°. This is probably owing to increase in nucleus density of
the spherulites of PLLA having higM,, during solvent
evaporation. Gaps and pores both with a size of10+80
are observed for Blendl and Blend5 films. A significant
difference in film shrinkage during solvent evaporation

lized in a pseudo-orthorhombic unit cell of dimensioas: was observed between blend and non-blended films. For
1.07 nm,b = 0.595 nm, ancc = 2.78 nm, which contains instance, Blend3 film showed the diameter shrinkage of
two 10; helices [30]. This suggests that PLLA and PDLAin  15% from the inside diameter of petri-dish while non-
Blend6 film underwent separate crystallization into respec- blended PLLA3 and PDLAS3 films shrank by only 3%.
tive homo-crystallites. However, Blend4 and Blend5 films This suggests that the stereocomplexation in blend solution
show diffraction peaks of crystallites of PLA stereocomplex occurred at lower polymer concentration than crystalliza-
and o form of PLLA, revealing that three crystalline tion in non-blended solution.

species, homo-crystallites of PLLA and PDLA and stereo-

complex crystallites are present in these blends of films. 3 4 Tensile properties

These results are in good agreement with those obtained

by DSC measurements, except for Blend6 film. Thisreveals Fig. 7 shows stress—strain curves for Blend4 and non-
that stereocomplex crystallites were formed in Blendl, blended PLLA4 films. As evident from Fig. 2(a), stereocom-
Blend2, Blend3, Blend4, and Blend5 films during solvent plex crystallites are the main crystalline species in Blend4
evaporation but not during heating in DSC measurements.film with M,, of 1.5 x 10°. The tensile strength, Young’s
The absence of diffraction peaks characteristic to stereo-modulus, and elongation-at-break are higher for Blend4 film
complex crystallites in Blend6 film may be as a result of than for non-blended PLLA4 film. Fig. 8(a)—(c) show the
their very small amount as revealed by DSC measurement.tensile strength, Young’s modulus, and elongation-at-break,
This result also confirms that the predominant formation of respectively, for blend and non-blended films as a function
stereocomplex crystallites occurs in the blend solution when of M,,. The yield stress is not given here, as it was compar-
the M,, of both the isomers is low. able with that of tensile strength for all the films. Tensile
properties are not null for the films ®,, higher than 1.«

10°. As is evident from Fig. 8 tensile properties of these
blends of films are higher than those of non-blended films
in the M,, range of 1.0x 10°-1.0 x 10°. Comparison
between Fig. 8 and Fig. 2(a) shows that increased mechan-
ical properties are observed for blend films containing

3.3. Morphology

Typical examples of polarizing optical photomicrographs
of blend and non-blended films with differeit, are shown
in Fig. 6. It is seen that non-blended PLLA films are

composed of normal spherulites, irrespective of their mole-
cular weight, whereas not spherulites but microcrystallites
alone are noticed for all the blend films. This indicates that

6 T T T T
5| i
~ Blend 4
Eut |
2
[
= PLLA4
[7p] 2+ i
1k i
1 1 1 1
0 1 2 3 4 5
Strain/ %

Fig. 7. Stress—strain curves for Blend 4 film and non-blended PLLA4 film.

stereocomplex crystallites. Tensile strength of Blend3,
Blend4, and Blend5 films withM,, of 1.0-2.5x 10°,
Young’s modulus of Blend3 film wittM,, of 1.0 x 10°,

and elongation-at-break of Blend6 film witii,, of 1.0 x

10° are twice as high as those of respective non-blended
films. It is interesting to note that the tensile strength of
blended films reaches a plateauhy; of 1.5 x 10° while

that of non-blended films still increases gradually with a rise
in M,, up to 1x 10° and that the tensile strength and Young’s
modulus of films withM,, > 1.5 x 10° are higher than or
similar to those of non-blended films wit#t,, of 1.0x 10°.

For Blend2, a film with a size larger thans5 mn? could

be obtained in contrast to non-blended PLLA2 and PDLA2
films, which could not produce any film with a size larger
than 1 mm, probably because of isolated spherulite
formation. Blend2 film was, however, too brittle and weak
to cut into any rectangular shape needed for tensile
measurements.

Tensile strength (3.4 kg/m Young’'s modulus
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Fig. 8. (a) Tensile strength, (b) Young's modulus, and (c) elongation-at-
break of 1:1 blend films @), non-blended PLLA films £), and non-
blended PDLA films @) as a function oM,,.

(147 kg/mnf), and elongation-at-break (5%) of non-
blended PLLA6 film withM,, of 1.0 x 10° are lesser than
5.0 kg/mnt, 181 kg/mnd, and 85%, respectively, of non-
blended PLLA film prepared under rapid solvent evapora-
tion for one day from PLLA havindv,, similar to PLLAG
(M, = 1.3x 10° M,/M, = 2.2) [39]. The tensile strength
(4.6 kg/mnf) and Young’s modulus (186 kg/nfin of
Blend6 film are comparable with those of non-blended

H. Tsuji, Y. Ikada / Polymer 40 (1999) 6699—6708

PLLA films prepared under rapid solvent evaporation,
though elongation-at-break of Blend6 film (10%) is lower
than that of rapidly prepared non-blended PLLA film [39].
The highest tensile strength of blended films (5.0 kgAnm
agrees very well with that reported by Murdoch and Loomis
[36] for the blended film solution-cast using chloroform as a
solvent but is by an order of magnitude smaller than that of
the drawn solution-spun blend fiber (94 kg/MmThis is
probably owing to higher chain orientation in the blended
fiber [20].

3.5. Dynamic mechanical properties

The storage modulusx) and loss tangent (tas) of 1:1
and 1:3 blend films from PLLA3 and PDLA3 and non-
blended PLLAS film are given in Fig. 9. We could not
measureG’ and tans for non-blended PLLA3 film above
100°C owing to high brittleness. Probably, the large spher-
ulites present in the film (Fig. 6) may have reduced its
toughness required for the dynamic measurements at high
temperatures. 1:1 and 1:3 blend films from PLLA3 and
PDLA3 contained solely the stereocomplex crystallites
and both the stereocomplex crystallites and homo-crystal-
lites (AH,, of stereocomplex crystallites 36 J/g andAH,,
of homo-crystallites= 21 J/g), respectively, while non-
blended PLLA3 had the homo-crystallites alone. The
peaks of tard around 80C and 170C are assigned to the
glass transition of PLLA and PDLA and the melting of
homo-crystallites of PLLA, respectively [40-435 of
blended and non-blended films decrease monotonously
above 60C, and a dramatic decrease occurs above@50
and 200C for 1:3 blend film and above 200 for 1:1 blend
flm. The decrease irG' above 60, 150, and 200 is
ascribed to the glass transition, melting of homo-crystallites,
and melting of stereocomplex crystallites, respectively.
becomes higher as the mixing ratio approaches 1:1 when
compared at a similar temperature abové@0

4. Discussion

The present study has revealed that blend films which are
rich in stereocomplex crystallites have better tensile proper-
ties than non-blended films rich in homo-crystallites.
Another interesting finding is that non-blended films
contains typical spherulites whereas blended films are lack-
ing in large-sized spherulite in the polarizing microscopic
photographs. It is very likely that the difference in tensile
properties between blended and non-blended films is closely
related to the different morphology of these two films. A
very simplified presentation of the micro-phase structure is
depicted in Fig. 10, which may explain the mechanical and
morphological difference between blended and non-blended
films. In Fig. 10, a small amount of homo-crystallites
present in blend films are neglected for simplicity.

As the polymer component responsible for the tensile
properties of these films is primarily the tie chain connecting
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Fig. 9. Storage moduluX) and loss tangent (tad) for 1:1 blend film ©) and 1:3 blend film¢) from PLLA3 and PDLA3, and non-blended PLLA3 filna}.

homo-crystallites or stereocomplex micro-crystallites with by the photomicrographs in Fig. 6. The density of tie chains
each other, may be reasonable to assume that a high densitynay increase with the increasing,,.

of tie chains will result in better mechanical properties. It  The suppressed formation of spherulites in blended films
seems probable that the materials made of crystalline PLAsmay be ascribed to 3D gelation occurring quite readily in
with M,, < 5 x 10* have practically no tie chain as their blended solutions as a result of formation of stereocom-
tensile strength is very close to zero. This is also supportedplexed micro-crystallites. They act as cross-links in the
course of solvent evaporation [12,13]. This phenomenon
was reported in a previous article for concentrated mixed
solutions of PLLA and PDLA with an averadd, < 4.4 X

10* [12]. Gelation of blended solutions takes place during
solvent evaporation partly because the lowest critical
concentration for crystallization is lower for stereocomplex
crystallites than for homo-crystallites of PLLA and PDLA.
Lower critical concentration of stereocomplex crystallites
suggests that stereocomplexation is thermodynamically
more favourable than homo-crystallization. Occurrence of
(a) Non-blended film 3D gelation at low concentrations indicates that high density
of nuclei of stereocomplex crystallites simultaneously form
under existence of a high density of tie chains between the
stereocomplex crystallites. However, in spherulite forma-
tion, crystallization proceeds concentrically from the low
density nuclei of homo-crystallites. Intermolecular crystal-
lization seems to dominate in stereocomplexation upon
blending of PLLA and PDLA, in contrast to homo-crystal-
lization in the solution of PLLA or PDLA [12]. Intermole-
cular crystallization in blend solution will result in increased

spherulite of
homo-crystallites

tie chain

free chain

7 P\ X tie chains between the crystallites. The relatively high
microcrystallite b) Blend fil N density of tie chains in blended films may be one of the
of stereocomplex (b) Blend film tie chain . . . .

cause of their excellent mechanical properties. A significant

Fig. 10. Presumed micro-phase structure of non-blended and blended filmsc_“ffere”_Ce in shrinkage between blended and nonjblended
from PLA with mediumM,. films with M,, of 1.0 x 10° as well as the gap formation in
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Blend1 film with M,, of 1.6 X 10* support that 3D gelation [3] Vert M, Li SM, Garreau H. Clin Mater 1992;10:3.
occurred through stereocomplexation for the blend solutions [4] Vert M, Feijen J, Albertsson A, Scott G, Chiellini E. Biodegradable
at a concentration lower than those of PLLA and PDLA in polymers and plastics. Cambridge: The Royal Society of Chemistry,

. . . . 1992.
non-blended solutions. Formation of pores with a diameter [5] Kharas GB, Sanchez-Riera F, Severson DK. In: Mobley DK,

around 10-3@m observed for Blend5 film may be editor. Plastics from microbe. New York: Hanser Publishers, 1994,
ascribed to phase separation into concentrated and dilute  p. 93-137.
regions after gelation. [6] Doi Y, Fukuda K. Biodegradable plastics and polymers. Amsterdam:
. . . . Elsevier, 1994.

Another reasqn for the superiority of bliend films in tensile [7] Vert M. Schwarch G, Coudane J. J Macromol Sci, Pure Appl Chem
strength, Young’s modulus, and elongation-at-break to non- 1995:A32:787.
blended in theM,, range of 1.0-2.% 10° can be explained [8] Scott G, Gilead D, editors. Degradable polymers. Principles and
in terms of micro-phase structure formed upon 3D gelation application. London: Chapman and Hall, 1995.

without formation of large-sized spherulites. PLLA films [9] Hollinger JO, editor. Biomedical applications of synthetic biodegrad-

having large spherulites is reported to have poor mechanical 2?;250'3%?5' Studies in polymer science, 12. Boca Raton, FL: CRC

properties [39]. The slight decrease in.tensile Strength and10] lkada Y, Jamshidi K, Tsuji H, Hyon S-H. Macromolecules
Young'’s modulus observed for Blend5 film may be owing to 1987;20:904.

the formation of porous structure, as seen in Fig. 6. The [11] Tsuji H, Hyon S-H, lkada Y. Polym Prepr Japan 1985;34:2389.
increased tensile properties of blend films may be also [12] Tsuji H, Horii F, Hyon S-H, Ikada Y. Macromolecules 1991;24:

Ca‘,‘sed by dense C,haln pa_lemg in the amorphous ,reglon[13] Tsuji H, Hyon S-H, Ikada Y. Macromolecules 1991;24:5651.
owing to strong interaction betweem- and p-unit [14] Tsuiji H, Hyon S-H, Ikada Y. Macromolecules 1991;24:5657.
sequences. The increas&gobserved for blend films with  [15] Tsuji H, Hyon S-H, Ikada Y. Macromolecules 1992;25:2940.

M,, of 5 x 10°~1 x 10° also supports this dense chain pack- [16] Tsuiji H, lkada Y. Macromolecules 1993;26:6918.

ing in the amorphous region of blend films (Fig. 4). Tensile [17] Brochu S, Prud’homme RE, Barakat I, Jerome R. Macromolecules

. . 1995;28:5230.
properties of Blend6 film were much better than those of [18] Tsuji H, Ikada Y. Macromolecules 1992:25:5719.

non-blended PLLA6 and PDLAG6 films, although a very [19] Tsuji H, Ikada Y. Macromol Chem Phys 1996;197:3483.

small amount of stereocomplex crystallites were observed [20] Tsuiji H, Ikada Y, Hyon S-H, Kimura Y, Kitao T. J Appl Polym Sci
in Blend6 film. This is also explained by the suppressed 1994;51:337.

formation of large-sized spherulites as a result of formation [21] Yui N, Dijkstra P, Feijen J. Macromol Chem 1990;191:481.

of stereocomplex crystallites which precedes that of homo- [22] Dijkstra PJ, Bulte A, Feijen J. The 17th Annual Meeting of the Soc
Biomaterials, 1991. p. 184.

crystallites. [23] Tsuiji H, Ikada Y. J Appl Polym Sci 1994;53:1061.

The dynamic mechanical measurements exhibited higher[24] Spinu M, Jackson C, Keating MY, Gardner KH. J Macromol Sci Part
thermal resistance of blended films than that of non-blended A: Pure Appl Chem 1996;33:1497.
films. This implies that the difference in tensile properties [25] Stevels WM, Ankone MJK, Dijkstra PJ, Feijen J. Macromol Chem

: Phys 1996;196:3687.
observed between blended and non-blended films would [26] Wisniewski M, Le Borgne A, Spassky N. Macromol Chem Phys

become more remarkable if they were measured aligve 1997:198:1227.
[27] Sarasua J-R, Prud’homme RE, Wisniewski M, Le Borgne A, Spassky
N. Macromolecules 1998;31:3895.
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