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SYNOPSIS 

Binary blend films from lactide-rich poly (D-lactide-co-glycolide) (PDLG) and poly ( L- 
lactide-co-glycolide) (PLLG ) were obtained by casting methylene chloride solutions of the 
two mixed copolymers with different D- and L-lactide contents ( X D I  and X L I ) ,  and their 
crystallization was studied by differential scanning calorimetry (DSC) . Four combinations 
were selected from the binary ( A - B )  blends: mixing of the same polymer [XDl(A)  
= X D ~ ( B )  or X L l ( A )  = X L l ( B ) ] ,  blending under X, l (B)  = X L l ( A ) ,  blending of a D- 
lactide homopolymer [ X , , ( B )  = 11 with other PDLGs, and blending of a D-lactide ho- 
mopolymer [ XD, ( B )  = 11 with other PLLGs. Racemic crystallites were exclusively formed 
between PDLG and PLLG when they had high lactide unit contents. The melting point 
and enthalpy of fusion of the racemic crystallites decreased with a decrease in X DI of PDLG 
or X L ~  of PLLG, suggesting that glycolide units in the polymer disturbed the growth of 
the racemic crystallites. A similar behavior was also observed for the homocrystallization 
in nonblended copolymer films. Homocrystallites composed entirely either of D-lactide unit 
or L-lactide unit sequences were formed when one component was crystallizable and the 
other component had the same sign of optical rotation or very different lactide content. 
An interesting finding was that even nonhomocrystallizable lactide-poor PDLG and PLLG 
could form racemic crystallites when both were blended. 0 1994 John Wiley & Sons, Inc. 

INTRODUCTION 

In a series of studies on stereocomplexation (racemic 
crystallization) between poly (D-lactide) and poly ( L- 
lactide) in solution, we have investigated effects of 
various parameters such as mixing ratio of the iso- 
mers, 1-5 polymer molecular weight, ' - 5  polymer con- 
centration, '-5 solvent n a t ~ r e , ~ , ~  solution tempera- 
ture, '15 crystallization time, 'r5 and polymer optical 
purity6 on stereocomplexation. All of these studies 
were carried out using lactide homopolymers 1-5 and 
random copolymers from D- and L-lactide.' 

Stereocomplexation or racemic crystallization 
occurs if D-, and L-lactide unit sequences coexist 

* To whom correspondence should be addressed. 
Journal of Applied Polymer Science, Vol. 53, 1061-1071 (1994) 
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either in the same molecule or in different mole- 
cule~.~-'' Indeed, stereocomplexation between D- 
lactide and L-lactide unit sequences has been re- 
ported for poly ( D-lactide-b-L-lactide) and pairs 
of poly ( D-lactide-co-c-caprolactone ) ( PDLC ) and 
poly (L-lactide-co-c-caprolactone ) (PLLC) ,'p9 and 
the poly (D-lactide) and poly (L-lactide-b-c-capro- 
lactone) .lo Loomis et al. found that the critical lac- 
tide unit length needed for formation of the racemic 
crystallites was about 10 on the basis of a blending 
study of PDLC and PLLC.' Murdoch et al. reported 
that the melting temperature of racemic crystallites 
decreased from 230 to 166°C when the lactide con- 
tent of copolymers decreased from 1 to 0.8 for the 
blend of PDLC with PLLC having similar lactide 
contents.' On the other hand, nonblended copoly- 
mers from L-lactide and D,L-la~tide,'~~'-'~ glycolide, l4 

or c -capr~lac tone~~ '~  form homocrystallites com- 
posed of L-lactide unit sequences if the copolymers 
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have high L-lactide unit fraction. Studies on 
poly ( lactide) stereocomplex, except for those of D- 
rich and L-rich D,L-lactide copolymer6 and poly( D- 
lactide-b-L-lactide) ,’ employed an optically inactive 
comonomer unit having chemical structure different 
from that of lactide unit, e.g., e-caprolactone, which 
has 5 carbon atoms between the neighboring ester 
groups, different from 1 of lactide unit. 

On the contrary, the glycolide unit has a chemical 
structure similar to the lactide unit as given below: 

glycolide unit lactide unit 

As is seen, the glycolide unit has a proton instead 
of the a-methyl group of the lactide unit, which 
makes the lactide polymer optically active. Though 
the effect of copolymerization of L-lactide and gly- 
colide on homocrystallization was studied by Gilding 
and Reed,I4 no study has yet been reported on the 
effect of D- and L-lactide comonomer on racemic 
crystallization in binary blends. Therefore, the 
present investigation was undertaken to compare 
racemic crystallization between poly (D-lactide ) and 
poly (L-lactide) with that between poly (D-lactide- 
co-glycolide ) (PDLG ) and poly (L-lactide-co-gly- 
colide) (PLLG) in an attempt to get information 
about the effect of an optically inactive comonomer 
having a chemical structure similar to the optically 
active monomer on the racemic crystallization. Here 
also we use the terminology “homocrystallites” as 
the crystallites consisting entirely either of D- or L- 
lactide unit sequences, and “racemic crystallites” as 
the crystallites having the lattices in which D- and 
L-lactide unit sequences are packed side by side in 
parallel or antiparallel fashion in a ratio of 1 : 1.16 
We have already reported that the homocrystallites 
have a melting point around 180°C,’ which is lower 
than 230°C,1 the melting temperature of the racemic 
crystallites ( stereocomplex crystallites ) . 

In this study we have investigated the racemic 
crystallization and homocrystallization of PDLG 
and PLLG with various glycolide contents synthe- 
sized by ring-opening polymerization of mixtures of 
D- or L-lactide and glycolide in binary blends. Blend 
films were obtained through casting the mixed so- 
lutions from PDLG and PLLG with different gly- 
colide contents and crystallization was studied using 
differential scanning calorimetry (DSC ) . 

EXPERIMENTAL SECTION 

Materials 

Poly ( lactide-co-glycolide ) s were synthesized as 
previously rep~rted.’~ Methyl D-lactate with an op- 
tical purity of 97% was hydrolyzed to D-lactic acid. 
L-lactic acid with an optical purity of 98% was of 
commercial grade. The lactide monomers were ob- 
tained by thermal decomposition of low-molecular- 
weight poly ( lactide) prepared by condensation 
polymerization of lactic acids. Glycolide was ob- 
tained by the same procedure as that of lactide. Ring- 
opening copolymerization of the mixture of D- or L- 
lactide and glycolide was performed in bulk at 140°C 
for 10 h using stannous octoate and lauryl alcohol 
as polymerization initiators.” For the polymeriza- 
tion, sealed tubes containing the mixture of D- or L- 
lactide and glycolide were vigorously shaken after 
melting the monomers. The monomer in the re- 
sulting polymer was removed by repeated reprecip- 
itation from the methylene chloride solution into 
methanol. As copolymers polymerized in the feed 
having lactide contents below 0.65 were insoluble in 
methylene chloride, the following analyses were 
made on the copolymer polymerized in the feed hav- 
ing lactide contents above 0.68. 

Number-average and weight-average molecular 
weights of the polymers (M,, and M,) were evaluated 
from gel permeation chromatography (GPC) ob- 
tained with a Shimadzu LC-6A system with SHIM 
pack columns (GPC806, GPC804, and GPC802) us- 
ing polystyrene as standard. 

Lactide contents of the polymers were determined 
from 270-MHz ‘H-NMR spectra measured in a deu- 
teriated chloroform by a Jeol JNM-GX270. The ra- 
tio of the integrated intensities at  5.2 ppm (CH 
group of lactide unit) to that at 4.8 ppm ( CH2 group 
of glycolide unit) was used to determine the chemical 
composition of these copolymers. It is expressed here 
by the mol fraction of D- and L-lactide unit in the 
polymers, X D I  and XLI. 

mole of lactide unit 
XDI or XL1 = (1) (mole of lactide unit) 

+ (mole of glycolide unit) 

The specific optical rotation, [ a ] ,  of the polymers 
was measured in chloroform at a concentration of 
1 g/dL at 25°C using a JASCO DIP-140 polarimeter 
at  a wavelength of 589 nm. The molecular charac- 
teristics are listed in Table I. As seen from Table I, 
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Table I Molecular Characteristics of the Polymers 

Monomer Polymer 

Code Number XIa Xlb roll2 (deg.1 Mn Mu MwIMn Munit  

DG1" 
DG2 
DG3 
DG4 
DG5 
DG6 
DG7 
DG8 
DG9 

LG2 
LG3 
LG4 
LG5 
LG6 
LG7 
LG8 
LG9 

L G ~ ~  

1.000 
0.939 
0.879 
0.849 
0.792 
0.763 
0.735 
0.707 
0.680 
1.000 
0.939 
0.879 
0.849 
0.792 
0.763 
0.735 
0.707 
0.680 

1.000 
0.939 
0.874 
0.835 
0.777 
0.745 
0.711 
0.689 
0.637 
1.000 
0.935 
0.875 
0.839 
0.774 
0.751 
0.727 
0.699 
0.675 

+156 
+ 148 
+145 
+141 
+135 
+133 
+129 
+126 
+118 
-153 
-148 
- 145 
-143 
-136 
-134 
-132 
-127 
-124 

2.47 x lo4 
7.68 x lo3 
6.54 x 103 
8.75 x lo3 
8.01 x lo3 
7.46 x lo3 
6.07 x lo3 
7.47 x lo3 
7.10 x lo3 
2.47 x lo4 
1.41 x lo4 
1.99 x lo4 
1.41 x lo4 
1.29 x lo4 
1.17 x lo4 
1.04 x lo4 
1.08 x lo4 
9.34 x lo3 

4.35 x lo4 
2.22 x lo4 
2.42 x lo4 
2.54 x lo4 
2.37 x 104 
2.15 x lo4 
2.38 x lo4 
2.73 x lo4 
1.86 x lo4 
4.41 x lo4 
4.47 x lo4 
5.24 x lo4 
4.76 x lo4 
4.57 x lo4 
4.01 x lo4 
3.52 x lo4 
4.34 x lo4 
3.62 x lo4 

1.76 
2.89 
3.70 
2.90 
2.96 
2.88 
3.92 
3.65 
2.62 
1.79 
3.17 
2.63 
3.38 
3.54 
3.43 
3.38 
4.02 
3.88 

72.1 
71.2 
70.3 
69.8 
69.0 
68.5 
68.0 
67.7 
67.0 
72.1 
71.2 
70.3 
69.8 
68.9 
68.6 
68.3 
67.9 
67.5 

a X1 was calculated by 

wJ72.1 
wJ72.1 + w,/58.0 x, = 

where w1 and wg are the weight fraction of lactide and glycolide, respectively, in the feed. 
X, was evaluated by 'H-NMR measurements. 
DG: poly(D-lactide-co-glycolide). 
LG: poly(L-lactide-co-glycolide). 

synthesized polymers have X D 1  and XL1 similar to 
those in the feed. The polymers prepared from mix- 
tures of L-lactide and glycolide in bulk have been 
reported to give a distribution curve different from 
that of the Bernoullian pair addition statistics be- 
cause of higher reactivity of glycolide than 1a~t ide. l~ 
[ a]F5 of D-lactide homopolymer (DG1) and L-lactide 
homopolymer (LG1) used in this study is +156 and 
-153, respectively, in good agreement with the re- 
ported value." 

The blend films were obtained by the following 
casting method. Each methylene chloride solution 
of the copolymers was separately prepared to have 
a polymer concentration of 1 g/dL and then admixed 
with the other under vigorous stirring. The mixing 
ratio of the two solutions was always fixed at  a 
1 : 1 weight ratio. The mixed solutions were cast 
onto a flat glass plate and the solvent was allowed 
to evaporate at room temperature for approximately 
1 week. The resulting films were dried in uucuo for 
another week prior to DSC measurements. 

DSC Measurements 

The melting temperature ( T m )  and the enthalpy of 
fusion (AH,,,) were measured for the blend films with 
a Shimadzu DT-50 differential scanning calorimeter. 
Heating was performed under nitrogen gas flow at 
a heating rate of lO"C/min. T,,, and AH,,, were cal- 
ibrated using indium as standard. 

In this study the unit of AH,,, was expressed by 
kilocalorie per mole of repeating unit. AH,,, (kcal/ 
g of polymer) obtained from the DSC measurements 
was converted into AH,,, (kcal/mol) using the fol- 
lowing equation: 

AH,,, ( kcal/mol) 

where hfunit,blend is the average mass per mole of re- 
peating unit of blend. As polymers A and B are al- 
ways mixed at a l : 1 weight ratio in this study, 
Munit,blend is given by: 
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( 4 )  

where Munit (A) and Munit (B ) are the average masses 
per mole of repeating unit of polymers A and B, 
respectively, which are given in Table 1, and R (A)  
and R (B)  are the mole fractions of repeating unit 
assigned to polymers A and B in the blend, respec- 
tively. Equations ( 2 )  to (5) give (6) :  

From Eq. (6)  we can get AH, (kcal/mol) of the 
blend. For single polymer (A = €3) Eq. (6) becomes 

AH, (kcal/mol) 

= AH, ( kcal/ g of polymer ) Munit (A ) ( 7 ) 

RESULTS 

As 2 lactide homopolymers (DG1 and LG1) and 16 
copolymers with different mole fractions of D-lactide 
and L-lactide unit were prepared, there are 18* com- 
binations from two separated A and B groups for 
physical mixing even at  the 1 : 1 weight ratio. Be- 
cause of this too large combination number, we lim- 
ited the mixing combination to four, as illustrated 
in Figure 1. 

1 

h m 
v 

E 
Q X  
3 

m 

0 
~~ ~ 

Xol(A) 
A group 

PDLG and PDLG 

Blend 1. Mixing of the same polymer [XDI(  A )  
= X D I ( B )  or XLI(A)  = X L ~ ( B ) ] .  Blend 
1 is not a blend, but we use the word blend 
here for simplicity and uniformity. 

Blend 2. Cross blending under the condition that 

Blend 3. Blending of D-lactide homopolymer 
xDI(B) = xLl(A)* 

[XDI(A or B )  = 1, DGl] with 9 PDLGs 
or blending of L-lactide homopolymer 
[XLI(A or B )  = 1, LGl] with 9 PLLGs. 

Blend 4. Blending of D-lactide homopolymer 
[X.I(B) = 1, DGl] with 9 PLLGs or 
blending of L-lactide homopolymer 
[X,,(A) = 1, LGl] with 9 PDLGs. 

These four combinations of blends were subjected 
to DSC measurements, from which melting tem- 
peratures of the homocrystallites ( T,,) and racemic 
crystallites ( Tm2) were estimated in addition to their 
enthalpies of fusion (AH, ,  and A H m 2 ) .  

Blend 1 

As mentioned above, this case is not the true blend- 
ing but a simple assembly of the same polymer 
chains. Figure 2 shows DSC thermograms of the 
films cast from 1 g/dL solution for 18 poly (lactide- 
co-glycolide) (blends 1, and 12).  The polymers with 
the lactide mole fraction ( X, ) below 0.75 exhibited 
neither endothermic nor exothermic peak. In ad- 
dition, the melting peak of homocrystallites becomes 
smaller in area and shifts to lower temperature as 
X, deviates from 1. This suggests that a chemical 
potential of the melt or the crystalline size decreases 
as the optical activity of poly (lactide-co-glycolide ) 
diminishes. T,, and AH,, evaluated from the DSC 
thermograms are plotted as a function of X1 in Fig- 
ure 3. It is seen that Tml disappears and AH,, goes 

I 
1 

XLI(A) 
A group 

PLLG and PLLG 

1 1 :  h 

ax  
3 

$ 
l m  

0 
I 
1 

XL I (A) 
A group 

PDLG and PLLG 

Figure 1 Binary blends used in this study. 
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Figure 2 
PDLG or PLLG (blends l1 and 12). 

DSC thermograms of nonblended films from 

to zero long before X1 reaches 0.5, implying that the 
glycolide unit in poly ( lactide-co-glycolide ) inhibits 
growth of the homocrystallites. AHml becomes zero 
at  XI below 0.75, in other words, the cast films with 
Xl below 0.75 are completely amorphous. The crit- 
ical XI below which copolymer becomes noncrys- 
tallizable is in good agreement with that reported 
by Gilding and Reed (0.75 I X1 < 0.8) .14 Lower Tm, 
and AHml of PDLG than PLLG may be due to lower 
molecular weights of PDLG samples. 

Blend 2 

This case is the blending between PDLG and PLLG 
keeping X Dl ( B  ) = X L1 (A).  Therefore, each of the 
counterparts has the same absolute value of [ a]?5. 
The polymer pairs employed include DG1. LG1, 

DG6 LG6, DG7 - LG7, DG8 - LG8, and DG9 - LG9. 
DSC thermograms obtained for the blend films are 
illustrated in Figure 4. When D- and L-lactide ho- 
mopolymers are blended [DGl(XD[ = 1) and 
LG1 (XLI = 1) J ,  the melting peak appear around 

DG2 - LG2, DG3 * LG3, DG4 * LG4, DG5 * LG5, 

23OoC, which is equal to the melting point of racemic 
crystallites between poly (D-lactide ) and poly ( L- 
lactide ) as demonstrated previously.' Apparently, 
only the melting peak corresponding to the racemic 
crystallites is observed for all the pairs, suggesting 
that only racemic crystallization occurs. The melting 
peak area of the racemic crystallites becomes smaller 
in size and shifts to lower temperature as Xl of both 
groups approaches 0.5. This tendency is seemingly 
similar to the formation of homocrystallites in blend 
1. Interestingly, racemic crystallites are formed from 
even PDLG and PLLG with X1 below 0.75, although 
they cannot form homocrystallites by themselves 

Figure 3 ( a )  T,, evaluated from Figure 2 as a function 
of XI: (0) PDLG, ( 0 )  PLLG. ( b )  AH,, evaluated from 
Figure 2 as a function of XI: (0) PDLG, ( 0 )  PLLG. 
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0.637+ 0.675 

0.711 +0.727 

0.777+ 0.774 
1 
6 0.835 + 0.839 

0.874 + 0.8% 

73 
C 
w 

0.939 + 0.935 

1.000 + 1 .coo 

1 I 

50 100 150 200 250 
Temperature, "C 

Figure 4 DSC thermograms of blend films from PDLG 
(DG1 to DG9, B)  and PLLG (LG1 to LG9, A )  (blend 2) .  

due to high glycolide contents. This is in contrast 
with the blend between D-rich and L-rich D,L-lactide 
copolymer, both with low optical purity, where both 
of racemic crystallites and homocrystallites were 
formed.6 

T,,,, and AH,,,, evaluated from Figure 4 are plotted 
as a function of X1 of polymers in Figure 5. It is 
apparent that T,,,, linearly decreases with the de- 
creasing X1. Also, growth of racemic crystallites is 
hindered by the presence of glycolide unit. It is seen 
that AH,,,, remains positive though it decreases with 
the decreasing XI. 

Blend 3 

We present here only the results obtained for blend 
31 illustrated in Figure 1, as blend 32, blend 33, and 
blend 34 will give the same results as blend 31. Blend 
31 is blending of D-lactide homopolymer [DGl, 
X D1 ( B ) = 11 with different 9 PDLGs. The observed 
DSC thermograms of the blend films are shown in 
Figure 6. As seen, the thermograms have only one 
main peak at approximately 174"C, irrespective of 
X Dl of the counterparts of D-lactide homopolymer 
(DG1). The area of the peak at 174°C becomes 
smaller with a decrease in X D~ (A).  
T,,,, of the main peak and subpeak of the blend 

films obtained for blends 31 is plotted as a function 
of XDl(A) in Figure 7 ( a ) .  Obviously, Tm1 of the 
main peak remains constant around 174"C, inde- 
pendent of XDl (A)  in contrast with blend 1. The 
subpeak observed below 130°C for DG1-DG6, 
DG1- DG7, DG1. DG8, and DG1 DG9 decreases 
with the decreasing X Dl of the counterparts of DG1. 
Although two kinds of polymers, D-lactide homo- 
polymer (DG1) and one of PDLGs are present in 
the blend films, only one main peak is observed at 
174°C in the XDI(A) range from 0.637 to 1. This 
temperature is identical to the melting point of the 

250J 

0.7 0.8 0.9 
X I  

(a) 

I 

(b) 

Figure 5 ( a )  Tm2 evaluated from Figure 4 as a function 
of X I  of PDLG and PLLG. (b) AHm2 evaluated from Figure 
4 as a function of X I  of PDLG and PLLG. 



STEREOCOMPLEX FORMATION. X. 1067 

I 

---. 

---. 

100 150 200 2 
Temperature, "C 

0 

Figure 6 
tide polymer ( DGl ) and PDLGs (blends 3, ) .  

DSC thermograms of blend films from D-lac- 

D-lactide homopolymer (DG1, XDI = 1) as shown 
in Figure 3. This strongly indicates that only D-lac- 
tide homopolymer (DG1) can crystallize by itself, 
not with other PDLGs when X D l ( A )  is between 
0.637 and 1. It follows that D-lactide homopolymer 
assembles itself to form homocrystallites without 
being affected by the existence of other PDLGs. 

AH,, of the main peak and subpeak and overall 
AH,, evaluated from Figure 6 are given in Figure 
7 ( b )  against XDI(A). AH,,,, of the main peak is 
seen to decrease from 1.10 to 0.53 kcal/mol when 
X D 1 (  A )  decreases from 1 to 0.637. Crystallization 
among PDLG chains may be denied because no peak 
is detected below 174°C in Figure 6. To confirm the 
occurrence of crystallization from PDLG, the en- 
thalpy of fusion of the homocrystallites ( AH,,,ca~) 
was calculated from AH,,,, in Figure 3 ( b )  under the 
assumption that D-lactide homopolymer and PDLG 
crystallize separately without disturbing crystalli- 
zation of the other constituent polymer. Then 

is given by the following equation: 

where R (DG1) and R (PDLG) are the mole fraction 
of the repeating unit of DG1 and PDLG in the blend, 
respectively, as defined in Eqs. ( 4)  and (5) .  Equa- 
tions ( 4 ) ,  (5),  and (8) give (9):  

AHm,(DGl)Munit(PDLG) 

(9 )  

The broken line in Figure 7 ( b )  shows AHml,cal. 
It is interesting to note that the total AH,,,, is higher 

+ AHm,(PDLG)Munit(DG1) 
M u n i t  ( PDLG ) + M u n i t  (DG1) AHIn1,Cd = 

1501 

1001 0.7 0.8 0.9 
xDI 

(a) 

- I  2 i n  L .."I . - 
Y 4 

0.7 0.8 0.9 
xDI 

(b) 

Figure 7 ( a )  T,, of (0 )  main peak and ( A )  subpeak 
evaluated from Figure 6 as a function of XD1 of the coun- 
terpart of DG1. ( b )  AH,,,, of (0) main peak and ( A )  sub- 
peak and (0 )  overall AH,, evaluated from Figure 6 as a 
function of XD1 of the counterpart of DGl. Broken line 
gives A H r n , C d ~  



1068 TSUJI AND IKADA 

than AHml,cal at X DI, especially between 0.7 and 0.9. 
As seen in Figure 3 (b )  , PDLG with X D ~  below 0.75 
produces no homocrystallites by itself. Therefore, 
this result indicates that even noncrystallizable 
PDLG can take part in homocrystallization and 
form homocrystallites with the size similar to that 
formed from the nonblended D-lactide homopolymer 
when blended with D-lactide homopolymer (DG1) 
as the melting point remains at 174°C in contrast 
to crystallization of PDLG without D-lactide ho- 
mopolymer. This finding also suggests that glycolide 
unit in PDLG seems not to disturb homocrystalli- 
zation when D-lactide homopolymer coexists. This 
homopolymer may promote homocrystallization of 
PDLG, probably because D-lactide homopolymer is 
supplying nuclei or growth sites of homocrystallites 
for PDLG. 

Blend 4 

Only the DSC thermograms of the blend films ob- 
tained by blending D-lactide homopolymer [ DG1, 
X Dl ( B ) = 11 with all 9 PLLGs ( blend 4, ) are shown 
in Figure 8, because blend 4, will give the same re- 
sults as blend 4,. As is seen, the peak of racemic 
crystallites alone is observed when XLI(A) is be- 

I I 

XLI I 
0.675 

0.699 

0.727 

0.751 

0.7 74 

0.839 

0.875 

0.935 

1.000 

I 

100 150 200 250 
Temperature, 'C 

Figure 8 
tide polymer (DG1) and PLLGs (blend 41 ) . 

DSC thermograms of blend films from D-lac- 

tween 0.875 and 1. At X LI ( A )  lower than 0.875, the 
peak corresponding to homocrystallites also appears 
and two kinds of peaks of homocrystallites are pre- 
sented for the pairs of DG1- LG5 (X LI = 0.774) and 
DG1- LG6 ( X L I  = 0.751). Higher T,,,, observed at  
XLI below 0.839 may correspond to that of homo- 
crystallites of D-lactide homopolymer (DG1 ) , be- 
cause this temperature agrees with T,,,, of non- 
blended DG1 in blend 1. D-lactide homopolymer 
(DG1) , which was added in excess and did not take 
part in racemic crystallization, will assemble itself 
to form homocrystallites because D-lactide homo- 
polymer was mixed with PLLG with low XI. The 
weak subpeak observed below 150°C for X L I  of 0.774 
and 0.751 may be due to homocrystallites composed 
of LG5 and LG6, respectively. Though LG5 and LG6 
cannot form homocrystallites by themselves, blend- 
ing may have induced homocrystallization of these 
noncrystalline polymers. 

Tml of the main peak and subpeak and T,,,, ob- 
served for blends 4, are plotted as a function of 
X LI ( A )  in Figure 9 ( a ) .  Obviously, T,,,, of the main 
peak remains constant around 174°C when X L I ( A )  
is below 0.835. Though there is a probability for for- 
mation of two kinds of homocrystallites composed 
of D-lactide homopolymer and PLLG in the blended 
films as mentioned above, only one peak is observed 
at 174"C, which is the melting point of the D-lactide 
homopolymer (DG1, X D 1  = 1) as shown in Figure 
3. It is seen in Figure 9 (a )  that Tm2 linearly decreases 
from 224 to 198OC with the decreasing XL1 ( A )  in 
contrast with T,, . It follows that the chemical po- 
tential of the melt or the size of racemic crystallites 
must decrease as X LI ( A )  becomes lower, whereas 
the D-lactide homopolymer molecules, which did not 
take part in the racemic crystallization, assemble 
themselves to form homocrystallites without being 
affected by racemic crystallization. It should be 
noted that the slope of Tm2 against XLI( A)  in Figure 
9 ( a )  is smaller than that in Figure 5 ( a ) .  This is 
probably because the chemical potential of the melt 
or the size of racemic crystallites formed from blend 
2 more drastically decreases as XI of both PDLG 
and PLLG becomes smaller. 

AH,,,, of the main peak and subpeak and AH,,,,, 
evaluated from Figure 8, are given against X L~ ( A  ) 
in Figure 9 ( b )  . AH,,,, is seen to increase from zero 
to 0.5 kcal/mol when XLI(A) decreases from 1 to 
0.7. On the other hand, AH,,,, dramatically decreases 
with a decrease in XLI(A).  Again, this indicates 
disturbance of racemic crystallization between D- 
lactide homopolymer and PLLG by the glycolide 
units in PLLG. 
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Figure 9 (a )  T,,,, of ( 0 )  main peak and (A) subpeak 
and T,, (0) evaluated from Figure 8 as a function of X LI 

of the counterpart of DG1. (b )  AHm, of ( 0 )  main peak 
and (A) subpeak and AH,,,* (0) evaluated from Figure 8 
as a function of XLI of the counterpart of DG1. 

DISCUSSION 

Based on the results described above, the X1 ranges 
forming racemic crystallites and homocrystallites 
are illustrated in Figure 10. The variation of Tm with 
Xl is also denoted in Figure 10. Figure 10 shows only 
the Xl range below which copolymers are no more 

soluble in methylene chloride. As points A and B in 
Figure 10 have not yet been determined experimen- 
tally, the boundary of respective regions containing 
these points are not certain. As is obvious from the 
results of blends 2 and 4, mixtures of PDLG and 
PLLG result in formation of racemic crystallites 
even when X D ~  and XL1 are below 0.7. An interesting 
finding in this study is that racemic crystallization 
can occur even from the noncrystallizable PDLG 
and PLLG, which have X ,  below 0.75, when they 
are blended. This result denotes that the critical D- 
and L-lactide unit sequences needed for racemic 
crystallization between PDLG and PLLG are 
smaller than that for homocrystallization of non- 
blended PDLG and PLLG. As reported in a previous 
study, the pair of D-rich and L-rich D,L-lactide co- 
polymers gave a different result that only the pair 
of homocrystallizable D-rich and L-rich D,L-lactide 
copolymers could form racemic crystallites.6 In ad- 
dition, this suggests that the critical D- and L-lactide 
unit sequences needed for racemic homocrystalli- 
zation were almost equal to those for homocrystal- 
lization of either nonblended D-rich or L-rich D,L- 
lactide copolymers. 

Homocrystallization of PDLG (PLLG) in the 
presence of D-lactide ( L-lactide ) homopolymer is 
also interesting. As seen in Figure 7 ( b  ) , the overall 
AH,, of the blend from PDLG and D-lactide ho- 
mopolymer was larger than the sum calculated from 
AH,, of nonblended D-lactide homopolymer and 
PDLG. Thus, glycolide units in PDLG seem not to 
disturb homocrystallization of D-lactide homopol- 
ymer in blend. More important is that homocrys- 
tallization of PDLG was promoted by the presence 
of D-lactide homopolymer, resulting in an increase 
of AHml.  The results shown in Figures 3 ( b )  and 
7 (b)  suggest that noncrystallizable PDLG took part 
in homocrystallization, promoted by the presence of 
D-lactide homopolymer. In the case of homocrys- 
tallization of the mixtures from D-rich D,L-lactide 
copolymer and D-lactide homopolymer, the overall 
AH,, of the blend was approximately equal to the 
calculated AHml sum of nonblended D-rich D,L-lac- 
tide copolymer and D-lactide homopolymer.6 

To investigate the effect of the presence of D- or 
L-lactide homopolymer on racemic crystallization we 
calculated the heat of enthalpy per mole of lactide 
repeating unit excluding excessive D-lactide or L- 
lactide repeating units ( AHm2,1actide) for comparison 
of blend 2 with blend 41. Blend 2. is a blend from 
PDLG and PLLG, whereas blend 41 from D-lactide 
homopolymer (DG1) and PLLG. This calculation 
was done using the following equation (10) under 
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Figure 10 Schematic representation of the XI range for crystallization of binary 
blends from copolymers: (UJ) racemic crystalline, (H) racemic crystalline and 
homocrystalline, (€I) homocrystalline, and (0) noncrystalline. 

the assumption that racemic crystallites contain 
equimolar D- and L-lactide units and that excessive 
D- or L-lactide units in the blend cannot take part 
in racemic crystallization. 

where R ( A )  is the mole fraction of the repeating 
unit assigned to  polymer A in the blend and X1 ( A )  
is the mole fraction of the lactide unit in polymer 
A. Here we assume that polymer A has smaller X1 
than polymer B. The calculated values are plotted 
as  a function of X1 of polymer A in Figure 11. As is 
seen, AHm2,1actide of the blend from DG1 and PLLG 
(blend 4,) is larger than that of the blend from 
PDLG and PLLG (blend 2 )  in the X1 range between 
0.75 and 1, indicating the promoted racemic crys- 
tallization by D-lactide homopolymer. However, this 
relation is reversed at  XI below 0.75. Low miscibility 
between D-lactide homopolymer (DG1) and PLLG 
having low X1 may disturb association of the two 
polymers, resulting in low M,,,2,lactide.  

For nonblended lactide copolymer the Tml de- 
crease with the increasing comonomer fraction is 
more remarkable for poly (D-lactide-co-c-caprolac- 
tone) (PDLC) and poly ( L-lactide-co-c-caprolac- 
tone) (PLLC) than for PDLG and PLLG. T,, of 
nonblended PDLC and PLLC was reported to be 
113 ( X D ~  = 0.778) and 118°C (XLI = 0.769),'1ower 
than 146°C of PLLG (XLI  = 0.774). Here XDI and 

X LI were obtained by substituting mole of glycolide 
unit in Eq. (1) with mole of c-caprolactone unit. 
Vion et  al. reported that the critical XL1 below which 
copolymer loses homocrystallinity is between 0.70 
and 0.79 for PLLC, l5 similar to that for PLLG. 

In case of the blend 2, the Tm2 decrease with a 
decrease in X1 of copolymer was larger for PDLC 
and PLLC than for PDLG and PLLG.' For example, 
Tm2 for PDLC ( X D ~  = 0.778) and PLLC (XLI 
= 0.769) was reported to  be 166"C, much lower than 
192°C for PDLG ( X D ~  = 0.777) and PLLG (XLI 
= 0.774). In case of the blend 4, the T,, decrease 

Figure 11 AH,,,l,ladide for the blend of PDLG and PLLG 
( 0 )  (blend 2 )  and blend of DG1 and PLLG ( 0 )  (blend 
41). 
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with the decreasing XI for racemic crystallites 
formed between L-lactide homopolymer and PDLC 
or D-lactide homopolymer and PLLC is greater than 
that of D-lactide homopolymer and PLLG when 
compared at the similar XI of  copolymer^.^ These 
suggest that the influence of comonomer unit on 
racemic crystallization is greater for the e-caprolac- 
tone than for the glycolide unit, similar to that on 
homocrystallization. The slope of Tm2 against XI 
was larger for the pair of PDLC and PLLC than the 
pair of D-lactide homopolymer and PLLC or the pair 
of L-lactide homopolymer and PDLC, similar to 
our results. 
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