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ABSTRACT: Stereocomplexation (racemic crystallization) of poly(D-lactic acid) (PDLA) and poly(L-lactic 
acid) (PLLA) from the melt state was studied using differential scanning calorimetry (DSC) and polhizing 
microscopy. Complexation predominantly occurred upon annealing the polymer mixtures when the molecular 
weight of both PDLA and PLLA was below 6 X 103 and the PDLA content (XD) was between 0.4 and 0.6. 
In contrast, homocrystallization of PDLA or PLLA prevailed when XD was around 0 or 1 or the molecular 
weight of PDLA and PLLA was higher than 1 X 106. The critical molecular weight (M,) of PDLA and PLLA, 
below which only racemic crystallites were formed, was lower for the equimolar mixture from the melt than 
from the solution casting (M, = 4 X 104). The induction period was shorter for racemic crystallization than 
for homocrystallization. The annealing temperature dependence of the formation of racemic crystalline 
spherulites was less remarkable than that of the homocrystalline spherulites. When the annealing temperature 
was lowered from 180 to 80 OC, the average radius of the racemic crystalline spherulites formed at XD = 0.5 
decreased from 300 to 50 pm, whereas the average radius of the homocrystalline spherulites of PDLA or PLLA 
(XD = 1 or 0) dramatically decreased from 2000 to 10 pm. 

Introduction 

Stereoselective association (stereocomplexation) be- 
tween optically active polymers, D-polymer and L-polymer, 
has been reported for various polymer couples; poly(y- 
benzyl g1utamate),'-l4 poly(y-methyl glutamate),15 poly- 
( tert-butylthiirane),16 poly(tert-butylethylene oxide) ,17 

poly(tert-butylethylene sulfide),l8 poly(&-methyl-a-ethyl- 
0-propiolactone) (PMEPL),1Q-21 poly(@-( 1,l-dichloropro- 
pyl)-@-propiolactone),22 poly(1actic acid) (PLA)23-32 and 
its  copolymer^,^^^^ and poly(a-methylbenzyl methacry- 
late).36 These polymers have their chiral carbons in the 
main chain except for poly(a-methylbenzylmethacrylate) , 
which has the chiral carbons in the side chain. Often, the 
stereoselective association results in formation of stere- 
ocomplex crystallites which are different from the crys- 
tallites of the constituent single polymers, D- and L-poly- 
mers, in the crystalline structure1~5~7~1~20~23~30 and melting 
t e m p e r a t ~ r e . ' ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  The crystal structure of stereo- 
complexes has been reported for poly(y-benzyl gluta- 
mate),ls5l7 poly(tert-butylethylene oxide),17 poly(tert-bu- 
tylethylene sulfide),ls and PLA.30 In these polymers, the 
stereocomplex crystal is composed of a racemic lattice in 
which D-polymer and L-polymer or S-polymer and R- 
polymer are packed side-by-side in the ratio of 1:1.195JJ7Js930 

We call the stereocomplex crystallite with the racemic 
lattice the racemic crystallite and the crystallite composed 
of either D-polymer or L-polymer the homocrystallite. 

Since our first report on stereocomplexation (racemic 
crystallization) between poly(D-lactic acid) (PDLA) and 
poly@-lactic acid) (PLLA),23 we have investigated the 
stereocomplexation of PDLA and PLLA in terms of various 
parameters which affect c ~ m p l e x a t i o n , ~ ~ - ~ ~  morpholo- 
gy,27,30,31 phase structure,29 crystalline s t r u ~ t u r e , ~ ~ , ~ ~  and 
degradabilit~.3~ These stereocomplexation studies re- 
vealed that stereoselective association between D- and 

* To whom correspondence should be addressed. 
+ Technology Development Center, Toyohashi University of 

* Research Center for Biomedical Engineering, Kyoto University. 
@Abstract published in Advance ACS Abstracts, November 1, 

Technology. 

1993. 

0024-9297/93/2226-6918$04.00/0 0 

L-polymer occurred preferably to self-association of D- or 
L-polymer when PDLA and PLLA of low molecular weight 
were blended at  a mixing ratio around 1:1,23-27 Sphere- 
or platelet-type particles of PLA stereocomplex having 
diameter on the order of microns were formed from 
acetonitrile solutions, their size and shape being affected 
by various  parameter^.^^ Electron diffractometry revealed 
that the platelet-type stereocomplex particle was an 
assembly of racemic single-crystal lamellas.27 

Detailed studies were reported on stereocomplexation 
between optically active enantiomeric polymers from the 
melt by Prud'homme et al. for (S)- and (R)-PMEPL,lgvz0 
but most of the stereocomplexation studies have been 
performed starting from polymer solutions and little is 
known about stereocomplexation from the melt state. The 
present work is concerned with racemic crystallization of 
PDLA and PLLA from the melt state. Effects of the 
mixing ratio of the isomers, the molecular weight of the 
isomers, the annealing time, and the annealingtemperature 
on the thermal properties of the crystallites formed will 
be studied using differential scanning calorimetry (DSC). 
The morphology of the assembly of crystallites formed 
from the melt of blended isomers is also studied with 
polarizing microscopy. 

Experimental Section 

Materials. PDLA and PLLA were synthesized with the 
method previously reported.37 Methyl  lactate with an optical 
purity of 97 5% was supplied by Daicel Chemical Industries, LM., 
Japan, and hydrolyzed to D-lactic acid. L-Lactic acid with an 
optical purity of 98 % was purchased as a 90 wt % aqueous solution 
from CCA Biochem BV, The Netherlands. The oligomeric poly- 
(lactic acid)s (PLA) prepared by condensation polymerization of 
the free acids were thermally decomposed to yield the lactide 
monomers. Ring-opening polymerization was performed for each 
lactide in bulk at 140 O C  for 10 h using stannous octoate (0.03 
wt %)  and lauryl alcohol as a polymerization modulator.% The 
polymerization conditions were the same for D- and L-lactides, 
and the resulting polymers were purified by reprecipitation using 
methylene chloride as solvent and methanol as precipitant. 

The viscosity-average molecular weight (ad of the polymers 
was determined from their intrinsic solution viscosity [?I in 
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Table I. Polymerization Conditions and Molecular 
Characteristics of the Polymers 

polymerization conditions molecular characteristics 
LAa SOb temp time [VI [aPD 

code (wt %)  (wt % )  ( O C )  (h) (dL/d fiv (dee) 
~~~ 

D1 2.5 0.03 140 10 0.30 
D2 5.0 0.03 140 10 0.36 
D3 2.0 0.03 140 10 0.61 
D4 0 0.03 220 5 0.92 
D5 0.4 0.03 140 10 1.36 
D6 0 0.03 220 0.5 1.70 
D7 0 0.03 140 0.3 2.79 
D8 0 0.03 140 10 7.32 
L1 3.0 0.03 140 10 0.20 
L2 2.0 0.03 140 10 0.36 
L3 1.0 0.03 140 10 0.56 
L4 0 0.03 140 5 0.96 
L5 0.5 0.03 140 10 1.30 
L 6 0  0.03 160 5 1.71 
L7 0 0.03 140 10 3.01 
L8 0 0.03 140 10 6.98 

a Lauryl alcohol. Stannous octoate. 

chloroform at 25 O C  using the equation39 

= 5.45 x 10-%f,O.~~ 

5.7 x 103 +is6 
7.3X 103 +156 
1.5X 10' +155 
2.6 X lo4 +154 

6.1 X 10' +154 
1.2X 106 +156 
4.5 X lo6 +157 

4 . 5 ~  104 +i56 

3.3 x 103 -149 
7.3X 103 -152 
1.3 X 10' -153 
2.8X 10' -153 
4.2 X lo4 -154 
6.2X 10' -151 
1.3 X lo6 -153 
4.2 X lo6 -157 

The specific optical rotation [a] of the polymers was measured 
in chloroform at a concentration of 1 g/dL and 25 OC using a 
Perkin-Elmer 241 polarimeter at a wavelength of 589 nm. The 
characteristics of the polymers used in this work are listed in 
Table I, together with the polymerization conditions. 
values were ca. +150° for PDLA and -150' for PLLA, in good 
agreement with the literature values." 

Blends to be used for melting experiments were obtained by 
the following procedure. Each methylene chloride solution of 
PDLA and PLLA was separately prepared to have a polymer 
concentration of 1 g/dL and then admixed with each other at 25 
O C  under vigorous stirring. The mixed solutions were cast onto 
a flat glass plate, and the solvent was allowed to evaporate at 
room temperature for ca. 1 week. The solvent molecules trapped 
in the resulting powders or films were extracted with methanol 
and dried in vacuo for another week. The obtained polymer 
powders or films were packed in a DSC aluminum cell and then 
sealed in test tubes under reduced pressure. The sealed samples 
were melted in an oil bath kept at 250 O C  for 1 min and then 
immersed in an oil bath kept at given annealing temperatures 
(T,) from 80 to 200 "C or quickly quenched to 0 "C. 

Thermal Measurements and Optical Observations. The 
melting temperature ( T m )  and the enthalpy of fusion (AH,) were 
determined on the annealed blends with a Shimadzu DT-50 
differential scanning calorimeter. They were heated under a 
nitrogen gas flow at a rate of 10 OC/min. We fixed the heating 
rate at 10 OC/min because higher rates such as 20 OC/min induced 
a T, shift to higher temperature and lower rates such 5 OC/min 
resulted in thermal degradation of PLA because of long exposure 
to high temperature as mentioned below. Tm and AHm were 
calibrated using indium as a standard. T, and A H m  of indium 
are 156.4 OC and 3.26 kJ/mol, respectively. 

The morphology of the annealed blends was studied with a 
Zeies polarizing microscope. The samples for optical observation 
were prepared by the following procedure. A polymer powder 
or film was interposed between two micro cover glasses of 18 X 
18 mm2 and then sealed in a test tube under reduced pressure. 
The sealed samples were melted at 250 O C  and then immersed 
for given periods of time in an oil bath thermostatically kept at 
a given T.. 

Results and Discussion 
1. Thermal Degradation. Table I1 shows the percent 

weight loss of D1-L1, D5-L5, and D&L8 when equimolar 
mixtures were heated at different Tis for different 
annealing times (ta). As is obvious, weight did not change 
at T, below 140 O C ,  irrespective of ta, while a significant 

Table 11. Weight Loss (%) of Dl-L1, DS-LS, and D8-LB at 
Different T.'e for Different t.'s (XD = 0.6) 

Ta ("C) 1 10 100 1 10 100 1 10 100 
D1-L1 ta (h) D5L5 ta (h) D&L8 tr (h) 

~ ~~~~ 

1140 0 0 0 0 0  0 0 0  0 
160 0 1 5 0 0  0 0 0  0 
180 0 1 2 1 0 0  2 0 0  1 
200 28 89 96 0 4 62 0 4 20 

Table 111. Characteristic Temperatures ("C) of Mixtures of 
D1 and L1 with Different XD'S for Different t.'s (T. = 140 

"C) 
X D = o  

t.(min) Tc Tm1 
0 81 157 
2 81 157 
10 81 157 
30 81 158 
60 81 159 
600 161 

XI, = 0.2 XI, = 0.5 XD = 0.8 
Tc Tm1 T ~ z  Tc Tmz Tc Tm1 T ~ z  
74 127" 222 74 221 78 150 220 
74 156 222 223 81 163 221 
74 156 222 223 163 221 
74 157 222 164 221 
74 157 222 223 164 221 

162 222 223 165 221 

XD"1 

Tc Tm1 
88 165 
89 165 
89 165 
89 165 

165 
167 

a A subpeak waa obse,wed at 155 O C .  

weight loss was observed at Ta above 160 "C for t, longer 
than 10 h. Remarkable weight loss at low molecular 
weights of PLA may be due to a high concentration of the 
terminal hydroxy group, as lactide monomers and cyclic 
oligomers seem to be formed from the terminal hydroxy 
group of the polymer chain.41 Since thermal degradation 
is accelerated at high Ta but crystallization will proceed 
slowly at low Ta, 140 "C was selected as T, for most of the 
annealing, unless otherwise specified. 

DSC Study. There are at least four parameters which 
affect stereocomplexation of PDLA and PLLA from the 
melt: mixing ratio of the isomers (XD), molecular weight 
of PDLA and PLLA (BJ, annealing time (ta), and 
annealing temperature (Ta). 

1-1. Under Constant Molecular Weight. For sim- 
plicity, here only the polymer pair of D1 (av = 5.7 X 103) 
and L1 (Bv = 3.3 X lo3) was employed. 

(a) ta Effect. Figure 1 shows the DSC thermograms of 
mixtures from D1 and L1 with various PDLA contents 
annealed at 140 "C for different t,'s. The PDLA content 
(XD) was defined as follows: 

(2) 
The results for XD = 0 and 0.2 were similar to those for 
XD = 1 and 0.8, respectively (data not shown). As seen 
from Figure la, the mixture with XD = 0.5 and t, = 0 
shows an exothermic peak around 70 "C and an endot- 
hermic peak around 220 "C, while only one endothermic 
peak can be seen around 220 "C at ta  longer than 2 min. 
As reported elsewhere, the DSC peak at 220 "C is ascribed 
to melting of the racemic crystallites, while the peak at 
170 "C is ascribed to melting of the homocrystallites of 
the h~mopolymer .~~ Therefore, all the mixtures with XD 
= 0.5 must contain no homocrystallite, irrespective oft,. 
The exothermic peak around 70 "C observed for the 
quenched sample (ta = 0) disappears after annealing, 
though the melting peak of the racemic crystallites remains 
without any noticeable change. Thus, the exothermic peak 
around 70 "C can be assigned to crystallization of racemic 
crystallites during scanning. Such stereocomplexation 
during scanning was also reported for et- and it-PMMA 
by Schomacker and Challa.42 

The crystallization temperature during scanning (TJ, 
the melting temperature of homocrystallites of PDLA or 
PLLA (Tml), and the melting temperature of racemic 
crystallites (Tm2) evaluated from the DSC thermograms 
are given in Table I11 for different XD'S and different ta)s. 

XD = PDLA/(PDLA + PLLA) 
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Table IV. Enthalpy Changes (J/g of Polymer) of Mixtures of D1 and L1 with Different XD'S for Different t.'s (T. = 140 "C) 
XD=o XD = 0.2 XD = 0.5 XD = 0.8 x D = 1  

t,(min) Mc Hml A", iW,l D H , 2  A H c  AHm2 A", M m l  A H ~ z  M c  A H m i  
0 -55 54 -38 19 39 -52 80 -34 10 46 -57 57 
2 -60 60 -26 28 39 

10 -57 61 -24 33 39 
30 -37 60 -24 29 35 
60 -1 1 70 -18 29 34 

600 0 77 0 37 38 

1 
50 100 150 200 

Temperature, 'C 
Figure 1. DSC thermograms of mixtures of D1 and L1 for 
different tsls (2'. = 140 O C ) :  (a): XD = 0.5; (b) XD = 0.8; (c) XD 
= 1. 

The enthalpy of crystallization during scanning (AHc),  
the enthalpy of melting of homocrystallites ( A H m l ) ,  and 
the enthalpy of melting of racemic crystallites ( A H m z )  are 
shown in Table IV. Theoretically, the sum of A H m l  and 
A H m ~  should be equal to or larger than IAHcl, because 

.~ 

0 87 -17 28 45 -55 55 
0 84 0 26 43 -50 57 

0 30 43 -26 65 
0 90 0 29 43 0 73 
0 90 0 31 42 0 80 

crystallization takes place during annealing at Ta and 
scanning for the DSC measurement. The period of time 
during which the sum of AHc, A H m l ,  and A H m 2  practically 
remains zero is defined here as the induction period of 
crystallization (ti). According to this definition, ti for XD 
= 0.5 is 0. This means that the induction period of racemic 
crystallization is shorter than the quenching time (a few 
seconds). In other words, the racemic crystallization 
including nucleation and growth proceeds in a few seconds. 
Therefore, the melting peak observed around 220 "C for 
ta = 0 is due to the racemic crystallites formed during 
quenching and scanning. As the crystallization peak 
around 70 "C disappears upon annealing for 2 min, the 
melting peak around 220 "C for ta  longer than 2 min is due 
to the racemic crystallites formed during annealing. An 
insignificant increase of T m 2  and A H m 2  for XD = 0.5 after 
2 min suggests that racemic crystallization comes to an 
end in a short annealing time. The largest A H m 2  observed 
for the stereocomplex from the melt (90 J/g of polymer) 
is smaller than that previously found for the stereocomplex 
formed in acetonitrile solution (100 J/gof polymer).27 This 
may be explained in terms of crystallinity which must be 
higher for the complex formed in the presence of solvent 
than that from the melt. Solvent may help the polymer 
segments to diffuse to the growth site of the racemic 
crystallites, resulting in formation of a highly ordered 
stereocomplex. 

On the other hand, as seen from Figure IC, nonblended 
PLA (D1 alone) has an exothermic peak around 90 OC and 
an endothermic peak around 170 OC when t, is shorter 
than 30 min. The former and the latter peaks are ascribed 
to crystallization and melting of hoocrystallites of PDLA, 
respectively. As seen from Table IV, the sum of AHc and 
A H m 1  for L1 (XD = 0) and D1 (XD = 1) becomes positive 
at ta = 10 min. Tables I11 and IV show an increase in both 
T m 1  and the sum of A H C  and A H m l  for ta  from ti to 10 h. 
These results support the above assumption that homo- 
crystallization requires a longer induction time than for 
the racemic crystallization. 

When D1 and L1 were mixed at a nonequimolar ratio 
(XD = 0.8, Figure lb), peaks were observed around 80 
(crystallization), 160 (melting of homocrystallites), and 
220 "C (melting of racemic crystallites). As the sum of 
AHc, A H m l ,  and A H m 2  gives a positive value for t a  = 0, the 
quenched sample must already contain crystallites with 
ti shorter than the quenching time. Both the crystallites 
formed during quenching and scanning have their melting 
peaks for ta  = 0 and 2 min. As A H m l  is much smaller than 
A H m z  for t a  0, the amount of racemic crystallites formed 
during quenching and scanning is much larger than that 
of homocrystallites. An imperfect melting peak observed 
a t  170 "C for t a  = 0 suggests that the quenching and 
scanning times are not sufficiently long to complete 
homocrystallization. Disappearance of the crystallization 
peak for t. longer than 10 min indicates Occurrence of 
crystallization during annealing. Independence of Td and 
A H m 2  on t, together with the disappearance of the 
crystallization peak for ta  longer than 10 rnin for XD = 0.8 
suggests that racemic crystallization is completed in 10 
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Table V. Tmi ("C), Td ("C), AEml (J/g of Polymer), and 
AH& (J/g of Polymer) of L1 (XD = 0), an Equimolar 
Mixture of D1 and L1 (XD = 0.5), and D1 (XD = 1) for 

Different T.'s (t .  = 10 h) 
xD=O XD 0.5 xD=1 

TaPC) Tml a m 1  T ~ z  Tml a m 1  

Stereocomplexation of PDLA and PLLA 6921 

80 158 62 223 80 165 60 
100 158 73 223 85 164 74 
120 157 75 223 83 164 75 
140 161 77 223 90 167 80 
160 22w 88" 
180 2 1 9  8 9  
200 b b 

Weight loss occurred during annealing. * Unmeasurable because 
most of the Bample weight was lost due to thermal degradation. 

min of annealing. An increase in T m 1  and A H m 1  for t a  
from 10 min to 10 h for X D  = 0.8 indicates that 
homocrystallization proceeds for longer than 10 h. Ra- 
cemic crystallization again is completed in a much shorter 
time than homocrystallization at  X D  = 0.8. This trend 
was also observed at  XD = 0.2, which has the same 
enantiomeric excess value as XD = 0.8. The excess 
component which forms homocrystallites following com- 
pletion of racemic crystallization is D1 for XD = 0.8 and 
L1 for X D  = 0.2. It is evident from the T m l  data a t  10 h 
(Table 111) that T m 1  a t  XD = 0.2 and 0.8 is very similar to 
that at X D  = 0 and 1, respectively. Tm1 of D1 ( X D  = 1) 
is higher than that of L1 (XD = 0), and undercooling at  
140 OC for D1 (excess crystallizable component at XD = 
0.8) is higher than that for L1 (excess crystallizable 
component at XD = 0.2) probably because of a slightly 
higher& and [(U]"D of D1 than L1, This may be also the 
reason for faster completion of the crystallization at XD 
= 0.8 than at XD = 0.2. 

(b) Ta Effect. Table V shows T m  and A H m  for the 
mixtures with XD = 0,0.5, and 1 annealed at  different Ta's 
for ta  = 10 h. No crystallite was formed above 160 OC 
when X D  was 0 and 1. For the equimolar mixture an 
amount of polymer necessary for DSC measurement could 
not be obtained at high annealing temperatures like 200 
OC, because a significant weight loss took place by thermal 
degradation. Racemic crystallization at X D  = 0.5 seems 
to be insignificantly affected by Tap as T m 2  remains 
constant, though aslight decrease in A H m z  with decreasing 
Ta is seen. In contrast, T m l  of the polymers a t  XD = 0 and 
1 is higher when Ta = 140 "C than when Ta C 120 OC, and 
A H m 1  decreases with a decrease in Ta, suggesting the 
crystalline size and crystallinity of the single polymer 
decrease with decreasing Ta. 

(c) XD Effect. Tml and Tmz of the mixtures of D1 and 
L1 annealed a t  140 OC for 10 h are plotted as a function 
Of XD in Figure 2a. As seen, the mixtures with XD between 
0.1 and 0.3 and between 0.7 and 0.9 have both T m l  and 
T m z ,  but the mixtures with XD ranging between 0.4 and 
0.6 have only Tm2. T m 2  becomes maximum at  XD around 
0.5, whereas T m 1  remains constant around 160 "C for XD 
between 0 and 0.3 and around 165 OC for X D  between 0.7 
and 1, though a slight rise is observed with an increase in 
XD. The higher !!',I for XD between 0.7 and 1 than that 
between 0 and 0.3 is probably due to the higher optical 
purity and the higher molecular weight of D1 than those 
of L1. 

A H m l  and AH& for the mixtures of D1 and L1 annealed 
at  140 OC for 10 hare plotted as a function Of XD in Figure 
2b. As is obvious, the maximum AHmz is observed exactly 
a t  XD = 0.5, similar to crystallization in the casting26 and 
the nonsolvent precipitating method.% It is interesting 
to note that soIely racemic crystallites are formed at  XD 

(a) Meltirq Temperature 

P 

'""1 le0L 160 4 

x i  
201  I \ / b i  

0 0.5 1 

Figure 2. Tmi (01, Tm2 (O) ,  A H m I  (O), and AH& (0) evaluated 
from DSC thermograms of mixtures of D1 and L1 88 a function 
of XD (T. 

X O  

140 OC, t .  = 10 h). 

= 0.4 and 0.6 although they are not equimolarly mixed. 
The excess component may be trapped in the boundary 
of the formed racemic crystallites without sufficient space 
for homocrystallization. 

When mixtures of different XD were annealed at  80 OC, 
the dependence of T m  and A H m  on XD showed a tendency 
similar to that at Ta = 140 "C (data not shown), though 
Tml, A H m l ,  and A H m z  were lower than those at  140 OC. In 
the case of PMEPL, the effect of enantiomeric excess- 
(=p-polymer - S-polymerl/ (R-polymer + S-polymer) or 
ID-pOlymer - L-pOlymerV(D-polymer + L-polymer)) on the 
melting temperature and the enthalpy of fusion of the 
stereocomplex and the homocrystallites of either (S)- 
(-)-PMEPL or (R)-(+)-PMEPL was similar to that for 
the mixtures of PDLA and PLLA.lg The only difference 
was that the critical enantiomeric excess, above which 
homocrystallites were also formed, was lower for PLA 
blends (ca. 0.4) than that for PMEPL blends (ca. 0.5). The 
stereocomplexation of PMEPL is likely to more strongly 
hinder homocrystallization than that of PLA.lg 

1-2. Under Constant Mixing Ratio (XD = 0.6). (a) 
ta Effect. Figure 3 shows the DSC thermograms for 
equimolarmixturesofD1-L1,D5-L5,andD&L8obtained 
at Ta = 140 O C  for different ta. Tc, T m l ,  and Tmz and AH,, 
A H m l ,  and AHmz estimated from the DSC thermograms 
are given in Tables VI and VII, respectively. As mentioned 
above, racemic crystallites are formed for D1-L1 during 
a short quenching time such as a few seconds and during 
scanning of the DSC measurement. Crystallization was 
completed within 2 min of annealing. 

Quenching of D k L 5  yields a crystallization peak around 
110 OC and melting peaks of homocrystallites and racemic 
crystallites around 180 and 230 OC, respectively (Figure 
3b). The sum of A",, A H m l ,  and A H m 2  for t a  = 0 amounts 
to +6 J /g  of polymer (Table VII), showing that the 
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(b )D5-L5 

taro (c)D8-L8 - (quenched) 

U I 
50 100 150 200 250 

Temperature, ' C  

Figure 3. DSC thermograms of equimolar mixtures of PDLA 
and PLLA for different t2s (T, = 140 "C): (a): D1-L1; (b) D5- 
L5; (c)  D&L8. 

Table VI. Characteristic Temperatures ("C) of D1-L1, 
DS-LS, and DS-LS for Different t.'s (XD = 0.6, T. = 140 "C) 

D1-L1 D5-L5 D&L8 

t.(min) Tc Tm2 T c  Tm1 Tm2 Tc Tm1 

0 74 221 107 175 226 132 179 
2 223 106 174 226 

10 223 174 226 127 178 
60 223 176 226 183 

600 223 176 226 184 
6000 220 177 226 185 

Table VII. Enthalpy Changes (J/g of Polymer) of D1-L1, 
DS-LS, and DS-L8 for Different ta'S (XD = 0.6, T. = 140 "C) 

0 -52 80 -51 36 23 -31 32 
2 0 87 -46 38 22 -34 34 

10 0 84 0 50 23 -36 37 
60 0 90 0 58 24 0 52 

600 0 9 0  0 60 24 0 55 
6000 0 87 0 64 22 0 57 

quenched mixture already contains a small amount of 
crystallites. The homocrystallites and racemic crystallites 
for ta = 0 must be mainly formed during quenching and 

Table VIII. Enthalpy Changes (J/g of Polymer) of D1-L1, 
DS-LS, and D&L8 at Different T.'s (XD = 0.6, t. = 10 h for 

Dl-L1. t. = 100 h for DS-LS and DS-L8) 

8 0 0  0 80 
1 0 0 0  0 85 0 4 4  23 0 33 0 
120 0 0 83 0 50 22 0 47 0 
140 0 0 90 0 64 22 0 57 0 
160 00 00 88" 0 60 20 0 66 0 
180 P 00 890 15" 29" W 6" 53" 9" 
200 b b b o " 0 0 3 8 a 0 0 0 0 W  

0 Weight lossoccurredduetothermaldegradation. Unmeasurable 
because moat of the sample weight was lost due to thermal 
degradation. 

DSC scanning. The crystallization peak around 110 "C 
disappears by annealing for 10 min, but homocrystalli- 
zation requires a longer time, because T m 1  and A H m i  
continue to increase with annealing. In contrast, racemic 
crystallization comes to completion by annealing for 2 min 
as T d  and AH& remain constant, irrespective of annealing 
time. Homocrystallites formed in D 5 L 5  must be com- 
posed of two kinds of homocrystallites from D- and 
L-polymer, in contrast with those formed at nonequimolar 
mixing ratios where homocrystallites are composed of 
excess D- or L-polymer. 

The D&L8 mixture gives more diffuse crystallization 
and melting peaks upon quenching than D1-L1 and D5- 
L5 (Figure 3c). The sum of AHc and A H m 1  amounts to 
approximately zero, strongly suggesting that the quenched 
mixture is amorphous. The endothermic peak around 180 
"C for ta  = 0 must be due to melting of the homocrystallites 
formed around 130 "C during DSC scanning. The diffuse 
crystallization peak disappears when D&L8 is annealed 
for 1 h, but T m i  and A H m l  slightly increase with annealing. 
Also in this case homocrystallites must be composed of 
two kinds of homocrystallites from D- and L-polymer. 

The above findings indicate that racemic crystallization 
is replaced by homocrystallization when the molecular 
weight of PDLA and PLLA becomes higher. 
(b) T. Effect. AHc, A H m i ,  and AHmz evaluated from 

the DSC thermograms of D1-L1, D5-L5, and D&L8 
annealed at different Ta's are given in Table VIII. ta was 
10 h for D1-L1 and 100 h for D5-L5 and D&L& In the 
case of D1-L1, only A H m 2  is observed over Ta from 80 to 
180 O C ,  indicating exclusive formation of racemic crys- 
tallites. On the other hand, homocrystallition also occurs 
in D5-L5. As D5-L5 undergoes thermal degradation at  
Ta above 180 OC, the decrease in molecular weight caused 
by thermal degradation at high Ta might have accelerated 
racemic crystallization, resulting in a A H m 2  increase and 
a AHmi decrease at Ta above 180 "C. The D&L8 mixture 
shows a similar dependence of A H m 1  and AH& on Ta above 
180 "C. Formation of racemic crystallites only at high Ta 
may be due to the decrease in molecular weight at high 
T,. Since the reduction of polymer molecular weight due 
to random degradation must be larger for higher molecular 
weight PLA, crystallization of D&L8 may be more greatly 
affected by high-temperature annealing than that of D6- 
L5. 

T m i  and T m z  estimated from the DSC thermograms of 
D1-L1, D5-L5, and D8-L8 annealed at different Tis are 
plotted in Figure 4 as a function of Ta. ta  was 10 h for 
Dl-Ll and 100 h for D5-L5 and D&L8. As is seen, T m z  
of D1-Ll remains constant, independent of Ta. Extrap- 
olation of the straight line to T m  = Ta gives the equilibrium 
melting temperature of the racemic crystallites (pm,). In 
the case of D5-L5, Tm2 is constant below 140 "C, but 
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(a)Dl-Ll 
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220 

T&=226'C 
0 c c c c 
- 

240. 
(c)  D8-L8 

160 1 / 
I / ,  
'100 120 140 160 180 200 220 

Ta, ' C  
Figure 4. Tml (0) and Td (0) evaluated from DSC thermograms 
of equimolar mixtures of PDLA and PLLA as a function of Ta: 

100 h). 
(a) D1-L1 (t ,  = 10 h); (b) D 6 L 5  ( t a  = 100 h); (c) D8-L8 ( t a  = 

slightly decreases with increasing Ta above 140 "C, 
probably because of thermal degradation at  high Ta. 
Extrapolation of Tm2 to Tm = Ta for Ta below 140 OC yields 
226 OC as pm2, which is slightly higher than Tom2 of D1-L1. 
The shorter molecular chain may lower the size of the 
racemic crystallites and increase the crystalline structure 
defects due to a higher concentration of the terminal group. 
In contrast, Tml of D5-L5 increases linearly with an 
increase in Ta, and extrapolation of the experimental data 
to Tm = Ta gives 194 "C as the equilibrium melting point 
of the homocrystallites (e,). In this procedure the data 
for Ta lower than 120 "C were neglected because i t  was 
apparent from DSC curves that recrystallization of the 
homocrystallites occurred during scanning, resulting in a 
higher Tml than the true value (data not shown). The 
estimated pml is lower than 215 "C, which is reported for 
PLLA by Kalb and P e n n i n g ~ . ~ ~  Homocrystallization may 
be hindered by the concomitant racemic crystallites, or 
D5 and L5 with a molecular weight much lower than the 
5.5 X 105 of PLLA employed by Kalb and Pennings might 

240 
(a) Melting Temperature 

160 1 
f(b)Enthalpy of Fusion 

1 

I 
3 x i 0 3  104 io5 106 

Ma" 

Figure 5. Tm1 (e), Tm2 (O), A H m l  (e), and AHm2 (0) evaluated 
from DSC thermograms of equimolar mixtures of PDLA and 
PLLA as a function of M,, (T, = 140 "C, ta = 10 h). 

reduce the size of the homocrystallites, resulting in a lower 

Tml of D&L8 also gives a linear relation with Ta, at  
least above 130 "C as seen from Figure 4c. Extrapolation 
of the straight line to Tm = Ta yields 215 "C as Toml, which 
is in good agreement with the reported value for single 
PLLA (215 0C).43 This suggests that homocrystallization 
of the mixtures of PDLA and PLLA from the melt proceeds 
without any particular interaction between PDLA and 
PLLA, similar to the nonblended PLA melt, so long as 
both PDLA and PLLA have a molecular weight higher 
than 4 X lo5. The data for T, lower than 120 "C were also 
neglected for the same reason as that for D5-L5. 

(e) Map Effect. Figure 5a shows Tm1 and Tm2 evaluated 
from the DSC thermograms of D1-L1, D2-L2, D3-L3, 
D4-L4, D&L5, D6-L6, D7-L7, and D&L8 annealed at  
140 "C for 10 has a function of the arithmetically averaged 
molecular weight of PDLA and PLLA (Mav). The ap- 
proximately constant Tm2 implies that the size of the 
racemic crystallites formed from the melt is independent 
of the molecular weight of PLA. In contrast, Tm1 becomes 
higher with increasing Mav, probably because the size of 
the homocrystallites becomes larger with increasing Mav. 

L5, D6-L6, D7-L7, and DS-LS annealed a t  140 "C for 10 
h are given in Figure 5b as a function of Mav. Apparently, 
AHml increases whereas AHm2 decreases with an increase 
in Mav, indicating that racemic crystallites and homo- 
crystallites are predominantly formed a t  lower and higher 
molecular weight, respectively. The effect of PLA mo- 
lecular weight on the crystallization from the melt is very 
similar to that from casting (solvent evaporation), though 
the critical molecular weight (Mc),  below which only the 
racemic crystallites are formed, is lower for the crystal- 

El. 

A H m 1  and AHm2 of Dl-Ll, D2-L2, D3-L3, D4-L4, D5- 
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Figure 6. Photomicrographs of the equimolar mixture of D1 
and 1.1 a t  different T.'s for different t.'e (XO = 0.5): (A) T. = 
180 "C for 1 h; iH) T. = 1fiO "C for 1 h; (C) T. = 140 "C for 10 
h; (D) T. = 80 "C for 10 h; (E) quenched. 

lization from the melt (6 X 101) than 4 X lo4 observed for 
that from the solution 

2. Morphology of Spherulites. 2-1. Under Con- 
stant  Molecular Weight. (a) ".Effect. Figure6shows 
photomicrographs of the spherulites formed from D1-L1 
with XO = 0.5 annealed a t  different Tis., together with 
the quenched sample. t .  was 10 h for T. between 80 and 
140 "C and 1 h for 7'. of 160 and 180 OC to avoid thermal 
degradation a t  high temperatures. These spherulites are 
composed entirely of racemic crystallites, because the 
above DSC measurements revealed that these annealed 
mixturescontain onlyracemic crystallites. Obviously, even 
thequenched mixture produces spherulitesto suggest that 
nucleation for racemic crystallization proceeds very quick- 
ly. This is in good agreement with the above DSC results. 
The average radius of the formed racemic crystalline 
spherulites markedly decreases withadecrease in T,. The 
spherulites formed a t  180. 160, 140. and 80 "C have an 
average radius of 300,200,100, and 50 pm, respectively. 
The lower density of the crystal nucleus a t  higher T. will 
increase the average radius of the racemic crystalline 
spherulites. As seen from Table V and Figure 6, the 
melting temperature of racemic crystallites (Tm2) is 
independent of the size of the spherulites. 

To compare the morphology of the spherulites of the 
homocrystallites, they were prepared from nonblended 
samples of L1 (XD = 0) and D1 (XD = 1) under the same 
annealing conditions of equimolar Dl-Ll. The photo- 
micrographs of L1 and D1 obtained a t  T. = 140 "C and 
those of D1 annealed at T. from 140 to 80 OC are given in 
Figures 7 and 8. In contrast with the mixture of XD = 0.5, 
no homocrystallite was formed a t  T. above 160 "C as 
expected. T, = 160 OC is very close to Tml of Ll(161 'C) 
and D1 (167 "0. However, large spherulites with an 
average radius of a. 2 mm were formed from L1 and D1 
a t  T. = 140 O C .  The slight difference in size and 
morphology observed between L1 and D1 may be due to 
the difference in &fv and optical purity of the polymers. 
As seen in Figure 8, the average radius of spherulites of 
D1 dramatically decreases from 2 mm (T. = 140 "C) to 10 
pm (7'. = 80 "C). At  7'. = 140 O C ,  the homocrystalline 

Figure 7. Photomicrographs of ningle polymers of D1 and L1 
(T.  140 'C, f. = 10 h): (A)  L1; (B) D1; iC) magnification of 
(AI; (D) magnification of (B). 

Fwure 8. I'hi,ti,mi~r,,gmphsofDlsinglepoIymersannealedat 
various T,'q it. = 10 h) (AI T. = 140 'C; (B) T. = 120 OC: (C) 
T. = 100 O C ,  (D) T. = 80 "C, (E) quenched. 

spherulites have an average radius (Zoo0 pm) that is an 
order of magnitude larger than that of the racemic 
crystalline spherulites (200 pm). This ratio is reversed a t  
T. = 100 "C, probably because the dependence of nucleus 
density of homocrystallites on T. is much stronger than 
that of racemic crystallites. As seen from Table V and 
Figure 8, the melting temperature of the homocrystdites 
of L1 and D1 is independent of the size of the spherulites 
at T. below 120 "C. 

The photograph of the quenched polymer (Figure 8E) 
was taken focusing on an area containing an enormously 
large number of microhomocryatallites compared with the 
normal area in the sample, as no photograph could be 
taken in the normal area because of very low light density 
due to the very low amount of the homocrystallites. This 
is in agreement with the DSC result. 

As for the spherulites of PLLA, Fischer et al. reported 
that annealing of L-rich D.L-lactide copolymer (&fv = (0.8- 
1.0) X 105) containing 3.65% Dunit a t  130 OC from the 
melt resulted in the formation of spherulites having an 
averageradius0f50pm.~ Kalband Penningsalaoshowed 
the formation of spherulites with a radius of 50 pm by 
annealing of PLLA (&fv = 5.5 X 105) at 120 OC from the 
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Figure 9. Photomicrographs of mixtures of D1 and L1 with 
different XD'S (7'. = 140 "C, t. = 10 h): (A) Xo = 0.5; (B) Xo 
0.6; (C, D) XD = 0.7; (E) X O  = 0.8; (F-H) X O  = 0.9. 

melt.43 These radii are of the aame order as those of our 
PDLAspherulitesformed by annealingat 120-C. Further, 
Vasanthakumari and Pennings revealed that well-defined 
spherulites, coarsely grained spherulites, axialities, and 
single crystals were formed from PLLA (&fv = (0.696.9) 
x 105) melt by varying the annealing temperature and 
polymer molecular  eight.'^ The polymer molecular 
weight and melting conditions employed in these inves- 
tigations are different from ours. 

The radius of these PLA racemiccrystalline spherulites 
is of the same order as that of (S)-(-)-PMEPL and (R)- 
(+)-PMEPL reported by Grenier and Prud'homme (500 
pm).19 In theirstudy,spheruliteswereformedataconstant 
rate of temperature decrease from the melt. The size of 
the homocrystallinespherulites of (S)-(-)-PMEPL or (R)- 
(+)-PMEPL was much smaller than that of the racemic 
~rystallinespherulites.~~ When our PLA spherulites were 
allowed to form under a constant rate of temperture 
decrease, the difference in radius between the racemic 
crystalline and the homocrystalline spherulites was very 
similar to that of PMEPL. Annealing under a constant 
rate of temperature decrease gave racemic crystalline 
spherulites with an average radius of ca. 100 pm, which 
was larger than that of the homocrystalline spherulites of 
PDLA or PLLA (about 10 pm) (photographs not shown). 
(b) XD Effect. Figure 9 shows photomicrographs of 

the mixtures of D1 and L1 with various XD'S annealed at 
140 "C for 10 h. As seen from Figure 9A.B the spherulites 
formed at XO = 0.6 have a size dispersion similar to those 
a t  XD = 0.5. These spherulites are also composed of 
racemic crystallites alone, because the DSC measurement 
revealed that the blend of XD = 0.6 contains only racemic 
crystallites. The lower contrast between the light and 
dark regions in the spherulites of XD = 0.6 than those of 

Figure 11. Photomicrographs of equimolar mixture of PDLA 
and PLLA with different M.'s (XD = 0.5, T. = 140 "C, 7'. = 10 
h): (A) D1-L1 (M." = 4.5 X 103); (B) D5-L5 (M, = 4.4 X 10'): 
(C) D&LB (M." = 4.4 x 105). 

XO = 0.5 suggests that the spherulites formed under the 
nonequimolar condition are more defective in crystalline 
structure or more irregular in orientation of the lamellas 
than those formed under the equimolar condition. The 
defect or irregularity of spherulites may also be the reason 
for a lower AHmz at XO = 0.6 than a t  XD = 0.5. At  Xn 
= 0.7, relatively well-ordered spherulites are observed 
together with rather disordered or defective spherulites. 
The latter may contain homocrystallites. Lower Tm2 and 
AHmz a t  XD = 0.7 than a t  XO = 0.5 and 0.6 must also be 
due to irregularity of the crystalline structure or smaller 
size of the respective crystallites composing the spherulites. 
A t  XD = 0.8, most parts (about 1M) pm) become dark with 
very small bright parts (about 10 wo), and spherulites 
cannot be observed. However, large homocrystalline 
spherulitesappearwhenxo becomes0.9. The bright parts 
observed for the mixtures of XO = 0.8 and 0.9 are much 
like the homocrystallites of D1 a t  2'. = 80 ' C .  Thus the 
bright part is likely to he composed mostly of homocrys- 
tallites, whereas the dark part consists of racemic crys- 
tallites. 

The results obtained for XD = 0.6,0.7,0.8, and 0.9 were 
very similar to those for XD = 0.4, 0.3, 0.2, and 0.1, 
respectively, though the mixtures of XD = 0.1 and 0.2 
contained regions composed of racemic crystalline spher- 
ulites in addition to the regions observed for XO = 0.9 
(Figure 9F-H) and 0.8 (Figure 9E), respectively. The 
regionwhichwasformedatXo =O.landcontainedracemic 
crystalline spherulites is given in Figure 10. As seen from 
Figure 10B, the racemic crystalline spherulites (relative 
dark parts) are much disordered and dispersed in the 
homocrystalline spherulites (relative light parts). As the 
molecular weight of L1 is lower than that of D1, higher 
molecular mobility in blends a t  XD = 0.1 and 0.2 than at 
XD = 0.9 and 0.8 may enhance the diffusion of molecules 
toward the growth sites of racemic crystalline spherulites, 
resulting in formation of clear racemic crystalline spher- 
ulites. 

2-2. Under Constant Mixing Ratio (XD = 0.5). 
Photomicrographs of equimolar D1-L1, D5-L5, and D8- 
L8 annealed a t  140 "C for 10 h are shown in Figure 11. 
Spherulites with an average radius ranging from 20 to 100 
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pm are clearly observed for D1-L1, whereas merely alarge 
number of small-sized crystallites are seen for D&L5 and 
D&L& As described above, D1-L1 yields exclusively 
racemic crystallites and D8-L8 only homocrystallites, while 
D5-L5 produces both racemic crystallites and homocrys- 
tallites. The morphology of D 5 L 5  (Figure l lB) ,  com- 
posed of relatively light and dark regions, is very similar 
to that of nonequimolar mixtures of D1 and L1 such as XD 
= 0.8 shown in Figure 9E, though their crystal sizes are 
different from one another. As mentioned above, the light 
and dark parts in Figure 9E may be mostly composed of 
homocrystallites and racemic crystallites, respectively. 
This composition may also be valid for D5-L5. Though 
D8-L8 contains solely homocrystallites, they are not clearly 
observed, probably due to the high molecular weight of 
D8 and L8. 

Concluding Remarks 
The above DSC study revealed that annealing of melt 

blends from PDLA and PLLA resulted in formation of 
large amounts of racemic crystallites as the mixing ratio 
approached 1:l and the molecular weight of both polymers 
was as low as lo3. When the mixing ratio of the melt 
deviated from equimolar blending or the molecular weight 
of the polymer was higher than lo4, both racemic crys- 
tallites and homocrystallites were simultaneously formed. 
Polarizing microscopic observation of the annealed mix- 
tures clearly exhibited that they were composed of 
spherulites. In some cases, crystallization took place 
during scanning for the DSC measurements. The melting 
temperature of the racemic crystallites was independent 
of the size of the spherulites but decreased as the melt 
blend deviated from the equimolar mixing. This may be 
ascribed to a disordered crystalline structure or a smaller 
size of the respective crystallites composing the spherulites 
but not the size of the spherulites themselves. The 
disordered region of the spherulites was likely to contain 
small homocrystallites. 
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