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Abstract

A high polymer of poly(-lactic acid)(PLLA) is successfully obtained by the melt/solid polycondensatioAdaidtic acid (LA) catalyzed
by a tin chloride dihydrat@ttoluenesulfonic acid binary system. In this process, a polycondensate with a molecular weight of 20,00
first prepared by ordinary melt-polycondensation, crystallized by heat-treatment arou@] 4068 heated at 140 or 1%Dfor 10—30 h for
further polycondensation. A high-quality polymer of PLLA can be obtained in high yield in a relatively short reaction time and its mol
weight exceeds 500,000 Da which is comparable with that of the PLLA obtained by the lactide method but has never been attain
simple melt-polycondensatio® 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction In this paper, therefore, we examined the melt/solid po
condensation of LA in which the melt-polycondensate
Poly(L-lactic acid) (PLLA) is expected to have wide LA was subjected to solid-state polycondensation bel
applications not only as a biodegradable plastic but also asT,, of PLLA. In solid-state, the polymerization reactio
a biomedical material [1-4] because of its excellent can be favored over the depolymerization or other side re
mechanical properties and adjustable hydrolyzability. This tions. Particularly, in the process of crystallization of t
one-component aliphatic polyester has usually been resultant polymer, both monomer and catalyst can be se
prepared by ring-opening polymerization af-lactide gated and concentrated in the noncrystalline part to all
[5,6]. Recently, it has become accepted that the polycon-the polymer formation to reach 100% [9]. Scheme 1 sho
densation of.-lactic acid (LA) can also give PLLA with a  the whole process of this melt/solid polycondensation
significantly high molecular weight [7]. In our former study LA. As a result, the molecular weight of PLLA reache
[8], we succeeded in preparing a high polymer of PLLA by over 600,000 Da in a relatively short reaction time, dem
direct melt-polycondensation of LA by using Sn(ll) strating that the present melt/solid process is comparabl
compounds activated by proton acids as the co-catalysts.ring-opening polymerization.
These binary catalyst systems were quite effective in
conducting the polycondensation without serious racemiza-
tion and discoloration of the resultant polymer, whose mole- 2. Experimental
cular weight reached about 100,000 Da. However, when the
melt-polycondensation was conducted ab®yef PLLA at As described in our former paper, LA was dehydrat
reduced pressure, the polymer yield became about 60%into oligo(L-lactic acid) (OLLA) whose degree of polymer
relative to the starting LA because of the evaporation of ization (DP)was 8.0 on an average. It was mixed with tin(l
lactide formed by the ringiélactide)/chain (PLLA) equili-  chloride dihydrate (Sng) (0.4 wt% relative to OLLA) and
brium. Furthermore, the molecular weight remained around p-toluenesulfonic acid (TSA) (an equimolar ratio to SyCl
100,000 Da, being much lower than that of the PLLA Then, the mixture was heated to 280under mechanical
obtained by the ring-opening polymerization odactide. stirring. The pressure of the reaction system was redu
stepwise to 10 Torr in 1 h, at which pressure the reacti
* Corresponding author. Tel+81-75-724-7804; fax+-81-75-712-3956.  Was continued for 5 h. At the end of this reaction, the pol
E-mail addressykimura@ipc.kit.ac.jp (Y. Kimura). condensate was cooled down to form a white solid. It w

0032-3861/01/$ - see front matt€r 2001 Elsevier Science Ltd. All rights reserved.
Pll: S0032-3861(00)00889-2



5060

S.-1. Moon et al. / Polymer 42 (2001) 5059-5062

Table 1
Typical results of the melt/solid polycondensation at various stages (rat detected)
Step Time Temp. Vacuum  Polymer M,,° My/M,° TS Tt Crystallinity®
(h) (°C) (Torr) recovery (%) (10* Da) (°C) (°C) (%)

Melt-polycondensatioh 5 180 10 96 13 1.9 48 157 53
Heat-treatmerit 1 105 0.5 97 1.6 1.6 nd 159 63

2 105 0.5 96 15 15 nd 158 66
Solid-state polycondensatibpn 10 150 0.5 88 32 34 nd 178 85
Solid-state polycondensatibn 10 150 0.5 89 26 4.7 nd 179 89

2 Based on OLLA.

Measured by DSC (heating rate:°@dmin).

Based on enthalpy of fusion; measured by DSC (first scan).
For OLLA (20 g) with SnC}-2H,0 (60 mg) and TSA (50 mg).
For the melt-polycondensate (ca. 4 g).

9 After the heat-treatment for 1 h.

" After the heat-treatment for 2 h.

b
c
d
e

f

Determined by GPC relative to polystyrene standards with chloroform as the eluent.

then crushed into granules and evenly divided into four test extend up to 10C, the melt-polycondensate was heat-

tubes. Each tube was preheated at°@for 1 or 2 h in

treated at 10%C for 1 or 2 h for its crystallization. The

vacuo. During this preheating, the product was crystallized polycondensate obtained after this heat-treatment became
and became resistive to fusion even when heated at a highecrystalline and did not reveal a crystallization exotherm in
temperature. Then, solid-state post-polycondensation wasits DSC curve, showing a clear melting endotherm atC58

continued at 15U at 0.5 Torr. At 10 h intervals, each one

The crystallinity of the polycondensate was 29 and 30%

of the tubes was opened and the product was subjected tafter 1 and 2 h of heat-treatment, respectively, as deter-

various analyses in its as-formed state.

3. Results and discussion

mined from the heat of fusion [10]. Since the heat-treated
polycondensates did not melt up to 260 the solid-state
post-polycondensation was conducted at’Cofor a differ-

ent length of time (10 h) to obtain a high polymer without
discoloration. Fig. 1 shows the changes in the molecular

Table 1 shows the polymerization results at various stagesweight (open marks) and the crystallinity (closed marks)

of the melt/solid polycondensation. After the melt-polycon-
densation of OLLA, an amorphous PLLA product with a
molecular weight of 13,000 Da was obtained in high yield

of PLLA as a function of the reaction time at the solid-
state post-polycondensation. In both polycondensates that
had been heat-treated for 1 and 2 h, the molecular weight

(>99%). The DSC thermogram of this melt-polycondensate reached the highest molecular weight after 20 h in reaction

showed a clear crystallization exotherm around°f0@s
well as a broad melting endotherm of the PLLA crystals
at 135—-160C. Both peak temperatures were significantly
lower in comparison with those of the ordinary PLICA, =
13C0°C, T, = 170-18C0°C) because of its low molecular
weight. Since the crystallization exotherm was known to

Melt-state

1 st step 2 nd step
CHs CHs Cat. CHs
HOCH—ICI:—OH o H{OCH—%:}OH S H<OCH—(I'.I‘.>OH
o 150°C 1 180°C o’m
(OLLA) (PLLA)
1=8
Solid-stat
3 rd step
Crystallization < CHa >
HtOCH-C-OH
Tc o’n
Scheme 1.

time, but decreased sharply beyond 20 h. The highest mole-
cular weight of 670,000 Da was obtained for the sample that
was heat-treated for 2 h. A comparison of this result with the
changes in the crystallinity of PLLA reveals that the
increase in crystallinity is parallel to the increase in mole-
cular weight [10]* When the reaction time was over 20 h,
the crystallinity decreased significantly, as did the molecu-
lar weight.

The GPC curve of the intermediate melt-polycondensate
showed a broad curve around 13,000 Da in molecular
weight while that of the polycondensate heat-treated for
2 h showed a curve in a higher-molecular-weight region
(~15,000 Da). As the solid-state post-polycondensation
progressed, the main GPC peak shifted to the higher-mole-
cular-weight region. Besides the main peak, a small peak

! The crystallinity was evaluated by the heat of crystal fusion measured
by DSC according to the theoretical heat of fusion (203.4 J/g) of the ideal
PLLA crystals reported before [10]. This value was estimated from the
melting endotherm appearing at 1684
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Fig. 1. Changes in the molecular weight (open marks) and the crystallinity
(closed marks) of PLLA as a function of the reaction time in the solid-state
post-polycondensation (Sni2H,O/TSA=1.0, 150C, 0.5 Torr) for the

melt-polycondensates heat-treated for 1 h (circles) and 2 h (triangles). Scheme 2.

also appeared at a relatively lower-molecular-weight region. unknown, the polymer terminals can be concentrated in
This bimodal nature suggests that the chain elongation hadamorphous region and connected with each other effectiv
proceeded in a heterogeneous manner while allowing theby esterification. The polymer chains thus elongated
crystallization of the polymer. The polycondensation participate in crystallization around the crystal-amorpho
system of LA involves two thermodynamic equilibria: the borders. The polymer chains held in the initial crystals ha
dehydration/hydration equilibrium for ester formation and difficulty in reacting with the neighboring chains and remal
the ring/chain equilibrium for lactide formation (Scheme 1). as the relatively low-molecular-weight parts that we
In our melt-polycondensation method the former dehydra- observed by the bimodal GPC curves. The increase in ¢
tion reaction was successfully activated by the catalysis of tallinity can continue until the crystallinity exceeds 43-45
the SnC}—TSA binary system (1:1 in molar ratio) without [10].! At this stage, the ester-forming rate among the pol
being accompanied by serious discoloration of the poly- mer terminals becomes too slow and the intramolecu
meric product. However, the long-time heating in the melt ester-exchange reaction may overcome the chain exten
state of PLLA induced lactide formation and relevant poly- to form the cyclics together with the linear fragments. Th
mer decomposition rather than polycondensation, and theprocess can reasonably be supported by the obse
DP of PLLA reached a plateau (around 100,000 Da in mole- decrease in molecular weight and crystallinity of the pol
cular weight) in the later stage. In the present method, the condensates obtained after heating for a period of ti
PLLA product obtained in the middle stage of melt-poly- exceeding 30 h.
condensation was subjected to solid-state post-polyconden-

sation around th&, of PLLA to continue the dehydrative

polycondensation. At this reaction temperature, lactide 4 conclusions
formation and other side reactions could efficiently be

suppressed because the reaction equilibrium declined in  Melt/solid polymerization of LA was carried out by hea
the direction of polymer formation. In fact, a colorless ing the low-molecular-weight polymer (melt-polyconde
product with highTy, (187C), for which no racemization  sate) at temperatures aboWg, yet below T,, of PLLA.

was detected by’C NMR spectroscopy, was obtained in a The characteristics of this method are that a high-qual
yield of around 90%. Furthermore, the crystallization of the polymer can be obtained in high yield in a relatively sh
polymer chains could effectively undergo the segregation reaction time and that the molecular weight of PLL
and concentration of the polymer tails and catalyst in the exceeds 500,000 Da which has never been obtained by
amorphous parts with the enhancing of polycondensation. simple melt-polycondensation of LA. This direct proce
Although the reaction rate is usually slowed down in such can be a new route to the synthesis of the high polymer

solid-state reactions, the present dehydration reaction waspLLA, and an even alternative to the currently adopt
not significantly hindered by the increase in crystallinity. |actide method.

This should be attributed not only to the high activity of

our binary catalyst even at low temperature but also to the

high mobility of the PLLA chains in the amorphous phase. Raterences
Scheme 2 shows a plausible mechanism of the solid-state

post-polycondensation of PLLA catalyzed by the binary 1} pofiman As. 3 Appl Polym Sci Appl Polym Symp 1997:1:313-34.
catalyst. Although the structure of the catalytic site is still [2] Bastioli C. Macromol Chem Macromol Symp 1998;135:193—204.
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