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Summary 

The large d i f f e r ence  in reac t iv i ty  of L- lac t ide  and c -cap ro l ac tone  in r ing 
opening polymerizat ion wi th  s tannous octoate,  leads to the fo rmat ion  of 
copolymers wi th  blocky s t ruc tu res .  By varying the polymerizat ion t empera tu re ,  
copolymers wi th  d i f f e r e n t  average sequence lengths and molecular  weights  can 
be synthesized.  It is shown tha t  the average monomer sequence length has a 
large e f f e c t  on the  the rmal  and mechanical  p rope r t i e s  of these  copolymers.  

Introduction 

Because of the i r  use in biomedical appl icat ions (1,2,3), the  p repa ra t ion  of 
copolymers  and blends of L- lac t ide  and e -cap ro l ac tone  has received much 
a t t en t ion  recent ly .  A main appl icat ion fo r  these  the rmoplas t i c  e l as tomers  
seems to be the degradable  sus ta ined drug re lease  sys tems (1,4). However o ther  
appl ica t ions  such as meniscus p ros theses ,  nerve guides, and burn wound 
coverings are  also feas ib le  (5). Throw-away objects ,  which degrade  in the 
environment  may also be manufac tured  f rom these  polymers  (6,7). In th is  paper  
the e f f e c t  of the polymerizat ion t empe ra tu r e  on synthes is  and p rope r t i e s  of 
these  copolymers  will be discussed.  

Experimental 

Polymerizations 

50/50 copolymers of L- lac t ide  and c -cap ro l ac tone  were  p repa red  by r ing opening 
polymerizat ion in bulk wi th  s tannous  oc toa te  as a ca ta lys t .  L- lac t ide  (CCA, 
The Nether lands)  was r ec rys t a l l i zed  f rom sodium dried toluene, c -Capro lac tone  
(Janssen Chimica, Belgium) was pur i f ied  by drying over CaHz and dis t i l l ing 
under reduced ni t rogen a tmosphere .  To the f resh ly  pur i f ied  monomers,  an amount 
of 1.10 -s mole ca ta lys t  per  mole monomer was added. 
Copolymerizat ions were  conducted in evacuated si lanized glass  ampoules a t  
d i f f e r e n t  t empera tu re s .  

CompressLon Moulding 

Sheets  (3xl0x0.1 cm) were  obtained by compress ion moulding the bulk 
polymerized copolymer samples a t  200 ~ fol lowed by slow cooling and annealing 
fo r  8 hours a t  100 ~ 

CopoL ymer Characters 

The in t r ins ic  viscosi t ies  of the synthesized copotymers were  measured  in 
ch loroform at  25 ~ wi th  an Ubbelohde viscosimeter .  
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Monomer conversion and copolymer composit ion were  de termined by 300 MHz 1H NMR 
of solut ions in deu te ra t ed  chloroform.  Average sequence lengths were  
de termined  by 75 MHz 13C NMR, but i t  was observed tha t  300 MHz 1H NMR also 
showed neighbour e f f e c t s  of e - cap ro l ac tone  at  8=2.4 and 4.1 ppm, allowing the 
calculat ion of e - cap ro l ac tone  sequence lengths  in good accordance to the 13C 
de termina t ions .  
Thermal  p rope r t i e s  were  measured  on a Perkin-Elmer  DSC-7, the 5-10 mg samples 
were  hea ted  at  a r a t e  of 20 ~ per  minute. 
S t r e s s - s t r a i n  behaviour was examined wi th  an Ins t ron  4301 tens i le  t e s t e r .  
Compression moulded samples (4xS0xt mm) were  t e s t ed  at  room t e m p e r a t u r e  a t  a 
c rosshead  speed of 10 mm/min.  
Dynamic mechanical  analysis  was  pe r fo rmed  on a Rheometr ics  RSA-II DMTA. In 
tension mode at  a cons tan t  loading of 50 g, the compress ion moulded samples  
(4x50xl mm) were  subjec ted  to an osci l la t ing s t r a in  of maximum ampli tude of 
0.5g a t  a f requency  of 1 Hz. The heat ing r a t e  was 5 ~ 

R e s u l t s  and  Discuss ion  

Copolymerizat ions of L- lac t ide  and ~-capro lac tone  wi th  co -o rd ina t ion  inser t ion  
ca ta lys t s  a re  cha rac t e r i zed  by a l a rger  reac t iv i ty  of L- lac t ide  (1,8,9). The 
re la t ive ly  high value of L- lac t ide  polymerizat ion enthalpy can be a t t r i bu t ed  
to the  high r ing s t r a in  in the skew boat  conformat ion  of the molecule (10). 
This d i f f e r ence  in reac t iv i ty  is c lear ly i l lus t ra ted  in Figure 1. The 
conversion of 50/50 mix tu res  of both monomers a t  110 ~ is moni tored  as a 
funct ion of time. It can be seen tha t  L- lac t ide  is p re fe ren t i a l l y  polymerized,  
conversion being essent ia l ly  complete a f t e r  48 hours.  The c - cap ro l ac tone  
conversion r a t e  is much lower, and ~-capro lac tone  will be copolymerized a f t e r  
most  L- lac t ide  has been depleted.  This d i f f e r ence  in reac t iv i ty  will lead to 
copolymers wi th  blocky s t ruc tu res .  
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F i g u r e  1: 
L- lac t ide  (o) and e -cap ro l ac tone  (o) conversion during copolymerizat ion at  
110 ~ in the presence  of s tannous oc toa te  
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These blocky s t r u c t u r e s  however,  may be randomized by t r a n s e s t e r i f i c a t i o n  
r eac t ions  (11). The te rmina l  hydroxyl group of a growing polymer chain may 
a t tack  an e s t e r  bond in a chain ins tead of adding a subsequent  monomer by r ing 
opening a lactone e s t e r  bond, especia l ly  as (react ive)  monomers  are  depleted.  
It has been shown, t ha t  increas ing the reac t ion  t ime and t e m p e r a t u r e  r e su l t s  
in an increased ex ten t  of t r a n s e s t e r i f i c a t i o n  (12,13). 
The influence of the polymerizat ion t e m p e r a t u r e  on the p rope r t i e s  of the  
synthes ized  copolymers  is given in Table 1. The t ime needed to achieve almost  
complete conversion is longer a t  lower polymerizat ion t empera tu re s .  Copolymers 
wi th  the  h ighes t  molecular  weights  are  obtained at  the lowest  polymer iza t ion  
temperature. This phenomenon was also observed fo r  L- lac t ide  homo polymers 
(14,15), and may be re l a t ed  to the t empe ra tu r e  dependance of a keto-enol  
t au tomer i sm of lactones  (16). 

T a b l e  1 

I n f l u e n c e  of  t h e  p o l y m e r i z a t i o n  t e m p e r a t u r e  on 5 0 / 5 0  L - l a c t i d e  
and  c - c a p r o l a c t o n e  c o p o l y m e r s  
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Figure 2: 
Carbonyl region of the laC NMR spec t rum of 50/50 P(LLA-~-CL) copolymers  
displaying sequence e f fec t s ,  a) pol. temp. =80 ~ b) pol.temp.=160 ~ 
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The ave rage  monomer  sequence lengths  Lc and EL de te rmined  by mC NMR are  
g r ea t~ ,  inf luenced  by the  po lymer iza t ion  condi t ions.  The carbonyl  reg ion  of 
the  C spec t rum,  F igure  2 ,  is sens i t ive  to  sequence e f f ec t s ,  and a l lows the  
ca lcu la t ion  of ave rage  monomer sequence l eng ths  (13). The ave rage  
e - c a p r o l a c t o n e  sequence l eng th  dec reases  wi th  h igher  po lymer iza t ion  
t e m p e r a t u r e s ,  ind ica t ing  the  f o r m a t i o n  of a more  r andom copolymer.  The 
p resence  of a CLC L- l ac ty l  t r i a d  a t  h igher  t e m p e r a t u r e s  shows t h a t  
t r a n s e s t e r i f i c a t i o n  plays a l a r g e r  ro le  a t  h igher  po lymer iza t ion  t e m p e r a t u r e s .  
The e x t e n t  of t r a n s e s t e r i f i e a t i o n ,  given as the  f r a c t i o n  of CLC t r i ads ,  is 
a lso given in Table  1. 
By p lac ing  a sample  syn thes ized  a t  110 ~ a t  a t e m p e r a t u r e  of  160 ~ f o r  two 
days, i t  was  shown t h a t  t r a n s e s t e r i f i c a t i o n  occurs  p redominan t ly  dur ing  
polymer iza t ion .  The in i t ia l  CLC t r i a d  f r a c t i o n  had not  i nc reased  under  these  
condi t ions .  
Apar t  f r o m  inc reased  t r a n s e s t e r i f i c a t i o n  r e a c t i o n s  a t  h igher  t e m p e r a t u r e s ,  
t he  blockiness  of the  copolymers  may also dec rease  due to  a sma l l e r  d i f f e r e n c e  
in r e a c t i v i t y  of  L - l ac t ide  and e - c a p r o l a c t o n e  a t  h igher  t e m p e r a t u r e s .  
Reac t iv i ty  r a t i o s  were  ca lcu la ted  assuming t e r m i n a l  con t ro l  of lac tone  
addi t ion.  Monomer and copolymer composi t ion a t  low convers ions  were  de te rmined  
by 1H NMR, the  da t a  was  eva lua ted  by the  method der ived by Kelen and TiJd5s 
(17). Our values de t e rmined  a t  80 ~ and I10 ~ t o g e t h e r  wi th  da t a  f rom the  
l i t e r a t u r e  a r e  given in Table  2. 
Although a t  al l  t e m p e r a t u r e s  L- l ac t ide  is more  read i ly  polymer ized  t h a n  
e - c a p r o l a c t o n e ,  an inc rease  in t e m p e r a t u r e  leads to  a dec rease  in the  value of 
the  p roduc t  of the  r e a c t i v i t y  ra t ios .  This  implies the  f o r m a t i o n  of a more 
r andom copolymer.  

T a b l e  2 

R e a c t i v i t y  r a t i o s  o f  L - l a c t i d e  and  e - c a p r o l a c t o n e  copolymerized 
w i t h  s t a n n o u s  o c t o a t e  a t  d i f f e r e n t  t e m p e r a t u r e s  

po 1. t e m p .  
(Oc)  r l - 1  ac  

80  57 .  1 
110 4 2 . 0  a )  
130 3 4 . 7  

a ) d a t a  f rom r e f  . 1 

r e - c l  

0 . 3 9  
0 . 3 6  
0 . 2 4  

r l _ l a  c * r c _ c l  

22.3 
15.1 
8.3 

As may be expected,  copolymers  vary ing  in average  monomer sequence length  show 
qui te  d i s t i nc t  t h e r m a l  and mechanica l  behaviour .  The p r o p e r t i e s  of copolymers  
syn thes ized  a t  110 ~ Copol- l l0 ,  and syn thes ized  a t  80 -C, Copol-80, will  be 
discussed.  
Thermal  ana lys i s  of copolymers  d i f f e r i n g  in b lockiness  is given in F igure  3. 
The DSC scans  were  t aken  a f t e r  compress ion  moulding and annea l ing  a t  100 ~ 
The 5 0 / 5 0  copolymer syn thes ized  a t  110 ~ wi th  Lc=3.7 (A) shows a g lass  
t r a n s i t i o n  t e m p e r a t u r e  a t  Tg=-15 ~ and one a t  55 ~ co r respond ing  to two 
amorphous  phases .  The second one being r i ch  in L- lac t ide ,  shows an  en tha lpy  
recovery  peak (18,19). The me l t ing  endo the rm Tm=102 ~ AH=4.0 ] / g  co r re sponds  
to fus ion  of smal l  and imper fec t  L - l ac t ide  c rys t a l l i t e s .  The a s -po lymer i zed  
m a t e r i a l  was  complete ly  amorphous  and displayed c r y s t a l l i n i t y  only a f t e r  weeks 
of annea l ing  a t  room t e m p e r a t u r e .  
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Copol-80, (B), shows a single Tg at  -39 ~ corresponding to an e - cap ro l ac t o n e  
r ich  phase.  Two melt ing endotherms;  one at  44.3 ~ AH=5.8 J/g, and the o ther  
a t  149 ~ AH=14.8 J /g  can be observed. In th is  case c - cap ro l ac t o n e  sequences 
as well as L- lac t ide  sequences are  able to crys ta l l ize .  An amorphous L- lac t ide  
phase cannot  be detected.  
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Figure 3: 
DSC the rmograms  of 50/50 L- lac t ide  and e -cap ro l ac tone  copolymers 
A: synthes ized  at  110 ~ B: synthes ized at  80 ~ 
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F i g u r e  4: 
S t r e s s - s t r a i n  d iagrams of 50/50 L- lac t ide  and c - cap ro l ac tone  copolymers  
A: synthes ized  at  110 ~ B: synthes ized at  80 ~ 
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Figure 4 shows the stress-strain behaviour at room temperature of these 
copolymers after compression moulding and annealing. The higher average 
monomer sequence lengths and therefore higher crystallinity result in: higher 
initial modulus (84 vs. 5.2 MPa), lower strain at break (480 vs. 880 %), 
higher yield stress (5.0 vs. 1.0 MPa) and higher tensile strength at break 
(iB.2 vs. 9.0 MPa) values for Copol-80 (B) in comparison to Copol-ll0 (A). 
Compression moulded specimens annealed at room temperature for several weeks 
displayed tensile properties comparable to those of samples annealed at ii0 
~ 
The dynamic mechanical behaviour of both materials is shown in Figure 5. The 
measured storage modulus E' and damping tan 8 are given as a function of 
temperature. 
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F i g u r e  5: 
DMTA curves of 50/50 L- lac t ide  and e -cap ro l ac tone  copolymers 
A (--..): syn thes ized  at  if0 ~ B ( ~ ) :  synthes ized  at  80 ~ 
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For both copolymers  the s to rage  modulus at  very low t e m p e r a t u r e s  is 
comparable.  Copol-llO (A) shows a f i r s t  t r ans i t ion  at  -15 ~ cor responding  to 
the g lass  t r ans i t i on  t e m p e r a t u r e  of an amorphous phase consis t ing of L- lac t ide  
and e - cap ro l ac tone  sequences.  A second t r ans i t i on  at  50 ~ due to an amorphous 
L- lac t ide  r ich  phase can also be discerned.  A rapid decrease  in modulus a t  100 
~ can be a t t r i b u t e d  to the melt ing of L- lac t ide  units,  indicat ing a phase 
sepa ra t ed  sys tem cons is t ing  of a rubber  phase and a smal ler  g lassy phase,  plus 
one buil t  up of c rys t a l l i t e s  of L- lac t ide  sequences.  
Copol-80 (B) wi th  longer average sequences,  ~c=5.5, displays d i f f e r e n t  DMTA 
behaviour.  A low t e m p e r a t u r e  glass  t r ans i t ion  at  -50 ~ can be observed at  the 
inf lec t ion point  of the E' curve. The corresponding  tan  3 peak beginning at  
-60  ~ is very broad,  indicat ing a rubbery  phase of broad composit ion.  
Fu r the rmore  the  melt ing of c -capro lac tone  sequences a t  48 ~ and the melt ing 
of L- lac t ide  units  a t  150 ~ can be discerned.  
It can be seen that at room temperature the loss modulus is a factor i0 higher 
than E' of copolymer A, which is in agreement with the stress-strain values. 
The thermal characteristics also agree very well with the DSC data. 
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Conclusions 

The po lymer iza t ion  t e m p e r a t u r e  has  a la rge  e f f e c t  on molecula r  weight  
and ave rage  monomer  sequence lengths  in L- l ac t ide  and c - c a p r o l a c t o n e  
copolymers.  Less  blocky eopolymers  a re  fo rmed  a t  h igher  t e m p e r a t u r e s  due to 
t r a n s e s t e r i f i c a t i o n  r eac t i ons  and a less pronounced d i f f e r e n c e  in r e a c t i v i t y  
of the  monomers .  The t h e r m a l  and mechanical  p r o p e r t i e s  of the  copolymers  a re  
hereby  g r ea t l y  a f f ec t ed .  
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