
Eur. Polym. J. Vol. 25, No. 6, pp. 585-591, 1989 0014-3057/89 $3.00+0.00 
Printed in Great Britain Pergamon Press plc 

POLYLACTONES--18. POLYMERIZATION OF L,L-LACTIDE 
WITH Sn(II) AND Sn(IV) HALOGENIDES 

HANS R. KRICHELDORF and  MOVITA SUMBEL 
Institut fiir Technische und Makromolekulare Chemie der Universit/it, Bundesstr. 

45, D-2000 Hamburg 13, B.R.D. 

(Received 19 August 1988) 

Abstract--Bulk polymerizations of L,L-lactide initiated with SnC12, SnBr2, SnC14 or SnBr 4 were conducted 
at various temperatures. No racemization was found in the range 100-160 ° despite long reaction times 
(48 hr). At 180 ° the reaction time needs to be shortened to a few hours to avoid racemization. The absence 
of racemization at such high temperatures is a clear indication of a non-ionic insertion mechanism. The 
highest number-average molecular weights ()h~, = 50,000) were obtained with SnBr 4 and SnC12. The 
molecular weights were essentially independent of the monomer/initiator ratio, yet they increased with 
the purity of L,L-lactide. With intensively purified, reactants -~ns up to 105 may be obtained. Lactic acid 
or its linear dimer, which were detected by ~H-NMR spectroscopy as contaminants of L,L-lactide, 
obviously play the role of co-initiators. It is also demonstrated that traces of HBr or HC1 do not initiate 
cationic polymerization of L,L-lactide. 

INTRODUCTION 

Tin(II)  and  t in(IV) salts, in par t icular  Sn(II) octoate  
and  SnCI4, are well known  as good catalysts of  the 
polymeriza t ion of  L,L-lactide [1-7]. Most  au thors  
seem to believe tha t  these catalysts initiate a cat ionic 
polymerizat ion,  yet exper imental  evidence for such 
a mechan ism has  not  been presented so far. In a 
previous paper  [8] it was demons t ra ted  tha t  weak 
Lewis acids such as a luminium,  tin or zinc alkoxides 
init iate a non- ionic  inser t ion mechanism.  In ano the r  
par t  of  this series [9], it was shown tha t  s t rong Lewis 
acids (such as b o r o n  t r ibromide,  a lumin ium tri- 
bromide,  t i t an ium and  tin te t rabromide)  react 
with 6-valerolactone or e -caprolac tone  by ring- 
opening  with b romine  transfer.  Fur the r  chain  growth 
seems again  to proceed according to an inser t ion 
mechan ism involving the initially formed m e t a l -  
oxygen bond.  The present  work was aimed at 
s tudying polymerizat ions  of  L,L-lactide ini t iated by 
Sn(II) or Sn(IV) halogenides.  Both  mechanist ic  and 
preparat ive  aspects are considered. 

EXPERIMENTAL PROCEDURES 

Reagents: L,L-lactide was a gift of Boehringer (D-6507 
Ingelheim). It was recrystallized from ethyl acetate (distilled 
over calcium hydride) and dried over P4Ot0 in vacuo. SnC12, 
SnBr2, SnC14 and SnBr 4 were purchased from Aldrich 
(St Louis, Mo., U.S.A.) and used without further 
purification. All reaction mixtures were prepared in a glove- 
box under N 2 dried with P40~0. 

Polymerization (Tables 14 ,  [8, 9]) 

All polymerizations were conducted in 50 ml Erlenmeyer 
flasks with ground glass-joints and glass-walls silanized with 
dimethyldichlorosilane. A sample (50 or 100mmol) of 
L,L-lactide was weighed into the reaction vessel and the 
initiator was then added in the form of an 1 M solution in 
dry CH2CI 2. The reaction vessel was closed with a glass 
stopper and steel spring and completely immersed into a 
thermostated oil bath. The reaction product was dissolved 

in 100-150ml CH2C12 and precipitated in 1.21. of cold 
methanol. The precipitated polylactide was isolated by 
filtration and dried at 40 ° in vacuo. 

Polymerizations with methanol as co-initiator 

A 2 M solution of dry methanol in dry CH2C12 was added 
to an 1M solution of SnBr4 or SnC14 in CH2C12, so 
that ratios of 1:5 or 1:10 (methanol/Sn) were obtained. 
The resulting reaction mixtures were immediately used as 
initiators. 

Measurements 

Inherent viscosities were measured in CH2CI 2 with an 
Ubbelohde viscometer at 25 °. The intrinsic viscosities were 
measured in CHCI3 at 30 °. 

GPC measurements were performed by means of a 
sequence of four different Ultrastyragel ~ columns. The 
molecular weights were calculated by means of a universal 
calibration curve based on polystyrene standards the intrin- 
sic viscosities of which were determined in CH2C12 at 
25 °. The weight-average molecular weights (Mw) were calcu- 
lated from the maxima of the elution curses, thus slightly 
underestimating the true A3ws. 

The optical rotations were measured at 25 ° on a 
Perkin-Elmer Md 241 polarimeter in 1 ml sample tubes of 
10 cm length. The 100 MHz ~H-NMR spectra were obtained 
on a Bruker AC-100 in 5 ml o.d. sample tubes. A sample 
(50 mg) of polylactide was measured in 1 ml CDCI 3 contain- 
ing TMS as internal standard. The 360MHz IH-NMR 
spectra were obtained similarly on a Bruker AM 360. 

RESULTS AND DISCUSSION 

Preparative aspects 

All polymerizat ions of  L,L-iactide were conducted  
in bulk, (i.e. wi thout  solvent) for the following rea- 
sons. First, under  these condit ions,  high convers ions  
are expected after shor t  react ion times so tha t  the risk 
of  racemizat ion is minimized. Second, a compar i son  
of  Sn(II) and  Sn(IV) halogenides canno t  be conduc-  
ted in solut ion because Sn(II) halogenides are 
insoluble in all inert  organic solvents. Third,  
polymerizat ions  in the mol ten  state are advantageous  
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Table I. Bulk polymerizations of  L,L-lactide with SnBr 4 or  SnCl 4 with variation o f  
reaction temperature (48 hr, initial monomer/ ini t ia tor  ratio = 200: I) 

the 

Temp.  Yield ~/i~h b )~,¢ ATw d 
No. Initiator (°C) (%) [~t]]°s ~ (dUg) (vise.) (GPC) 

1 SnBr 4 100 96 - 157 0.66 25,000 38,000 
2 SnBr 4 120 98 - 168 0.54 22,000 48,000 
3 SnBr 4 140 95 - 163 0.55 23,000 39,000 
4 SnBr4 160 91 - 155 0.46 16,000 28,000 
5 SnBr 4 180 61 - -  0.10 2000 - -  
6 SnCI 4 100 93.5 - 165 0.35 11,000 - -  
7 SnCI 4 120 96.5 166 0.34 14,000 42,000 
8 SnCI 4 140 86 - 160 0.54 16,000 66,800 
9 SnCI 4 160 84.5 - 156 0.40 13,000 43,000 

10 SnC14 180 20 - -  0.11 1800 <2000 

~Measured with c = 10 g/l in dichloromethane at 25 °. 
bMeasured with c = 2 g/1 in dichloromethane at 25 °. 
~Calculated from the intrinsic viscosities in CHCI 3 at 30 ° and It/] = 2.21.10 4 x Mn °''m 

(Ref. [141). 
dDetermined in CH2C12 at 25 ° with polystyrene standards and universal calibration. 

Table 2. Bulk polymerizations of  L,L-lactide with SnC14 or SnCI2 with variation of  the 
reaction temperature (48 hr, initial monomer/ ini t ia tor  ratio = 200:1) 

Temp.  Yield ~/inh a h,7,' A,Tw * 
No. Initiator (°C) (%)  [~tl]°s a (dl/g) (vise.) (GFC) 

I SnBr 2 100 94 - 163 0.75 30,800 71,300 
2 SnBr 2 120 95 - 1 6 5  0.74 30,100 75,900 
3 SnBr 2 140 97.5 - 165 1.00 45,600 80,800 
4 SnBr 2 160 90 - 1 6 2  0.43 12,700 38,200 
5 SnBr 2 180 76 - 143 0.16 <4000  < 3000 
6 SnCI 2 100 81 - 164 0.92 42,000 78,300 
7 SnCI 2 120 94 - 163 1.12 50,500 90,000 
8 SnCI 2 140 96 - 163 0.65 24,200 72,000 
9 SnC12 160 89 - 162 0.46 17,700 35,600 

10 SnCI 2 180 46 - 1 1 0  0.14 <2500 <3000 

'Footnotes  as for Table 1. 

for copolymerizations of L,L-lactide and glycolide 
because blocks of the more reactive glycolide tend to 
precipitate from solution. Copolymers of lactide and 
glycolide are of interest for various pharmaceutical 

Table 3. Bulk polymerizations of  L,L-lactide with SnBr 2, SnBr4 with 
variation of  the reaction time (180 °, initial monomer/ ini t ia tor  

ratio = 200:1) 

Time Yield ~/inh a 

No. Initiation (hr) (%)  (dl/g) [~t]~°s b 

1 SnBr 2 1 98 0.88 - 159.2 
2 SnBr 2 2 93 0.53 - 162.0 
3 SnBr 2 4 92 0.54 - 160.7 
4 SnBr 2 8 92 0.33 - 160.3 
5 SnBr2 24 90 0.25 - 152.8 
6 SnBr 2 48 76 0.16 - 143.0 
7 SnBr4 1 79 0.78 - 159.1 
8 SnBr~ 2 91 0.78 - 161.0 
9 SnBr4 4 92 0.54 - 159.0 

10 SnBr 4 8 94 0.54 - 160.6 
11 SnBr~ 24 88 0.22 = 155.8 
12 SnBr~ 48 61 0.11 Not  measurable 

*Measured with c = 2 g/l in CH2CI 2 at 25 °. 
bMeasured with c = 10g/l in CH2CI 2 at 25 °. 

or medical purposes, and the reaction conditions 
optimized in this work for homopolymerizations 
should also be useful for copolymerizations. 

A crucial point for a successful polymerization of 
r,r-lactide is the optical purity. A first series of  
polymerizations was designed to study the combined 
influence of initiator and temperature on optical 
purity. The results in Tables 1 and 2 show that all 
initiators allow racemization-free polymerizations of 
r,L-lactide at temperatures up to 160 °. At 180 ° partial 
racemization was found along with a significant 
reduction of the molecular weights when a long 
reaction time (48 hr) was used (Tables 1 and 2). 
For the more acidic initiators SnCI4 and SnBr4, the 
resulting polylactide obtained at 180 ° had a dark 
colour so that the optical rotation could not be 
measured. 

In a second series of polymerizations initiated by 
SnBr: and SnBr4, the time-dependence of  the optical 
purity was investigated. The results summarized in 
Table 3 demonstrate that even at 180 ° racemization- 

Table 4. Bulk polymerization of  L,L-lactide with SnBr 4 at 150 ° with variation of  
the initial monomer/ ini t ia tor  ratio (M/I)  

Time Yield ~/i.h' h'Tn' ~ *  
No. M/I  (hr) (%)  [~t]~°s ' (dUg) (visc.) (GPC) 

1 100:1 48 98 - 1 5 6 . 5  0.60 21,000 57,000 
2 150:1 48 98 - 163.5 0.66 24,000 67,000 
3 200:1 48 97 - 1 6 5 . 5  0.65 24,000 63,000 
4 400:1 48 95 - 166.5 0.58 20,000 56,000 
5 100:1 96 93 --160.5 0.67 23,000 65,000 
6 150:1 96 93 - 1 6 2 . 5  0.63 21,000 62,000 
7 200:1 96 98 - 1 6 2 . 0  0.64 21,000 59,000 
8 400:1 96 93 - 160.0 0.58 19,000 51,000 

"Footnotes as for Table I. 



P o l y m e r i z a t i o n  

Table 5. I H - N M R  chemical shifts 6 (ppm, relative to internal T M s )  
of  lactic acid and its derivatives measured in CDC13 

Chemical  shift 
C~ C a 

4.478 

H3C __ CH ttOH ) CO2H 4.408 1.515 
4.339 1.445 
4.269 

4.341 
4.269 1.449 

H a C - -  CH (OH)  CO2C2 4.198 1.380 

4.127 

4.354 
4.275 1.724 

HaC - -  C H C I - -  CO2CaHs 4.204 1.655 

4.133 

4.335 

H ~ C - - C H  • B r - - C O 2 C 2 H  5 4.267 1.857 
4.196 1.788 
4.125 

CH3 

I 
/ o - - c . \  5.)97 

5.130 
OC CO 

5.063 

C H - -  O / 4.997 

I 
Ctt3 

[° Hc°13 j 526 
5.207 

CH / 5.136 
5.067 

1 . 6 9 3  
1.627 

1 . 6 1 6  
1.545 

o f  L ,L- lac t ide  587 

free polymerizations can be performed, provided the 
reaction time is reduced to a few hours. Because such 
short reaction times suffice to bring about yields 
>95% and MnS up to 50 x 103, the long reaction 
time used for polymerizations of Tables 1 and 2 
are not required for preparative purposes at 180 ° . 
In contrast the data of Table 3 prove that long 
reaction times reduce not only the optical purity but 
also the molecular weight. At 160 ° and lower reaction 
temperatures, degradation by "back-biting" does not 
take place. The GPC measurements of the reaction 
mixtures do not reveal any cyclic oligomer (Fig. !). 
What kind of degradation takes place at 180 ° and 
how the degradation depends on structure and 
concentration of the initiator will be reported in a 
later paper. 

The results obtained at 100-160 ° (Tables 1 and 2) 
show that the molecular weights depend on the 
nature of the catalyst. The best results were obtained 
with SnCI 2 and SnBr4 and the worst with SnCI4. In 
order to study the influence of the initiator concen- 
tration on the molecular weight, a third series of 
polymerizations was conducted a 150 ° with SnBr4. 
The results in Table 4 demonstrate that the molecular 
weights are almost independent of the monomer to 
initiator ratio (M/I). A mechanistic explanation of 
this result is discussed below. It is worth noting that 
Sn(II) halogenides of commercial purity and a once- 
recrystallized L,L-lactide enable the synthesis of 
poly(L-lactide) with -Mn up to 50 x 103 and At"w in the 
range 80-100 x 103. In the opinion of the authors, the 

Table 6. Bulk polymerizations of  L,L-lactide conducted at 120' (24 hr) with 
SnBr 4 or SnCl4 under variat ion of  the monomer/ in i t ia tor  (M/I)  ratio 

Yield r/i.h b /Qn c 
No. Init iator M/I  (%)  [~]~°8~ (dl/g) (vise.) 

1 S n B r  4 1 : I 98 - 146.0 0.45 14,500 
2 SnBr 4 2:1 99 - 1 5 2 . 0  0.50 17,000 
3 SnBr 4 5: I 99 - 158.0 0.56 19,000 
4 SnBr 4 10:1 97 - 163.0 0.56 20,000 
5 SnBr 4 50:1 98 - 1 5 9 . 5  0.57 19,000 
6 SnC14 I : 1 46 - -  0.08 - -  
7 SnCI a 2:1 55 - -  0.07 - -  
8 SnC14 5:1 67 - -  0.09 - -  
9 SnCI 4 10: I 89 0.16 - -  

10 SnCI 4 50:1 95 - 160.5 0.34 - -  

aMeasured with c = 10 g/l in dichloromethane at 2 5 .  
bMeasured with c = 2 g/l in dichloromethane at 25 °. 
¢Calculated f rom the intrinsic viscosities in C H C L  

[t/] = 2.21.10 _4 x ~t°n~7 (Ref. [14]). 
at 30: and 

Table 7. Bulk polymerizations of  L,L-lactide at 120/48 hr (M/I  = 100:1) 

Purity of  Yield ~/inh ~ Retention time b 
No.  Init iator L,L-lactide (%)  (dl/g) (rain) 

1 SnBr4 crude 99.0 0.48 23.85 
2 SnBr 4 1 x recrystallized 95.0 0.85 22.57 
3 SnBr 4 3 × recrystallized 96.0 1.40 c 22.22 
4 SnCl 4 crude 96.5 0.47 23.72 
5 SnCI 4 l x recrystallized 96.5 0.49 23.70 
6 SnCl 4 3 x recr)stallized 97.0 0.55 23.50 
7 SnBr 2 crude 95.5 0.32 24.30 
8 SnBr 2 1 x recrystallized 96.0 O41 23.90 
9 SnBr 2 3 × recrystallized 95.5 0.56 22.70 

l0 SnCI:  crude 97.0 0.34 24.30 
11 SnCI 2 1 x recrystallized 96.5 0.68 22.90 
12 SnCI2 3 x recrystallized 97.0 0.87 22.60 

Influence of  m o n o m e r  purity on the molecular weight. 
aMeasured with e = 2 g/I in dichloromethane at 25 °. 
bMeasured in dichloromethane at 2Y'. 
ch~, = 90,000 calculated f rom the intrinsic viscosity in CHCI  3 at 3 0  and [r/] = 2.21 • 10 4 × ~0.77 

(Ref. [14]). 
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Polymer 

/ 
2'0 z'5 3'0 3'5 

t ime (rain) 

Fig. 1. GPC elution curve of the reaction mixture obtained 
from L,L-lactide and SnBr 4 (M/I = 200: I) after 96 hr at 160 °. 

methods used here for the calculation of 3~'~ and ATt w 
are not accurate enough to allow detailed discussion 
of the molecular weight distribution and its relation 
to the polymerization mechanism. Nonetheless, it 
is satisfactory to find ~w/.~t o ratios of the order of 
2-3 under conditions allowing transesterification 
processes. Similar M~/M~ ratios were reported for 
tetraphenyltin initiated bulk polymerizations of 
D,L-lactide [10]. 

Endgroup analyses 
As reported previously, 5-valerolactone and 

E-caprolactone react with acidic metal bromides (e.g. 
BBr3, AIBr~, TiBr4, SnBr4) in such a way that the 

Br 3 Sn~Br 

O 
II 

(CH2)n) 

I~ B r a S n ~ O ~ C O ~  (CH2)n ~ Br 

C1) 

W 

H3C-CH--C x , 
~ , ' OIH OCH2-CH3 

i y b .0 
' H3C-CH--C~ v w 

, i El ! ",OCH2__CH3 

= c / / 0  
II J i l l  H3C--CH--C,,, , ,, 

4.5 1.5 ~.o o.5 o.o 
( p p m l  

Fig. 2. 360MHz ~H-NMR spectrum of a mixture of 
ethyl lactate, ethyl-ct-bromopropionate and ethyl-~t- • 

chloropropionate measured in CDCI 3. 

ring cleavage involves transfer of a bromine atom 
(equation l). The ring scission is then followed by 
a non-ionic insertion mechanism, which consists of 
at least two steps: (1) complexation of the lactone 
via its carbonyl oxygen (equation 2); (2) ring- 
opening of the lactone by the highly reactive 
metal-oxygen bond (equation 3). It is characteristic 
for this reaction sequence that oligoesters or 
polyesters are formed containing - -CHE--Br  end- 
groups in addition to ~ H 2 - - O H  and - -CO2H 
endgroups [9]. 

These results demonstrate that a successful eluci- 
dation of the polymerization mechanism requires 
unambiguous identification of endgroups. For  oligo- 
lactides, elemental analyses may allow detection of 
CH---C1 or CH- -Br  endgroups, yet this method is 
not suited for higher molecular weights. As described 
for other polylactones [8,9, l l], high resolution 
'H-NMR spectroscopy may yield satisfactory results 
even for higher molecular weights, provided that 
suitable model compounds are available. For the 

• present work ethyl lactate, ethyl 2-chloropropionate 
and ethyl 2-bromopropionate served as models of 
endgroups. Their chemical shifts along with those of 
L,L-lactide and poly(L-lactide) are listed in Table 5. 

BraSn--OR 

(CH2)n 

+ OC 0 

OR 
I 

= BrzSn .... O'~" C - ~ .  (2) 

OR 
I 

Br 3 Sn .... 0----'- C 

I (CH2)n 
o_../ 

~-~ B r 3 S n ~ O ~ ( C H z ) n - - C O - - O R  (3) 
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b jib 

lib HO_ CH--CO-I-O--CH--COJ,- OH I I 

°Ji 

I I I ] I I I I I I I I I I I I I 1 I I I I I l b l  I I I I 

5.0 L.O 3.0 2.0 . 0.0 
6(ppm) 

Fig. 3. 100 MHz ~H-NMR spectrum of a SnBr:initiated 
poly(L-lactide), (Table 6, No. 4) measured in CDC13 after 
precipitate from methanol (A), and the same solution after 

addition of trifluoroacetic anhydride (B). 

These shift data and the ~H-NMR spectrum of 
Fig. 2 demonstrate that all three kinds of endgroups 
can be distinguished from each other and from t h e  
monomeric units of the polymer chain. 

In order to achieve more reliable differentiation 
between OH and halogen endgroups, the spectro- 
scopic effect of addition of phenylisocyanate or 
trifluoroacetic anhydride was studied. Figure 3A 

displays the typical tH-NMR signal pattern of a 
polylactide with OH endgroup. Addition of phenyl- 
isocyanate or other acylating reagents causes acy- 
lation of the OH endgroup with the consequence that 
their ~H-NMR signals shift downfieid and overlap 
with the signals of the backbone units (Fig. 3B) 
[10, 11]. This shift effect is, of course, not observable 
for Br or CI endgroups. 

Mechanistic aspects 

In order to elucidate the first step of Sn haiogenide 
initiated polymerizations of lactide, several poly- 
merizations were conducted with extremely low M/I 
ratios (Table 6). These polymerizations were designed 
to yield oligomers which would allow easy character- 
ization of endgroups. When SnCl 4 was used as 
initiator, low molecular weight polylactide could 
indeed be isolated (Table 6, Nos 6-9), yet chloride- 
containing endgroups were not detected either by 
elemental analyses or by IH-NMR spectroscopy. 
With SnBr4 as initiator, relatively high molecular 
weights were obtained in all experiments (Table 6, 
Nos 1-5). It is of particular interest that the molecu- 
lar weights are nearly independent of the initiator 
concentration, in good agreement with the results 
listed in Table 6. Another important result of these 
polymerizations is the identification of OH end- 
groups in all polylactides isolated from the experi- 
ments of Table 6 (Fig. 3A, B). Bromine-containing 
endgroups were never found. These findings allow 
two important conclusions. First, the initiation step 
is not identical with that found for 6-valero or 

-caprolactone (equation 1). Second, the propagation 
step is identical; it involves a Sn-oxygen bond which 
after hydrolysis (or methanolysis) yields the OH 
endgroups (equation 4). 

CH 3 
I 

X3Sn ~ 0 ~  C I t - -  CO ~ Pot 

CH3 

+ CH~OH I 
~'~ X3SnOCH 3 + HO~CH--CO~._~po[ (4) 

Ss )[ 
I ~  CH3 ~ 1  t 

0 ~ CH ~ CO 
(1 2 

SS CHs 
I li .o_ c ,_co_x 

i i 
5.0 4.5 4,0 

(pprn)  

Fig. 4. 360 MHz ~H-NMR spectrum of crude L,L-lactide measured in CDCI 3. 
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The absence of an initiation step according to 
equation 1 not only agrees with the absence of 
halogen-containing endgroups, it also fits in with the 
independence of the molecular weights of the M/I 
ratio. Obviously the secondary carbon of the lactidyl 
unit is less sensitive to nucleophilic attack of a 
bromide than the primary carbon of a lactone. At this 
point the question arises which reaction is responsible 
for the initiation. The most obvious explanation was 
to assume that an OH-containing contaminant of the 
monomer reacts as co-initiator. However, 360 MHz 
~H-NMR spectra with high signal-to-noise ratio ex- 
clusively revealed lactidyl units with OH and CO2 H 
endgroups. The only contaminants that might be 
present in L,L-lactide and fit in with all observations 
are water, lactic acid and its linear dimer, lactidyl 
lactic acid. 

In order to check the above hypothesis, the follow- 
ing steps were taken. L,L-lactide samples with three 
degrees of purity were prepared and investigated: (A) 
crude monomer, (B) once recrystallized monomer 
and (C) three times recrystallized L,L-lactide. 
360MHz JH-NMR spectra of the crude monomer 
revealed weak signals of lactidyl units that agree with 
the signals of  lactic acid (Fig. 4 and Table 7). 
Additional signals (1,2 and 4.0 ppm) of an unidenti- 
fied lactic acid derivative were also found. However, 
these impurities could not be detected in recrystal- 
lized lactide. Furthermore, numerous polymeriza- 
tions were conducted with L,L-lactide samples of 
various purities (Table 7). The molecular weights of 
the resulting polylactides were characterized by 
inherent viscosities and retention times obtained by 
GPC measurements. Both methods agree in that the 
molecular weights increase with increasing purity of 
the monomer. These results suggest the following 
initiation mechanism. Lactic acid or its linear dimer 
form a complex with a tin halogenide which entails 
the formation of a Sn-oxygen bond. In the case 
of  Sn(IV) halogenides, formation of a Sn--O co- 
valence replacing at least one halogen is most likely 
(equation 5) whereas, in the case of Sn(II) halo- 
genides, formation of a true complex is more prob- 
able (equation 6). Sn-oxygen bond is then the active 
species which initiates the insertion mechanism out- 
lined in equation (3). Although, the L,L-lactide used 
in this work was dried over P4Oi0 in vacuo, traces of 
water might also act as a co-initiator. 

CHa 

f 
SnX4 + H O ~ C H m C O 2 H  

I 
b 

°11 y b 
CH 3 CH 3 
I I 

~" . . . . . . . . . . . . . . . . . . . . . . .  5.0 4.0 3.0 2.0 10. . . . .  0'0. 
6(ppm) 

Fig. 5. 100 MHz ~H-NMR spectrum of a poly(L-lactide) 
initiated with SnBr4/MeOH (10:1 molar mixture). 

the role of an OH-co-initiator, 1:5 and 1:10 mixtures 
of methanol and SnBr4 or SnCl 4 were prepared and 
used as initiators in situ. Bulk polymerizations were 
conducted at 120°/48hr with molar monomer/ 
methanol ratios of 50:1 and 100:l (monomer/Sn 
ratio = 10:l). The LH-NMR spectra of the poly- 
lactide samples after reprecipitation display the 
signals of methyl ester endgroups and OH endgroups 
(Fig. 5). The intensity ratio of the endgroup signals 
suggests that most polylactide chains possess one 
methyl ester and one HO endgroup. These results fit 
in with the initiation mechanism of equations (7) and 
(8) followed by the propagation and alcoholysis 
outlined in equations (3) and (4). 

Finally, two series of bulk polymerizations were 
conducted with variation of the temperature (100, 
120, 140, 160 and 180°C). In the first series a 40% by 
weight solution of HBr in acetic acid was used as 
initiator with an M/I ratio of 200: l for the second 
series, a saturated solution of HC1 in dry nitro- 
benzene was used. However, regardless of initiator 

/o\ 
-- X3 Sn CHCH a + HX (5) 

/ 
IO----COH 

y H a  

SnX2 + H O ~ C H ~ C O 2 H  

... OH~ 

-- X2 Sn CHCH3 .. / 
IO----CO H 

(6) 

Two aspects of this mechanism were separately 
investigated. First the effect of an OH group contain- 
ing co-initiator, and second, the role of HBr or HCI 
liberated according to equation (5). In order to study 

and temperature, polylactide was never obtained. 
GPC analyses of the reaction mixtures proved the 
presence of unreacted monomer. These negative 
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Br4Sn + HOOCH3 L Br~SnOCH3 + HBr 

Br3Sn ~OCH~ 
: I 
6 / / 
II/ 

.~- Br3Sn ~ O - -  (A) ~ C O - -  OCHa 

(7) 

(8) 
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results perfectly agree with previous studies of  
cationic polymerizations of  L,L-lactide [12]. Triflc 
acid and methyl triflate are the only cationic initiators 
reported so far, active enough to polymerize 
L,L-lactide. Therefore, the assumption of  Kohn  et al. 
[5] that HBr  (or HCI) might react as cationic initiator 
is not  acceptable in the case of  lactide. 

In a future paper, kinetic studies of  solution poly- 
merizations of  e-caprolactone initiated with various 
tributyitin derivatives will be reported. These kinetic 
studies demonstrate that the Sn--a lkoxide  bond is by 
a factor 103-104 more reactive than SnBr, Sn- -CI  and 
Sn--S---bonds.  

CONCLUSIONS 

The results suggest the following mechanistic con- 
cept for tin halogenide initiated polymerizations of  
L,L-lactide. The tin halogenide forms a complex with 
lactic acid or  another OH group containing impurity 
of  monomer  or reaction medium. The initially 
formed t in-oxygen bond is the active species and 
polymerizes lactide by an non-ionic insertion mech- 
anism. Hydrolytic or  methanolytic cleavage of  the tin 
alkoxide bond yields polylactide with one carboxyl 
group and one C H - - O H  chain end. 
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