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a  b  s  t  r  a  c  t

Cu(OAc)2 was  assessed  to  be  a good  catalyst  for  the  bulk  ring  opening  polymerization  of  lactides.  These
polymerizations  are  highly  controlled  leading  to  the  formation  of  polymer  with  expected  number  average
molecular  weights  and  narrow  molecular  weight  distribution.  This  method  may  be  used  to  synthesize
polymers  with  different  end  terminal  groups.  The  over  all  process  is  green,  since  these  polymers  being
biodegradable  and  the system  is independent  of  solvents.
eywords:
ing opening polymerization
u(OAc)2
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. Introduction

In the recent years, there has been a gradual decline in research
nvolving polymer synthesis in the area of commodity polymers.
his is as a result of depleting petrochemical feedstock which
rovides a rich source of different monomers or intermediates

eading to the manufacture of such materials. Another important
eason for this decline is the non degradable fate of these com-
odity polymers. The increase in environmental awareness has

rovided an active impetus in research leading to the synthesis
f biodegradable polymers [1,2]. The need of the present times is
o search for alternative polymeric materials that have a potential
or biodegradation [3–7]. This has provided new avenues focus-
ng upon research related to the polymerization of lactide which is
he cyclic dimer of lactic acid made from annually renewable food
esources like corn and sugar-beet through a biofermentation pro-
ess [8,9]. This material has great significance in modern polymer
esearch due to permeability, biocompatibility, biodegradability
10–12] and widespread use in biomedical and pharmaceutical
esearch [13,14] such as synthesis of resorbable surgical sutures
15–18],  production of drug delivery vehicles [17,18] and fabrica-
ion of artificial tissue matrices [19,20].  The material resulting from
he polymerization of lactide has recently emerged as an alter-

ative bulk commodity polymer, being an ecofriendly recyclable
hermoplastic that is completely biodegradable [10,12,21–24].

∗ Corresponding author. Tel.: +91 44 22574223; fax: +91 44 22574202.
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Ring opening polymerization of lactide has emerged as an easy
and convenient method for poly(lactide) synthesis. A plethora of
different types of initiators are available today for the ring open-
ing polymerization of lactide. Out of the several methods that have
emerged, metal containing initiators have become increasing pop-
ular and their use is industrially wide spread [25–29].  The limiting
use in biomedical application is dependent on the extent to which
the metal residues are removable upon quenching the polymer-
ization. Since this parameter can never reach zero, a preferred
and feasible industrial process would employ metals in which the
residues are not cytotoxic. It is reasonable to use environmentally
benign metals that are constituent of the mammalian anatomy, so
that the metal residues remain potentially harmless [30].

The coordination–insertion mechanism [3,26,31–49] is the most
preferred route to ring opening polymerization since it gener-
ally is able to produce high polymers with good number average
molecular weights and narrow molecular weight distribution. Lat-
est results from our group include thorough investigations of
the cationic mechanism of ring opening polymerization. We  have
developed a method in which the cyclic ester or lactide monomers
are activated by simple Lewis acids followed by ring opening step
that is assisted by simple nucleophiles such as alcohols and water.
Reasonable control was  seen in such a method of polymerization.
The summary of the results indicates that elaborate ligands on the
metal initiator are not a mandatory feature to enable ring open-
ing polymerization. The feature that is required is the presence of

suitable initiating groups on the metal center that facilitates the
cleavage of the acyl–oxygen bond present in the monomer [50–54].
The ligand controls the nuclearity of the metal initiator which has
a profound influence on the chain growth step of the propagation

dx.doi.org/10.1016/j.molcata.2011.08.024
http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
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Table  1
Results of rac-LA and L-LA with anhydrous Cu(OAc)2 at 145 ◦C.

Entry Monomer [LA]o/[Cu]o Time (h)a Yield (%) Mn
b/Mth

c (kg/mol) Mw
b (kg/mol) Mw/Mn

1 rac-LA 200 28 96 28.99/28.84 30.15 1.04
2 rac-LA 400 33 96  57.92/57.67 61.98 1.07
3 rac-LA  800 37 97 108.51/115.33 117.20 1.08
4  rac-LA 1000 44 98 146.76/144.15 155.57 1.06
5 L-LA  200 24 96 28.87/28.84 31.18 1.08
6  L-LA 400 30 96 57.66/57.67 61.70 1.07
7  L-LA 800 36 97 116.10/115.33 120.75 1.04
8  L-LA 1000 42 98 147.83/144.15 156.70 1.06

a Time of polymerization measured by quenching the polymerization reaction when all LA was found consumed.
b Measured by GPC at 27 ◦C in THF relative to polystyrene standards with Mark–Houwink corrections for Mn .
c Calculated from MWLA([LA]o/[Cu]o) at 100% conversion.

Table 2
Results of rac-LA and L-LA polymerization with anhydrous Cu(OAc)2 in the presence of water at 145 ◦C.

Entry Monomer [LA]o/[Cu]o/[H2O]o [LA]o/[H2O]o Time (h)a Yield (%) Mn
b/Mth

c (kg/mol) Mw
b (kg/mol) Mw/Mn

1 rac-LA 200:1:50 4 16 97 0.67/0.59 0.73 1.08
2 rac-LA 200:1:10 20 18 97 3.01/2.90 3.23 1.07
3  rac-LA 200:1:7 30 20 98 4.80/4.34 5.09 1.06
4 rac-LA 200:1:5 40 23 98 5.94/5.78 6.18 1.04
5  L-LA 200:1:50 4 9 97 0.69/0.59 0.72 1.04
6  L-LA 200:1:10 20 13 97 3.12/2.90 3.37 1.08
7  L-LA 200:1:7 30 16 97 4.60/4.34 4.88 1.06
8  L-LA 200:1:5 40 19 98 5.87/5.78 6.15 1.04

a Time of polymerization measured by quenching the polymerization reaction when all LA was found consumed.
b Measured by GPC at 27 ◦C in THF relative to polystyrene standards with Mark–Houwink corrections for Mn .
c Calculated from MWLA([LA]o/[H2O]o) + MWwater at 100% conversion.

Table 3
Results of rac-LA and L-LA polymerization with anhydrous Cu(OAc)2 in the presence of i-PrOH at 145 ◦C.

Entry Monomer [LA]o/[Cu]o/[i-PrOH]o [LA]o/[i-PrOH]o Time (h)a Yield (%) Mn
b/Mth

c (kg/mol) Mw
b (kg/mol) Mw/Mn

1 rac-LA 200:1:50 4 15 97 0.78/0.64 0.83 1.06
2 rac-LA 200:1:10 20 17 97 3.57/2.94 3.86 1.08
3  rac-LA 200:1:7 30 19 99 4.84/4.38 5.14 1.06
4 rac-LA  200:1:5 40 22 96 6.76/5.82 7.31 1.08
5  L-LA 200:1:50 4 8 97 0.80/0.63 0.87 1.08
6  L-LA 200:1:10 20 12 97 3.40/2.94 3.64 1.07
7  L-LA 200:1:7 30 15 99 4.99/4.38 5.34 1.07
8  L-LA 200:1:5 40 18 98 6.18/5.82 6.68 1.08

a Time of polymerization measured by quenching the polymerization reaction when all LA was found consumed.
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b Measured by GPC at 27 ◦C in THF relative to polystyrene standards with Mark–H
c Calculated from MWLA([LA]o/[i-PrOH]o) + MWi-PrOH at 100% conversion.

ycle [55,56].  Our current focus includes the relationship between
igand stereochemistry and polymer tacticity.

It is known that copper complexes exhibit a plethora of use-
ul properties that include high electron transfer ability, moderate
ewis acidity and stability associated with reactive intermedi-
tes. These properties make this elements a suitable candidate for
ndepth investigations. Copper is a biocompatible metal (>5 mg  per
g body weight is toxic to human being and daily intake does
ot exceed 10 mg  per day, higher levels of copper causes Wil-
on disease) assisting the existence of life and to the best of our
nowledge there have been few reports on copper initiators con-
aining ligand backbone. These include copper complexes derived
rom phenoxy-ketimine [57], salicylaldimine [58], and salen lig-
nds [59]. These complexes are active towards polymerization
f lactides and produce polymer with moderate number aver-
ge molecular weights and narrow molecular weight distribution.
iterature report for L-LA polymerization with 200:1 ratio using
opper phenoxy-ketimine complex at 160 ◦C, Mw = 2.2 kg/mol and

w/Mn = 1.09 reflects the formation of low molecular weight poly-

ers [57]. There have been no systematic studies with simple salts

ike copper acetate. Polymerization with other benign metals such
s bismuth [60] and zinc acetates [53] has been reported recently.
he main aim of our studies is to ascertain the extent to which our
nk corrections for Mn .

simple initiator system i.e. copper acetate is successful in ring open-
ing polymerization of lactides along with a thorough understanding
of the polymerization pathway.

2. Experimental

2.1. Materials

rac-Lactide (rac-LA) and L-lactide (L-LA) were purchased from
Aldrich and sublimed fresh prior to use and stored in a glove
box. Isopropanol (i-PrOH) used in the study was purchased from
Ranchem India, dried using appropriate procedure and distilled
fresh prior to use. CDCl3 used for NMR  spectral measurements
was  purchased from Aldrich. THF (HPLC grade) for GPC measure-
ments was  purchased from Ranchem India. Cu(OAc)2 (anhydrous)
was  purchased from Aldrich, stored in a glove box and used as
received.

2.2. Instrumentation and characterization
1H NMR  was  recorded with a Brüker Avance 400 MHz  instru-
ment. MALDI-TOF measurements were carried out using a Brüker
Daltonics instrument in dihydroxy benzoic acid matrix. A GPC
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Fig. 1. Plot of Mn and MWD’s vs [LA]o/[Cu]o ratio for rac-LA and L-LA.
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nstrument with Waters 510 pump and Waters 410 differential

efractometer as the detector was used to determine the molecular
eight and molecular weight distribution of the resulting polymer

amples. The columns namely WATERS STRYGEL-HR3, STRYGEL-
R4 and STRYGEL-HR5 each of dimensions (7.8 mm × 300 mm)

Fig. 8. MALDI-TOF spectrum of the residue obtained from a reaction b
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tween rac-LA and anhydrous Cu(OAc)2 in 10:1 ratio at 145 ◦C.

were connected in series. Measurement of number average molec-
etween rac-LA and anhydrous Cu(OAc)2 in 10:1 ratio at 145 ◦C.

ular weight (Mn) and molecular weight distribution (Mw/Mn)
(MWD)  of the resulting polymer samples were done in THF at 27 ◦C
relative to polystyrene standards and were corrected according to
Mark–Houwink corrections [61].
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Scheme 2. Activated monomer 

.3. Typical procedure for bulk polymerization of L-LA or rac-LA
200:1)/(200:1:5)

For rac-LA or L-LA polymerization, 17.34 �mol  of copper acetate
nd 0.5 g (3.47 mmols) of rac-LA or L-LA or along with requisite
mount of i-PrOH (87.7 �mol) were taken in a flask under a nitro-

en atmosphere in a sealed tube. The contents were heated to
45 ◦C neat. The mixture was melted and rapidly stirred at the given
emperature. A rise in viscosity was observed and finally the stir-
ing ceased. The polymerizations were quenched by pouring the
r Catalysis A: Chemical 349 (2011) 86– 93

hanism of lactide polymerization.

and anhydrous Cu(OAc)2 in the presence of i-PrOH in 10:1:2 ratio at 145 ◦C.

nism of lactide polymerization.

contents into cold methanol. The polymer was isolated by subse-
quent filtration and dried till a constant weight was attained.

3. Results and discussion

3.1. Studies on polymerization activity and characteristics
As mentioned earlier, metal acetates of environmentally benign
metals [53,60] have been used catalytically for the polymerization
of cyclic esters and lactide. A variety of bulk polymerization trials
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ig. 10. MALDI-TOF spectrum of the residue obtained from a reaction between rac-

ere performed with rac-LA and L-LA with anhydrous Cu(OAc)2
nder different stoichiometric ratios at 145 ◦C. The results are sum-
arized in Table 1.
These results indicate that the bulk polymerization of lactide is

ighly controlled leading to the formation of polymer whose Mn

s in close proximity to the theoretical molecular weight. Again
he values of MWDs  for various trials prove that this polymeriza-
ion system possesses a great degree of control. The variations of

n and MWDs  with [LA]o/[Cu]o for rac-LA and L-LA are depicted
n Fig. 1. These plots are linear suggesting that there is a steady
ncrease of Mn with the increase in [LA]o/[Cu]o. The MWDs  remain
lmost invariant to changes in the [LA]o/[Cu]o ratio. The plot of Mn

s conversion (Fig. 2) for [LA]o/[Cu]o = 200 exhibits linear variations,
uthenticating a great degree of control in our system. Aliquots
f the polymerization reaction were systematically quenched and
ubjected to 1H NMR  to determine the conversion.

With the initial results being impressive, we decided to study

his polymerization system very closely. Previous results from our
esearch group indicate that simple metal catalysts coordinated to
uitable initiators (like alcohols and water) are able to facilitate
he cleavage of the acyl–oxygen bond of the monomer [50–54].
d anhydrous Cu(OAc)2 in the presence of i-PrOH in 10:1:2 ratio at 145 ◦C.

Hence the polymerization continues in a very effective manner.
We decided to study our polymerization system in the presence of
water and i-PrOH as suitable initiators. The results are depicted in
Tables 2 and 3 respectively.

Analysis of the results depicted in Tables 2 and 3 indicate that
the polymerization is highly controlled and the observed Mn are in
very close proximity to the calculated values. The MWDs  recur in a
narrow range. These conclusions indicate very clearly that the poly-
merization system leans towards a living character. To facilitate our
conclusions, the polymerization conditions represented by entries
1 and 5 of Tables 1–3 were repeated and more monomer was added
when the stirring ceased. We  were pleased to observe continued
polymerization and the polymer obtained from such studies were
found to yield Mn and MWDs  in close proximity to those indicated.

The dependence of Mn and MWD  on the feed ratio of rac-LA and
L-LA to water or i-PrOH as initiators was studied with Cu(OAc)2. The
results (Figs. 3 and 4) show that Mn increases almost linearly with

the increase in feed ratio of the monomers and the dependence of
MWDs  is almost invariant.

Our polymerization results are much superior than those
reported for copper complexes with elaborate ligands [57–59].
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iterature report for the melt polymerization of L-LA with
00:1 ratio using three different copper phenoxy-ketimine com-
lexes at 160 ◦C found to be, Mw = 2.2 kg/mol and Mw/Mn = 1.09,
w = 4.5 kg/mol and Mw/Mn = 1.43 and Mw = 6.5 kg/mol and
w/Mn = 1.29 [57], suggests our results are superior in terms of Mn

nd Mw/Mn (entry 5, Table 1). Low molecular weight oligomers are
ormed with silver acetate as catalyst under identical conditions
or rac-LA and L-LA melt polymerization. To study the effect on the
olymerization of lactides by changing the anion of the copper salt,
e have used CuBr2. For rac-LA, Mn = 31.15 kg/mol, Mw/Mn = 1.08

nd t = 48 h; For L-LA, Mn = 32.25 kg/mol, Mw/Mn = 1.06 and t = 46 h.
hese results suggests that change over from acetate ion to bro-
ide ion on the copper, polymerization activity became sluggish

nd Mn, Mw/Mn are found to be similar. Homonuclear decoupling
H NMR  studies were taken up to ascertain the tacticity of these
olymer samples. The studies reveal that the polymerization of
ac-LA catalyzed by Cu(OAc)2 yields completely atactic polymer
hile isotactic polymer is obtained from L-LA. DSC and 13C NMR

nalysis confirms the isotacticity of PLLA.

.2. Kinetics of polymerization

We  have performed kinetic studies for the polymerization
f rac-LA and L-LA using Cu(OAc)2 as catalyst in the ratio
LA]o/[Cu]o = 200. In addition similar studies were done in the
resence of an initiator like i-PrOH in the ratio [LA]o/[Cu]o/[i-
rOH]o = 200/1/5. The results are depicted in Figs. 5 and 6
espectively.

These plots imply that the polymerization reaction obeys first
rder kinetics. There is complete absence of induction period. The
n[M]o/[M]t vs time plots are linear. The values of the apparent rate
onstant (kapp) may  be calculated from the slope of these plots.
he value of kapp for rac-LA and L-LA polymerization in the absence
f initiator was found to be 0.11856 h−1 and 0.14146 h−1. In the
resence of i-PrOH, kapp for rac-LA and L-LA polymerization was
.16188 h−1 and 0.1800 h−1 respectively. These results imply that
hese polymerizations are faster in the presence of i-PrOH.

.3. Mechanism of polymerization

The various efforts made to study the ring opening polymer-
zation of L-LA and rac-LA with anhydrous Cu(OAc)2 suggest two
imiting cases. Those are polymerization with anhydrous Cu(OAc)2
lone and polymerization in the presence of initiators like water
r i-PrOH. Accordingly low molecular oligomers were prepared by
eacting rac-LA with anhydrous Cu(OAc)2 in 10:1 stoichiometric
atio and reacting rac-LA with anhydrous Cu(OAc)2 in the presence
f i-PrOH 10:1:2 ratio. They were quenched in cold methanol and
hese low molecular weight oligomers were thoroughly character-
zed using 1H NMR  and MALDI-TOF. Analysis of the low molecular

eight oligomers (Figs. 7 and 8) obtained by reacting rac-LA with
nhydrous Cu(OAc)2 shows the formation of polymer with acetate
roup as one of the end terminal groups.

On the basis of these data it is clear that under the
onditions mentioned, the polymerization proceeds by the
oordination–insertion mechanism as outlined in Scheme 1.

Again, analysis of the low molecular weight oligomers
Figs. 9 and 10)  obtained by reacting rac-LA with anhydrous
u(OAc)2 in the presence of i-PrOH shows the formation of poly-
er  with i-PrO as one of the end terminal groups. Similar results
ere observed in case of anhydrous CuBr2. In order to ascer-

ain the effect of i-PrOH, controlled experiments were carried out

nder identical conditions for rac-LA and L-LA in the absence of
u(OAc)2. For rac-LA, Mn = 1.16 kg/mol, Mw/Mn = 1.07 and t = 30 h;

or L-LA, Mn = 1.35 kg/mol, Mw/Mn = 1.08 and t = 25 h. These results
uggests that under the absence of Cu(OAc)2, polymerization

[

[

[
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activity became sluggish and low Mn compared to the presence
of Cu(OAc)2 (entries 4 and 8, Table 3). These implies that Cu(OAc)2
is mandatory to activate the monomer.

It is apparent from these figures that the polymerization
proceeds with the activated monomer mechanism as shown in
Scheme 2. Peaks corresponding to the presence of polymer with
acetate end terminal group are also seen. These observations
imply that given a choice, the system has a natural tendency
to proceed with both the activated monomer mechanism and
coordination–insertion mechanism. In order to rule out the possi-
bility of ligand exchange on the copper, 1:2 ratio reaction between
Cu(OAc)2 and i-PrOH at 145 ◦C performed over 24 h. After work up
of the reaction mixture, 1H NMR  analysis confirms the absence of
ligand exchange on the copper.

According to this mechanism, only one molecule of a suitable
initiator is enough for such a mechanism of polymerization to
exist. Again, it is important to disclose that the MALDI-TOF spectra
(Figs. 8 and 10)  show the presence of extensive transesterification.
This may  be interpreted to show that this polymerization system
is not truly living [62].

4. Conclusion

In summary, Cu(OAc)2 is a potent catalyst for the polymerization
of rac-LA and L-LA. If given a choice, the polymerization has a spon-
taneous tendency to adopt the activated monomer mechanism. The
overall system is green, since these polymers being biodegradable
and the system is independent of solvents. The achievement of good
control over the polymerization process without having to resort
to elaborate ligands is a noted feature of this work.

Acknowledgement

This work was supported by The Council of Scientific and Indus-
trial Research, New Delhi.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.molcata.2011.08.024.

References

[1] S.D. Allen, C.M. Byrne, G.W. Coates, Feedstocks for the Future, vol. 9, American
Chemical Society, Washington, DC, 2006, pp. 116–129, ACS Symposium Series
921.

[2] D. Goodstein, Out of Gas: The End of the Age of Oil, W.W.  Norton & Company,
New York, 2004.

[3] O. Dechy-Cabaret, B. Martin-Vaca, D. Bourissou, Chem. Rev. 104 (2004)
6147–6176.

[4] G.W. Coates, J. Chem. Soc. Dalton Trans. (2002) 467–475.
[5] Z. Hou, Y. Wakatsuki, Coord. Chem. Rev. 231 (2002) 1–22.
[6]  R.E. Drumright, P.R. Gruber, D.E. Henton, Adv. Mater. 12 (2000) 1841–1846.
[7]  T. Aida, S. Inoue, Acc. Chem. Res. 29 (1996) 39–48.
[8] G.W. Coates, M.A. Hillmyer, Macromolecules 42 (2009) 7987–7989.
[9]  T. Biela, A. Kowalski, J. Libiszowski, A. Duda, S. Penczek, Macromol. Symp. (2006)

47–55.
10] O. Coulembiera, P. Degée, J.L. Hedrick, P. Dubois, Prog. Polym. Sci. 31 (2006)

723–747.
11] H.R. Kricheldorf, Chemosphere 43 (2001) 49–54.
12] Y. Ikada, H. Tsuji, Macromol. Rapid Commun. 21 (2000) 117–132.
13] R.A. Gross, B. Kalra, Science 297 (2002) 803–807.
14] M. Okada, Prog. Polym. Sci. 27 (2002) 87–133.
15] S.F. Williams, D.P. Martin, in: A. Steinbüchel, Y. Doi (Eds.), Biopolymers, vol. 4,

Wiley-VCH, Weinheim, Germany, 2002.
16] E.J. Frazza, E.E. Schmitt, J. Biomed. Mater. Res. Symp. 1 (1971) 43–58.
17] C. Jerome, P. Lecomte, Adv. Drug Deliv. Rev. 60 (2008) 1056–1076.

18] S. Penczek, M.  Cypryk, A. Duda, P. Kubisa, S. Slomkowski, Prog. Polym. Sci. 32

(2007) 247–282.
19] M. Chisholm, S.S. Iyer, D.G. McCollum, M. Pagel, U. Werner-Zwanziger, Macro-

molecules 32 (1999) 963–973.
20] R. Langer, J.P. Vacanti, Science 260 (1993) 920–926.

http://dx.doi.org/10.1016/j.molcata.2011.08.024


lecula

[

[

[

[
[

[

[

[
[
[

[

[

[

[

[

[

[

[

[

[

[

[
[
[
[

[
[
[

[
[
[

[
[
[

[

[

[

[

[

R.R. Gowda, D. Chakraborty / Journal of Mo

21]  A. Amgoune, C.M. Thomas, T. Roisnel, J.-F. Carpentier, Chem. Eur. J. 12 (2006)
169–179.

22] E.T.H. Vink, K.R. Rábago, D.A. Glassner, P.R. Gruber, Polym. Degrad. Stab. 80
(2003) 403–419.

23] A. Steinbüchel, in: Y. Doi (Ed.), Biopolymers, 4, Wiley-VCH, Weinheim,
Germany, 2002.

24] E. Chiellini, R. Solaro, Adv. Mater. 8 (1996) 1375–1381.
25] M.S. Linblad, Y. Liu, A.-C. Albertsson, E. Ranucci, S. Karlsson, Adv. Polym. Sci.

157 (2002) 139–161.
26] B.J. O’Keffe, M.A. Hillmyer, W.B. Tolman, J. Chem. Soc. Dalton Trans. (2001)

2215–2224.
27] A. Penczek, A.C. Albertsson, P. Dubois, R. Jerome, J. Macromol. Sci. Rev 38 (2000)

1919–1933.
28] P. Kubisa, S. Penczek, Prog. Polym. Sci. 24 (1999) 1409–1437.
29] D. Mecerreyes, R. Jerome, P. Dubois, Adv. Polym. Sci. 147 (1999) 1–59.
30] G.B. Kharas, F. Sanchez-Riora, D.K. Soverson, Polymers of lactic acid, in: D.P.

Mobley (Ed.), Plastics from Microbes, Hanser Publishers, München, Germany,
2004.

31] C.M. Silvernail, L.J. Yao, L.M.R. Hill, M.A. Hillmyer, W.B. Tolman, Inorg. Chem.
46  (2007) 6565–6574.

32] X. Zhuang, X. Chen, D. Cui, X. Wang, X. Jing, Macromolecules 40 (2007)
1904–1913.

33] L.E. Breyfogle, C.K. Williams, V.G. Young Jr., M.A. Hillmyer, W.B. Tolman, Dalton
Trans. (2006) 928–936.

34] C.K.A. Gregson, I.J. Blackmore, V.C. Gibson, N.J. Long, E.L. Marshall, A.J.P. White,
Dalton Trans. (2006) 3134–3140.

35] H.R. Kricheldorf, H. Hachmann-Thiessen, G. Schwartz, Macromolecules 34
(2004) 6340–6345.

36] C.K. Williams, L.E. Choi, W.  Nam, V.G. Young Jr., M.A. Hillmyer, W.B. Tolman, J.
Am.  Chem. Soc. 125 (2003) 11350–11359.

37] L.M. Alcazar-Roman, B.J. O’ Keefe, M.A. Hillmyer, W.B. Tolman, Dalton Trans.

(2003) 3082–3087.

38] B.J. O’ Keefe, L.E. Breyfogle, M.A. Hillmyer, W.B. Tolman, J. Am.  Chem. Soc. 124
(2002) 4384–4393.

39] B.M. Chamberlain, M. Cheng, D.R. Moore, T. Ovitt, E.B. Lobkovsky, G.W. Coates,
J.  Am.  Chem. Soc. 123 (2001) 3229–3238.

[

[

[

r Catalysis A: Chemical 349 (2011) 86– 93 93

40] W.M.  Stevels, M.J.K. Ankoné, P.J. Dijkstra, J. Feijen, Macromolecules 29 (1996)
8296–8303.

41] S. Milione, F. Grisi, R. Centore, A. Tuzi, Organometallics 25 (2005)
266–274.

42] D. Chakraborty, E.Y.-X. Chen, Organometallics 22 (2003) 769–774.
43] D. Chakraborty, E.Y.-X. Chen, Organometallics 21 (2002) 1438–1442.
44] Q. Ni, L. Yu, J. Am.  Chem. Soc. 120 (1998) 1645–1646.
45] C.-H. Huang, F.-C. Wang, B.-T. Ko, L.-T. Yu, C.-C. Lin, Macromolecules 34 (2001)

356–361.
46] M. Stolt, A. Södergard, Macromolecules 32 (1999) 6412–6417.
47] M. Stolt, A. Södergard, Macromol. Symp. 130 (1998) 393–402.
48] H.R. Kricheldorf, D.-O. Damrau, Macromol. Chem. Phys. 198 (1997)

1767–1774.
49] H.R. Kricheldorf, A. Serra, Polym. Bull. 14 (1985) 497–502.
50] R.R. Gowda, D. Chakraborty, J. Mol. Catal. A: Chem. 301 (2009) 84–92.
51] R.R. Gowda, D. Chakraborty, V. Ramkumar, Eur. J. Inorg. Chem. (2009)

2981–2993.
52] R.R. Gowda, D. Chakraborty, V. Ramkumar, Polymer 51 (2010) 4750–4759.
53] R.R. Gowda, D. Chakraborty, J. Mol. Catal. A: Chem. 333 (2010) 167–172.
54] R.R. Gowda, D. Chakraborty, V. Ramkumar, J. Organomet. Chem. 696 (2011)

572–580.
55] T.K. Saha, B. Rajasekhar, R.R. Gowda, V. Ramkumar, D. Chakraborty, Dalton

Trans. 39 (2010) 5091–5093.
56] T.K. Saha, V. Ramkumar, D. Chakraborty, Inorg. Chem. 50 (2011)

2720–2722.
57] A. John, V. Katiyar, K. Pang, M.M.  Shaikh, H. Nanavati, P. Ghosh, Polyhedron 26

(2007) 4033–4044.
58] S. Bhunora, J. Mugo, A. Bhaw-Luximon, S. Mapolie, J. Darkwa, E. Nordlander,

Appl. Organomet. Chem. 25 (2011) 133–145.
59] L.-L. Chen, L.-Q. Ding, C. Zeng, Y. Long, X.-Q. Lü, J.-R. Song, D.-D. Fan, W.-J. Jin,

Appl. Organomet. Chem. 24 (2010) 310–316.

60] H.R. Kricheldorf, H. Hachmann-Thiessen, G. Schwarz, Macromolecules 37

(2004) 6340–6345.
61] I. Barakat, P. Dubois, R. Jérôme, P. Teyssié, J. Polym. Sci. A: Polym. Chem. 31

(1993) 505–514.
62] R.P. Quirk, B. Lee, Polym. Int. 27 (1992) 359–367.


	Copper acetate catalyzed bulk ring opening polymerization of lactides
	1 Introduction
	2 Experimental
	2.1 Materials
	2.2 Instrumentation and characterization
	2.3 Typical procedure for bulk polymerization of L-LA or rac-LA (200:1)/(200:1:5)

	3 Results and discussion
	3.1 Studies on polymerization activity and characteristics
	3.2 Kinetics of polymerization
	3.3 Mechanism of polymerization

	4 Conclusion
	Acknowledgement
	Appendix A Supplementary data
	Appendix A Supplementary data


