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A STUDY OF L-LACTIDE RING-OPENING
POLYMERIZATION IN MOLTEN STATE

lonut BANU', Nicoleta Doriana STANCIU?, Jean Pierre PUAUX’, Grigore
BOZGA*

S-a investigat procesul de polimerizare in masd a L-lactidei utilizand
octanoatul de staniu drept initiator, intr-un malaxor de tip HAAKE Rheocord, la
doua rapoarte molare momomer/initiator §i la temperatura de 185 °C. Deschiderea
de ciclu a L-lactidei a fost confirmata prin analize FT-IR, conversiile monomerului
au fost determinate atit prin '"H-NMR cdt si prin SEC, iar masele moleculare ale
polimerului au fost determinate prin SEC. S-au obtinut conversii ale monomerului
de 80 — 90 % si mase moleculare relativ mari ale polimerului.

The L-lactide bulk polymerization process was investigated in a batch
HAAKE Rheocord mixer using stannous octoate as initiator at two molar monomer
to initiator ratios and a temperature of 185 °C. The ring-opening of L-lactide was
confirmed by FT-IR, the monomer conversions were determined both by 'H-NMR
and SEC, whereas the molecular weights were measured by SEC. Monomer
conversions between 80 — 90 % and relatively high molecular weights were
obtained.
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1. Introduction

Within the last decades the polylactide materials are accepted to play a
major role in the packaging industry due to their biodegradability. The published
literature indicates also that polylactide products are sufficiently biocompatible, so
that they can be used in different medical applications[1]. The monomers used in
the polylactides (PLA) synthesis are the lactic acid or the L-lactide, a dimmer of
lactic acid. The L-lactide polymerization could be carried out in melt or solution
by cationic, anionic, coordination mechanism by different techniques [2] and
depending on the initiator used. The most used ring-opening lactide
polymerization initiator is stannous octoate (bis 2-ethyl hexanoate, SnOct,), which
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causes a low degree of racemization at high temperature. It is accepted by the US
Food and Drug Administration due to its low toxicity [3] . One of the first studies
concerning L-lactide polymerization using stannous octoate as initiator was
published in 1987 by Eenink [4]. The study reports data concerning the influence
of process parameters on the polymer characteristics. The published works in the
field of L-lactide polymerization were reviewed by Stridsberg et al [5], Drumright
et al [6], Wu et al [7] and Dechy-Cabaret et al [8].

Many authors investigated the mechanism of L-lactide polymerization in
presence of stannous octoate. The most important published reaction mechanisms
are the cationic one proposed by Schwach et al [9] and the coordination-insertion
mechanism published by Kricheldorf et al [10, 11].

Schwach et al. [9] detected lactyl octoate-terminated short chains of
polylactide and evidenced that hydroxyl impurities could act as chain transfer
agents. The same experimental observation was reported by Zhang et al [12, 13].

Kricheldorf et al [14] carried out the polymerization of L-lactide at 180°C
with Sn(Oct), under various monomer to initiator (M/I) ratios, detecting
significant amounts of octoate as polymer ending groups. The apparent degree of
polymerization indicated that, on the average, only one octoate group per initiator
molecule was transformed into an ending group. The highest monomer conversion
was obtained at 180°C, using an M/I ratio of 200, for a reaction time of 1 h. The
mechanism of L-lactide polymerization initiated by stannous octoate in the
presence of benzyl alcohol as co-initiator was studied by Kricheldorf et al [10]
and in presence of butyl alcohol respectively by Penczek et al [15] and Kowalski
etal [16].

Hyon et al studied the bulk lactide polymerization at 130°C and reported
the highest molecular weight for an initiator amount of 0.05% wt SnOct,. They
are also evidencing that, depolymerization reactions could also take place,
especially at high temperatures [17].

In spite of the practical importance of the L-lactide polymerization
process, there are a small number of kinetic studies of L-lactide polymerization
initiated by stannous octoate published in the open literature. One of the most
important was published by Witzke et al [18].

The present work describes our experimental results concerning the L-
lactide bulk polymerization initiated by stannous octoate, using commercial
monomer without any additional purification. Analysis of the polymeric products
by FTIR, "H-NMR and SEC shown that, in the described working conditions, the
polymerization is almost complete (80 — 90% conversion) and leads to polymers
with relatively high molecular weights.

Our objective was to compare the size-exclusion chromatography (SEC)
and "H-NMR methods, in the measurement of the monomer concentration in the
reaction mixture. There are several published studies using a similar technique to
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determine the monomer conversion in a L-lactide ring-opening polymerization
process [19, 20], but no detailed comparisons with a higher accuracy method as
'H-NMR were presented. In our work, we show that the SEC can be a reliable
technique to determine the conversion for the L-lactide ring-opening
polymerization process, as a more convenient alternative to 'H-NMR method
(more costly and time consuming). The results presented in this paper follows the
kinetic study published before [21] for the same polymerization process.

2. Experimental
a. Materials

The L-lactide monomer (L-LA) purchased from Boehringer Ingelheim and
the stannous octoate initiator from Sigma Chemicals were used as received. The
toluene used as solvent for the initiator product was rectified at atmospheric
pressure. The purity of stannous octoate was 95 %, the main impurities of the
mixture, as reported in the literature, being water (0.5 wt-%) and octanoic acid
(4.5 wt-%) [19, 22, 23].

b. Experimental set-up and polymerization method

The polymerization reactions have been carried out in a Haake Rheocord
internal mixer with a R600 chamber, its scheme being presented in Fig. 1. The
set-up allows the monitoring the torque and the control with good accuracy of the
reaction temperature.

Motor

Feed

Q Q Process Recording
Computer

R600 Reaction Temperature control
Chamber system

Fig. 1. HAAKE Rheocord Mixer simplified schema

The reaction chamber is electrically heated, the resistances being
incorporated in three steel plates allowing the complete closing of the reaction
chamber and also the temperature regulation. The cooling (if necessary) is
performed with current of air at room temperature. The maximum temperature
allowed by the apparatus is 400 °C. The device is also provided with two
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compatible Roller Rotors, having an external diameter of 19.05 mm. The free
volume of the reaction chamber is 69 cm’. The maximum speed of the rotors is
about 250 min.

Polymerization experiments were carried out at two molar M/I ratios (4500
and 2250 respectively) and a maximum reaction time of 36 min. The
polymerization temperature was in all cases 185°C. Samples were taken for
comparative analysis during each experiment at different reaction times. The total
mass of the monomer used for an experiment was approximately 50 grams. In
order to better control the dosage, the added initiator quantity has been firstly
dissolved in anhydrous toluene. As an example, for the experiment corresponding
to the minimum quantity of initiator (M/I = 4500 moles/mol), a quantity of 0.0313
g of stannous octoate was mixed with 50 g L-lactide. In this aim, a solution of 1
ml stannous octoate in 40 ml anhydrous toluene was prepared and then, 1 ml of
the obtained solution was mixed with the specified L-lactide quantity in a flask.
The mixture was fed into the reaction chamber, previously heated at reaction
temperature. In order to take composition samples, the set-up screws were stopped
about 5 seconds for each sample. The samples were immediately cooled in a
current of cold air and then added into hermetically closed small plastic bags and
stored at the refrigerator to stop the reaction. Before performing all analysis, the
polymeric samples were dried 24 hours at 133 Pa and 40°C.

c. Characterization of the reaction product

The samples were characterized in solid state by FT-IR spectroscopy,
using a Bruker VERTEX 70 instrument, equipped with a Harrick MVP2 diamond
ATR device. The '"H-NMR analyses were performed in deuterated chloroform at
25°C, using a Bruker 250 spectrometer.

The SEC measurements have been performed at 30°C using chloroform as
solvent and a L-lactide solution of 5 mg/mL, on a Waters 510 apparatus, with a
Polymer Laboratory PLGel 5 ym Mixed-C column. The detector was a Waters
410 differential refractometer, and the scaling has been made using polystyrene
standards provided by PolymerLab. A flow rate of 1 mL/min (total time of 12
minutes) was used for each analysis.

2. Results and discussions

The main objective of this study is to qualitatively prove the extent of the
polymerization reaction by FT-IR and 'H-NMR analysis and further to see if the
SEC analysis method could be a more convenient alternative.

The compositional characteristics for reaction mixture as well as the
sampling times are presented in Table 1, for two molar M/I ratios. All samples
were first analyzed in solid state by FT-IR method. The obtained FT-IR spectra
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corresponding to the representative samples for both considered M/I ratios, are
presented in Fig.s 2 and 3, comparatively with the L-lactide monomer spectra.
From these fig.s, it can be observed that the diminution of the ring specific
vibration (650 and 935 cm'l) is proportionate with the L-lactide polymerization
time, until the complete disappearance. These bands were selected according to
[24], but the the 935 cm™ monomer specific band is reported also by other
literature studies [3, 25, 26].

Table 1

Reaction mixture compositions and sampling times

Sample Monomer to initiator molar ratio  Time
name M/1 [min]
KDI11 4500 2
KD12 4500 6
KD13 4500 12
KD14 4500 22
KD15 4500 36
KD51 2250 2
KD52 2250 6
KD53 2250 12
KD54 2250 22
KDS55 2250 36

This behavior evidences the starting of the ring-opening polymerization in
the first 2 minutes and almost total consumption of the monomer after 36 minutes.
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Fig. 2. FT-IR spectra for some experiments with M/I= 4500
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Fig. 3. FT-IR spectra for some experiments with M/I= 2250

The quantitative determination of the monomer concentration was
performed by 'H-NMR spectroscopy from integration between methine quartets
of monomer (dCHr.p.2=5.01 ppm) and of the polylactide (PL-LA) polymer
(0CHpL-La=5.14 ppm) [27]. Irrespective of the molar M/I ratio the conversion is
increasing up to values higher than 80-90%.

In Fig. 4 are presented comparatively the 'H-NMR spectra for the
representative polymerization samples, for both molecular M/I ratios. It could be
observed the diminution of the signal characteristic for monomer (right quartet) as
well as the rise of the intensity for the polymer characteristic signal (left quartet),
the variation being proportional with the reaction time. These aspects proves once
more the almost complete monomer consumption during the two batch
experiments.
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Fig. 4. "H-NMR spectra for M/I= 4500 series (KD11 and KD15) and
M/I= 2250 series (KD51 and KD55)

The monomer conversions determined by "H-NMR for all experiments are
presented in Fig. 5. The conclusion that can be drawn from Fig. 5 is that a
constant reaction temperature grants monomer conversion increasing with the
initiator concentration (decrease of M/I ratio). The explanation is the presence in
the reaction system of a higher density of polymerization centers.

All samples were characterized also by size exclusion chromatography
(SEC). This method, usually used for determinations of molecular weights and
molecular weights distributions, allows the determination of the monomer
conversion in this case, by using the peak area for polymer (Ap) and the
corresponding area for monomer (Am).
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Fig. 5. The monomer conversion evolutions evaluated from 'H-NMR

The relation used to calculate the monomer conversion (C) is:

A

C=—-2+—-100

4,+4,

©)

In Table 2 there are presented comparatively the values for monomer
conversion obtained by "H-NMR and SEC for all the reaction samples.

Conversion values estimated by *H-NMR and SEC

Sample name Conversion(%) Conversion(%)
'H-NMR SEC
KDI11 22 23
KD12 38 32
KD13 50 48
KD14 71 70
KDI5 83 82
KD51 33 33
KD52 54 62
KD53 84 80
KD54 89 87
KD55 94 92

Table 2

A good agreement can be observed among the monomer conversion values
calculated by the two methods for all polymeric samples. In both cases the
conversion has a rising evolution to values over 80 — 90 %. The SEC analysis as
well as the 'H-NMR indicate a higher monomer conversion in the experiment
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with a higher initiator concentration (M/I = 2250). These results are proving that
the SEC technique could be a reliable method to determine not only the molecular
weights of the polymers but also the monomer conversion providing the specific
elution volume for the monomer is known.

The molecular weights of the polymers were also determined by SEC
analysis. Fig.s 6 and 7 show comparatively the SEC characterization for the 2 min
(KD11 and KD51) and 36 min (KD15 and KD55) samples, for both M/I ratios.

0.4
0.4
0.3 A

0.3 A

KD11
0.2 = (D51

Tension/[mV]

0.2

0.1

;
5.0 55 6.0 6.5 7.0 7.5 8.0 8.5 9.0 9.5 10.0
Elution volume/[mL]

Fig. 6. SEC diagrams for KD11 and KD51 — 2 minutes polymerization time
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Fig. 7. SEC diagrams for KD15 and KD55 — 36 minutes polymerization time
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Fig. 8. SEC diagram for L-lactide dimer

It is well known from the SEC technique theory that the small molecular
weight polymers exit from the chromatographic column at high elution volumes.
The right peaks in the Fig.s 6 and 7 that exit at an elution volume of
approximately 9 mL, corresponds to smaller molecular weights compounds from
the reaction mixture, probably in this case the un-reacted L-lactide. To confirm
the hypothesis that the elution volume for the monomer is about 9 mL (depending
on the calibration of the chromatographic columns), its sample was examined by
SEC and the chromatogram is presented in Fig. 8. A high area for monomer peak
at the beginning of the polymerization process proves a small monomer
conversion after 2 minutes (Fig. 6). To the end of the polymerization process
(after 36 minutes), the peak area for the polymer is increasing, proving an almost
complete polymerization (Fig. 7). Also a shift of the KD51 and KD55 diagrams to
smaller elution volumes shows higher molecular weights at M/I = 2250 than at
M/I = 4500 (Fig.s 6 and 7). For KD15 sample we obtained a number-average
molecular weight of 17000 kg/kmole and for KD55, a number-average molecular
weight of 21700 kg/kmole. In all cases the polydispersion index (ratio between
weight and number-average molecular weight) is close to 2.

3. Conclusions

The polymeric materials obtained by molten state polymerization of L-
lactide using stannous octoate as initiator were characterized by SEC, "H-NMR
and FTIR techniques. The FT-IR analysis proved the opening of the L-lactide
cycle until the complete consumption of the monomer. We also evidenced a
practical possibility to calculate the monomer conversion from SEC



A study of L-lactide ring-opening polymerization in molten state 45

chromatograms in the case of L-lactide ring-opening polymerization. This
technique turns up to be a reliable technique, and the results are close to those
obtained by the "H-NMR analysis.

REFERENCES

[1] C. J. Middleton, J. A. Tipton, "Synthetic biodegradable polymers as orthopedic devices", in
Biomaterials, vol. 21, 2000, pp. 2335-2346.

[2] S. I Voicu, F. Aldea, M. Radut, G. Nechifor, "Nanostructured polysulphone composite
membranes", in University Politehnica of Bucharest Scientific Bulletin, Series B, vol. 70,
no.3, 2008.

[3] P. Degee, P. Dubois, S. Jacobsen, H. G. Fritz, R. Jerome, "Beneficial effect of
tryphenylphosphine on the bulk polymerization of L, L — lactide promoted by 2 — ethyl
hexanoic acid tin(Il)salt", in Journal of Polymer Science, Part A: Polymer Chemistry, vol.
37,1999, pp. 2413 — 2420.

[4] M. J. D. Eenink, "Synthesis of biodegradable polymers and development of biodegradable
hollow fibres for the controlled release of drugs", Ph. D. Thesis, Twente University, 1987.

[5] K. M. Stridsberg, M. Ryner and A.-C. Albertsson, "Controlled Ring-Opening Polymerization:
Polymers with designed Macromolecular Architecture”, in Degradable Aliphatic Polyesters,
2001, pp. 41-65.

[6] R.E.Drumright, P.R. Gruber, D.E. Henton, "Polylactic Acid Technology", in Advanced
Materials, vol. 12, no. 23, 2000, pp. 1841-1846.

[71J. Wu, T.-L. Yu, C.-T. Chen, C.-C. Lin, "Recent developments in main group metal complexes
catalyzed/initiated polymerization of lactides and related cyclic esters", in Coordination
Chemistry Reviews, vol. 250, no 5-6, 2006, pp. 602-626.

[8] O. Dechy-Cabaret, B. Martin-Vaca, D. Bourissou, "Controlled Ring-Opening Polymerization
of Lactide and Glycolide", in Chemical Reviews, vol. 104, no. 12, 2004, pp. 6147-6176.

[9] G. Schwach, J. Coudane, R. Engel, M. Vert, " More about the polymerization of lactides in the
presence of stannous octoate", in Journal of Polymer Science. Part A: Polymer Chemistry,
vol. 35, 1997, pp. 3431 — 3440.

[10] H.R. Kricheldorf, I. Kreiser-Saunders, C. Boettcher, "Polylactones: 31. Sn(II) octoate-
initiated polymerization of L-lactide: a mechanistic study", in Polymer, vol. 36, no. 6, 1995,
pp. 1253-1259.

[11] H.R Kricheldorf, "Tin-initiated polymerizations of lactones: mechanistic and preparative
aspects", in Macromolecular Symposia, vol. 153, 2000, pp. 55-65.

[12]1 H. Zhang, U. P. Wyss, D. Pichora, M. Goosen, "An investigation of the synthesis and thermal
stability of poly(D,L-lactide)", in Polymer Bulletin, 1992, pp. 623 - 629.

[13] X. Zhang, D. A. Macdonald, M. Goosen, K. McAuley, "Mechanism of lactide polymerization
in the presence of stannous octoate: The efect of hydroxy and carboxylic acid substances",
in Journal of Polymer Science: Part A: Polymer Chemistry, vol. 32, 1994, pp. 2965 - 2970.

[14] H.R. Kricheldorf, I. Kreiser-Saunders, A. Stricker, "Polylactones 48. SnOct, - initiated
polymerizations of lactide: A mechanistic study", in Macromolecules, vol. 23, 2000, pp.
702 —709.

[15] S. Penczek, A. Duda, A. Kowalski, J. Libiszowski, K. Majerska, T. Biela, "On the mechanism
of polymerization of cyclic esters induced by tin(IT) octoate", in Macromolecular Symposia,
vol. 157, 2000, pp. 61 — 70.

[16] A. Kowalski, A. Duda, S. Penczek, "Kinetics and mechanism of cyclic esters polymerization
initiated with tin(I) octoate: 3. Polymerization of L, L — Dilactide", in Macromolecules,
vol. 33, 2000, pp. 7359 — 7270.



46 Ionut Banu, Nicoleta Doriana Stanciu, Jean-Pierre Puaux, Grigore Bozga

[17] S.-H. Hyon, K. Jamshidi, Y. Ikada, "Synthesis of polylactides with different molecular
weights", in Biomaterials, vol. 18, 1997, pp. 1503-1508.

[18] D.R. Witzke, R. Narayan, J.J. Kolstad, "Reversible kinetics and thermodynamics of the
homopolymerization of L-lactide with 2-ethylhexanoic acid tin(II) salt", in
Macromolecules, vol. 30, 1997, pp. 7075 — 7085.

[19] A. Kowalski, J. Libiszowski,K. Majerska, A. Duda, S. Penczek, "Kinetics and mechanism of
g-caprolactone and l,l-lactide polymerization coinitiated with zinc octoate or aluminum
acetylacetonate: The next proofs for the general alkoxide mechanism and synthetic
applications", in Polymer, vol. 48, no. 14, 2007, pp. 3952-3960.

[20] 4. Duda, S. Penczek, "Thermodynamics of L-Lactide Polymerization. Equilibrium Monomer
Concentration", in Macromolecules, vol. 23, 1990, pp. 1636-1639

[21] J. P. Puaux, I. Banu, I. Nagy, G. Bozga, "A study of L-lactide ring-opening polymerization
kinetics", in Macromolecular Symposia, vol. 259, no. 1, 2007, pp. 318-326.

[22] 4. Duda, S. Penczek, A. Kowalski, J. Libiszowski, "Polymerizations of € - caprolactone and L,
L — dilactide initiated with stannous octoate and stannous butoxide — a comparison”, in
Macromolecular Symposia, vol. 153, 2000, pp. 41 — 53.

[23] S. Kaihara, S. Matsumura, A. G. Mikos, J. P. Fisher, "Synthesis of poly L-lactide and
polyglycolide by ring-opening polymerization", in Nature protocols, vol. 2, no. 11, 2007,
pp- 2767 - 2771.

[24] Y.M. Zhang, P. Wang, N. Han, H. F. Lei, "Microwave Irradiation: A Novel Method for Rapid
Synthesis of D,L-Lactide", in Macromolecular Rapid Communications, vol. 28, no. 4,
2007, pp. 417 - 421.

[25] S. Jacobsen, H. G. Fritz, P. Degee, P. Dubois, R. Jerome, "Single-step reactive extrusion of
PLLA in a corotating twin-screw extruder promoted by 2-ethylhexanoic acid tin(II) salt and
triphenylphosphine", in Polymer, vol. 41, 2000, pp. 3395-3403.

[26] S. Jacobsen, H. G. Fritz, P. Degee, P. Dubois, R. Jerome, "Continuous reactive extrusion
polymerisation of L-lactide - an engineering view", in Macromolecular Symposia, vol. 153,
2000, pp. 261-273.

[27]1 M. Jalabert, C. Fraschini, R.E. Prud'homme, "Synthesis and characterization of poly(L-
lactide)s and poly(D-lactide)s of controlled molecular weight, in Journal of Polymer
Science. Part A: Polymer Chemistry, vol. 45, 2007, pp. 1944.



