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Summary

The kinetics of DL-lactide polymerization was studied in CH2Cl2 at 25°C and in
toluene at 70°C with HAPENAlOMe, a new Schiff�s base complex derived from 2-
hydroxyacetophenone and ethylenediamine. A higher polymerization rate is observed
with this initiator as compared to other previously reported Al-alkoxides complexes.
The polymerization with HAPENAlOMe is also shown to be a living process in both
solvents. Moreover, the polymerization proceeds to quite high conversion without
significant occurrence of transesterification reactions as confirmed from 13C NMR
and SEC analysis.

Introduction

Polyesters derived from lactides are bioresorbable and biocompatible materials. They
find many applications in the biomedical field as sutures, screws, protheses and also
in the design of controlled drug release devices.(1-6) The polyesters are obtained from
their corresponding monomers by ring-opening polymerization [ROP] (7), with a
large range of molar masses. Different types of initiators(8-14) may be used for the
ROP of lactides, tin(II) octanoate(9, 10) and zinc powder or zinc lactate(11, 12) being
the most commonly used in polymers for biomedical applications. However,
polymerization in the presence of these initiators do not exhibit living behaviour and
lead to polymers with broad molar mass distribution. The development of other
initiators mostly based on aluminium alkoxides giving rise to controlled
polymerization of lactides has known a growing interest during the past fifteen years.
A list of such initiators is given in table 1. Aluminium alkoxide initiators exhibit a
relatively low reactivity and for this reason the polymerizations must be conducted at
relatively high temperature. Recently we have reported that the polymerization of
both L- and DL-lactide can easily be performed in solution at room temperature with
5-chloro-Schiff's base aluminium complex(25). In some cases with aluminium
alkoxide initiators, side transesterification reactions occurred as from 70% conversion,
thereby leading to a broadening of the molar mass distribution(17,23). We present in
this article another Schiff�s base aluminium alkoxide having the same general
structure as shown in table 1 with R=CH3, X=H and Y=(CH2)2 denoted as
HAPENAlOMe. The latter is easily prepared from 2-hydroxyacetophenone and
proves to be an effective initiator for the controlled polymerization of DL-lactide.
This paper will focus on the polymerization kinetics in dichloromethane at 25°C and
in toluene at 70°C. The performance of HAPENAlOMe in comparison with
previously reported Schiff�s base Al-alkoxides and Al(OiPr)3 under similar
experimental conditions will be discussed. The living features of the polymerization
will be addressed.
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Experimental

Materials
DL-lactide was obtained from Purac-Biochem as a gift. It was recrystallised three
times from dry ethyl acetate, dried under vacuum and finally kept under argon.
Dichloromethane was first refluxed and distilled twice over CaH2 under nitrogen and
was stored under argon. Toluene was first refluxed and then distilled over sodium
under nitrogen and kept under argon.

Al(OiPr)3 was used as obtained from Riedel-de-Haën.
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Synthesis of initiators
The synthesis of SALENAlOMe and HAPENAlOMe was carried out according to
scheme 1. The structure of HAPENAlOMe was confirmed by 1H NMR in CD2Cl2: �
(in ppm) 7.47-7.11 (m, 4H, ArH), 6.80-6.49 (m, 4H, ArH), 3.80 (m, 1H, CH2), 3.63
(m, 1H, CH2), 3.50 (m, 1H, CH2), 3.20 (m, 1H, CH2), 2.70 (s, 3K, OCH3), 2.31 (s,
3H, CH3), 2.24 (s, 3H, CH3).

Polymerization procedure
Polymerizations in dichloromethane were carried out under stirring in glass tubes at
25°C under argon in a glove box while those in toluene were conducted in Schlenk
tubes at 70°C under vacuum. The initiator, solvent and monomer were in both cases
introduced in the tubes inside the glove box. After the desired time of polymerization
the solvent was removed under vacuum and the percentage conversion was
determined by 1H NMR. Then the reaction mixture was treated three times with 1M
aqueous solution of acetic acid, washed with water till neutrality and dried on sodium
sulphate. After filtration, the polymers were isolated by precipitation in methanol and
finally dried under vacuum at 40°C.

Characterization
1H and 13C NMR spectra were recorded in CDCl3 using an FT Bruker 250 MHz
spectrometer at 25°C.
SEC analysis was carried out with a Varian equipment (TSK4000-3000-2000 column
set) using THF as eluent at a flow rate of 0.8 ml/mn under 68 atm pressure and an RI
detector. Polystyrene standards were used for calibration.
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Results and Discussion

Similarly to all the Al-alkoxides described in table 1, polymerization of DL-lactide
with HAPENAlOMe proceeds by insertion of the monomer into the aluminium
methoxide bond. This involves cleavage of the acyl-oxygen bond of DL-lactide
leading to aluminium alkoxide as the growing species. One end of the polymer
remains attached to aluminium through an alkoxide bond while the other end contains
a methoxyester group appearing as a singlet at �= 3.74. Comparison of the signal
intensities of this end-group with the methine protons of the chain enables the
determination of the molar mass of the polymer with quite good accuracy (±1.5%).
A hydroxy end-group results after mild hydrolysis of the alkoxide bond with aqueous
acetic acid. This transformation occurs without any change in the molar mass of the
polymer.

Kinetics
The kinetics of DL-lactide polymerization using HAPENAlOMe was investigated in
dichloromethane at 25°C and in toluene at 70°C at monomer concentrations of 1 M
and 2 M for a ratio [M]/[I] = 50. For ease of comparison, the polymerization of DL-
lactide has also been achieved (i) with SALENAlOMe (see table 1: Schiff's base Al-
methoxide complex with R=H, X=H, Y=(CH2)2) in CH2Cl2 and in toluene at 25°C
and 70°C respectively (ii) with Al(OiPr)3 in toluene at 70°C. The extent of conversion
was determined from 1H NMR spectra by comparing the signal intensities of the
monomer (� = 5.01-5.11) and polymer (� = 5.11-5.27).
The polymerization is found to be first order with respect to monomer as supported by
the linear relationship between In [M]0/[M] and time (Figures 1 and 2). This also
substantiates that the concentration of active species remains constant throughout the
polymerization reaction. As can be noted, no induction period is observed in either
solvent as the initiator is here totally soluble.
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The apparent polymerization rate constants (kapp=kp.[I]) in the two solvents have been
calculated for HAPENAlOMe, SALENAlOMe, 5-ClSALENAlOMe and Al(OiPr)3
from the slopes of the straight lines above and are listed in table 2. As can be seen, a
significant increase in the polymerization rate is observed with HAPENAlOMe as
compared to SALENAlOMe in both solvents. The higher reactivity of
HAPENAlOMe may be explained by an increase in the polarisability of the Al-OMe
bond as indicated by an upfield shift of the methyl protons (�=2.71) in 1H NMR
compared to those of SALENAlOMe (�=2.91). 5-ClSALENAlOMe is found to be
also more reactive than SALENAlOMe although in that case a much lower
concentration of initiator was used. This can be explained by the presence of chloro
electron withdrawing group which could possibly enhance the electrophilicity of
aluminium(24).

It is interesting to note that HAPENAlOMe is about three times more reactive than
Al(OiPr)3 under similar experimental conditions. The apparent rate constant as
determined by Dubois et al.(17) has been included in the table for comparison.
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Influence of monomer concentration on kinetics
The polymerization of DL-lactide was carried out also at [M] = 2 M in CH2Cl2 at
25°C. Again a linear relationship was observed. The apparent rate constant of
polymerization for a ratio [M]/[I] = 50 was found to be about 2.5 times greater at 2 M
(Figure 3).

Molar mass v/s conversion
The DL-lactide polymerization initiated by HAPENAlOMe in both CH2Cl2 and
toluene is a living process as shown by a linear plot of number average molar mass
(Mn) v/s conversion (Figure 4).

As can be seen in Table 3, the experimental molar masses determined by 1H NMR are
in close agreement with the predicted molar mass calculated from equation (1),
whereas the correlation between the latter and the molar masses determined by SEC
using polystyrene standards is not as good. A slight increase is noted in the molar
mass distribution (1.1 to 1.2) with percentage conversion, but it remains however
narrow as for a living polymerization.
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Study of transesterification reactions
An interesting feature of the polymerization with HAPENAlOMe is that no significant
transesterification reactions are observed during the polymerization in CH2Cl2
solution, while they occur only at very high extent of conversion (97%) in toluene,
contrary to what has already been reported previously for Al(OiPr)3(17) and
SALENAlOMe(23). These features have been substantiated by 13C NMR spectra as
seen in Figure 5. In the methine region, signals at 69.3 and 69.4 ppm assigned to
"forbidden" tetrads sss, ssi and iss, typical of transesterification reactions are not
observed for 100% conversion in CH2Cl2 (Figure 5a) and for 94% conversion in
toluene (Figures 5b). However at prolonged polymerization time in toluene,
transesterification appear in non negligible amounts at 97% conversion (Figure 5c).
The percentage of transesterification can be evaluated from 13C NMR spectra by
known methods(26, 27) and in the latter case it is of the order of 27%. Comparison of
the intensities of the tetrad signals in Figure 5a (A:B/86%:14%) and in Figure 5b
(A:B/83%:17%) shows that the polymers obtained in both solvents for quantitative
extent of conversion exhibit a high degree of isotacticity. This is in agreement with
results previously found for SALENAlOMe initiator for which a microstructure
obeying a first-order Markovian distribution of units with a reactivity ratio (r = 2.8)
was found (28). The poly(DL-lactides) prepared with HAPENAlOMe were analyzed
by DSC and found to exhibit sharp melting points, thereby confirming their high
stereoregularity. For example, the sample prepared in dichloromethane at high
conversion (84%, [M] = 1M, [M]/[I] = 50) shows a well-defined melting transition at
159°C.

Conclusion
HAPENAlOMe proves to be an interesting initiator for the controlled polymerization
of DL-lactide. It has a higher reactivity than SALENAlOMe and Al(OiPr)3 and does
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not lead to significant transesterification reactions even at high temperature.
HAPENAlOMe is also an isospecific initiator which enables the synthesis of highly
isotactic polymers from a racemic monomer.
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