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Introduction

Recently, cloud point measurements by Lee et al. observed that Poly(L-Lactide) (PLLA) was readily soluble in polar chlorodifluoromethane (R22), due to the specific interaction between the hydrogen atom in the R22 and the ester group in the polymers. Thus, the ring-opening polymerization of L-lactide (L-LA) in supercritical chlorodifluoromethane (scR22) should be feasible up to high degrees of monomer conversion and high MWs in the homogeneous phase. It has been demonstrated that lactone polymerization using aluminum and tin alkoxides proceeds via a coordination insertion mechanism. When Sn(Oct)2 are used as catalyst, without alkoxide (or hydroxide) groups in a pure state, it has been proposed that they react with alcohol and convert to tin alkoxide, which are the active species in the polymerization. Until now, in coordination insertion mechanism of lactone initiated with tin-based initiation systems in solution, in bulk, and in supercritical CO2 (scCO2) with heterogeneous phase, the structure of the active species, the equilibria between them, and their contribution to propagation and intra-/inter-molecular transesterification are known. However, nothing is known about the mechanism and the kinetics of homogeneous ring-opening polymerization of L-LA in scR22.

In this paper, we will report preliminary results about the ring-opening polymerization of L-LA initiated by 1-dodecanol/Sn(Oct)2 in scR22. This research may illustrate the structure of the active species, the equilibria between them, and their contribution to propagation in scR22 as reaction medium.
Experimental Section
Polymerization Procedure in Supercritical R22. Polymerization was conducted in a 52 mL stainless steel high-pressure cell equipped with a magnetic stirring bar and an electrically heating mantle. L-LA (3.0 g), DoOH solution (0.3 mL of a 0.11 M solution in toluene; 3.3 ×10-5 mol of DoOH) and Sn(Oct)2 solution (0.4 mL of a 0.12 M solution in toluene; 4.8 ×10-5 mol of Sn(Oct)2 ) were added into the cell. The cell was filled with liquid R22 to ca. 30 bar at 50 oC by an air-driven gas compressor (Maximator Schmidt Kranz & Co. GMBH) and then gradually heated to 110 oC to achieve a pressure of 200-205 bar. Polymerization was allowed to proceed for 10 hrs.
Polymer Characterization. Molecular weight and molecular weight distribution were determined by gel permeation chromatography (GPC). NMR spectra were recorded at 25 (C using Varian Unity Plus 300 MHz spectrometer in CDCl3 for 1H NMR. TMS used as an internal shift reference.
Table 1. ROP of L-LA in scR22 at 110oC and 200-205 bar Initiated with Sn(Oct)2 a
	entry
	[LA]0:[DoOH]0:[Sn]0
	react

time (min)
	conv
(%)
	Mn,GPC/103 (g/mol)
	MWD

	1
	650:0.0:1.6
	70
	15.6
	29.6
	1.21

	2
	650:0.0:1.6
	120
	23.7
	45.0
	1.23

	3
	650:0.0:1.6
	240
	42.3
	74.9
	1.26

	4
	650:0.0:1.6
	360
	59.7
	126.2
	1.33

	5
	650:0.0:1.6
	480
	62.5
	138.0
	1.38

	6
	650:0.0:1.6
	600
	67.0
	146.0
	1.38

	7
	650:0.0:1.6
	1000
	71.2
	172.6
	1.49

	8
	650:0.0:1.6
	1200
	71.5
	171.5
	1.50

	9
	650:0.0:2.2
	80
	26.5
	38.7
	1.16

	10
	650:0.0:2.2
	150
	42.1
	80.7
	1.22

	11
	650:0.0:2.2
	240
	53.0
	91.2
	1.34

	12
	650:0.0:3.3
	50
	25.2
	36.2
	1.29

	13
	650:0.0:3.3
	100
	39.4
	49.5
	1.35

	14
	650:0.0:3.3
	180
	62.5
	76.3
	1.36

	15
	650:0.0:6.5
	30
	50.0
	48.1
	1.17

	16
	650:0.0:6.5
	46
	62.8
	60.5
	1.28

	17
	650:0.0:6.5
	55
	69.9
	68.7
	1.29


a cR22 (R22 concentration) is 37.4 w/v %, [LA]0 initial L-LA concentration, [DoOH]0 initial DoOH concentration and [Sn]0 initial Sn(Oct)2 concentration.
Results and Discussion
Mechanism of the L-LA Polymerization Initiated with DoOH/Sn(Oct)2 in ScR22.  The ring-opening polymerization (ROP) of L-LA initiated with DoOH/Sn(Oct)2 system involves a coordination-insertion mechanism with selective cleavage of the acyl-oxygen bond of the monomer followed by insertion into the tin-alkoxide bond of the initiator. To confirm this mechanism, the protons of the resulting PLLA chains without purification were analyzed by 1H NMR (Figure 1). Upon polymerization, the resonance of the methylene protons peak g, directly neighbor to hydroxyl group in DoOH, is shifted downfield and observed at 4.1 ppm, g’ directly neighbor to PLLA. The disappearance of the peak g can be monitored by measuring the intensity at 3.6 ppm. The peak a”, belongs to the methine proton of L-LA at chain end, observed as quartet at 4.32 ppm. For a coordination insertion mechanism the ratio of the intensities for g’ and a” (Ig’/Ia”) should be 2.0. The experimental Ig’/Ia” ratio (2.04) is in good agreement with the theoretical value of 2.0, which supports the mechanism proposed for the coordination insertion mechanism of L-LA.
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Kinetics of the L-LA Polymerization Initiated with DoOH/Sn(Oct)2 in ScR22. Kinetics of L-LA polymerization initiated with Sn(Oct)2 in the absence and the presence of DoOH was studied in scR22 as a solvent Monomer conversion and molecular weight were determined by 1H NMR and GPC, respectively. In Figure 2 while the monomer concentration decreased as indicated by the peaks at 1.68 and 5.02 ppm, the polymer signals increase as seen from the peaks at 1.57 and 5.15 ppm.
From Table 1 and Figure 3, kinetic data and kinetic plots obtained for polymerization carried out without DoOH, gave linear relation in the semilogarithmic coordinates within an experimental error, where [LA]0 and [LA] are the monomer concentrations at time zero (t0) and t, respectively. Thus, the number of growing chains does not change appreciably during polymerization at the applied condition. Furthermore, Figure 3 and Figure 4 indicate, taken together, that this process is living within accuracy of our measurements, although the Mw/Mn ratio is much higher than expected from the poisson distribution (cf. Table 1). This is probably due to increasing Mw by the bimolecular transesterification with constant number of growing chains. As the Sn(Oct)2 concentrations increased, the relative polymerization rate constants (defined as kp= -d[LA]/[LA]dt=ln([LA]0/[LA])/t, where t denotes polymerization time) also increased from 2.5×10-3 min-1 at [LA]0:[Sn]0=650:1.6 up to 22.0×10-3 min-1 at [LA]0:[Sn]0=650:6.5. These results mean that the adventitious co-initiator, i.e. any compound containing hydroxyl group able to form tin alkoxide active species does exist in Sn(Oct)2 itself.
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Conclusions
The polymerization is controlled as assessed by the linear relation dependence of ln([LA]0/[LA]) on polymerization time and Mn,GPC on conversion. The relative polymerization rate constants increase with increasing Sn(Oct)2 and 1-dodecanol concentration.
References
1. Dubois, Ph.; Jacobs, Ch.; Jérôme, R.; Teyssié, Ph. Macromolecules 1991, 24, 2266.

2. Kricheldorf, H. R.; Kreiser-Saunders, I.; Stricker, A. Macromolecules 2000, 33, 702.
Figure 1. 1H NMR spectrum of L-LA polymerization initiated with DoOH /Sn(Oct)2 system in scR22 at 110 oC and 200-205 bar for 42 min. [LA]0:[DOOH]0:[Sn]0 = 650:67.0:12.4.





Figure 2. 1H NMR spectra during polymerization in scR22 of L-LA initiated with DoOH/Sn(Oct)2 system. Conditions of polymerization: [LA]0 = 4.0(10-4 mol/L, [LA]0:[DoOH]0 :[Sn]0= 650:67.0:1.2 in scR22 at 110 oC and 200-205 bar for various times.
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Figure 3. Kinetics of L-LA polymerization in scR22 initiated with Sn(Oct)2. [LA]0:[DoOH]0:[Sn]0 was (●) 650:0.0:6.5 (kp=22.0×10-3 min-1), (○) 650:0.0:3.3 (kp=5.2×10-3 min-1), (■) 650:0.0:2.2 (kp=3.4×10-3 min-1) and (□) 650:0.0:1.6 (kp=2.5×10-3 min-1). Conditions as in the caption for Figure 2.





Figure 4. Dependence of Mn of PLLA measured by GPC on degree of monomer conversion. Conditions of polymerization: [LA]0 = 4.0(10-4 mol/L, 110 oC, 200-205 bar in scR22 solvent; [LA]0:[DoOH]0:[Sn]0 was (●) 650:0.0:6.5, (○) 650:0.0:3.3, (■) 650:0.0:2.2 and (□) 650:0.0:1.6.
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