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Abstract The novel {2,4-bis(1,1-dimethylethyl)-6-{[(2-hydroxyethyl)imino]methyl}
phenoxy}, titanium(IV) complex {[(dME),(HIM)P],Ti(IV)} had been synthesized
and characterized by EA, XRF, IR, and NMR methods. The [(dME),(HIM)P],Ti(IV)
complex was reactive and promoted ring-opening polymerization (ROP) of
D,L-lactide in the presence of benzyl alcohol (BnOH). And the results showed that
ROP of p,L-lactide were produced upon addition of an excess (1-8 equiv.) of external
BnOH. The complex showed a living and controlled fashion (M/M, = 1.15-1.32)
for ROP of p,L-lactide and could produce the poly(p,L-lactide) with average molecular
weight (M,) up to 8.87 x 10* g mol™'. The mechanism study by "H NMR spectrum
of poly(p,L-lactide) with terminal benzyl ester group and [(dME),(HIM)P],Ti(IV)
complex revealed that the polymerization proceeded through the traditional activated
monomer mechanism and the acyl-oxygen bond cleavage mode of monomer. And the
3C NMR spectra and TG/DSC analysis showed that poly(p,L-lactide) was essential
atactic and thermal stable polymer.

Keywords Titanium complex - ROP - p,L-Lactide - Atactic

Introduction

In recent years, the massive use and disposal of petroleum-based plastics had been
seriously caused the environmental hazards. To address these problems, people
should develop the renewable, degradable, and recyclable “green materials” as the
replacements for the petroleum-based materials [1]. The most popular and important
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biodegradable aliphatic polyesters, such as polylactic acid or polylactide (PLA),
polyethylene oxide (PEO), poly(e-caprolactone) (PCL), poly(3-hydroxybutyrate)
(PHB), and polyglycolic acid (PGA) had drawn much attention.

PLA was biodegradable and biocompatible polyester that had been used for
decades, and it was suitable for a variety of application for its excellent mechanical
and physical properties, such as packaging materials, surgical sutures, drug delivery
systems, and scaffolds for tissue engineering [2—4]. The commercial PLA were
usually synthesized by polycondensation method from lactic acid. However, the
polycondensation route had inherent drawbacks like poor kinetic control and
difficulty in removal of liberated byproduct water, so it was difficult to give the high
molecular weight PLA. The PLA was usually prepared by ring-opening polymeri-
zation (ROP) of L-lactide or p,L-lactide, thus the metal alkoxides were known to be
efficient catalysts or initiators for the ROP of the L-lactide or p,L-lactide. Most
recently, an important task for developing new catalytic system was to make metal
complexes afford well-controlled polymerization of p,L-lactide, therefore, these metal
complexes, such as tin [5, 6], aluminum [7-9], lithium [10], magnesium [11], zinc
[12, 13], iron [14, 15], and other transition metal complexes [16—19], seemed to be
suitable for this purpose.

Phenoxy-imines were a versatile class of ligands that displayed the ranges of
diverse application spanning from bioinorganic chemistry [20] to coordination
chemistry [21], chemical catalysis [22, 23], and materials-related application
[24, 25]. Such as, the Al complex catalysts [8] containing a series of phenoxy-imine
ligands had showed the catalytic activity for ROP of various cyclic esters. Recently,
it was reported that the phenoxy-imine Ti(IV) and Zr(IV) complexes were active for
lactide polymerization [26], as well, Jones and co-workers [27-29] also observed
that a serious of phenoxy-imine Ti(IV) complexes were extremely active for the
polymerization of p,L-lactide. In the case of p,L-lactide, Jones’s complexes as
catalysts produced atactic PLA. However, the literature [30] reported that the
titanium alkoxides as initiators could produce heterotactic-biased poly(p,L-lactide),
and increased heterotactic-biased poly(p,L-lactide) was formed as the number of
chlorine atoms increased in TiCL(O-i-Pr),_,.

Therefore, we stimulated similarly to explore the ROP of p,L-lactide because of
the poly(p,L-lactide) eco-friendly feature. One of our core programs was to design
novel catalyst with phenoxy-imine ligand for well-controlled ROP of bp,L-lactide. In
this contribution, we described the preparation and characterization of a novel
[(dME),(HIM)P],TiIV) complex with phenoxy-imine ligands. The -catalytic
activity of the [(dME),(HIM)P],Ti(IV) complex in the ROP of p,L-lactide was
further discussed, and theoretical polymerization mechanism was also discussed.

Experimental section
Materials

All the experiments were performed in the condition of dry and purified nitrogen
(99.99%). The p,L-lactide was synthesized by polycondensation and depolymerization
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reactions from p,L-lactic acid in our laboratory and purified by crystallizing with ethyl
acetate, then dried in vacuum at 35 °C for 48 h. The dehydration of toluene and
n-hexane was performed with calcium hydride (CaH,) and phosphorus pentoxide
(P,Os), respectively. All other materials were of analytical grade and used as received.

Measurements

The elemental analysis (EA) was carried out from a Vario EL III elemental analysis
instrument (Elementar, Germany). The infrared spectra (IR) and X-ray fluorescence
(XRF) spectroscopy were recorded on a Perkin-Elmer GX spectrometer (Perkin-
Elmer, USA) and a XRF 1800 CCDE spectrometer (Shimadzu, Japan) in KBr disc,
respectively. The 'H and '*C NMR spectra were obtained from an AVANCE-500
NMR spectrometer (Bruker, Switzerland) in deuterated chloroform (CDCl3) using
tetramethylsilane (TMS) as an internal standard. Number averaged molecular
weight (M,)), weight averaged molecular weight (M,,), and polydispersity indexes
(PDIs) of these poly(p,L-lactide)s were determined by gel permeation chromato-
graphic (GPC) instrument equipped with multi angle laser light scattering detector
(MALS). Molecular weights were calibrated according to polystyrene standards.
Tetrahydrofuran (THF) was used as an eluent at a flow rate of 1.0 ml min~! at
40 °C. Thermogravimetric (TG) and differential scanning calorimetric (DSC)
analysis were carried out using with STA449C instrument (Netzsch, Germany)

under argon atmosphere at a heating rate of 10 °C min~".

Synthesis of 2,4-bis(1,1-dimethylethyl)-6-{[(2-
hydroxyethyl)imino]methyl }phenol [(dME),(HIM)P-H,] ligand

3,5-di-tert-Butylsalicylaldehyde (9.37 g, 40 mmol) and ethanolamine (2.5 ml,
40 mmol) were refluxed for 3 h in ethanol (60 ml). The solvent was evaporated
and the residue was purified by crystallizing using n-hexane (20 ml) at —20 °C to
afford the Schiff base ligand as a yellow solid in 84% (9.30 g) yield. Anal. calcd for
C,7H27NO;, (277.40): C 73.61, H 9.81, N 5.05; Found: C 73.68, H 9.83, N 5.07.

Synthesis of the {2,4-bis(1,1-dimethylethyl)-6-{[(2-
hydroxyethyl)imino]methyl }phenoxy}, Ti(IV) complex
{[(AME),(HIM)PL, Ti(IV)}

2,4-Bis(1,1-dimethylethyl)-6-{[(2-hydroxyethyl)imino]methyl}phenol Schiff base
ligand (5.55 g, 20 mmol) and tetraethyl titanate (2.1 ml, 10 mmol) were stirred in
toluene (20 ml) for 24 h at ambient temperature. The solvent was evaporated and
the residue was purified by crystallizing using n-hexane (10 ml) at —20 °C to
afford the {2,4-bis(1,1-dimethylethyl)-6-{[(2-hydroxyethyl)imino]Jmethyl} phen-
oxy} Ti(IV) complex {[(dME),(HIM)P],Ti(IV)} as yellow crystal in 82% (4.88 g)
yield. Anal. calcd for C34H5oN,O4Ti (598.27): C 68.21, H 8.42, N 4.68; Found: C
68.28, H 8.39, N 4.63.
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ROP of p,L-lactide using [(AME),(HIM)P],Ti(IV) complex as catalyst

Bulk polymerizations of bp,L-lactide were carried out in vacuum-sealed glass
ampoules. The glass ampoules were first charged with the designed monomer (D,L-
lactide) and benzyl alcohol ([M]y/[BnOH]y, M = p,L-lactide, BnOH = benzyl
alcohol) in Table 1, subsequently, (AME),(HIM)P],Ti(IV) complex was dissolved
in dichloromethane and then added keeping with the designed [M]y/[Ti]o/[BnOH],
(Ti = (AME),(HIM)P],Ti(IV) complex) by a syringe, as shown in Table 1. The
ampoules were heated at 40 °C under vacuum to remove the dichloromethane and
purged with dry nitrogen. Then these ampoules were sealed under high vacuum and
immersed in an oil bath. Polymerizations were carried out at 160 °C. After a
predetermined time, the glass ampoules were cooled in liquid nitrogen, and the
sealed ampoules were broken and the poly(p,L-lactide) samples were removed by
dissolving in chloroform and precipitating in ethanol. The obtained poly(p,L-lactide)
were separated by filtration, dried under reduced pressure, and characterized by 'H
and '*C NMR spectra, gel permeation chromatography, and TG/DSC analysis.

Results and discussion

Characterization of (AME),(HIM)P-H, ligand and [(dME),(HIM)P],Ti(IV)
complex

X-Ray fluorescence (XRF) spectroscopy was a powerful method to assay most of
chemical compositions of solid and liquid samples [31]. Figure 1 shows the XRF
spectrum of the complex, and two peaks corresponded to the Ti Ka line and Ti Kf§
line shown at 86° and 77°, respectively, which indicated that there was titanium (Ti)
in the complex sample and the complex might had been prepared through alcohol
exchange reaction between (AME),(HIM)P-H, ligand and tetraethyl titanate. In the
presence of KBr, three peaks of bromine (Br) shown at different degree in the Fig. 3,
and they were coincident with two Br Ka lines and a Br Kf line. But the peaks of
other elements were out of the scanning degree.

Figure 2 shows IR spectra of (dME),(HIM)P-H, ligand (a) and [(dME),
(HIM)P)],Ti(IV) complex (b). In the IR spectrum (a in Fig. 2) of the (AME),(HIM)P-
H, ligand, the peak at 3,326 cm ™' represented the stretching vibration of alcohol
hydroxyl (-OH), and two peaks at 1,471 and 1,441 cm”! represented deformation
vibration of phenol hydroxyl. However, these peaks had disappeared in the IR
spectrum (b in Fig. 2) of [(dAME),(HIM)P],Ti(IV) complex, and other two peaks that
were ascribed to the stretching vibration of N — Ti coordination bond and O-Ti
covalent bond occurred at 579 and 559 cm_l, respectively. On the other hand, the
stretching vibration peak of imino group (-CH=N) in (dME),(HIM)P-H, ligand
showed at 1,634 cm™'(a in Fig. 2), however, it shifted to 1,623 cm™' in
[(dME),(HIM)P],Ti(IV) complex (b in Fig. 2) due to the nitrogen coordination with
Ti, which revealed that the (AME),(HIM)P-H, ligand had reacted with tetracthyl
titanate following the alcohol exchange protocol.
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Table 1 ROP of p,L-lactide catalyzed by a binary catalyst [(dIME),(HIM)P],Ti(IV)/BnOH in bulk phase

Entries  [M]y/ Time M, M M M, Conversion®  Yield® PDI®
[Ti]o/ (h)  (obsd)  (obsd) (caled) (NMR) (%) (%)
[BnOH], (g/mol)  (g/mol) (g/mol) (g/mol)
1 400/1/1 6 49,200 39,700 37,500 43,200 65 55 1.24
2 400/1/2 8 29,000 23,000 21,700 24,400 75 67 1.26
3 400/1/4 12 16,100 13,200 11,300 14,500 78 70 1.22
4 800/1/1 8 91,700 76,400 85,300 78,700 74 66 1.20
5 800/1/2 12 62,300 51,100 49,100 57,700 85 74 1.22
6 800/1/4 16 31,200 26,400 23,100 21,700 80 70 1.18
7 1,200/1/1 12 90,600 77,400 120,900 82,300 70 64 1.17
8 1,200/172 16 82,100 68,300 73,500 63,300 85 77 1.19
9 1,200/1/4 20 40,600 34,700 30,600 33,400 85 81 1.17
10 1,600/1/1 10 100,900 76,500 149,900 67,700 65 55 1.30
11 1,600/172 14 102,800 87,100 110,700 84,500 96 91 1.18
12 1,600/1/4 18 66,600 57,400 54,300 51,200 94 90 1.16
13 1,600/1/8 22 28,900 24,500 26,300 22,300 91 85 1.18
14 2,200/172 14 97,300 77,200 125,200 76,400 79 37 1.26
15 2,200/1/4 18 73,500 58,300 55,500 52,400 70 61 1.26
16 2,200/1/8 22 36,700 27,800 25,500 38,400 64 52 1.32
17 1,000/172 12 74,100 62,300 64,200 63,300 89 78 1.19
18 1,200/172 12 91,600 78,200 82,200 77,900 95 91 1.17
19 1,400/172 12 96,900 84,300 96,800 85,700 96 94 1.15
20 1,600/172 12 100,300 86,500 109,600 87,700 95 92 1.16
21 1,800/172 12 10,000 84,800 124,600 86,500 96 91 1.18
22 2,000/172 12 99,300 82,100 120,900 84,200 84 76 1.21
23 2,400/172 12 89,300 72,600 129,700 73,200 75 70 1.23
24 1,600/1/2 4 87,800 73,200 85,300 76,200 74 70 1.20
25 1,600/1/2 6 92,300 78,100 98,000 80,500 85 81 1.18
26 1,600/1/2 8 98,500 84,200 107,200 82,500 93 90 1.17
27 1,600/172 12 100,300 86,500 109,500 87,700 95 92 1.16
28 1,600/172 16 102,000 88,700 111,900 90,200 97 94 1.15
29 1,600/172 20 103,400 86,900 111,900 90,800 98 95 1.19

Polymerization performed in bulk phase with [M], = 0.1 mol at 160 °C

* Determined by gel permeation chromatography (GPC) and calibrated by a polystyrene standard
[My(obsd) = 0.56 M,(GPC)] [33]

® Calculated from the molecular weight of p,L-lactide x [M]y/[BnOH], x the conversion yield +
Mgnon, with Mp,on = 108 g mol ™! [34, 35]

© Determined by '"H NMR spectrum
4 Obtained from weight of polymer obtained/weight of monomer used
¢ Obtained from M, (obsd)/M,(obsd)

Figure 3A, and B shows the "H NMR and '>C NMR spectra of (AME),(HIM)P-
H, ligand, respectively, their proton and carbon peaks were in good agreement with
the structure of phenoxy-imine ligand. Figure 4A and B also shows the 'H NMR
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Fig. 1 XRF spectroscopy of [(dME),(HIM)P)],Ti(IV) complex

and '*C NMR spectra of [(AME),(HIM)P], Ti(IV) complex, respectively. Compared to
(dME),(HIM)P-H, ligand (Fig. 3A), two methylene (—CH,) proton peaks (c and d in
Fig. 4A) of [(AME),(HIM)P],Ti(IV) complex had shifted to the lower field. Especially,
the methylene (—CH,) protons peak (c in Fig. 3A) had been split to two symmetrical
quartet peaks (c in Fig. 4A) in [(dME),(HIM)P],Ti(IV) complex for the deshielding,
which revealed that the electron cloud density of nitrogen atom in imine group
(-CH=N) was decreased due to its coordination with Ti. And also, the chemical shift
distance of two carbon peaks (c and d in Fig. 4B) was wider than that of two carbon
peaks (c and d in Fig. 3B). These observations indicated that [(dME),(HIM)P],Ti(IV)
complex was prepared successfully and its structure is shown in Fig. 4.

ROP and proposed mechanism of p,L-lactide catalyzed by a binary catalyst
[(dME),(HIM)P],Ti(IV)/BnOH

ROP of p,L-lactide were carried out by employing [(AME),(HIM)P],Ti(IV) complex
and BnOH as a binary catalyst and the polymerization reactions were systematically
examined in bulk phase at 160 °C, as well as molar ratio of [M]y/[Ti]o/[BnOH], and
reaction time were investigated, which is summarized in Table 1. When the
temperature of the mixture samples reached 160 °C, the polymerizations were
visually indicated by a distinct color change and formation of dark-brown viscous
mass in case of the [(dAME),(HIM)P],Ti(IV) complex, and the change of viscosity
was also clearly noticed. However, the color change was not apparent but a change
of viscosity was clearly noticed for the ROP of p,L-lactide in the presence of Sn(II)
catalyst [32]. The polymers precipitated in ethanol solution leaded to the polymers
having light brown to pale yellow coloration, but repeated reprecipitation was found
essential to decolorize the polymers to acceptable levels for further characterization.
The number average molecular weight (M,,) and polydispersity indexes (PDIs) of
poly(p,L-lactide) samples based on GPC were determined.
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Fig. 3 '"H NMR (A) and "*C NMR (B) spectra of (dME),(HIM)P-H, ligand

In Table 1, all observed molecular weights based on GPC with [(dME),
(HIM)P],Ti(IV) complex as catalyst were above 1 x 10* g mol~!. The ROP of
D,L-lactide in bulk phase at 160 °C were produced upon of addition of an excess
(1-8 equiv.) of external benzyl alcohol (BnOH). There the [(dME),(HIM)P],Ti(IV)
complex/BnOH as a binary catalyst, most of agreements between experimental
andTable 1, entries 2, 5, and 17-20). However, an increase of the [M]y/[Ti]o/[BnOH],
molar ratios ranging from 1,800/1/2 to 2,400/1/2 showed a decrease in polymer
molecular weights (Table 1, entries 21-23), which revealed that the M,, was consistent
with [M]o/[Ti]o/[BnOH], molar ratios under same polymerization temperature and
reaction time, and the higher molecular weight (M,) was up to 8.65 x 10* g mol !
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Fig. 4 'H NMR (A) and 13C NMR (B) spectra of [(AME),(HIM)P],Ti(IV) complex

(Table 1, entry 20). Similarly, the reaction time also showed a positive effect on
overall conversion of p,L-lactide (Table 1, entries 24-28). With the variation of
reaction time (Table 1, entries 24-27), the conversion of D,L-lactide increases
quickly (74-95%), then went temperedly (95-98%) from 16 to 20 h (Table 1,
entries 27-29). Therefore, there were no obvious changes with prolonged
reaction time to the conversion, and the yield of poly(p,L-lactide) was similar
tendency with the conversion. Here, there was a linear relationship between the
M,, and conversion at the [M]y/[Ti]o/[BnOH], molar ratios ranging from 400/1/2
to 1,600/1/2 (Table 1, entries 24-28) after 12 h at 160 °C, and the molecular
weight distribution was relatively narrow (M /M, = 1.15-1.20), which indicated
that a living and controlled fashion of polymerization was also accomplished (in
Fig. 5).

Worth was the comparison of the [(AME),(HIM)P)],Ti(IV) complex as catalyst
with the reported similar systems catalyst, such as titanium biphenoxy-alkoxide
[32] and titanium bis(aryloxo) complexes [Ti,(u-OEt),(edbp),(OEt), and Ti(edb-
p)(O'Pr), complex, edbp-H, = 2,2’-ethylidenebis(4,6-di-tert-butylphenol] catalysts
[36]. In our study, the higher molecular weight PLA polymers were consistently
obtained at the [M]:[Ti] ratio 1,600:1 after 4-20 h at 160 °C (Table 1, entries
24-29). Though the obtained higher monomer conversion and yields within 2.5 h
at much catalyst loadings, the molecular weights of obtained PLA polymers
with titanium biphenoxy-alkoxide and titanium bis(aryloxo) complexes as
catalysts were below 2 x 10* g mol™', yielding the PLAs with wide molecular
weight distribution. As well other similar catalysts systems, Salen—Na, complex
[37] [Salen = N,N’-bis(3,5-di-tert-butyl-salicylidene)-1,3-propanediamine] showed
higher catalytic activity for ROP of L-lactide at the [M]:[Cat] ratio 500:1 after
18.5 h at 30 °C, the number averaged molecular weight (M) of obtained PLA was
close to 7 x 10* g mol ™" and the monomer conversion was above 95%. However,
the polydispersity index (PDI) of the PLA was above 1.40. Therefore, it revealed
that the [(dME),(HIM)P],Ti(IV) complex showed higher catalytic activity for ROP
of p,L-lactide and a well-controlled manner at 160 °C, and the obtained polymers
had a controlled molecular weight and low polydispersity indexes (PDIs).
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Fig. 5 Plot of M, (l) and PDI (A) versus monomer conversion for ROP of p,L-lactide catalyzed by a
binary catalyst [(dME),(HIM)P],Ti(IV)/BnOH (bulk phase, 160 °C, [M]y/[Ti]o/[BnOH], = 1,600, here
M: p,L-lactide monomer, Ti: [(AME),(HIM)P],Ti(IV) complex, BnOH: benzyl alcohol)

The formation of alkoxide species was monitored by 'H NMR spectroscopy in
CD5Cl, and Fig. 6 shows "H NMR spectrum of poly(p,L-lactide) in the presence of
the binary catalyst [(dME),(HIM)P],Ti(IV)/BnOH. When b,L-lactide was added to
the Ti(IV) alkoxide generated by reacting [(dME),(HIM)P],Ti(IV) complex with
benzyl alcohol in 1:2 ratio, the polymerization started instantaneously. Then the
poly(p,L-lactide) with terminal benzyl ester group and [(dME),(HIM)P],Ti(IV)
complex could be obtained by dissolving in chloroform and precipitating in ethanol
and identified (Fig. 6). The '"H NMR spectrum analysis of the obtained poly(p,L-
lactide) clearly showed the existence of Ti(IV) alkoxide and terminal benzyl ester
group. Furthermore, no free benzyl alcohol and lactide monomer could be observed
in the polymerization, showing that the mechanism for the ROP of p,L-lactide
agreed with the traditional-activated monomer mechanism.

From the previous 'H NMR spectrum (Fig. 6), we concluded that the proposed
mechanism for ROP of b,L-lactide was catalyzed by the binary catalyst
[(AME),(HIM)P],TidV)/BnOH. On the basis of the [(dME),(HIM)P],Ti(IV)
complex, which should be a prominent feature in an activated monomer mechanism,
where the D,L-lactide monomers were activated by the metal center of the complex
(Scheme 1). In the presence of benzyl alcohol, the titanium alkoxide complex with
activated monomers was nucleophilic attacked of hydroxy group of benzyl alcohol,
then the poly(p,L-lactide) oligomers with terminal benzyl ester group were obtained
by the exchange/transfer reactions. Subsequently, the polymerization of other
activated monomers proceeded by the nucleophilic attack of hydroxy group of the
poly(p,L-lactide) oligomers to the monomer activated by coordination of titanium.
The similar mechanism was proposed in the literature [38, 39].
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Fig. 6 'H NMR spectrum of poly(p,L-lactide) with terminal benzyl ester group and
[(dME),(HIM)P],TiIV) complex [*a few poly(p,L-lactide)s with terminal benzyl ester group;
**methylene proton peaks of rudimental ethanol; [M]y/[Ti]o/[BnOH], = 400:1:2, at 160 °C for 12 h]

The '>C NMR spectrum and thermal analysis of PLA

It was reported that carbonyl (~C=0) and methine (—CH) carbons were the stereo-
sensitive groups leading to hexad and tetrad sequences, respectively [40]. Figure 7
shows the '*C NMR spectrum of poly(p,L-lactide) with [(dME),(HIM)P],Ti(IV)/
BnOH as a binary catalyst. The peaks due to methyl carbon, methine carbon, and
carbonyl carbon were observed at 16.6—-17.7, 68.9-69.2, and 169.1-169.2 ppm,
respectively. The carbon peak assignment to the corresponding carbon atoms was in
good agreement with the chemical structure of PLA, and they were different from
the single peak of the corresponding carbon atoms of poly(L-lactide). On the other
hand, the presence of syndiotactic dyad at 69.4 ppm could be ascribed to the
methine protons resonance absorption peak in iss stereosequence, which indicated
that there was intermolecular transesterification in ROP of lactide [41]. However,
there is no visible peak of iss stereosequence at 69.4 ppm in Fig. 7, and it revealed
that no notable intermolecular transesterification leaded to the formation of iss
stereosequence structures. Therefore, we could infer that the transesterification was
very poor during ROP of bp,L-lactide employing the [(dME),(HIM)P],Ti(IV)
complex as catalyst and the molecular weight distributions of poly(p,L-lactide)
should be narrow, which could be proved from the lower PDIs in Table 1. In Fig. 7,
there were clearly two resonances at 69.2 and 69.0 ppm, and the resonance at
and sii tetrads, otherwise, the two resonances had not the same intensities, which
were consistent with the reported microstructure of poly(p,L-lactide) [42, 43] and
indicated that obtained poly(p,L-lactide) was atactic polymer. Thus, the results
showed that [(dME),(HIM)P],Ti(IV) complex could efficiently catalyze the ROP of
D,L-lactide in the presence of benzyl alcohol and showed a well-controlled manner,
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Scheme 1 Traditional-activated monomer mechanism for the ROP of p,L-lactide catalyzed by a binary
catalyst [(dME),(HIM)P],Ti(IV)/BnOH

and the obtained polymer with controlled molecular weight and low PDI was an
essential atactic polymer.

Figure 8 shows the thermogravimetric (TG) and differential scanning calorimetry
(DSC) analysis of the obtained poly(p,L-lactide). According to the TG curve, there
was 5% weight loss, ranging from 260 to 280 °C, which might be the lower
molecular weight polymers and some monomers were lost. Therefore, an increase of
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Fig. 7 13C NMR spectrum of obtained poly(p,L-lactide) with [(AME),(HIM)P],Ti(IV)/BnOH as a binary
catalyst (no visible peak of iss stereosequence at 69.4 ppm)
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Fig. 8 TG and DSC analysis of the poly(p,L-lactide) with [(AME),(HIM)P],Ti(IV)/BnOH as a binary
catalyst

temperature resulted in the lower molecular weight polymers and some monomers
decomposition and these minor samples lost easily on the onset decomposition
temperature. The 93% weight loss was visible from 380 to 600 °C and accompanied
with the most output of heat at 347 °C, and it indicated that high molecular weight
poly(p,L-lactide) began to run complicated decomposition reaction. The results
demonstrated that the poly(p,L-lactide) was thermal stable polymer and had similar
thermal stability of poly(p,L-lactide) prepared using the stannous octoate (Sn(Oct),)
as catalyst [44, 45].
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However, no crystallization temperature (7.) was observed from the DSC curve
in Fig. 8, and it indicated that the obtained poly(p,L-lactide) was an amorphous
polymer and the [(dME),(HIM)P],Ti(IV) complex did not show stereoselective
ROP of b,L-lactide. The trend of glass transition temperature (7,) was in relation to
molecular weight, in general, T, of PLA was linearly dependent on the molecular
weight until it reached its maximum [46, 47]. According to Fig. 8, the T, was 63 °C,
and it was important to point out that 7, of the obtained PLA in our study was higher
than that of the reported poly(p,L-lactide) prepared using the similar aluminum
Half-Salen complexes [48], and zinc lactate [49] and other compound [50] as
catalyst, which was consistent with obtained poly(p,L-lactide) with high M,
(8.87 x 10* g mol ") and the results showed that [(dME),(HIM)P],Ti(IV) complex
in the presence of BnOH was an effective catalyst for ROP of bp,L-lactide.

In conclusion, these results indicated that the [(dME),(HIM)P],Ti(IV) complex
was catalytic active for ROP of p,L-lactide, and the obtained poly(p,L-lactide) was
essential atactic and thermal stable polymer. The crystal structure of the
[(dME),(HIM)P],Ti(IV) complex and kinetic of p,L-lactide polymerization would
be reported further.

Conclusions

We had demonstrated that the synthesis of a novel [(AME),(HIM)P],Ti(IV)
complex, and its molecular structure was confirmed by EA, XRF, IR and '"H NMR
and '>C NMR methods. Notably, the complex was an effective catalyst for ROP of
D,L-lactide in the presence of BnOH, and the results revealed that the complex
showed a well-controlled manner for ROP of p,L-lactide in bulk phase to give
poly(p,L-lactide) with average molecular weight (M,,) up to 8.87 x 10* g mol™" and
a narrow molecular weight distribution (M,,/M,, = 1.15-1.32), and the poly(D,L-
lactide) was essential atactic and thermal stable polymer.

Acknowledgments Financial supports from the National Natural Science Foundation of China (Nos.
11032012, 30870609, 51043004, 31170923), Chongqing Municipal Natural Science Foundation of China
(Nos. CSTC2009BA4025, CSTC2009BB4382) and Chongqing Municipal Education Commission
Foundation of China (KJ091415) were greatly appreciated.

References

1. Vilay V, Mariatti M, Ahmad Z, Pasomsouk K, Todo M (2010) Improvement of microstructures and
properties of biodegradable PLLA and PCL blends compatibilized with a triblock copolymer. Mater
Sci Eng A 527:6930-6937

2. Zhong Z, Dijkstra PJ, Feijen J (2003) Stereoselective ring-opening polymerization of rac-lactides
catalyzed by chiral and achiral aluminum. J Am Chem Soc 125:11291-11298

3. Liao HT, Wu CS (2009) Preparation and characterization of ternary blends composed of polylactide,
poly(e-caprolactone) and starch. Mater Sci Eng A 515:207-214

4. Feng J, Sui J, Cai W, Wan J, Chakoli AN, Gao Z (2008) Preparation and characterization of magnetic
multi-walled carbon nanotubes-poly(L-lactide) composite. Mater Sci Eng B 150:208-212

5. Dove AP, Gibson VC, Marshall EL, Rzepa HS, White AJP, Williams DJ (2006) Synthetic, structural,
mechanistic, and computational studies on single-site beta-diketiminate tin(Il) initiators for the
polymerization of rac-lactide. ] Am Chem Soc 128:9834-9843

@ Springer



524 Polym. Bull. (2012) 69:511-525

6. Nimitsiriwat N, Gibson VC, Marshall EL, Elsegood MRJ (2009) Bidentate salicylaldiminato tin(II)
complexes and their use as lactide polymerisation initiators. Dalton Trans 19:3710-3715
7. Du H, Pang X, Yu H, Zhuang X, Chen X, Cui D, Wang X, Jing X (2007) Polymerization of rac-
lactide using Schiff base aluminum catalysts: structure, activity, and stereoselectivity. Macromole-
cules 40:1904-1913
8. Iwasa N, Fujiki M, Nomura K (2008) Ring-opening polymerization of various cyclic esters by Al
complex catalysts containing a series of phenoxy-imine ligands: effect of the imino substituents for
the catalytic activity. J] Mol Catal A 292:67-75
9. Ishii R, Nomura N, Kondo T (2004) Stereoselective bulk polymerization of racemic lactide for
stereoblock poly(racemic lactide) using an achiral aluminum complex. Polym J 36:261-264
10. Hsueh ML, Huang BH, Wu J, Lin CC (2005) Synthesis, characterization, and catalytic studies of
lithium complexes: efficient initiators for ring-opening polymerization of L-lactide. Macromolecules
38:9482-9487
11. Tang HY, Chen HY, Huang JH, Lin CC (2007) Synthesis and structural characterization of mag-
nesium ketiminate complexes: efficient initiators for the ring-opening polymerization of L-lactide.
Macromolecules 40:8855-8860
12. Gowda RR, Chakraborty D (2010) Zinc acetate as a catalyst for the bulk ring opening polymerization
of cyclic esters and lactide. J Mol Catal A 333:167-172
13. Schwach G, Coudane J, Engel R, Vert M (1996) Zn lactate as initiator of pL-lactide ring opening
polymerization and comparison with Sn octoate. Polym Bull 37:771-776
14. Wang X, Liao K, Quan D, Wu Q (2005) Bulk ring-opening polymerization of lactides initiated by
ferric alkoxides. Macromolecules 38:4611-4617
15. O’Keefe BJ, Monnier SM, Hillmyer MA, Tolman WB (2001) Rapid and controlled polymerization of
lactide by structurally characterized ferric alkoxides. J Am Chem Soc 123:339-340
16. Zhu YJ, Chen JX, Zhang WH, Ren ZG, Zhang Y, Lang JP, Ng SW (2005) Syntheses, crystal
structures and luminescent properties of two novel lanthanide/4-pya complexes: [Ln(4-pya);(H,0),],
(Ln = Eu, La; 4-pya = trans-4-pyridylacrylate). J Organomet Chem 690:3479-3487
17. Yu C, Zhang L, Tu K, Shen Z (2004) Ring-opening polymerization of p,L-Lactide by the single
component rare earth tris(4-tert-butylphenolate)s. Polym Bull 52:329-337
18. Zhang L, Shen Z, Yu C, Fan L (2004) Ring-opening polymerization of p,L-lactide by rare earth
2,6-dimethylaryl-oxide. Polym Int 53:1013-1016
19. Bero M, Dobrzyniski P, Kasperczyk J (1999) Application of zirconium(IV) acetylacetonate to the
copolymerization of glycolide with e-caprolactone and lactide. Polym Bull 42:131-139
20. Mascharak PK (2002) Structural and functional models of nitrile hydratase. Coord Chem Rev
225:201-214
21. Sunatsuki Y, Motoda Y, Matsumoto N (2002) Copper(Il) complexes with multidentate Schiff-base
ligands containing imidazole groups: ligand-complex or self-complementary molecule. Coord Chem
Rev 226:199-209
22. Saito J, Tohi Y, Matsukawa N, Mitani M, Fujita T (2005) Selective synthesis of Al-terminated
polyethylenes using a bis(phenoxy-imine)Zr complex with methylalumoxane. Macromolecules
38:4955-4957
23. Nakayama Y, Bando H, Sonobe Y, Fujita T (2004) Olefin polymerization behavior of bis(phenoxy-
imine) Zr, Ti, and V complexes with MgCl,-based cocatalysts. J Mol Catal A 213:141-150
24. Lacroix PG, Averseng F, Malfant I, Nakatani K (2004) Synthesis, crystal structures, and molecular
hyperpolarizabilities of a new Schiff base ligand, and its copper(II), nickel(I), and cobalt(IT) metal
complexes. Inorg Chim Acta 357:3825-3835
25. Mason AF, Coates GW (2004) New phenoxyketimine titanium complexes: combining isotacticity
and living behavior in propylene polymerization. J Am Chem Soc 126:16326-16327
26. Gendler S, Segal S, Goldberg I, Goldschmidt Z, Kol M (2006) Titanium and Zirconium complexes of
dianionic and trianionic amine-phenolate-type ligands in catalysis of lactide polymerization. Inorg
Chem 45:4783-4790
27. Whitelaw EL, Davidson MG, Jones MD (2011) Group 4 salalen complexes for the production and
degradation of polylactide. Chem Commun 47:10004—-10006
28. Whitelaw EL, Jones MD, Mahon MF, Kociok-Kohn G (2009) Novel Ti(IV) and Zr(IV) complexes
and their application in the ring-opening polymerisation of cyclic esters. Dalton Trans 41:9020-9025
29. Whitelaw EL, Jones MD, Mahon MF (2010) Group 4 salalen complexes and their application for the
ring-opening polymerization of rac-lactide. Inorg Chem 49:7176-7181

@ Springer



Polym. Bull. (2012) 69:511-525 525

30.

31.

32.

33.

34.

35.

36.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Kim Y, Jnaneshwara GK, Verkade JG (2003) Titanium alkoxides as initiators for the controlled
polymerization of lactide. Inorg Chem 42:1437-1447

Abbott PH, Adams MJ (1995) Strategies for X-ray fluorescence spectra interpretation. Lab Autom Inf
Manage 31:115-221

Umare PS, Tembe GL, Rao KV, Satpathy US, Trivedi B (2007) Catalytic ring-opening polymeri-
zation of L-lactide by titanium biphenoxy-alkoxide initiators. J] Mol Catal A 268:235-243

Save M, Schappacher M, Soum A (2002) Controlled ring-opening polymerization of lactones and
lactides initiated by lanthanum isopropoxide, 1. General aspects and kinetics. Macromol Chem Phys
203:889-890

Huang BH, Lin CN, Hsueh ML, Athar T, Lin CC (2006) Well-defined sterically hindered zinc
aryloxides: excellent catalysts for ring-opening polymerization of e-caprolactone and L-lactide.
Polymer 47:6622-6629

Huang Y, Hung WC, Liao MY, Tsai TE, Peng YL, Lin CC (2009) Ring-opening polymerization of
lactides initiated by magnesium and zinc complexes based on NNO-tridentate ketiminate ligands:
activity and stereoselectivity studies. J Polym Sci Part A 47:2318-2329

Ejfler J, Kobytka M, Jerzykiewicz LB, Sobota P (2006) Titanium complexes supported by bis(aryloxo)
ligand: structure and lactide polymerization activities. ] Mol Catal A 257:105-111

. Ya L, Wang L, Pan X, Tang N, Wu J (2011) Synthesis, characterization and catalytic activity of

Salen—(sodium), and (Salen),—lanthanum-sodium complexes. Inorg Chim Acta 373:219-225

Grala A, Ejfler J, Jerzykiewicz LB, Sobota P (2011) Chemoselective alcoholysis of lactide mediated
by a magnesium catalyst: an efficient route to alkyl lactyllactate. Dalton Trans 40:4042-4044
Sarazin Y, Liu B, Roisnel T, Maron L, Carpentier JF (2011) Discrete, solvent-free alkaline-earth
metal cations: metal---fluorine interactions and ROP catalytic activity. J Am Chem Soc 133:
9069-9087

Thakur KAM, Kean RT, Hall ES, Kolstad JJ, Lindgren TA, Doscotch MA, Siepmann JI, Munson EJ
(1997) High-resolution '*C and 'H solution NMR study of poly(lactide). Macromolecules 30:
2422-2428

Ovitt TM, Coates GW (2002) Stereochemistry of lactide polymerization with chiral catalysts: new
opportunities for stereocontrol using polymer exchange mechanisms. J Am Chem Soc 124:
1316-1326

Chisholm MH, Iyer SS, McCollum DG, Pagel M, Werner-Zwanziger U (1999) Microstructure of
poly(lactide). Phase-sensitive HETCOR spectra of poly(meso-lactide), poly(rac-lactide), and atactic
poly(lactide). Macromolecules 32:963-972

Chamberlain BM, Cheng M, Moore DR, Ovitt TM, Lobkovsky EB, Coates GW (2001) Polymeri-
zation of lactide with zinc and magnesium f-diiminate complexes: stereocontrol and mechanism.
J Am Chem Soc 123:3229-3238

Kopinke FD, Remmler M, Mackenzie K, Milder M (1996) Thermal decomposition of biodegradable
polyesters -II. Poly(lactic acid). Polym Degrad Stab 43:329-342

Jamshidi K, Hyon SH, Ikada Y (1988) Thermal characterisation of polylactides. Polymer 29:
2229-2234

Jeong JH, An YH, Kang YK, Nguyen KQT, Lee H, Novak BM (2008) Synthesis of polylactide using
a zinc complex containing (S)-N-ethyl-N-phenyl-2-pyrrolidinemethanamine. Polyhedron 27:319-324
Kang YK, Nguyen QT, Lee RE, Lee H, Jeong JH (2009) Synthesis and X-ray crystal structure of
dichloro[N-{6-methyl-2-pyridyl)methyl }-(S)-1-phenylethylamine]zinc(II) and its catalytic applica-
tion to rac-lactide polymerization. Bull Korean Chem Soc 30:257-260

Darensbourg DJ, Karroonnirun O (2010) Stereoselective ring-opening polymerization of rac-lactides
catalyzed by chiral and achiral aluminum Half-Salen complexes. Organometallics 29:5627-5634
He Y, Xu Y, Wei J, Fan Z, Li S (2008) Unique crystallization behavior of poly(L-lactide)/poly(p-
lactide) stereocomplex depending on initial melt states. Polymer 49:5670-5675

Sandner B, Steurich S, Gopp U (1997) Synthesis and characterization of oligo(lactone) methacry-
lates. Polymer 38:2515-2522

@ Springer



	The novel [(dME)2(HIM)P]2Ti(IV) complex: synthesize, characterization, and its utility in ROP of d,l-lactide
	Abstract
	Introduction
	Experimental section
	Materials
	Measurements
	Synthesis of 2,4-bis(1,1-dimethylethyl)-6-{[(2-hydroxyethyl)imino]methyl}phenol [(dME)2(HIM)P-H2] ligand
	Synthesis of the {2,4-bis(1,1-dimethylethyl)-6-{[(2-hydroxyethyl)imino]methyl}phenoxy}2 Ti(IV) complex {[(dME)2(HIM)P]2Ti(IV)}
	ROP of d,l-lactide using [(dME)2(HIM)P]2Ti(IV) complex as catalyst

	Results and discussion
	Characterization of (dME)2(HIM)P-H2 ligand and [(dME)2(HIM)P]2Ti(IV) complex
	ROP and proposed mechanism of d,l-lactide catalyzed by a binary catalyst [(dME)2(HIM)P]2Ti(IV)/BnOH
	The 13C NMR spectrum and thermal analysis of PLA

	Conclusions
	Acknowledgments
	References


