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a b s t r a c t

A monometallic (Ni2+, 1) and a series of bimetallic (Ni2+–Ln3+, Ln = Ce (2); Ln = Nd (3); Ln = Sm (4);
Ln = Eu (5); Ln = Tb (6); Ln = Ho (7); Ln = Tm (8)) complexes based on the Salen-type Schiff-base ligand
H2L (H2L = N,N′-bis(3-methoxysalicylidene)ethylene-1,2-diamine) were synthesized and characterized
by EA, FT-IR, ESI-MS and X-ray crystallography. The catalysis results showed that the two kinds of com-
plexes with different active species, could efficiently catalyze the bulk solvent-free melt ring-opening
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polymerization (ROP) of l-lactide with moderate molecular weights and narrow molecular weight dis-
tributions. Especially for the series of bimetallic complexes 2–8, the involvement of rare ions effectively
passivated the catalytic behaviors on the ROP of l-lactide, while was in favor of the increase of poly-
meric molecular weights (Mw or Mn) and the polymerization controllability, and the type of rare ions
was important and influential factor contributing to the catalytic behaviors.

© 2011 Elsevier B.V. All rights reserved.

-Lactide

. Introduction

Polylactide (PLA) polymers, as one of the biodegradable,
iocompatible polyesters for wide-ranging use in medicine or phar-
aceutical related applications [1], are mostly synthesized by the

ing-opening polymerization (ROP) of lactide from diverse cata-
ysts [2], both in solution polymerization and in bulk solvent-free

elt polymerization. In spite of the well-established achievements
n solution polymerization [3], commercially, the ROP of lactide
s most commonly carried out with the bulk solvent-free melt
olymerization [4], which exhibits advantages over solution poly-
erization: (i) no solvent is required; (ii) it is less vulnerable to
mpurity levels and unwanted side reactions; (iii) it is often use-
ul for the large-scale production of PLAs [5]. From the viewpoint
f needed catalysts with the bulk solvent-free melt polymeriza-
ion, two kinds of typically molecular catalysts have been reported:

∗ Corresponding author at: Shaanxi Key Laboratory of Degradable Medical Mate-
ial, Shaanxi Key Laboratory of Physico-inorganic Chemistry, Northwest University,
aibai North Road 229, Xi’an 710069, Shaanxi, China. Tel.: +86 29 88302312;
ax: +86 29 88302312.

E-mail address: lvxq@nwu.edu.cn (X.-Q. Lü).

381-1169/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.molcata.2011.01.009
one is the metal complexes containing the characteristic initiators
(alkoxide, amide or carboxylate), and the mechanism of the ROP
of lactide is the same as that in solution polymerization, and gen-
erally recognized to proceed via the reaction pathway shown in
Scheme 1, involving the attack of a characteristic group on the
ketonic group of a coordinated lactide molecule [6]; the other is
metal complexes lacking those normal initiators, while the excel-
lent control of the polymerization could be well achieved from
the molecular design of diverse catalysts and the selectivity of
reaction conditions [7]. In spite of the limited knowledge on the
possible polymerization mechanism [8], the coordination geome-
try and Lewis acidity of active species are probably responsible for
metal-mediated ROP of lactide. Although these impressive recent
developments are achieved, there has been an intense search for
new generation catalysts for the bulk solvent-free melt ROP of lac-
tide.

Compared to the homogeneous or heterogeneous catalysis of
metal complexes based on Salen-type Schiff-base ligands in vari-

ous chemical reactions [9], efforts of their use for the ring-opening
polymerization of lactide are relatively limited [10]. Although
many transition metal complexes [11] of Salen-type chiral or
achiral Schiff-base ligands are well known to be efficient cata-
lysts for the ring-opening polymerization of l-lactide, they are

dx.doi.org/10.1016/j.molcata.2011.01.009
http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
mailto:lvxq@nwu.edu.cn
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Scheme 1. Schematic representation of the RO

ust limited in the solution polymerization, and to the best of
ur knowledge, few report of their use for the bulk polymeriza-
ion of l-lactide has been documented [12], especially there has
o report on the mixed-metal (d–f) Salen-type Schiff-base com-
lexes using as the catalysts for the ring-opening polymerization
f l-lactide. Herein, we describe the syntheses, structures and the
ulk solvent-free melt ROP of l-lactide of a monometallic (Ni2+,
) and a series of bimetallic (Ni2+–Ln3+, Ln = Ce, 2; Ln = Nd, 3;
n = Sm, 4; Ln = Eu, 5; Ln = Tb, 6; Ln = Ho, 7; Ln = Tm, 8) complexes
ased on the Salen-type Schiff-base ligand H2L (H2L = N,N′-bis(3-
ethoxysalicylidene)ethylene).

. Experimental

All chemicals of reagent grade were commercially available
nd used without further purification. Element analyses were per-
ormed on a PerkinElmer 240C element analyzer. Infrared spectra
ere recorded on a Bruker EQUINOX55 FT-IR spectrophotometer in

he region 4000–400 cm−1 in KBr pellets. ESI-MS was performed on
Finnigan LCQDECAXP HPLC-MSn mass spectrometer with a mass

o charge (m/z) range of 2000 using a standard electrospray ion
ource and toluene as solvent. 1H NMR spectra were measured
n a Varian Unity INOVA 400NB instrument using CDCl3 as sol-
ent and TMS as internal standard at room temperature. Electronic
bsorption spectra in the UV–visible region were recorded with
Hewlett Packard 8453 UV/Vis spectrophotometer. Thermogravi-
etric analyses were carried out on a NETZSCH TG 209 Instrument

nder flowing nitrogen by heating the samples from 25 to 600 ◦C.
ALDI-TOF MS analysis was carried out on a commercial Reflux

II MALDI-TOF mass spectrometer (Bruker Co., Germany) equipped
ith delayed extraction technology. Ions formed by a pulsed UV

aser beam with 3 nm pulse (nitrogen laser, � = 337 nm) were accel-
rated through 20 kV and detection voltage was set at 1.60 kV. The
aser was adjusted by the experiments slightly above the three-
old, and the mass spectra were obtained from the results of 35

aser shots in positive mode.

.1. Syntheses of the Salen-type Schiff-base ligand H2L
The ligand H2L was synthesized by the typical procedure [13] by
ondensation of o-vanillin (6.3 g, 40 mmol) and 1,2-diaminoethane
1.4 ml, 20 mmol) in absolute EtOH under reflux for about 5 h. After
ooling to room temperature, the insoluble precipitate was filtered
ess of l-lactide initiated by the M-OR complex.

and was re-crystallized using absolute EtOH to give the yellow poly-
crystalline solid. Yield: 5.0 g, 76%. Calc. for C18H20N2O4: C 65.84, H
6.14, N 8.53%; Found: C, 65.58, H, 6.06, N, 8.63%; IR (KBr, cm−1):
3444 (b), 3001 (w), 2930 (w), 2840 (w), 1632 (s), 1468 (s), 1410
(m), 1249 (s), 1080 (m), 958 (m), 736 (m), 695 (w), 642 (w), 564
(w), 525 (w). 1H NMR (400 MHz, CDCl3): ı, 13.52 (s, 2H, –OH), 8.55
(s, 2H, –CH N), 6.98 (m, 4H, –Ph), 6.75 (t, 2H, Ph), 3.91 (s, 4H, –CH2),
3.74 (s, 6H, –MeO).

2.2. Synthesis of [NiL] (1)

To a stirred solution of H2L (0.164 g, 0.5 mmol) in absolute
CH2Cl2 (5 ml), Ni(OAc)2·4H2O (0.125 g, 0.5 mmol) was added and
heated under reflux for 5 h. The mixture was allowed to cool to
room temperature and filtered. The resultant clear brown solution
was left to stand at room temperature for several days to give green
polycrystalline product of 1 in 70% yield. Calc. for C18H18N2O4Ni: C,
56.15; H, 4.71; N, 7.28%; found: C, 56.38; H, 4.66; N, 7.35%. IR (KBr,
cm−1): 3291 (w), 2923 (w), 2828 (w), 1646 (s), 1603 (w), 1444 (vs),
1240 (m), 1215 (s), 728 (m), 697 (w), 636 (w), 582 (w), 531 (w), 463
(w). 1H NMR (400 MHz, CDCl3): ı, 8.51 (s, 2H, –CH N), 7.05 (m, 4H,
–Ph), 6.55 (t, 2H, Ph), 3.80 (s, 4H, –H2), 3.74 (s, 6H, –MeO). ESI-MS
(m/z): 386.04 [M–H]+.

2.3. Syntheses of [Ni(L)Ln(NO3)3] (Ln = Ce, 2; Ln = Nd, 3; Ln = Sm,
4; Ln = Eu, 5; Ln = Tb, 6; Ln = Ho, 7; Ln = Tm, 8)

To a solution of 1 (0.116 g, 0.3 mmol) in absolute EtOH (4 ml),
a solution of Ln(NO3)3·6H2O (0.3 mmol, Ln = Ce, 0.127 g; Ln = Nd,
0.132 g; Ln = Sm, 0.134 g; Ln = Eu, 0.134 g; Ln = Tb, 0.136 g; Ln = Ho,
0.138 g; Ln = Tm, 0.139 g) in absolute EtOH (5 ml) was added,
respectively, and the mixture was refluxed for 3 h. Then 1 ml abso-
lute DMF was added to give a respective clear brown solution.
Diethyl ether was allowed to diffuse slowly into this solution at
room temperature and deep red polycrystalline product of 2–8 was
obtained in a few weeks, respectively. For 2: Yield: 0.137 g (64%).
Calc. for C18H18N5O13NiCe: C, 30.40; H, 2.55; N, 9.85%; found: C,
29.97; H, 2.66; N, 9.75%. IR (KBr, cm−1): 3428 (w), 2953 (w), 1628

(s), 1559 (w), 1470 (vs), 1356 (w), 1296 (s), 1238 (m), 1170 (w), 1075
(w), 1052 (w), 1030 (w), 963 (w), 940 (w), 858 (w), 814 (w), 786
(w), 742 (m), 687 (w), 622 (w), 584 (w), 528 (w), 494 (w), 474 (w),
444 (w). ESI-MS (m/z): 649.17 [M–NO3]+. For 3: Yield: 0.148 g (67%).
Calc. for C18H18N5O13NiNd: C, 30.22; H, 2.54; N, 9.79%; found: C,
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Table 1
Summary of crystallographic data and structure refinements for complexes 4·CH3COCH3, 5·CH3COCH3 and 6·CH3COCH3.

Compound 4·CH3COCH3 5·CH3COCH3 6·CH3COCH3

Empirical formula C21H24NiN5O14Sm C21H24NiN5O14Eu C21H24NiN5O14Tb
Formula weight 779.51 781.12 788.08
Crystal system Monoclinic Monoclinic Monoclinic
Space group Cc Cc Cc
a (Å) 11.276(2) 11.332(3) 11.308(2)
b (Å) 26.738(5) 26.905(8) 26.879(3)
c (Å) 9.177(2) 9.174(3) 9.187(1)
˛ (◦) 90 90 90
ˇ (◦) 90 94.125(4) 94.295(1)
� (◦) 90 90 90
V (Å3) 90 2798.8(15) 2784.6(5)
Z 4 4 4
� (g cm−3) 1.876 1.860 1.880
T (K) 293(2) 296(2) 296(2)
Crystal size (mm3) 0.33 × 0.26 × 0.23 0.38 × 0.26 × 0.25 0.33 × 0.26 × 0.23
� (mm−1) 2.867 2.979 3.272
F (0 0 0) 1548 1552 1560
Data/restraints/parameters 3525/2/380 3776/2/379 4273/2/379
Quality-of-fit indicator 0.827 1.037 1.052
No. unique reflections 3525 3776 4273
No. observed reflections 7443 7354 6894
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9.94; H, 2.67; N, 9.76%. IR (KBr, cm−1): 3420 (w), 2952 (w), 1628 (s),
561 (w), 1497 (m), 1466 (vs), 1352 (m), 1293 (s), 1235 (m), 1170
m), 1077 (w), 1053 (w), 1028 (m), 963 (w), 856 (w), 814 (w), 785
w), 739 (m), 672 (w), 631 (w), 584 (w), 528 (w), 492 (w), 471 (w),
41 (w). ESI-MS (m/z): 653.29 [M–NO3]+. For 4: Yield: 0.147 g (68%).
alc. for C18H18N5O13NiSm: C, 29.97; H, 2.51; N, 9.71%; found: C,
9.92; H, 2.72; N, 9.66%. IR (KBr, cm−1): 3424 (w), 2987 (w), 2847
w), 1630 (s), 1561 (w), 1498 (m), 1466 (vs), 1316 (w), 1276 (s),
235 (m), 1166 (m), 1109 (w), 1080 (m), 1027 (w), 989 (w), 956 (w),
61 (w), 811 (w), 784 (w), 739 (m), 685 (w), 625 (w), 582 (w), 495
w), 437 (w). ESI-MS (m/z): 659.41 [M–NO3]+. For 5: Yield: 0.132 g
61%). Calc. for C18H18N5O13NiEu: C, 29.90; H, 2.51; N, 9.69%; found:
, 29.86; H, 2.62; N, 9.67%. IR (KBr, cm−1): 3424 (w), 2948 (w),
527 (w), 1629 (s), 1560 (w), 1497(s), 1467(vs), 1295 (s), 1236 (m),
168 (w), 1107 (w), 1079 (m), 1029 (w), 987 (w), 952 (w), 861
w), 813 (w), 785 (w), 740 (m), 683 (w), 625 (w), 604 (w), 580 (w),
42 (w), 494 (w), 439 (w). ESI-MS (m/z): 661.01 [M–NO3]+. For 6:
ield: 0.143 g (65%). Calc. for C18H18N5O13NiTb: C, 29.62; H, 2.49;
, 9.59%; found: C, 29.58; H, 2.63; N, 9.56%. IR (KBr, cm−1): 3420

w), 2987 (w), 2846 (w), 1629 (s), 1561 (w), 1501 (s), 1469 (vs),
316 (w), 1279 (s), 1235 (m), 1167 (m), 1109 (w), 1080 (m), 1027
w), 990 (w), 956 (w), 861 (w), 811 (w), 784 (w), 740 (m), 685 (w),
26 (w), 582 (w), 543 (w), 495 (w), 438 (w). ESI-MS (m/z): 667.98
M–NO3]+. For 7: Yield: 0.128 g (58%). Calc. for C18H18N5O13NiHo:
, 29.38; H, 2.47; N, 9.52%; found: C, 29.34; H, 2.55; N, 9.46%. IR (KBr,
m−1): 3417 (w), 2953 (w), 1628 (s), 1560 (w), 1469 (vs), 1387 (w),
351 (w), 1295 (vs), 1235 (m), 1170 (m), 1120 (w), 1076 (w), 1028
w), 964 (w), 858 (w), 813 (w), 785 (w), 740 (m), 685 (w), 615 (w),
84 (w), 543 (w), 493 (w), 472 (w), 441 (w). ESI-MS (m/z): 673.98
M–NO3]+. For 8: Yield: 0.155 g (70%). Calc. for C18H18N5O13NiTm:
, 29.22; H, 2.45; N, 9.46%; found: C, 29.17; H, 2.54; N, 9.35%. IR (KBr,
m−1): 3442 (w), 2953 (w), 1628 (s), 1561 (w), 1467 (vs), 1294 (s),
238 (m), 1197 (w), 1076 (w), 1028 (w), 963 (w), 940 (w), 857 (w),
14 (w), 785 (w), 740 (m), 673 (w), 632 (w), 583 (w), 544 (w), 493
w), 472 (w), 442 (w). ESI-MS (m/z): 677.99 [M–NO3]+.
.4. Structure determination

Single crystals of [Ni(L)Sm(NO3)3]·CH3COCH3 (4·CH3COCH3),
Ni(L)Eu(NO3)3]·CH3COCH3 (5·CH3COCH3) or [Ni(L)Tb(NO3)3]·
0.0417 0.0413
0.1123 0.1153

CH3COCH3 (6·CH3COCH3) of suitable dimensions were mounted
onto glass fibers for crystallographic analyses, respectively. All
the intensity data were collected at 293(2) K on a Bruker
SMART CCD diffractometer (Mo-K� radiation, � = 0.71073 Å) in
� and � scan modes. Structure was solved by direct methods
followed by difference Fourier syntheses, and refined by full-
matrix least-squares techniques against F2 using SHELXTL [14]. All
the non-hydrogen atoms were refined with anisotropic thermal
parameters. Absorption corrections were applied using SADABS
[15]. All hydrogen atoms were placed in calculated positions and
refined isotropically using a riding model. Crystallographic data and
refinement parameters for the complex 4·CH3COCH3, 5·CH3COCH3
and 6·CH3COCH3 are presented in Table 1. Selected bond dis-
tances and bond angles for the three complexes are given in
Table 2.

2.5. Polymerization experiments

l-Lactide was prepared from l-lactic acid as previously reported
[16]. The crude product was further purified by re-crystallization
three times from dried ethyl acetate, and dried for 24 h in vac-
uum at 30 ◦C. Under nitrogen, 1.000 g (6.94 mmol) of the freshly
re-crystallized l-lactide monomer and one of the catalysts 1 and
2–8, in a stipulated molar ratio ([M]/[C]), were charged in an
ampoule inside a glove box. The ampoule was put under high
vacuum (about 12 Pa) for one hour, after which, the ampoule
was sealed under vacuum. The polymerizations were performed
in a thermostatically controlled oil bath at 130 or 160 ◦C for
the selected time. Subsequently, the molten reactive polymer
mixture was cooled by immersing the sealed ampoule in liq-
uid nitrogen and terminated by introducing absolute MeOH with
5% (w/w) HCl to stop the polymerization. The resulting poly-
lactide (PLA) polymer was dissolved in absolute acetone and

precipitate in water. The filtered precipitate was dried under vac-
uum to constant weight. Molecular weights (Mw and Mn) and
molecular weight distributions (PDI = Mw/Mn) were determined
by gel permeation chromatography (GPC) with polystyrene as
standard.
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Table 2
Interatomic distances (Å) and bond angles (◦) with esds for complexes 4·CH3COCH3, 5·CH3COCH3 and 6·CH3COCH3.

4·CH3COCH3 5·CH3COCH3 6·CH3COCH3

Ni(1)–N(1) 1.790(20) Ni(1)–N(1) 1.840(10) Ni(1)–N(1) 1.852(10)
Ni(1)–N(2) 1.824(17) Ni(1)–N(2) 1.821(9) Ni(1)–N(2) 1.835(9)
Ni(1)–O(2) 1.846(12) Ni(1)–O(2) 1.865(6) Ni(1)–O(2) 1.849(7)
Ni(1)–O(3) 1.844(12) Ni(1)–O(3) 1.820(7) Ni(1)–O(3) 1.850(7)
Sm(1)–O(1) 2.625(13) Eu(1)–O(1) 2.608(8) Tb(1)–O(1) 2.552(7)
Sm(1)–O(2) 2.418(12) Eu(1)–O(2) 2.406(6) Tb(1)–O(2) 2.351(7)
Sm(1)–O(3) 2.366(12) Eu(1)–O(3) 2.421(6) Tb(1)–O(3) 2.403(6)
Sm(1)–O(4) 2.556(14) Eu(1)–O(4) 2.534(8) Tb(1)–O(4) 2.566(8)
Sm(1)–O(5) 2.484(14) Eu(1)–O(5) 2.474(8) Tb(1)–O(5) 2.481(8)
Sm(1)–O(7) 2.330(30) Eu(1)–O(7) 2.543(10) Tb(1)–O(7) 2.494(10)
Sm(1)–O(8) 2.543(16) Eu(1)–O(8) 2.528(11) Tb(1)–O(8) 2.478(10)
Sm(1)–O(10) 2.408(18) Eu(1)–O(10) 2.436(9) Tb(1)–O(10) 2.462(9)
Sm(1)–O(11) 2.494(12) Eu(1)–O(11) 2.480(8) Tb(1)–O(11) 2.429(10)
Sm(1)–O(13) 2.540(30) Eu(1)–O(13) 2.525(9) Tb(1)–O(13) 2.485(9)

N(1)–Ni(1)–N(2) 81.1(11) N(1)–Ni(1)–N(2) 85.3(5) N(1)–Ni(1)–N(2) 86.2(5)
N(1)–Ni(1)–O(2) 98.4(9) N(1)–Ni(1)–O(2) 94.2(4) N(1)–Ni(1)–O(2) 95.6(4)
N(1)–Ni(1)–O(3) 179.7(9) N(1)–Ni(1)–O(3) 177.3(4) N(1)–Ni(1)–O(3) 177.5(5)
O(1)–Sm(1)–O(4) 153.9(5) O(1)–Eu(1)–O(4) 154.5(3) O(1)–Tb(1)–O(4) 154.3(3)

60.8(2) O(2)–Tb(1)–O(3) 61.6(2)
50.5(3) O(5)–Tb(1)–O(7) 49.7(3)
50.5(4) O(8)–Tb(1)–O(10) 50.8(4)
50.4(3) O(11)–Tb(1)–O(13) 51.8(3)
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O(8)–Sm(1)–O(10) 50.5(5) O(8)–Eu(1)–O(10)
O(11)–Sm(1)–O(13) 50.2(7) O(11)–Eu(1)–O(13)

. Results and discussion

.1. Synthesis and characterization

As shown in Scheme 2, reaction of an equimolar amount of H2L
nd Ni(OAc)2·4H2O in absolute EtOH afforded complex 1 in good
ield. Further reaction of 1 with Ln(NO3)3·6H2O (Ln = Ce, Nd, Sm,
u, Tb, Ho or Tm) in 1:1 molar ratio in EtOH-DMF resulted in the
ormation of complex 2–8, respectively. The IR spectra of 1 and
–8 show the characteristic absorptions of the �(C = N) vibration at
642 cm−1 for 1 and 1628–1630 cm−1 for 2–8, are slightly blue or
ed shifted by ca. 10 or 2–4 cm−1 relative to those of the free Salen-
ype ligand H2L (1632 cm−1 for H2L) upon coordination of metal
ons [17], respectively. For 2–8, two strong absorption bands at
466–1470 and 1276–1296 cm−1 attributed to �(NO3

−) [18]. Ther-
ogravimetric analysis (TGA) in the range 25–600 ◦C showed that

he framework of 1 or 2–8 decomposes at temperature over 298 ◦C
here an abrupt weight loss was observed, followed by a final
eight loss in the 305 (1) or 313–342 (2–8) to 600 ◦C range. As to the

olution behavior of complexes 1–8, the ESI-MS spectra exhibit one
eak at m/z 386.04 and 649.17–677.99, respectively, corresponding
o the major species [NiL–H]+ and [NiLLn(NO3)2]+, and indicating
hat the respective discrete monometallic or bimetallic molecule
xists in dilute CHCl3 solution. For the selected complexes 1 and
, further from the UV–visible absorption spectra of the free lig-
nd and the two complexes examined in dilute CHCl3 solution, as
hown in Fig. 1, the free ligand H2L exhibits absorption bands at
20, 264, 296, 334 and 429 nm, which could be assigned to the

igand-centered � → �* transitions, while for the two complexes 1
nd 4, the lower energy bands are significantly blue-shifted upon
oordination to metal ions (243, 338 and 400 nm for 1; 241, 334
nd 385 nm for 4).

.2. Structures

For complex 1, the room temperature 1H NMR spectrum in
DCl3 exhibits one set of the photon resonances of the L2−
igand, significantly red-shifted in relative to those of the free lig-
nd, which shows a typical monometallic structure of [NiL] in
olution. The X-ray crystal structure analysis of the three com-
lexes [NiLLn(NO3)3]·CH3COCH3 (Ln = Sm, 4·CH3COCH3; Ln = Eu,
·CH3COCH3; Ln = Tb, 6·CH3COCH3) unambiguously revealed the
Fig. 1. UV–visible absorption spectra of H2L, 1 and 4 in CHCl3 at 2 × 10−5 M at room
temperature.

isostructural bimetallic Ni–Ln structure, as depicted in Figs. 2–4.
Each of neutral host structures revealed that the relatively
soft Ni2+ ion is located in the inner N2O2 core, the relatively
hard Ln3+ ion in the outer O2O2 cavity of the Schiff base
L2− ligand. The Ni2+ ion lies in a four-coordinate environment
and adopts a slightly distorted square-planar geometry, with
two sets of unequal Ni–N(imino) (1.790(20)–1.824(17) Å for 4,
1.821(9)–1.840(10) Å for 5 and 1.835(9)–1.852(10) Å for 6) and
Ni–O (phenolic) (1.844(12)–1.846(12) Å for 4, 1.820(7)–1.865(6) Å
for 5 and 1.849(7)–1.850(7) Å for 6) bond lengths and N–Ni–O
bond angles (98.4(9)–98.6(10)◦ and 178.8(7)–179.7(9)◦ for 4,
94.2(4)–97.4(4)◦ and 177.3(4)–179.5(4)◦ for 5 and 95.6(4)–95.9(4)◦

and 177.7(5)–177.9(4)◦ for 6). Each of the Ln3+ ions in the three
complexes is ten coordinated and bound by four O atoms from the
Schiff base L2− ligand, and six from three bidentate NO3

− groups.
The Ln–O bond lengths depend on the nature of the oxygen atoms:

they vary from 2.330(30) to 2.625(13) Å for 4 (2.406(6) to 2.608(8) Å
for 5 and 2.351(7) to 2.566(8) Å for 6), and the bond lengths from
phenoxo oxygen atoms are shorter that those from oxygen atoms
of bidentated NO3

− anions. It is worth noting that in the three
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melt conditions. Under these conditions (entries 3–20), the reaction
Scheme 2. Reaction scheme for

imetallic complexes, the coordination of the different rare ions
eads to the difference of coordination geometries of Ni2+ ions, in
greement with that of magnetic Cu–Ln [19] or luminescent Zn–Ln
20] Salen-type Schiff-base complexes. Furthermore, this point also
ndows that the change of the intramolecular Ni· · ·Ln (Ln = Sm, 4;
n = Eu, 5; Ln = Tb, 6) separations (2.432(2) Å for 4; 2.437(2) Å for 5;

.411(2) Å for 6) does not strictly keep to the order of Lanthanide
ontraction [21], which should be relative to the catalysis. For the
hree complexes, the solvates are not bound to the framework and
hey exhibit no observed interactions with the host structure.

ig. 2. Structure scheme of complex 4·CH3COCH3, hydrogen atoms and solvates are
mitted for clarity.
ntheses of complexes 1 and 2–8.

3.3. The polymerization studies of l-lactide

The ROP of l-lactide using the two kinds of complexes 1 or
2–8 as catalysts in a stipulated molar ratio of [M]/[C] were car-
ried out at 130 or 160 ◦C for the selected time under solvent-free
mixture would form a monomer melt in which the polymeriza-
tion would occur, and the results were summed in Table 3. For
complex 1, at the polymerization temperature of 130 ◦C, the cat-

Fig. 3. Structure scheme of complex 5·CH3COCH3, hydrogen atoms and solvates are
omitted for clarity.
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Table 3
Catalytic data in the bulk polymerization of l-lactide.

Entry Compound Time (h) T (◦C) M/Ca ratio Activity (g mol−1 h−1) Mn
b (103) Mw

c (103) PDId

1 – 24 130 0 – – –
2 H2L 24 130 1000/1 0 – – –
3 1 12 130 1000/1 240.5 10.383 12.228 1.178
4 1 24 130 1000/1 392.2 22.702 26.635 1.173
5 1 36 130 1000/1 398.4 22.596 31.385 1.389
6 1 24 160 1000/1 402.7 20.829 31.994 1.536
7 1 24 130 500/1 401.0 22.071 26.662 1.208
8 1 24 130 2000/1 110.7 25.494 31.664 1.242
9 2 12 160 1000/1 393.7 30.154 34.104 1.131

10 3 12 160 1000/1 351.7 30.702 34.998 1.140
11 4 12 130 1000/1 289.3 17.381 20.235 1.164
12 4 24 130 1000/1 375.3 26.940 30.146 1.119
13 4 36 130 1000/1 384.6 26.705 30.791 1.153
14 4 12 160 1000/1 401.8 30.632 34.431 1.124
15 4 24 130 500/1 419.4 22.389 29.531 1.319
16 4 24 130 2000/1 180.8 25.883 34.425 1.330
17 5 12 160 1000/1 415.6 28.961 34.463 1.190
18 6 12 160 1000/1 376.5 31.555 35.815 1.135
19 7 12 160 1000/1 308.2 30.035 34.570 1.151
20 8 12 160 1000/1 415.9 30.659 35.657 1.163

a
t
m
M
p
u
p
m
p
a
w
e
d
m
t
r

F
o

a [M]/[C] ratio is the molar ratio of l-lactide monomer and catalyst.
b Mn is the relative number-average molecular weight.
c Mw is the relative weight-average molecular weight.
d PDI = Mw/Mn.

lytic activities increased with the increase of reaction times, and
he well-controlled polymerization was observed from the narrow

olecular weight distributions (PDI = 1.173–1.389). The highest
n (Mn = 22,702) and the smallest PDI value (PDI = 1.173) of the

roducts were achieved by polymerization for 24 h and the molec-
lar weight distribution (PDI = 1.389) broadened with prolonging
olymerization time (36 h), which should be attributed to the ther-
al depolymerization [22]. Similar to the polymerization with the

rolonged time, the result of ROP of l-lactide performed at temper-
tures ranging from 130 to 160 ◦C for 24 h (entry 6) showed that
ith increasing temperature, the catalytic activity increased, how-

ver, the molecular weight decreased and the molecular weight

istribution broadened. This may also be ascribed to the ther-
al depolymerization and the acceleration of transesterification as

he polymerization temperature increases [23]. When the [M]/[C]
atio was lower than [1000]/[1], little difference was found in spite

ig. 4. Structure scheme of complex 6·CH3COCH3, hydrogen atoms and solvates are
mitted for clarity.
of the increase of the polymer yields and the catalytic activities.
The molecular weights (Mn and Mw) of the polymeric products
were also affected by the [M]/[C] ratio: The maximum of molecu-
lar weight (Mn = 25,494 or Mw = 31,664) was achieved at an [M]/[C]
ratio of 2000/[1], which showed that the lower catalyst concen-
tration could be helpful for the growth of the polymeric products;
While a lower catalyst concentration will produce less initiation
sites, thus leading to the lower catalytic activities [24]. It is worth
noting that in the selected range (500–2000/1) of [M]/[C] ratios,
the Ni2+ catalyst 1 could afford the PLAs with narrow molecu-
lar weight distributions (Mw/Mn = 1.173–1.242), while the blank
experiment (entry 1) or the presence of free ligand (entry 2) showed
that no polymeric products were obtained, both further demon-
strates that the presence of single site active species (Ni2+) in 1
endows the controllable polymerization process [25]. It is worth
comparing that the catalytic behaviors between the catalyst 1 with
other known catalysts based on Salen-type Schiff-base ligands for
the ring-opening polymerization of l-lactide in solutions or under
the solvent-free melt conditions. In contrast to the solution poly-
merization, transition metal complexes [11] of Salen-type chiral
or achiral Schiff-base ligands, necessarily with the assistance of
the characteristic initiators in the possible coordination–insertion
mechanism, can be efficient catalysts with higher catalytic per-
formances for the ring-opening polymerization of l-lactide on the
condition of low temperatures and short times, while the catalyst
1 could also efficiently catalyze the bulk solvent-free melt ring-
opening polymerization (ROP) of l-lactide with moderate catalytic
activities (as shown in Table 3), as founded for the Fe2+ or Mn

3+

Salen-type Schiff-base complexes [12]. Especially the further inves-
tigation for the catalysts without those initiators shows that lower
temperature (130 ◦C) and longer reaction time (24 or 36 h) or higher
temperature (>160 ◦C) and shorter reaction time (<4 h) are feasible
to obtain the PLA product in the controllable mode.

For the selected complex 4, on the varied reaction conditions, the
better controllable polymerization (entries 11–16) of l-lactide was
observed, which was also summed in Table 3. It is significant on the

correlation on the molecular structure of complex 4 versus the cat-
alytic behavior. The further coordination of Sm(NO3)3 in complex
4 endowed the slight distortion of square-planar geometry and the
increase of Lewis acidity of the four-coordinate Ni2+ ion. On the con-
dition of short reaction time (12 h) or high catalyst concentration
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ig. 5. 1H NMR spectrum in CDCl3 of PLA prepared by complex 1 or 4 from ROP of
-lactide.

[M]/[C] = 500/[1]) at 130 ◦C, complex 4 showed higher catalytic
ctivity than that of complex 1, respectively. When the reaction
ime was prolonged or the catalyst concentration was increased,
n obvious decrease of catalytic activities was observed, which
hows that the steric effect from the coordination of Sm(NO3)3 in
omplex 4 should prevent the coordination with the active species
or l-lactide monomers. Actually, due to the existence of nitrates
round the Sm3+ ions in complex 4, in agreement with its solution
ehavior, the second metal center (Sm3+) was inactive to the ROP
f l-lactide. However, for the obtained polymeric products by com-
lex 4, a significant increase in molecular weights (Mw or Mn) was
bserved, which suggests that the steric effect from the coordinated
m(NO3)3 in complex 4 is in favor of the growth of polymer chains
n further insertion for l-lactide monomers, even at 160 ◦C for 12 h
r 130 ◦C for 36 h.

It is of special interest to compare the inherent relationship
etween the molecular structures and the catalytic behaviors for
he seven isostructural complexes 2–8 with different rare ions. As
whole, with the further involvement of rare ions, higher molecular
eights (Mn = 28,961–31,555 and Mw = 34,104–35,815) and better

ontrollable polymerizations (PDI = 1.124–1.190, entries 9, 10, 12
nd 17–20, Table 3) was obtained relative to that of complex 1,
ven on the condition of 160 ◦C for 12 h. It is especially worth not-
ng that, for the three complexes 4–6, the catalytic activities are in
he order of 5 > 4 > 6, which shows that the trend is relative to the
ntramolecular Ni· · ·Ln separations (Section 3.2) while no sequence
f Lanthanide Contraction [21].

Thermogravimetric analysis (TGA) in the range of 25–600 ◦C
howed that these perspective polymeric products (entry 4 and
ntry 10) decomposed at temperature over 240 ◦C (243 ◦C by 1
nd 261 ◦C by 4), where an abrupt weight loss was observed,
ollowed by a final weight loss in the 375–600 ◦C range. One of
he identical FT-IR spectra shows the characteristic absorption
ands of PLA: the weak and broad peak at 3442 cm−1 assigned
o the –OH stretching vibration; the peaks at 2999, 2950 and
875 cm−1 assigned to the asymmetric –CH3, symmetric –CH3 and
eak –CH stretching vibrations, respectively; a very strong peak at

758 cm−1 assigned to the –C O stretching vibration; and peaks at
192–1245 cm−1, 1090–1132 cm−1 and 756 cm−1 attributed to the
symmetric –C–O–C– vibration, the symmetric –C–O–C– vibration

nd the –C O bending vibration, respectively. One of the identical
H NMR spectra of the polymers (as shown in Fig. 5) showed a dou-
let at 1.59 ppm for the methyl (cH) and a multiplet at 5.18 ppm for
he methine (bH) of main chain of PLA, indicating no inversion of the
onfiguration of asymmetric carbon atoms of the monomer under
Fig. 6. 13C NMR spectrum in CDCl3 of PLA prepared by complex 1 or 4 from ROP of
l-lactide.

the reaction conditions. The additional signals appearing at 1.49,
3.04 and 4.36 ppm should be assigned to the methyl, the hydroxyl
end group and the methine of PLA, respectively. Fig. 6 shows the
13C NMR spectrum of the selected PLA, in which the peaks at 16.64,
69.00 and 169.62 ppm were observed and should be assigned to
methyl carbon, methane carbon and ester carbon, respectively, in
agreement with the corresponding carbon atoms of the chemical
structure, and the PLA is isotactic in nature [26]. It is worth noting
that the systems 1–8 are active for the bulk ROP of l-lactide in the
absence of normal initiators (alkoxide, amide or carboxylate), and
the end groups of PLA are not from the catalysts, as also checked
by the 1H NMR spectroscopy (as shown in Fig. 5) and the MALDI-
TOF (as shown in Supporting information) results of the oligomer
sample, but probably from the replacement of methyl groups when
terminating the polymerization with methanol containing 5% HCl.
Thus, the initiation may occur through the metal-alkoxide bond
of the catalysts, and through the stable and selective acyl-oxygen
bond cleavage of the monomer, the ring-opening polymerization
also proceeds via the typical “coordination–insertion” mechanism
[1(a)].

4. Conclusion

In conclusion, the monometallic Ni2+ complex 1 and the
bimetallic Ni2+–Ln3+ complexes 2–8 were shown to could
efficiently catalyze the bulk solvent-free melt ring-opening poly-
merization (ROP) of l-lactide with moderate molecular weights
and narrow molecular weight distributions. The correlation of
molecular structure versus catalytic activity showed that the dif-
ferent catalytic behaviors resulted from the different active species,
especially, the involvement of rare ions effectively passivated the
catalytic behaviors on the ROP of l-lactide, being in favor of the
increase of polymeric molecular weights (Mw or Mn) and the poly-
merization controllability. With these in mind, the design of higher
active and multiple active species catalysts is now under way.

5. Supplementary material

The MALDI-TOF result analysis was founded in the Supporting
information. Crystallographic data for the structural analyses have
been deposited with the Cambridge Crystallographic Data Cen-

ter, CCDC reference numbers for 4·CH3COCH3, 5·CH3COCH3 and
6·CH3COCH3 are 776507–776509, respectively. Copies of this infor-
mation may be obtained free of charge from The Director, CCDC, 12
Union Road, Cambridge, CB2 1EZ UK (Fax: +44 1223 336033; email:
deposit@ccdc.cam.ac.uk or www: http://www.ccdc.cam.ac.uk).

mailto:deposit@ccdc.cam.ac.uk
http://www.ccdc.cam.ac.uk/
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