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ABSTRACT: Novel single-component rare earth phenolate catalyst—lanthanide tris(2,4,6-trimethylphenolate)s

[Ln(OTMP)3] initiated ring-opening polymerization of "-Caprolactone (CL). The effects of polymerization conditions,

such as rare earth element, solvent, ligand, monomer and catalyst concentration, as well as reaction temperature and

time on the polymerization have been investigated. Kinetics study indicates that the polymerization is of first order with

respect to monomer and to initiator concentration, and the overall activation energy amounts to 58.7 kJ/mol. 1HNMR

spectrum analyses of PCL demonstrates that the polymerization of CL proceeds through acyl–oxygen bond cleavage.
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Biodegradable and biocompatible polyesters such
as polycaprolactone (PCL) and polylactide are of
great interest for their applications in the medical,
pharmaceutical, and agricultural fields.1,2 The recent
research focus is on the ring-opening polymerization
method for their synthesis using metal catalysts, espe-
cially rare earth catalysts which form an emerging and
promising class of polymerization initiators.3–5 Our
group has dedicated to develop rare earth catalysts
with low toxicity and high efficiency for lactone and
lactide polymerization.6,7 Recently single-component
rare earth catalysts have been developed for ring-
opening polymerization of CL.8–10 In this paper, we
describe a novel single-component rare earth catalyst
for the ring-opening polymerization of CL,
namely lanthanide tris(2,4,6-trimethylphenolate)s
([Ln(OTMP)3], Scheme 1). The characteristics, kinet-
ics and mechanism of the polymerization initiated by
Ln(OTMP)3 have been reported.

EXPERIMENTAL

Materials
CL (from Mitsubishi) was dried over calcium hy-

dride, distilled under reduced pressure, and stored

over 4 �A molecular sieves. Toluene and tetrahydrofu-
ran were dried by refluxing over benzophenone–Na
complex and distilled under nitrogen atmosphere just
prior to use. CH2Cl2 and CCl4 were dried by refluxing
over P2O5 and distilled as toluene. Rare earth oxides
(from Shanghai Yaolong Factory, 99.99%) were used
as received.

Preparation of Catalysts
Anhydrous rare earth chloride and single-compo-

nent rare earth phenolates were prepared according
to the methods in refs. 11 and 12, respectively.

Polymerization
All polymerizations were carried out in 20mL glass

ampoules previously flamed and purged by dry nitro-
gen. Solvent, monomer and initiator were added to the
ampoule successively by syringe. The polymerization
was terminated by methanol containing 5% HCl. The
polymer was washed with methanol several times and
then dried under vacuum to constant weight at 40 �C.

Measurements
Viscosity measurements were carried out in di-

methylformamide with an Ubbelohde viscometer at
30 �C. Viscosity average molecular weight (M�) was
calculated from the equation:13 ½�� ¼ 1:94�
10�4M�

0:73
. The number average molecular weight

(Mn) and molecular weight distribution (MWD) were
determined by gel permeation chromatograph (Waters
150) in THF at 25 �C and calibrated with polystyrene
standards. Differential scanning calorimetric measure-
ment was conducted on a Perkin-Elmer Pyris 1 at a
heating rate of 10 �C/min from 0 �C to 100 �C. The
crystallinity was calculated from the equation:
Xc ¼ �Hf=�Hf

�, where �Hf
� is the melt enthalpy
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Scheme 1. The structure of Ln(OTMP)3 (Ln = La, Nd,

Sm, Y, Er).
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of a 100% crystalline PCL (15.4 kJ/mol), and �Hf is
that of a given PCL sample to be measured. 1HNMR
spectrum was recorded on a Bruker Avance DMX500
spectrometer in CDCl3 at room temperature with tet-
ramethylsilane as the internal reference.

RESULTS AND DISCUSSION

Characteristics of the polymerization
The polymerization of CL was carried out with five

different rare earth phenolates (Table I). It is found
that the polymerization activity of the compounds
has following order: La � Sm > Nd > Er > Y.
La(OTMP)3 exhibited the highest activity and pre-
pared PCL with higher molecular weight (7:47�
104) at 60 �C in 1 h. The influence of different organic
solvents on the polymerization of CL with
La(OTMP)3 is summarized in Table II. It can be seen
that La(OTMP)3 shows higher catalytic activity and
prepares higher molecular weight PCL with narrower
MWD in non-polar solvent than in polar solvent. Tol-
uene is a proper solvent for the polymerization of CL.
The ligand attached to lanthanum affects polymeri-

zation significantly as shown in Table III. Four lantha-
num phenolates were used as initiators for the poly-
merization of CL: lanthanum tris(2,4,6-trimethyl-
phenolate) [La(OTMP)3], lanthanum tris(2,6-di-tert-
butyl-4-methylphenolate) [La(ODTBMP)3], lantha-
num tris(2,6-dimethyl phenolate)[La(ODMP)3] and
lanthanum tris(4-tert-butylphenolate)[La(OTBP)3].
The data show that both polymerizations initiated by
La(OTMP)3 and La(ODTBMP)3 respectively can pro-

ceed up to 100% conversion in an hour, which indi-
cate that they have higher catalytic activity than the
other two. The reason for different catalytic activities
and molecular weights with the four compounds may
be owing to the different electron donating effect of
substituents and their positions of the phenyl ring.
La(OTMP)3 prepared PCL with narrower MWD
(1.60) than La(ODTBMP)3 did (3.12), which is possi-
bly due to the much more transesterification in
La(ODTBMP)3 system. It can be concluded that
La(OTMP)3 is preferable for the polymerization of
CL under the conditions used.
The influences of monomer concentration and

monomer/initiator (CL/La) molar ratio on polymeri-
zation of CL were examined as shown in Table IV.
The data show that both monomer conversion and mo-
lecular weight of PCL increase with the rise of mono-
mer concentration till 2mol/L, then the molecular
weight of PCL begins to drop over that concentration.
The molecular weight of PCL reaches summit at the
molar ratio of 1000. Table V gives the results of the
effects of reaction temperature and duration on poly-
merization of CL. It can be concluded that the opti-
mum conditions for CL polymerization initiated with
La(OTMP)3 are as follows: [CL] = 2mol/L, [CL]/
[La] = 1000, 60 �C, 1 h, in toluene.
DSC measurement of the PCL sample obtained by

La(OTMP)3 displays a single peak at 68.4 �C, and
the sample has a 66.5% crystallinity. The unimodal
GPC curve (Figure 1) indicates that only one active
species presented in the polymerization system.

Table III. Effect of ligand on the polymerization

Initiator Conv (%) M� � 10�4 Mn � 10�4 MWD

La(OTMP)3 100 7.75 7.47 1.60

La(ODTBMP)3 100 5.49 3.52 3.12

La(ODMP)3 74.1 4.32 3.97 1.60

La(OTBP)3 71.0 4.75 3.25 1.58

Conditions: [CL] = 2mol/L, 60 �C, [CL]/[La] = 1000, 1 h,

toluene

Table IV. Ring-opening polymerization of "-CL

with La(OTMP)3

No.
[M] [CL]/[La] Conv

M� � 10�4 Mn � 10�4 MWD
(mol/L) (molar ratio) (%)

1 1.0 1000 52.4 3.01 2.82 1.46

2 1.5 1000 85.1 5.25 4.79 1.54

3 2.0 1000 100 7.75 7.47 1.60

4 2.5 1000 99.4 6.21 6.13 1.66

5 3.0 1000 96.9 4.56 4.50 1.72

6 4.0 1000 87.0 4.12 4.01 1.80

7 2.0 600 100 3.96 3.75 1.92

8 2.0 800 100 6.38 6.12 1.73

9 2.0 1200 82.1 5.95 5.77 1.52

Conditions: 60 �C, 1 h, toluene

Table I. Effect of rare earth element on the polymerization

Ln(OTMP)3 [CL]/[Ln] Conv (%) M� � 10�4 Mn � 10�4 MWD

La 800 100 6.81 6.05 1.71

1000 100 7.75 7.47 1.60

Nd 800 50.4 4.85 4.07 1.65

1000 42.5 4.91 4.26 1.58

Sm 800 98.6 3.79 3.65 1.61

1000 92.4 5.27 4.97 1.57

Er 800 11.7 2.31 2.11 1.55

1000 10.1 2.35 2.23 1.50

Y 800 6.8 0.94 — —

1000 8.1 1.42 — —

Conditions: [CL] = 2mol/L, 60 �C, 1 h, toluene

Table II. Influence of solvent on the polymerization

Solvent Conv (%) M� � 10�4 Mn � 10�4 MWD

Toluene 100 7.75 7.47 1.60

CCl4 100 4.53 4.21 1.54

THF 16.0 1.08 0.98 1.91

CH2Cl2 10.3 0.95 0.82 1.93

Conditions: La(OTMP)3, [CL] = 2mol/L, 60 �C, [CL]/[La]

= 1000, 1 h
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Kinetic Behavior
The kinetics of CL polymerization with

La(OTMP)3 in toluene was investigated by weight
method. The polymerization reaction was terminated
at low conversion (<20%).
The dependence of monomer consumption on the

polymerization time at four different catalyst concen-
trations is shown in Figure 2, which illustrates that the

polymerization is of first order with respect to mono-
mer concentration. From the plots in Figure 2, each
slope was calculated and presented in Table VI. The
plot of lnRp vs. ln½La� is a straight line with a slope
of 0.96, as illustrated in Figure 3, indicating the poly-
merization is of first order with respect to catalyst con-
centration, too. Thus, the polymerization rate equation
can be written as:

Rp ¼ kp½M�½Cat�

Figure 4 presents the dependence of monomer con-
sumption on the polymerization time at four different
temperatures. According to Figure 4, Arrhenius plot of

Table VI. The slope of each plot in Figure 2

[La]
0.333 0.25 0.2 0.167

(mol/L�102)

k 0.06705 0.05098 0.04008 0.03462

RP (mol/L*min�104) 0.1341 0.10196 0.08016 0.06924

Conditions: [CL] = 2mol/L, toluene

Figure 3. The relationship between lnRp and ln[La].
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Figure 4. The dependence of monomer consumption on the

polymerization time Conditions: [CL] = 2mol/L, [CL]/[La] =

1000, toluene.

Table V. Effect of reaction temperature and time on the

polymerization

No.
Temp Time Conv

M� � 10�4 Mn � 10�4 MWD
(�C) (min) (%)

1 40 60 39.6 3.54 3.02 1.42

2 50 60 57.9 5.68 5.30 1.51

3 60 60 100 7.75 7.47 1.60

4 70 60 100 6.98 7.07 1.69

5 60 11 17.9 1.33 1.10 1.26

6 60 20 36.8 3.47 3.17 1.28

7 60 30 53.5 4.29 4.15 1.38

8 60 40 80.2 5.53 5.16 1.45

9 60 50 91.6 6.91 6.50 1.53

10 60 80 100 7.40 6.93 1.70

Conditions: [CL] = 2mol/L, [CL]/[La] = 1000, toluene
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Figure 1. GPC curve of PCL (No. 3 Table V).
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Figure 2. The dependence of monomer consumption on the

polymerization time Conditions: [CL] = 2mol/L, 60 �C, toluene.
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lnRp versus the reciprocal of absolute temperature of
polymerization (1=T) gives a straight line in the range
of temperature studied, as illustrated in Figure 5. The
overall activation energy was found to be 58.7 kJ/mol.

Mechanism Aspects
The above solvent effect (Table II) indicates that

the ring-opening polymerization of CL initiated by
Ln(OTMP)3 prefers to proceed a coordination ionic
mechanism process. To confirm the bond cleavage
mode of the monomer, a PCL sample of low mole-
cular weight terminated by isopropanol (containing
5% HCl) has been prepared for 1HNMR analysis.
Two ends of the polymer chain are: an acyl-isoprop-
oxide –COOCH(CH3)2 group and a hydroxy-meth-
ylene –CH2OH group, respectively, which are con-
firmed by proton signals at 1.20 ppm (doublet) for
Ha, 5.02 (multiplet) for Hb and 3.64 (triplet) for Hf

(Figure 6). This clearly demonstrates that CL mono-
mer opening takes place through acyl-oxygen bond
cleavage. The fact that no initiator residues of both

rare earth metal and trimethylphenyl were found in
the obtained PCL provides two possible monomer in-
sertion modes: inserting into (1) Ln–O bond to devel-
op an ‘‘anionic coordination’’ mechanism or (2) CO–
OTMP (maybe carbonyl cationic) to develop a ‘‘cat-
ionic’’ mechanism. Our group has reported that Ln–
O side was the active center when Ln(ODTBMP)3 in-
itiating CL or DTC polymerization.10,14 Considering
the similarity of the two ligands of OTMP and
ODTBMP., the same anionic coordination insertion
mechanism occurs in this system. The isopropoxy
group took the place of the trimethylphenoxy group
when terminating the polymerization mixture with
isopropanol in the presence of hydrochloric acid
because of alkyl-ester group is more stable.
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Figure 6. 1HNMR of PCL terminated by isopropanol. PCL �

(ppm): Ha ¼ 1:20, Hb ¼ 5:02, Hc ¼ 2:31, Hd ¼ 1:64, He ¼ 4:06,

Hf ¼ 3:64, Hg ¼ 1:40.
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Figure 5. Correlation of lnRp with 1=T .
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Scheme 2. The mechanism of the polymerization.
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