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ABSTRACT: Heterometal alkoxide clusters of lanthanide
and sodium, LnNag[OC(CHj3)3]1o(OH) [where Ln = Nd (1)
or Yb (2)], which were synthesized by the metathesis reac-
tion of LnCl; with NaOC(CHj3); and NaOH ina 1:10: 1
molar ratio in high yields and fully characterized includ-
ing X-ray analysis for 2, were found to be highly active
catalysts in the ring-opening polymerization of e-caprolac-
tone and trimethylene carbonate and their copolymeriza-
tion. All of the polymers obtained showed a unimodal

molecular weight distribution, indicating that 1 and 2
could really be used as single-component catalysts.
The dependence of catalytic activity on the lanthanide
metals was observed: Yb < Nd. A coordination—insertion
mechanism for the ring-opening polymerization is
proposed. © 2009 Wiley Periodicals, Inc. ] Appl Polym Sci 112:
454-460, 2009
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INTRODUCTION

Polymers of lactones and cyclic carbonates are bio-
materials with good biodegradability, biocompatibil-
ity, and low toxicity. Therefore, the development of
simple, convenient, and efficient initiators for this
ring-opening polymerization has attracted increasing
attention."™ The application of lanthanide alkoxide
(phenoxide) complexes as single-component initia-
tors in the ring-opening polymerization of lactones
and cyclic carbonates has attracted increasing atten-
tion because of their high activity and/or controll-
ability and low toxicity.” However, the study of
the catalytic reactivity of heterometal alkoxides clus-
ters of lanthanide and alkali metal has been quite
limited,'*'® although these kinds of clusters are
commonly known.'” Recently, we reported that
the heterometal alkoxide clusters of lanthanide and
sodium, Ll’lzN&g(OCHzCHzNMez)12(OH)2 (Where Ln
= Nd, Pr, Sm, Y, or Ho)*® and Ln,Nag(OCH,CF5)4
(THF)¢ (where Ln = Sm, Yb, or Y and THF = tetra-
hydrofuran)”’ can be synthesized in high yields and
used as single-component catalysts in the polymer-
ization of e-caprolactone (e-CL) and trimethylene
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carbonate (TMC). These two kinds of clusters dis-
played much higher reactivities than related mono-
metallic lanthanide alkoxides and sodium alkoxides
because of the cooperative effect between lanthanide
and sodium metals.?®? Encouraged by these results,
we were prompted to study the rational synthesis of
another heterometal alkoxide cluster in hope of
understanding further the dependence of reactivity
on the structure of the clusters and the potential
application of heterometal alkoxide clusters in the
ring-opening polymerization of cyclic esters.

In 1993, the heterometal tert-butyloxide cluster
YNag[OC(CH3)3]10(OH) was reported by Evans et
al?! as a byproduct of the reaction of YCl; with 3
equiv of NaOC(CHj;); at a very low yield. The low
yield prevents further study of its reactivity. We
recently found that the addition of a definite amount
of NaOH to a reaction solution of LnCl; and
NaOCH,CH;NMe; resulted in the rational prepara-
tion of alkoxide clusters of lanthanide and sodium-
containing hydroxide groups [Ln,Nag(OCH,CH,N-
Me;)12(OH),] via self-assembly by hydroxide as a
driving force. In addition, this approach proved to
provide reproducible products in high yields and to
be available to lanthanide metals from light to
heavy.”® Hence, this article is a preliminary report
on the synthesis of the LnNag[OC(CHjs)s]10(OH)
clusters by the same strategy. Indeed, the
metathesis reaction of LnCl; with NaOC(CHj)z in
the presence of NaOH afforded the target clusters
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LnNag[OC(CH3)3]10(OH) [where Ln = Nd (1) or Yb
(2)] in reproducible high yields. Moreover, these
clusters were found to be very high active catalysts
in the ring-opening polymerization of &-CL and
TMC and their copolymerization.

EXPERIMENTAL
General procedures

All manipulations were performed under pure argon
with the rigorous exclusion of air and moisture with
standard Schlenk techniques. Metal analyses were
carried out by complexometric titration. Carbon and
hydrogen analyses were performed by direct com-
bustion on a Carlo-Erba EA 1110 instrument (Ger-
many). The melting points were determined on a
Yanaco MP-500 melting point apparatus (England).
The IR spectra were recorded on a Nicolet (USA)
Magna IR 550 spectrometer. The 'H-NMR spectra
were recorded on a Unity Inova-400 spectrometer
(USA). The number-average and weight-average mo-
lecular weights and molecular weight distributions
(weight-average molecular weight/number-average
molecular weight) were determined with gel perme-
ation chromatography (GPC) with THF as an eluent
and polystyrene as a standard on a Waters 1515
instrument equipped with three HR columns (HR-1,
HR-2, and HR-4) and an ultraviolet visible detector.

Materials

e-CL was purchased from Acros (USA), dried over
CaH,, and distilled under reduced pressure. TMC
was prepared by the reaction of 1,3-propandiol with
diethyl carbonate according to a published
method,?® dried further over CaH,, and purified by
recrystallization before use. Anhydrous LnCl; lan-
thanides were prepared according to a technique
from the literature.”” Toluene and THF were distilled
from sodium/benzophenone ketyl.

Initiator synthesis
Preparation of NdNag[OC(CHj3)3]1o(OH)

A Schlenk flask was charged with Na (0.55 g, 24
mmol), THF (25 mL), and a stirring bar. HOC(CHs)3
(1.88 mL, 20 mmol) was added with a syringe. After
the mixture was stirred overnight, the pale gray
slurry of NdCl; (0.50 g, 2 mmol) in 15 mL of THF
was added. The resulting blue solution was stirred
for 2 h, and then, NaOH (0.08 g, 2 mmol) was
added. After it was stirred for another 48 h, the sol-
vent was removed by vacuum, and the residue was
extracted with toluene to remove NaCl by centrifu-
gation. After the solution was concentrated, the
product was obtained as violet crystals.
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Yield: 140 g (65%). Decomposition point: 286—
291°C. ANAL. Calcd for C40H91N38011Nd (107629)
C, 44.64%; H, 8.52%; Nd, 13.40%. Found: C, 44.59%;
H, 8.55%; Nd, 13.43%. IR (KBr pellet, cm ™ Y): 3401 (s),
1674 (m), 1453 (s), 1248 (w), 880 (s), 833 (w), 698 (m),
676 (m), 644 (w). '"H-NMR (400 MHz, C¢D, 25°C, §,
ppm): 27.26 (s, 1.5H), 7.38 (s, 1.5H), 2.59 (s, 9H),
—12.6 (s, 6H), —35.1 (s, 1H).

Preparation of YbNag[OC(CH3)3]10(OH)

By the same procedure as that used for 1, cluster 2
was prepared from the reaction of YbCl; (0.56 g, 2.0
mmol) with NaOC(CHj); and NaOH (0.08 g, 2.0
mmol) in THF as colorless crystals.

Yield: 1.72 g (78%). Decomposition point: 291-
293°C. ANAL. Calcd for C4oHo1NagO11Yb (1105.09): C,
43.47%; H, 8.30%; Yb, 15.66%. Found: C, 43.40%; H,
8.32%; Yb, 15.62%. IR (KBr pellet, cm™Y): 3326 (s),
1667 (m), 1436 (s), 1204 (w), 872 (s), 686 (m), 649 (w).
'H-NMR (400 MHz, C(Ds, 25°C, 3, ppm): 28.1 (s,
1.5H), 7.58 (s, 1.5H), 2.73 (s, 9H), —13.1 (s, 6H).

Homopolymerization of &-CL and TMC

All homopolymerizations were carried out in a 50-
mL Schlenk flask under a dry argon atmosphere
with a similar procedure. A typical polymerization
reaction is given as follows: a 50-mL Schlenk flask
equipped with a magnetic stirring bar was charged
with a solution of TMC (0.46 g, 4.51 mmol) in tolu-
ene (4.28 mL). A toluene solution of cluster 1 (0.23
mL, 1.0 x 1072 mol/L) was added to this solution
with a rubber septum and a syringe. The reaction
solution was stirred vigorously for 1 min at 25°C.
The polymerization was quenched by the addition
of 1 mL of 5% HCl/ethanol (EtOH). The polymer
was precipitated from EtOH and washed with EtOH
three times and dried in vacuo at room temperature
overnight. The polymer yield was determined
gravimetrically.

Copolymerization of TMC with &-CL

All copolymerizations were carried out in a 50-mL
Schlenk flask under a dry argon atmosphere. A typi-
cal copolymerization reaction is given as follows:
TMC (0.46 g, 4.51 mmol), e-CL (0.50 mL, 4.51 mmol),
and toluene (8.80 mL) were added to a dry flask at
25°C in turn. Then, the toluene solution of cluster 1
(0.23 mL, 1.0 x 10"* mol/L) was introduced by sy-
ringe into the reaction solution. After 1 min, the
copolymerization was quenched by the addition of 1
mL of 5% HCI/EtOH. The copolymer was precipi-
tated from EtOH and dried in vacuo. The polymer
yield was determined gravimetrically.

Journal of Applied Polymer Science DOI 10.1002/app
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TABLE I

Crystallographic Data for 2
Formula C40H9]N218011Yb Y (02 90
Formula weight 1105.09 V (A% 11,597.2(16)
Temperature (K) 173(2) Z 8
Wavelength (A) 0.71073 Deaic (g/ cm?) 1.266
Size (mm) 0.60 x 0.50 x 0.38 Absorption coefficient (mm™Y) 1.718
Crystal system Orthorhombic F(000) 4616
Space group Pbca 0 range (°) 3.02-25.35
a (A) 21.1507(17) Reflections collected 106,004
b (A) 20.0954(16) R [I > 3c()] 0.0328
c(A) 27.286(2) Ry 0.0704
a (°) 90 Goodness of fit on F2 1.127
B 90

Oligomers for end-group analysis

The oligomerization of e-CL was carried out with 1
in toluene at 25°C under the condition of [e-CL]/[1]
(molar ratio) = 30. The reaction was terminated by
the addition of 1 mL of 5% HCl/'PrOH after 30 min.
The oligomer was precipitated from EtOH. The
product was dissolved in THF, followed by precipi-
tation in EtOH. The procedure was repeated two
times. The white product was dried in vacuo.

Structure solution and refinement for
YbNaS[OC(CH3)3]10(OH)

A suitable single crystal of cluster 2 was sealed in a
thin-walled glass capillary, and intensity data were
collected on a Rigaku Mercury charged coupling de-
vice equipped with graphite-monochromated Mo Ka
(wavelength = 0.71073 A) radiation. The structure
was solved by direct methods, expanded with Fourier
techniques, and refined on F? by the full-matrix least-
squares method. All nonhydrogen atoms were refined
anisotropically, and hydrogen atoms were geometri-
cally fixed with the riding model. All the calculations
were carried out with the Siemens SHELXTL PLUS
program. The details of the intensity data collection
and crystal data are summarized in Table L

RESULTS AND DISCUSSION
Synthesis and structural characterization

The treatment of LnCly; (Ln = Nd or Yb) with 10
equiv of NaOC(CHj;); in the presence of 1 equiv of
NaOH after workup gave violet crystals for Nd and
colorless crystals for Yb, which were fully character-
ized to be LnNag[OC(CH3z)s]19(OH) [Ln = Nd (1) or
Yb (2); eq. (1)]. Clusters 1 and 2 were reproduced at
good yields (ca. 65% for 1 and 78% for 2):

LnCls + 10NaOBu' + NaOH
I 1 nNas(OBu'),,(OH) + 3NaCl
Ln =Nd(1),Yb(2) (1)

Journal of Applied Polymer Science DOI 10.1002/app

The 'H-NMR spectra for the paramagnetic clusters
1 and 2 showed shifted signals. The elemental analy-
sis was identical to the formula and indicated that
molar ratio of Ln to Na was 1 : 8. Cluster 2 was fur-
ther characterized by X-ray crystallography. Clusters

Figure 1 Molecular structures of YbNag[OC(CHj3)3]10(OH)
(the tert-butyl groups are omitted for clarity). Selected
bond lengths (A) and bond angles (°) are as follows:
Yb(1)—O(1) and 2.044(2), Yb(1)—O(2) and 2.238(2), Yb(1)
—O(5) and 2.246(2), Yb(1)—O(3) and 2.251(2), Yb(1)—O(4)
and 2.259(2), Yb(1)—O(11) and 2.632(2), Na(1)—O(6) and
2.244(3), Na(1)=—O(2) and 2.336(2), Na(1)—O(5) and
2.345(2), Na(1)—O(11) and 2.400(2), O(2)—Yb(1)—O(5) and
85.86(8), O(2)—Yb(1)—0O(3) and 86.76(8), O(5)—Yb(1)—O(4)
and 85.94(8), O(3)—Yb(1)—0O(4) and 86.50(8), O(1)—Yb(1)
—O(11) and 178.74(8), O(2)—Yb(1)—O(11) and 75.41(7),
O(5)—Yb(1)—0O(11) and 73.31(7), OB)—Yb(1)—O(11) and
75.54(7), and O(4)—Yb(1)—O(11) and 76.49(7). [Color figure
can be viewed in the online issue, which is available at
www.interscience.wiley.com. ]
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TABLE II
Polymerization of ¢-CL and TMC Initiated by 1 and 2
Entry ~ Monomer Initiator M]/[1] Time (min) Conversion (%) M, (x10%® M, /M.’

1 CL 1 4,000 1 100 8.14 1.69

2 1 8,000 1 98 11.1 2.04

3 1 10,000 1 84 12.6 2.02

4 2 4,000 1 100 12.0 2.29

5 2 8,000 1 90 16.6 2.13

6 2 10,000 1 72 18.4 1.93

7¢ 2 4,000 1 79 6.17 1.54

8 NaOC(CHs)3 2,000 30 0 — —

9 Nd,Nag(OCH,CH,NMe;);,(OH), 10,000 1 100 8.5 1.52
10 Yb,Nag(OCH,CF3)4(THF), 4,000 30 12
11 T™™C 1 2,000 1 100 3.93 1.89
12 1 4,000 1 100 7.29 1.55
13 2 2,000 1 100 433 1.95
14 2 4,000 1 74 4.84 1.89
15¢ 2 4,000 1 57 222 1.33
16 NaOC(CHs)3 2,000 30 0 — —

I = initiator; M = monomer; M,, = number-average molecular weight; M,, = weight-average molecular weight. Condi-
tions: [catalyst] = 0.01 mol/L, toluene = solvent, solution volume/e-CL volume = 10 : 1, [TMC] = 1.0 mol/L, and temper-

ature = 25°C.

? Weight of the obtained polymer/weight of the used monomer.
P Measured by GPC calibrated with standard polystyrene samples.

¢ THF as the solvent.

1 and 2 were all soluble in THF and toluene but not
in hexane. The crystal structure of 2, which was a
capped square antiprism with the Yb atom in the
capping position, was the same as that for the Y
cluster published previously.*' The skeleton diagram
with all the C(CHs;); groups omitted for clarity is
shown in Figure 1. All the metals were connected to-
gether by two sets of four pz-O groups, one ps-O
group, and a centralized hydroxide ligand. The coor-
dination geometry around the lanthanide atom can
be best described as a distorted octahedron geome-
try, in which O(1) and O(11) occupied axial
positions.

Ring-opening polymerization of &-CL with
LnNas[OC(CH3)3]10(OH)

The catalytic activity of 1 and 2 for the polymerization
of e-CL was first tested, and the preliminary results
are summarized in Table II. The polymerization data
published for the Ln,Nag(OCH,CH,NMe;);2(OH),
and Ln,Nag(OCH,CF;)14(THF)s systems were also
used for comparison. 1 and 2 exhibited very high ac-
tivity under mild conditions, whereas NaOC(CHs);
showed no activity under the same conditions (Table
II, entry 8). The conversions were greater than 90% for
1 min in the case of a monomer/initiator molar ratio
of 8000 (molar ratio) for both systems with 1 and 2 as
catalysts. However, a difference in the reactivity
between the two clusters was observed. For example,
when the monomer/initiator molar ratio increased to
10,000, the conversion was as high as 84% for 1,

whereas the conversion was 72% for 2 (Table II,
entries 3 and 6). The active sequence of Yb < Nd
observed here was consistent with the increase in
ionic radium, which was similar to those found in po-
lymerization systems with lanthanide alkoxide.””” In
comparison with the Ln,Nag(OCH,CH,NMe,)1,(OH),
and Ln,Nag(OCH,CF;),4(THF)s clusters, the reactivity
followed the following trend: Ln,Nag(OCH,CH,N-
Me;)12(OH), > LnNag[OC(CHs)s]10(OH) > Ln;Nag
(OCH,CF;3)14(THF)g, in view of the conversions
obtained on the basis of the same molar ratio of [e-
CL]/[Ln] (Table II, entries 3, 4, 9, and 10). The poly-
merization in toluene yielded a much higher conver-
sion and polymers with higher molecular weights
than that in THF (Table II, entries 4 and 7), which
indicated that this polymerization might have
occurred by a coordination-insertion mechanism. All
polymers obtained by 1 or 2 showed a unimodal mo-
lecular weight distribution, which implied that both 1
and 2 were really used as single-component catalysts
in the polymerization of e-CL. The molecular weights
of the resulting polymers were lower than those
expected from the monomer-to-cluster ratio, which
was similar to that found in the systems with the
Ll’lzN&g(OCHzCHzNMez)12(OH)2 and Ll’lzNag(OCHz
CF3)14(THF)s clusters. However, the system with
LnNag[OC(CH3)3]10(OH) afforded polymers with
higher molecular weights and broader molecular
weight distributions than those with the Ln,Nag
(OCHzCHzNMez)lz(OH)z and Ln2Nag(OCH2CF3)14
(THF)¢ clusters (Table II, entries 3 and 9). No distinct
difference in the catalytic behavior, such as the

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 2 '"H-NMR spectrum of the oligomer of &-CL initiated by cluster 1 and terminated by isopropyl alcohol in CDCls.

dependence of activity on the center metal and sol-
vent, among the three kinds of clusters was observed,
which indicated that the polymerizations with the
three kinds of clusters as catalysts should have pro-
ceeded by the same mechanism.

The dependence of the activity on the lanthanide
metal indicated that Ln—OC(CHj3); bonds may have
been the active species, and the lower activity shown
in THF demonstrated that this polymerization sys-
tem may belong to a coordination—insertion mecha-
nism. To further elucidate the polymerization
mechanism, an oligomer of e-CL was produced from
the oligomerization of &-CL with a [¢-CL]/[1] ratio
of 30 and terminated by isopropyl alcohol. The 'H-
NMR spectroscopy of the oligomer revealed the
presence of an end group of OC(CHj); at 1.46 ppm
as a single peak (Fig. 2). The end-group analysis
indicated the polymerization proceeded by acyl-oxy-
gen bond cleavage, as shown in Scheme 1. An &-CL
could have coordinated to both Ln and Na metals
concomitantly, and then, the activated &-CL was
inserted into one of Ln—OC(CHj3); bonds. The pro-
cess repeated to yield the polymer.

Ring-opening polymerization of TMC with
LnNas[OC(CH3)3]10(OH)

The catalytic reactivity of clusters 1 and 2 for the po-
lymerization of TMC was then measured. They were
also extremely active catalysts for the polymerization

Journal of Applied Polymer Science DOI 10.1002/app

of TMC. For example, complete conversions of the
monomer into poly(trimethylene carbonate) (PTMC)
were achieved within 1 min for monomer-to-cluster
ratios of up to 2000 (Table II, entries 11 and 13),
whereas NaOC(CHj3); showed no activity under the
same conditions (Table II, entry 16). The catalytic
behavior of 1 and 2 for the polymerization of TMC
was similar to that found for the polymerization of
e-CL, including the same dependence of reactivity
on lanthanide metal and on solvent. For example,
the conversion was as high as 100% for 1 and 74%
for 2 when the TMC/initiator molar ratio was
increased to 4000 (Table II, entries 12 and 14). The
active sequence of Yb < Nd was observed. The poly-
merization in toluene gave higher conversion and
polymers with higher molecular weights in compari-
son with that in THF (Table II, entries 14 and 15).
All of the GPC curves of the resulting polymers
were unimodal molecular weight distributions,
which suggested 1 and 2 really worked as single-
component catalysts for the polymerization of TMC.

Copolymerization of TMC/e-CL with
NdNas[OC(CH3)3]10(OH)

It is well known that the copolymers of aliphatic car-
bonates with lactones can provide new materials with
new thermal behaviors, new crystallization proper-
ties, and new degradabilities that are rather different
from those resulting from the homopolymers.’™*
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Scheme 1 Postulated mechanism for the ring-opening polymerization of e-CL.

Therefore, the catalytic activity of 1 for the copoly-
merization of e-CL with TMC was further investi-
gated. The experimental results are listed in Table III.
Cluster 1 was also an efficient catalyst for the copoly-
merization of e-CL with TMC. The copolymerization
gave the copolymer in about a quantitative yield
with moderate molecular weight distributions in the
case of ([TMC] + [e-CL])/[1] = 4000 (molar ratio).
All of the copolymers obtained with various feeding
molar ratios of the monomers to catalyst had unimo-
dal molecular weight distributions, which indicated

that the polymers obtained were pure copolymers
without both homopolymers of e-CL and TMC. The
molar ratio of the TMC units and &-CL units in the
copolymer were determined according to the two
characteristic resonances in their "H-NMR spectra at
about 2.05 ppm (TMC unit) and about 2.3 ppm (e-CL
unit), respectively.’** The molar composition of the
copolymer showed a close matching to the variation
of the comonomer feed (Fig. 3). Differential scanning
calorimetry (DSC) was another good method for con-
firming the structure of the copolymers. In our case,

TABLE III
Copolymerization of ¢-CL with TMC Initiated by 1

Feeding molar Conversion TMC/e-CL in
Entry ratio (TMC/¢e-CL) (%)? M, (x10%° My /M, T (°C) the polymer®
1 100 : 0 100 7.29 1.55 38.5 —
2 60 : 40 98 13.2 1.67 43.8 59.8 : 40.2
3 50 : 50 96 14.4 1.65 42.2 495 :50.5
4 40 : 60 98 14.6 1.64 48.5 394 :60.6
5 20 : 80 95 10.7 1.61 53.9 18.7 : 81.3
6 0:100 100 8.14 1.69 64.5 —

M,, = number-average molecular weight; M,,

= weight-average molecular weight; T,

= melting temperature. Condi-

tions: [catalyst] = 0.01 mol/L, [TMC + &-CL] = 1.0 mol/L, [TMC + &-CL]/[1] = 4000, time = 1 min, temperature = 25°C,

and solvent = toluene.

Welght of the obtained polymer/weight of the used monomer.
" Measured by GPC cahbrated with standard polystyrene samples.
¢ Calculated from the "H-NMR spectrum (PTMC signal at 2.05 ppm and PCL signal at 2.30 ppm).

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 3 'H-NMR spectrum of a typical poly(trimethy-
lene carbonate-co-g-caprolactone) (conditions: [catalyst] =
0.01 mol/L, [TMC + &-CL] = 1.0 mol/L, [TMC + &-CL]/
[1] = 4000, [TMC]/[e-CL] = 50 : 50, time = 1 min, temper-
ature = 25°C, and solvent = toluene).

melting temperatures of 64.5°C for the PCL homopol-
ymer and 38.5°C for the PTMC homopolymer were
detected, whereas new melting temperature peaks
appeared and no melting temperature for either
homopolymer was found in the DSC spectra of
poly(trimethylene carbonate-co-e-caprolactone). One
melting temperature peak observed in the DSC spec-
trum of one copolymer indicated that the copolymers
had a random structure. The melting temperatures
were dependent on the composition of the copoly-
mers. Therefore, it is expected that a quite distinct
thermal behavior of the copolymers could be
obtained by the modification of the feeding molar ra-
tio of the two monomers in the copolymerization.

CONCLUSIONS
Alkoxide clusters of lanthanide and sodium,
LnNag[OC(CH3)3]10(OH) (where Ln = Nd or Yb),

were synthesized in high yields. The clusters were
highly active single-component -catalysts for the
homopolymerization and copolymerization of &-CL
and TMC. The reactivity depended on the lantha-
nide metal with the sequence of Yb < Nd. The end-
group analysis showed that the polymerization pro-
ceeded via a coordination/insertion mechanism by
the acyl-oxygen bond cleavage. The results pre-
sented here indicated that the heterometal alkoxide
clusters might have great potential in the ring-open-
ing polymerization of cyclic esters as single-compo-
nent catalysts because of the cooperative -effect
between the two metals. Further work in this area is
proceeding in our laboratory.

Journal of Applied Polymer Science DOI 10.1002/app
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