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Abstract

Amphiphilic biodegradable poly(CL-b-PEG-b-CL) triblock copolymers have been successfully prepared by the ring-
opening polymerization of ¢-caprolactone (CL) employing yttrium tris(2,6-di-tert-butyl-4-methylphenolate) [Y(DBMP);]
as catalyst and double-hydroxyl capped PEGs (DHPEG) as macro-initiator. The triblock architecture, molecular weight,
thermal and crystallization properties of the copolymers were characterized by NMR spectra, SEC, DSC and WAXD
analyses. The isothermal crystallization behavior of the copolymers was investigated by POM analysis in detail, which
is greatly influenced by the length of PCL and PEG blocks. On the POM micrograph of PEGyg go0—(PCLsgg00)2, @ unique
morphology of concentric spherulites was observed due to the sequent crystallization of the PCL and PEG blocks.

© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Amphiphilic block copolymers with hydrophilic
and hydrophobic blocks have attracted much atten-
tion in recent years [1,2]. The hydrophobic blocks in
an aqueous phase undergo macromolecular assem-
bly to generate polymeric micelles and micelle-like
aggregates. The novel characteristics of polymeric
micelles such as thermodynamic stability and the
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nanosized core-shell structure have found many
applications in the field of drug delivery [3,4] and
separation technology [5].

Poly(e-caprolactone) (PCL) is one of the most
attractive and promising biodegradable aliphatic
polyesters due to its good drug permeability, biocom-
patibility and non-toxicity [6]. Poly(ethylene glycol)
(PEG) is a highly hydrophilic and biocompatible
poly(ether), which has been widely used to form var-
ious amphiphilic block copolymers with hydropho-
bic segments such as poly(ester), poly(carbonate),
and poly(amino acid) [7,8]. Recently, PEG-PCL
block copolymers have been prepared by the ring-
opening polymerization of ¢-caprolactone (CL) using
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PEG as macro-initiators with stannous octanoate
[Sn(Oct),]as catalyst [9]. Furthermore, a few new cat-
alysts such as zinc [10], calcium [11] and aluminum
[12] complexes were developed for the synthesis of
amphiphilic copolymers containing PEG blocks.

Both drug permeability and biodegradability rely
on the crystallinity of the polymer. However, the
studies on the morphology and the crystallization
(melting) properties of such copolymers are rather
limited and not systematic. According to Gan’s
work [13] on PEG-PCL diblock copolymers, the
PCL block is crystallizable while the PEG content
is lower than 20 wt.%. Chen’s studies [14,15] on
PEG-PCL diblock copolymers suggested that if
the PCL block was longer than the PEG block,
the PCL block crystallized first and fixed the total
structure of the spherulites, when cooling from a
molten state and led to obviously imperfect crystal-
lization of PEG. The PEG block could still crystal-
lize at —6.6°C even when its fraction is only
14 wt.%.

In our continuing studies on the controlled ring-
opening polymerization of lactones, lactides and
cyclic carbonates, a series of rare earth phenolate
complexes have been found to be efficient catalysts
for CL homo- and co-polymerization with high
activity, good controllability and low toxicity [16—
19]. In this work, yttrium tris(2,6-di-tert-butyl-4-
methylphenolate) [Y(DBMP)3;] has been firstly
employed for poly(CL-b-PEG-b-CL) synthesis with
a series of double-hydroxyl capped PEGs (DHPEGQG)
as macro-initiators under mild conditions. The ther-
mal and crystallization properties of the copolymers
were investigated by DSC, WAXD and POM anal-
yses in detail.

2. Experimental
2.1. Material

Y(DBMP); and pure PCLj3j 600 homo-polymer
were synthesized as we reported formerly [16,17].
g-Caprolactone (Acros) was distilled under reduced
pressure prior to use. DHPEGs (Shanghai Chemical
Co.) were dried by an azeotropic distillation with
dry toluene before use. Other reagents and solvents
were purified by general methods.

2.2. Polymerization

All polymerizations were carried out in previ-
ously flamed 15 ml ampoules under dry argon with

Schlenk techniques. A mixture of DHPEG and
Y(DBMP); were dissolved in THF with certain
molar ratio and kept in a water bath at 40 °C for
15 min aging before the CL monomer was injected
into the ampoule by a syringe. After the desired
polymerization time, the polymerization was
quenched by ethanol containing 5% hydrochloric
acid (HCI), the mixture was poured into a large
excess of ethanol, and the polymer precipitated
from ethanol, filtered and dried in vacuum to con-
stant weight.

2.3. Measurements

Nuclear magnetic resonance (NMR) spectra were
recorded on a Bruker Avance DMX500 spectrome-
ter in CDCl; with tetramethylsilane as internal stan-
dard. Size-exclusion chromatographic (SEC)
measurements calibrated to commercial polystyrene
standards were performed on a Waters 150-C appa-
ratus with columns Styragel HT 3, HT 4, HT 5 and
Waters 2410 RI detector in THF (1.0 ml/min) at
25 °C. Differential scanning calorimetry (DSC) mea-
surements were performed on a TA Q100 appara-
tus. The samples were heated to 100 °C, held for
2 min to erase the thermal history, then cooled to
—30°C at a rate of 10 °C /min, and finally heated
to 100 °C at 10 °C/min rate again. The crystal struc-
tures of triblock copolymers were examined by
wide-angle X-ray diffraction (WAXD) at a Rigaku
D/max-rA X-ray diffractometer with Cu Ko radia-
tion of wavelength 1= 1.54056 A for 20 angles
between 5° and 50° at a scanning speed of
2.0°/min. The samples used for polarized optical
microscope (POM) measurement were prepared by
casting three drops of a 1.0 wt.% chloroform solu-
tion of the copolymers on a clean cover glass and
then airing for 24 h at room temperature followed
by drying under vacuum for 24 h. The morphologies
of poly(CL-b-PEG-b-CL) triblock copolymers were
monitored with an Olympus BX51 POM equipped
with crossed polarizer.

3. Results and discussion
3.1. Synthesis and characterization

DHPEGs with molecular weights of 200, 1000,
2000, 4000 and 10,000 were used. Y(DBMP); con-
taining the Y-OAr bond reacts with hydroxyl end
groups of DHPEG, forming alkoxide containing a
Y-OR bond that can initiate the polymerization
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Scheme 1. Synthesis of poly(CL-b-PEG-b-CL) catalyzed by Y(DBMP);.

Table 1

Poly(CL-b-PEG-b-CL) triblock copolymers prepared by DHPEGs and Y(DBMP);*

Polymer [Dﬁcﬂ % Conv. (%) [y](dl/g) ° M (Kg/mol) MYMR dpgSEC MWD
(Kg/mol)  (Kg/mol)
PEG00(PCL2300)2 40 4 >99 0.12 4.8 3.7
PEGzoof(PCL‘woo)z 70 4 >99 0.16 8.2
PEG300—(PCL7100)2 125 4 >99 0.27 14.4
PEG200~(PCL14.300)2 250 2 >99 0.30 28.7 30.1
PEG000~(PCL2000)2 35 4 >99 0.11 5.0
PEG1000~(PCLu4000)2 70 4 >99 0.13 9.0
PEG100—(PCLg400)> 150 2 98.2 0.29 19.1 17.4
PEG000—(PCL13 800)2 250 2 97.3 0.35 28.7 30.4
PEG000—(PCLj500)> 35 2.5 90.9 0.11 5.6
PEG:00—(PCL3600)2 70 2.5 89.3 0.15 9.1
PEG000—(PCLg300)> 150 2 97.5 0.26 18.6 18.3 17.0 1.3,
PEG2000+(PCL14300)2 250 2 >99 0.36 30.4 29.8 19.8 1.5¢
PEGy4000—(PCL2300)> 40 2.5 >99 0.12 8.3
PEGy4000—(PCL3200)> 60 2.5 92.6 0.17 10.1 10.2 7.4 1.39
PEGy4000—(PCLg400)> 150 2 98.5 0.28 20.8 21.3 14.3 1.45
PEGu4000+(PCL13 600)2 250 2 95.7 0.35 31.3 32.1 19.3 1.5g
PEG¢,000«(PCL3300)2 70 1.5 82.6 0.22 16.6 17.1 11.5 1.2
PEG ¢ 000—(PCLgg00)2 150 1.5 >99 0.28 27.1 28.2 15.1 1.35
PEG,000«(PCL14300)2 250 1.5 >99 0.40 38.5 40.5 30.4 1.44
# Conditions: [CL]y = 2.0 mol/l, 60 °C, THF, 2 h.
b
el = % x Conversion x 114 + MPHPEG, (1)
1')2 x 114 1')2 x 114

NMR
Mn

x M}?HPEG + M?HPE(J —

(I*+1I"+19)/4 x 44

of CL to obtain poly(CL-b-PEG-b-CL) triblock
copolymers as Scheme 1 shows.

A series of poly(CL-b-PEG-b-CL) triblock
copolymers with different segment molecular
weights were synthesized by adjusting the feeding
molar ratio of CL to DHPEGs as shown in Table
1. The central block came from the DHPEG served

(101) /4 x 44
9 From SEC analysis in THF (1.0 ml/min) at 25 °C with RI detector.

+] x MDHPEG.

as a macro-initiator while the other two from the
ring-opening polymerization of e-caprolactone.
The neighboring blocks were connected through
an ester linkage. '"H NMR and '*C NMR spectra
of PEGZO()*(PCL2300)2 (Flg 1) reveals the triblock
architecture of the polymer. The characteristic sig-
nals around 4.2 ppm in '"H NMR spectrum and
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Fig. 1. 'H NMR (A) and *C NMR (B) spectrum of PEGago—(PCLa300)> in CDCls.
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Fig. 2. SEC patterns of a: 1. PEG4000(PCL3200)2, 2. PEGa4000(PCLgag0)2 and 3. PEGy00—~(PCL13,600)2; b: 4. PEG0,000-(PCL3300)2, 5.
PEG 0,000-(PCLge00)2 and 6. PEG0,000~(PCL14.300)2-
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Fig. 3. DSC curves of: 1. PEG0,000(PCL14,300)2; 2. PEG4000~(PCL13,600)2; 3. PEG2000—(PCL14.300)2; 4. PEG1000(PCL13800)2; 5. PEG200-
(PCL14.300)2 With cooling and heating rate of 10 °C/min.
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Table 2

Thermal properties of poly(CL-b-PEG-b-CL) triblock copolymers having similar length of PCL block and different length of PEG block

Copolymer aTEEG (oC) bT(l:)CL (oC) CAHECL (J/g) HTEFG (OC) bT};CL (OC) CAHII;CL (J/g)
PEG200~(PCL14.300)2 - 30.3 —70.7 - 54.5 69.7

PEG 000~(PCLi3 800)2 - 28.4 —70.0 - 54.0 69.2
PEG000~(PCL14.300)2 - 30.0 —70.0 - 53.4 68.6
PEG0,000«(PCL}4.300)2 14.6 31.2 —70.8 40.9 54.4 -

# Crystallization and melting temperatures of PEG block.
® Crystallization and melting temperatures of PCL block.

¢ Endothermic and exothermic enthalpy of PCL block, calibrated by the wt.% of PCL block in the copolymer from 'H NMR data.

69.3 ppm in >*C NMR spectrum due to the proton
and °C of the last -CH»— group in DHPEG seg-
ment next to the -COO- group of PCL block were
clearly observed. The molecular weights of the tri-
block products were determined by 'H NMR end
group analysis following Eq. (2), which were very
close to the values calculated by the apparent con-
versions and the feeding molar ratios of CL to
DHPEG (Eq. (1)) indicating that the exchange reac-
tion of yttrium alkoxide and hydroxyl end group is
essential for controlling products’ molecular weights
[20].

Fig. 2 shows the SEC patterns of poly(CL-b-
PEG-b-CL) triblock copolymers with DHPEGy(
and DHPEG o9 as macro-initiators, respectively.
With the same macro-initiator, the molecular weight
increased with the increasing molar ratio of CL to
DHPEG and the molecular weight distribution
remain single peak suggesting only one kind of
active center in the polymerization system.

3.2. Thermal and crystallization properties

The DSC curves of PEGZO()—(PCL14’300)2,
PEG1000~(PCL13 800)2, PEG2000(PCL14.300)2,
PEG4000(PCL13600)2, and PEGj0,000(PCL14.300)2
with similar molecular weight of PCL blocks
(M,, = 14,000) and different molecular weights of
PEG blocks (varying from 200 to 10,000) are dis-
played in Fig. 3. All samples were firstly heated to
100 °C and held for 2 min to erase the thermal his-
tory, then cooled to —30°C at a cooling rate of
10 °C/min, and finally heated to 100 °C again by a
rate of 10 °C/min. There are only one exothermic
peak and one endothermic peak due to the PCL
block in all triblock copolymers observed in the
curves except PEG]O’OQ()*(PCL14’300)2 with another
exothermic peak at 14.6 °C and endothermic peak
at 44.8 °C due to the PEGyg 9o block, which illus-
trates that when the PCL blocks in the copolymers

are rather long (M,, =~ 14,000), the PEG block could
crystallize only when they are long enough such as
PEGi0,000(26 wt.%). The data of thermal behaviors
of the copolymers are shown in Table 2, from which
it could be summarized that the lengths of PEG
blocks have almost no influence on the 7.s, TS,
AHs and AH,s of the PCL blocks. However, the

Intensity

5 10 15 20 25 30 35 40 45 50
26 (degree)

Flg 4. WAXD patterns of 1. PCLBO,OOU; 2. PEGZU()*(PCLMY_;()())Q;
3. PEG000(PCLj3500)2; 4. PEG2000+(PCL14,300)2; 5. PEGyop0—
(PCL13,600)2; 6. PEG10,000-(PCL14.300)2; 7. PEG2000~(PCL1300)2;
8. PEG2000~(PCL3600)2; 9- PEG4000—(PCL3200)2; 10. PEGy0,000-
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Flg 5. DSC curves of PEGzo()o*(PCngoo)z and PEG40007
(PCL3200)> With cooling and heating rate of 10 °C/min.
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PCL blocks influence the crystallization of PEG
blocks evidently as discussed above.

The WAXD patterns of PEGZO()—(PCL1473()0)2,
PEG1000(PCL13800)2, PEG2000(PCL14.300)2, PEGao00—
(PCL13’600)2 and PEGlO’OOOA(PCL14’300)2WeI'C shown in
Fig. 4(2-6) with that of PCLj3pg00 (1) and
DHPEG; 000 (10) as comparisons. When the copoly-
mer has long PCL blocks (M,, = 14,000) and short
PEG block (M, <10,000), the PEG block cannot
crystallize and form separate crystal phase because

no characteristic signal at around 26 = 19° due to
the crystallization of PEG block was detected. The
results match DSC analyses quite well.

Fig. 5 displays the DSC analysis of PEGyggo-
(PCL]goo)z and PEG40007(PCL3200)2, in which two
exothermic peaks and two endothermic peaks due
to the PCL block and PEG block were detected
clearly. As shown in Fig. 4(7-9), both the PCL
and PEG blocks in PEGzooof(PCngoo)z, PEG20007
(PCL3600)2 and PEG40007(PCL3200)2 can CrystalliZe

Fig. 6. POM micrographs of spherulites of (a) PEG1000—(PCL13800)2; (b) PEG2000+(PCL14,300)2; (¢) PEGuag00«(PCL13 600)2; (d) PEG10,000—
(PCL14V300)2; (C) DHPEGK)’()()() and (f) PCL30’0()0, Crystallized at 45 °C for 15 min.
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and form separate crystal phases. So it could be
concluded that when the lengths of PCL blocks
are short, even the short PEG block (M,, = 2000)
can crystallize.

3.3. Isothermal crystallization behaviors on POM

Fig. 6 shows the POM micrograph of the triblock
copolymers with various PEG block lengths and
fixed PCL block length (M, ~ 14,000) isothermal
crystallized at 45 °C for 15 min, as well as those of
pure DHPEG 000 and PCL3 099 as comparisons.
The spherulite of DHPEG g0 (Fig. 6e) is larger
and grows faster than the spherulite of PCLj3j g0
(Fig. 6f). However, spherulite morphology and crys-
tallization rate of the triblock copolymers (Fig. 6a—d)
are similar to homo-polymer of PCL rather than
homo-polymer of DHPEG. The crystallization abil-
ity of PEG block was restrained by the long PCL
block beside them, and the PCL block can crystal-
lize alone excluding PEG block. This result is in
agreement with the DSC and WAXD analyses.

The POM micrograph of copolymers with short
PCL blocks such as PEGzooo—(PCngoo)z, PEG2000—
(PCL3600)2, PEGu000(PCL2300)2 and  PEGygoo—
(PCL33200)2 show poor spherulite morphologies
(Fig. 7), which indicates that both PCL block and
PEG block can crystallize, but the mutual influence
between them obviously led to imperfect spherulite
morphologies.

Fig. 8 shows the real-time changes of the crystal-
lization of PEGy,000(PCLgg00)2. An interesting
morphology of the concentric spherulites was
observed in the POM micrograph. At the beginning,
the spherulite blocks generated and grew slowly
(Fig. 8a—c). About 16 min later, a quite different
outer ring began to grow quickly, resulting in the
formation of a concentric (Fig. 8d—f). In the concen-
tric spherulites, the morphology and growing rate of
the central ring is quite different from that of the
outer one; the former is similar to that of the PCL
block (Fig. 6f), while that of the latter to PEG
(Fig. 6e). According to the morphologies and crys-
tallization rates, the central and outer spherulites

Fig. 7. POM micrographs of spherulites of triblock copolymers with short PCL blocks: (a) PEG;000—(PCLjg00)2; (b) PEG2000—(PCL3600)2;
(C) PEG4000—(PCL2300)2 and (d) PEG4000—(PCL3200)2, Crystallized at 45 °C for 15 min.
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Fig. 8. Growth process of concentric spherulites of PEGy¢ goo—(PCLse00)2, crystallized at 45 °C.

can be assigned to the PCL and PEG components,
respectively. When the lengths of the PCL and
PEG blocks are close and long enough, the spheru-
lites of the PCL block occurs first because of its
higher T, and grew exclusively, and then the spher-
ulite of PEG block developed from the growth front
of the PCL spherulite.

4. Conclusions

In this article, well-defined amphiphilic poly(CL-
b-PEG-b-CL) triblock copolymers were synthesized

successfully by double-hydroxyl capped poly(ethyl-
ene glycol) (DHPEG) as macro-initiator in the
presence of yttrium tris(2,6-di-tert-butyl-4-methyl-
phenolate) [Y(DBMP);]. The triblock architecture
was characterized by NMR spectra thoroughly. As
the results of DSC, WAXD and POM analyses,
the crystallization behaviors of the copolymers are
greatly influenced by the length of each block. When
the PCL blocks are long, they can crystallize alone
excluding PEG block, and the short PEG block can-
not crystallize. While the PCL blocks are short,
both PCL and PEG blocks can crystallize, but the
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mutual influence between them leads to poor mor-
phology on POM micrograph. And as the lengths
of the PCL and PEG blocks are close and long
enough, the sequent crystallization of PCL and
PEG blocks make an interesting morphology of
concentric spherulites on POM micrograph.
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