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Abstract
The sequential ring-opening polymerizations (ROP) of ε-caprolactone (ε-CL) and L-lactide (LLA) with benzo-12-crown-4-
imidazole carbene (B-12-C-4imY) as the catalyst have been performed. Using either benzyl alcohol or ethylene glycol as an
initiator, the corresponding poly(ε-caprolactone)-poly(L-lactide) (PCL-b-PLLA) diblock or poly(L-lactide)-poly(ε-
caprolactone)-poly(L-lactide) (PLLA-PCL-PLLA) triblock copolymers were easily prepared. The results indicated that B-12-
C-4imY was quite effective for the copolymerization. The diblock copolymerization of ε-CL with LLA could only be achieved
when ε-CL was first polymerized followed by LLA. Feeding the two monomers simultaneously, however, only resulted in the
formation of LLA homopolymers. Thermogravimetric analysis (TGA) measurements demonstrated that block copolymers
exhibited the decomposition temperature lower than the PCL homopolymer. The copolymers were characterized by 1H NMR
and 13C NMR, FT-IR, GPC, and DSC analyses. 20 × 10 mm2 rectangular specimens made of the triblock copolymer were
allowed to degrade in a pH = 7.4 phosphate buffer at 37 °C. Degradation was monitored by various analytical techniques such
as GPC, IR, and ESEM.

Keywords Block copolymers . Ring-opening polymerization . Copolymerization . L-Lactide . ε-Caprolactone

Introduction

In the past decades, aliphatic polyesters have attracted much
attention, because they are biodegradable in the human body
as well as in the Earth’s environment. Among all the aliphatic
polyesters, poly(ε-caprolactone) (PCL), poly(L-Lactide)
(PLLA), and their copolymers have been widely used in med-
ical applications, for instance, in bone fracture fixation, biode-
gradable sutures, drug delivery systems, and tissue temporary
scaffolds [1–4]. PCL exhibits remarkable drug permeability,
good elasticity, and thermal properties, however, its degrada-
tion rate is very slow. On the contrary, PLLA has good me-
chanical properties but it is hardly permeable to most drugs,
and its half-life time is much shorter than that of PCL [5–7].
Thus, random or block copolymerization of ε-CL with LLA
may lead to a wide range of polyesters, exhibiting various

degradation behavior, permeability, mechanical properties,
etc. Random copolymerization is known to provide new ma-
terials with properties intermediate between those of the parent
homopolymers [8]. In contrast to random copolymers, block
copolymers are generally multiphasematerials that provide for
additivity of the phase properties [9]. The block copolymeri-
zation of ε-CL and LLA is an effective way of combining the
permeability of the PCL segments and the rapid biodegrada-
tion of the PLLA components. Furthermore, the thermal and
mechanical properties of PCL and PLLA also are adjusted and
balanced by modification of monomer composition and mo-
lecular weight of the block copolymers.

Most polyesters are generally produced by the ROP of cyclic
esters with metallic catalysts based on Al, Zn, Ti, Sn and Ca
[10–14]. The cytotoxicity and difficulty in removal of the cat-
alysts from the obtained polymers have limited their use in
many cases [15]. Therefore, many efforts have been devoted
to the development of new catalysts and/or initiators that would
be well tolerated by the organism [16, 17]. Organocatalysts
provide ametal-free approach to obtain well-defined polyesters,
which can be carried out under mild conditions [18, 19]. As
compared to metal-based catalysts, organocatalysts are usually
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insensitive to oxidation and resistant to hydrolysis but readily
prepared. Among the successful organocatalysts for block ROP
of ε-CL and LLA include 1,5,7-triazabicyclo[4.4.0]dec-5-ene
(TBD)/4-(dimethylamino)pyridine (DMAP)/trifluoroacetic ac-
id (TFA) system [20], diphenyl phosphate (DPP)/DMAP binary
catalyst [21], methanesulfonic acid (MSA) or DPP/8-
diazabicyclo[5.4.0]undec-7-ene (DBU) binary catalyst [22],
and N-heterocyclic carbenes (NHCs). Recent studies have
shown that organocatalysts NHCs have emerged enormous po-
tential for the synthesis of block copolymers due to their struc-
tural diversity and high activity under relatively mild reaction
conditions [23–26]. In 2003, Waymouth et al. [27] have suc-
cessfully prepared the diblock copolymers of ε-CL and LLA
catalyzed by 1,3-bis(phenyl)imidazolin-2-ylidene/BnOH sys-
tem. In 2014, Zhang et al. [28] has reported the synthesis of
1-isopropyl-3-(4-methoxyphenyl)imidazol-2-ylidene which
was an effective catalyst for diblock and triblock copolymeri-
zation of ε-CL and LLA. Nevertheless, the ROP of cyclic esters
using NHCs substituted by the aliphatic and aromatic groups
was usually accompanied by transesterification reactions at
high conversion, thus resulting in less controlled ROP process-
es and broad distribution products [29]. In view of above defi-
ciency, we introduced crown ethers into NHCs. Crown ethers
are the most common host molecules in supramolecular chem-
istry and possess unique performance on the special recognition
of small molecules and metal ions. Hence, the incorporation of
macrocyclic host benzocrown ethers could vary their nucleo-
philic or steric hindrance properties of NHCs selectively and
promoted the synthesis of polyesters with desirable properties.

In the present contribution, we report the ability of B-12-C-
4imY to promote the sequential ring-opening copolymeriza-
tion of ε-CL and LLA under mild conditions. The thermal
properties and structures of PCL-b-PLLA and PLLA-PCL-
PLLA copolymers were measured. A proposed monomer ac-
tivation mechanism will also be discussed. The hydrolytic
degradation of triblock copolymers was studied compared
with that of PCL homopolymers.

Experimental

Materials

ε-CL which was provided by Alfa Aesar was purified by
vacuum distillation over calcium hydride (CaH2) and stored
over 4 Å molecular sieves under nitrogen. LLA was synthe-
sized from L-lactic acid and purified by recrystallization in
ethyl acetate three times,then dried for 48 h in vacuum at
40 °C. Tetrahydrofuran (THF) was freshly distilled from so-
dium-benzophenone. Benzyl alcohol and ethylene glycol
were dried over CaH2 for 2 days, then distilled under reduced
pressure and kept over activated 4 Å molecular sieves. B-12-
C-4imY catalyst was prepared according to literature [30].

Copolymerization

PCL–b-PLLA copolymer was synthesized by ROP of succes-
sively added ε-CL and LLA using B-12-C-4imY as catalyst.
In a typical procedure, ε-CL (0.70 g, 6.13 mmol) was dis-
solved in THF (3.38 mL) in previously flamed and argon-
purged 20 mL ampoules using Schlenk techniques. The initi-
ator, benzyl alcohol was added. After the injection of B-12-C-
4imY catalyst, the mixture was reacted at 20 °C for 20 min.
Upon completion of the reaction, a THF solution of LLA
(0.88 g, 6.13mmol) was introduced. After the desired reaction
time, the polymer was precipitated by methanol and dried
under vacuum to constant weight. PLLA-PCL-PLLA copoly-
mer was prepared by a similar method. Ethylene glycol was
used as the initiator in synthesis of PLLA-PCL-PLLA.

Measurements and characterization

1H and 13C NMR spectra were obtained from a Bruker
ASCENDTM 600 MHz spectrometer instrument with CDCl3
as a solvent and chemical shifts were reported in ppm relative
to tetramethylsilane (Me4Si) as an internal standard.

Table 1 Effect of addition order
on the copolymerization initiated
by BnOH

Entry Comonomer First-stage polymerization Second-stage polymerization Convtol
e

(%)
A B T1

b t1
c Conv1

d T2
b t2

c Conv2
d

(°C) (min) (%) (°C) (min) (%)

NO.1 CL LLA 20 20 99.1 25 40 87.5 92.6

NO.2 LLA CL 20 20 98.5 25 40 0 50.8

NO.3 CL + LLAa 20 20 47.1

Copolymerization conditions: [CL] = 1.5 mol/L, [LLA] = 2.0 mol/L, [CL]/[I]/[C] = 200:1:1, in THF
aCL and LLA added simultaneously
b Polymerization temperature
c Polymerization time
dMonomer conversion
e Total monomer conversion
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Thermal stability of the copolymer was examined using
TGA (Metler Toledo TGA/DSC1). The temperature was
ramped to 550 °C at 10 °C/min under a continuous nitrogen
flow rate of 50 mL/min, using Al2O3 crucibles and 10 mg of
sample for each analysis.

The thermal property of the polymer was measured on a
NETZCH DSC 200F3 system under a nitrogen atmosphere.
Samplewas loaded into an aluminumDSCpans and initially heated
from 20 °C to 150 °C to erase thermal history at a heating rate of
10 °C/min, followed by cooling to −60 at 40 °C/min after stopping
at 150 °C for 1 min and finally heating to 150 °C at 10 °C/min.

The number-average molecular weight (Mn) and the poly-
dispersity index (PDI) were measured on a PL-GPC220 gel
permeation chromatography machine equipped with two col-
umns (PL gel 10 μm MIXED-B 300 mm× 7.5 mm, PL gel
10 μm Guard 50 mm× 7.5 mm). The analysis was performed
with THF as an eluent at a flow rate of 1.0 mL/min. The

narrow polystyrene standards were used to calibrate the stan-
dard curve of molecular weight.

The surface morphology of films was examined by JSM-
7500F Field Emission Scanning ElectronMicroscope (ESEM),
micrographs being obtained under reduced pressure at room
temperature.

Hydrolytic degradation

A 10 w/v % PLLA-PCL-PLLA or PCL solution in dichloro-
methane was used to cast the circular films of 85 mm diameter
with 0.1 mm thickness, respectively. Films were dried in a
vacuum oven at 40 °C for 48 h. Then the rectanglular speci-
mens (20 × 10 mm2) were cut from the parent film. Each dried
films were immersed in phosphate-buffered solution (PBS)
(pH = 7.4) at a temperature of 37 °C. The hydrolyzed samples
were subsequently weighted at several times.

Table 3 Effects of reaction temperature and time on the synthesis of
PCL-b-PLLA copolymer in THF

Entry Ta (°C) tb (min) Convc (%) Mnd (kg/mol) PDId

1 15 40 83.4 37.2 1.49

2 20 40 85.3 43.8 1.36

3 25 40 92.6 54.1 1.38

4 30 40 88.7 49.3 1.44

5 35 40 84.9 40.3 1.52

6 25 20 85.6 38.6 1.17

7 25 30 87.2 45.6 1.38

8 25 50 89.2 41.7 1.42

Copolymerization conditions: [CL] = 1.5 mol/L, [LLA] = 2.0 mol/L,
[C] = 7.50 × 10−3 mol/L, [CL]/[I] = 200. First stage of ε-CL polymeriza-
tion: 20 °C, 20 min
a Polymerization temperature for LLA
b Polymerization time for LLA
c Total monmer conversion
dMn and PDI determined by GPC

Table 4 Effect of monomer/catalyst molar ratio on the synthesis of
PLLA-PCL-PLLA copolymer in THF

Entry [M]/[C] Conva (%) Mnb (kg/mol) PDIb

1 250 83.9 38.7 1.51

2 300 89.7 41.3 1.32

3 350 93.7 43.6 1.25

4 400 87.6 40.7 1.37

5 450 80.8 36.6 1.41

Copolymerization conditions: [CL] = 3.0 mol/L, [LLA] = 1.5 mol/L, [M]/
[I] = 200. First stage of CL polymerization: 15 °C, 40 min. Second stage
of LLA polymerization: 25 °C, 40 min
a Total monomer conversion
bMn and PDI determined by GPC

Table 2 Effect of catalyst concentration on the synthesis of PCL-b-
PLLA copolymer in THF

Entry [C] Conva Mnb PDIb

(×103, mol/L) (%) (kg/mol)

1 5.00 77.3 39.8 1.58

2 6.00 86.4 43.4 1.45

3 7.50 92.1 54.1 1.38

4 10.0 82.5 47.8 1.35

5 15.0 78.7 40.2 1.24

Copolymerization conditions: [CL] = 1.5 mol/L, [LLA] = 2.0 mol/L,
[CL]/[I] = 200. First stage of CL polymerization: 20 °C, 20 min. Second
stage of LLA polymerization: 25 °C, 40 min
a Total monomer conversion
bMn and PDI determined by GPC

Fig. 1 IR spectra of NO.1, NO.2 and NO.3
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Results and discussion

Synthesis of PCL-b-PLLA block copolymer

The sequential ring-opening copolymerization of ε-CL and
LLAwas investigated with B-12-C-4imY, combined to a ben-
zyl alcohol as an initiator. The diblock copolymerization was
successful only when ε-CL needed to be polymerized before
LLA due to much lower reactivity and the fact that it could not
be initiated by end group of PLLA in this case. (Table 1, NO.1).
In contrast, attempt to prepare the diblock copolymer in the
reverse order (Table 1, NO.2) or to synthesize random copoly-
mer by simultaneously polymerizing a mixture of ε-CL and
LLA failed, both yielding exclusively homopolymer of LLA.
(Table 1, NO.3). Thus, it was essential to follow the order of
CL-LLA. The IR spectra of NO.1, NO.2, NO.3 polymers are
shown in Fig. 1. The main difference between PCL-b-PLLA

and PLLA in the IR spectra was the carbonyl absorption band
region. In the IR spectrum of NO.1, the carbonyl absorption
band became wide and split into two peaks. The peak at
1759 cm−1 corresponded to the carbonyl absorption of PLLA
units, while the peak at 1728 cm−1 was assigned to the carbonyl
absorption of PCL units. It was important to prove that the
PLLA chains existed in the copolymer as a block.

The block copolymerization was carried out with B-12-C-
4imY in THF using different catalyst concentrations and the
results are compiled in Table 2. The monomer conversion and
molecular weight of copolymer increased with the increasing
catalyst concentration from 5.00 × 10−3 to 7.50 × 10−3 mol/L.
With higher catalyst concentration, the monomer conversion
andmolecular weight of PCL-b-PLLA decreased and the molec-
ular weight distribution broadened. This is may be due to yield-
ing more and shorter polymeric chains caused by the formation
of more active species at the higher catalyst concentration.

The effects of the polymerization temperature and reaction
time on the copolymerization are listed in Table 3. The results
indicate that 25 °C and 40 min are the most suitable conditions
for the copolymerization of ε-CL and LLA in THF. When the
polymerization was conducted at 25 °C for a longer reaction
time, the polymer with lower molecular weight and broader
molecular weight distribution was obtained, which might be
due to the transesterification reaction during the polymerization
process. Increasing reaction temperature accelerated the poly-
merization, but the polymers produced were easily degradable.

Synthesis of PLLA-PCL-PLLA block copolymer

The influence of the monomer/catalyst ([M]/[C]) molar ratio
on the triblock copolymerization is shown in Table 4. The
yield and the molecular weight of copolymer changed from
83.9% to 89.7% and 38.7 kg/mol to 41.3 kg/mol, respectively,
with increasing [M]/[C] molar ratio below 350 (Table 4, en-
tries 1–3). At higher [M]/[C] molar ratio (>350, Table 4, en-
tries 4–5), the molecular weight dropped owing to decreasing

Fig. 2 1H NMR spectra of PCL-b-PLLA (a) and PLLA-PCL-PLLA (b) copolymer

Table 5 Effects of reaction temperature and time on the polymerization

Entry T a(°C) tb (min) Conv (%)c Mnd (kg/mol) PDId

1 25 20 80.5 32.4 1.32

2 25 30 88.2 41.9 1.49

3 25 40 93.7 43.6 1.25

4 25 50 89.7 42.8 1.34

5 25 60 84.8 39.5 1.42

6 15 40 87.7 36.2 1.50

7 20 40 89.5 40.4 1.40

8 30 40 82.4 37.7 1.42

9 35 40 79.5 32.2 1.68

Copolymerization conditions: [CL] = 3.0 mol/L, [LLA] = 1.5 mol/L, [M]/
[I] = 200, [M]/[C] = 350. First stage of ε-CL polymerization: 15 °C,
40 min
a Polymerization temperature for LLA
b Polymerization time for LLA
c Total monmer conversion
dMn and PDI determined by GPC

254 Page 4 of 10 J Polym Res (2018) 25: 254



number of active species. Therefore, the favorable [M]/[C]
molar ratio was 350.

Table 5 illustrates that the optimum temperature and time of
the triblock copolymerization are about 25 °C and 40 min. It
was also found that a further prolongation of the reaction time
(Table 5, entries 4–5) resulted in lower molecular weight and
broader molecular weight distribution because the usually slow
transesterification was not negligible after reaching the reaction
equilibrium. Higher temperature (>25 °C, Table 5, entries 8–9)
accelerated the rate of intermolecular transesterification and
thermal degradation reaction and brought about decreasingmo-
lecular weight of PLLA-PCL-PLLA, whereas below the opti-
mum temperature (Table 5, entries 6–7) the polymerization
reaction proceeded slowly.

Copolymers characterizations

The 1H NMR spectrum of PCL-b-PLLA is shown in Fig. 2a.
The peak assigned to the methylene protons (-CH2-OH) of the
PCL block at 3.62 ppm disappeared, and a resonance at
4.36 ppm (i) corresponding to the formed PLLA end group
was found, which indicated that the terminal hydroxyl group of
the PCL macroinitiator successfully initiated the polymerization
of LLA. In addition, typical proton signals of PLLA and PCL
components in PLLA-PCL-PLLA spectrum (Fig. 2b) were ob-
served. Signals at 1.40 (g) and 5.1 ppm (f) were assigned to

PLLA blocks, 1.3, 1.6, 2.30 and 4.06 ppm (d, c, b, e) to the
different methylene protons (-CH2-) of PCL blocks, respectively.

The 13C NMR spectra (Fig. 3) of PCL-b-PLLA and PLLA-
PCL-PLLA revealed only two resonances between 168 and
175 ppm, one of the PCL carbonyl at 173.7 ppm and the other
of the PLA carbonyl at 169.6 ppm. All these indicated that a
transesterification reaction of PCL did not occur during the
ROP of LLA to obtain the block copolymers PCL-b-PLLA
and PLLA-PCL-PLLA.

Figure 4 exhibits the GPC traces of PCL-b-PLLA (a), PCL (b),
PLLA-PCL-PLLA (c) andHO-PCL-OH (d). For the PCL-b-PLLA
andPLLA-PCL-PLLAcopolymers, the elution timedecreased after
the addition and polymerization of LLA, implying the successive
growth of PLLAblocks. All tested samples showed single peak, no
other small peaks. These observations further demonstrated that the
purified copolymers were pure block copolymers.

The DSC curves of the PLLA-PCL-PLLA (A), PCL-b-
PLLA (B), PLLA (C) and PCL (D) are presented in Fig. 5.
The PCL-b-PLLA diblock copolymer showed a double melt-
ing peak at 55.8 and 156.1 °C, reflecting the presence of two
crystalline domains. The melting peaks of PCL block and
PLLA block were identified at 52.8 °C and 160.8 °C, respec-
tively, corresponding to the melting peaks of PLLA-PCL-
PLLA in the crystal phase. Moreover, the melting points of
PCL-b-PLLA and PLLA-PCL-PLLAwere different from those
of their corresponding homopolymers. This suggested that the
crystallization of PCL block was restricted by the crystallized
PLLA block. Meanwhile, the crystallization of the PLLA block
was also restricted by the crystallized PCL block. These results
indicated that the crystallization of both the PCL and the PLLA
blocks mutually interfered with each other.

The determination of the decomposition characteristics of the
copolymerswere performed by TGA.Also, the TGAanalyses of
the PCL homopolymer (A), PCL-b-PLLA (B) and PLLA-PCL-
PLLA (C) were recorded for comparison, as seen in Fig. 6.
Figure 6a shows the TGA curves for PCL, PCL-b-PLLA and
PLLA-PCL-PLLA at 10 °C/min and Fig. 6b illustrates the first
derivative TGA (DTG) curves for PCL, PCL-b-PLLA and
PLLA-PCL-PLLA. Table 6 summarized the degradation

Fig. 4 GPC curves of PCL-b-
PLLA (a), PCL (b), PLLA-PCL-
PLLA (c) and HO-PCL-OH (d)

Fig. 3 13CNMRspectra of PLLA, PCL, PCL-b-PLLA and PLLA-PCL-PLLA
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temperatures at 5% weight loss (T5) and the temperatures at the
maximum mass loss rate (Tmax) for PCL, PCL-b-PLLA and
PLLA-PCL-PLLA from the TGA and DTG curves. It can be
seen fromTable 6 and Fig. 6 that T5 and Tmax of PCLwere 370.9
and 410.4 °C, respectively. However, T5 and Tmax of PCL-b-
PLLA were 278.6 and 358.1 °C, and T5 and Tmax of PLLA-
PCL-PLLA were 298.1 and 347.5 °C, respectively. Obviously,
T5 and Tmax of PCL-b-PLLA and PLLA-PCL-PLLAwere lower
than PCL. This can be attributed to the poorer thermal stability of
the PLLA segments than that of the PCL segments in PCL-b-
PLLA and PLLA-PCL-PLLA.

Mechanism

The mechanism of the diblock copolymerization of ε-CL with
LLA is illustrated in Scheme 1. The NHC ring opens the ε-CL
monomer to form a zwitterionic acylimidazole intermediate.
According to the mechanism, after proton transfer from the
alcohol initiator and subsequent displacement of the bound
catalyst by the as-generated alkoxide (RO), a new chain-
extended alcohol is generated, with concomitant release of

the NHC. The α-chain end of PCL bears the ester from initiat-
ing BnOH and ω-chain end is a hydroxyl group. Propagation
then proceeds in the same way, i.e. by reaction of the chain-
extended alcohol with an activated monomer. The hydroxyl-
terminated PCLs asmacroinitiators for the ROP of LLA, finally
generate high molecular weight polymers with narrow molec-
ular weight distribution [28, 31].

Degradation behavior

The formed films of PCL-b-PLLA and PLLA polymers were
not cut into rectangular dimensions because they easily
cracked down. Thus, the PLLA-PCL-PLLA triblock copoly-
mer and PCL homopolymer as objects were undertaken for
hydrolysis studies. All the sample films were introduced into
tubes filled with pH = 7.4 PBS. The tubes were placed in the
thermostated water-bath at 37 °C.

Figure 7 presents the weight loss profiles of the PLLA-
PCL-PLLA copolymers and PCL homopolymers in the
course of PBS degradation. As could be seen, PLLA-PCL-
PLLA copolymers showed the rapid weight loss rate. After
120 days, PLLA-PCL-PLLA lost 2.3% of its initial weight.
Afterwards, weight loss increased progressively to reach 4.6%
at the end of 180 days. In contrast, PCL presents lower deg-
radation rate, 1.9% of weight loss being obtained after
180 days. It was found that PLLA-PCL-PLLA copolymers
exhibited higher degradability than PCL homopolymers.
This reason could be assigned to the lower overall crystallinity
of PLLA-PCL-PLLA as compared to PCL.

The molecular weight change induced by hydrolysis can be
more clearly seen in GPC spectra. Figure 8 shows GPC

Fig. 6 (a) TGA and (b) DTG
curves of PCL (A), PCL-b-PLLA
(B) and PLLA-PCL-PLLA (C)

Table 6 Summary of T5 and Tmax of PCL, PCL-b-PLLA and PLLA-
PCL-PLLA

Samples T5 (°C) Tmax (°C)

PCL 370.9 410.4

PCL-b-PLLA 278.6 358.1

PLLA-PCL-PLLA 298.1 347.5

Fig. 5 The DSC curves of PLLA-PCL-PLLA (A), PCL-b-PLLA
(B),PLLA (C), PCL (D)
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spectra of the PLLA-PCL-PLLA films hydrolyzed for differ-
ent periods of time. There was no significant change inMn of
the copolymer as degradation proceeds up to 60 days.
Apparently beyond 60 days, the position of the initial main
peak did not change during hydrolysis, but the PDI gradually
became broader. The PDI increased from initial 1.25 to 2.8 at
day 240, which was ascribe to the presence of PLA-oligomers.
As evident from GPC spectra of PCL, the molecular weight
decrease rate of PCL was very slow. Meanwhile, Mn of PCL
decreased from initial 4.31 kg/mol to 3.2 kg/mol at day 240,
while the PDI remained almost unchanged.

IR analysis is a means to examine qualitatively composi-
tional changes of the PLLA-PCL-PLLA copolymers. Figure 9
presents the IR spectra of PLLA-PCL-PLLA copolymers

before and after degradation. The copolymers showed initially
two the carbonyl stretching bands at 1757 cm−1 (PLLA) and
1725 cm−1 (PCL), and C-H stretching bands at 2995 cm−1

(PLLA) and at 2867 cm−1 (PCL). On the spectrum at day
60, the bands at 1757 cm−1 (PLLA) and at 1725 cm−1 signif-
icantly decreased, indicating the losses of PLLA component
and PCL component. At the same time,it was observed that
the intensity of band decreased rapidly at 2995, 2867 cm−1. At
150 days, the IR spectrum was in accord with 60 days.
However, after hydrolysis 210 days, the intensity bands at
1757 and 1725 cm−1 remain at the same level.

The films of PLLA-PCL-PLLA and PCL were initially
opaque due to crystallization. After immersion in a buffer
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Fig. 8 Mn changes of PLLA-PCL-PLLA after 0, 60, 120, 180, 240 days’
degradation

Fig. 7 Weight loss profiles of PLLA-PCL-PLLA (•) and PCL (■) during
PBS degradation
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of pH 7.4 at 37 °C, they became whitish and brittle.
Morphology was followed by ESEM which provided a con-
venient method to monitor the changes of surface morphology

during degradation. The surface of PLLA-PCL-PLLA film
initially appeared rather smooth. No obvious spherulites were
observed (Fig. 10a). After 60 days, spherulites with distinct
boundaries were detected (Fig. 10b), which may be attributed
to PCL block since PCL crystallizesmore easily than PLLA as
shown in Fig. 5. When the film was subjected to hydrolyze
above 150 days, the ESEM image of copolymer appeared the
larger size of spherulites (Fig. 10c, d). Appearance of spheru-
lites probably resulted from internal erosion which removed
the amorphous domains from the internal. However, the sur-
face of PCL films had no distinct spherulites were observed
within 60 days degradation (not shown). As discussed above,
the spherulite should be attributed to PCL block, taking into
account the amorphousness of PLLA block. The degradation
of PLLA-PCL-PLLA copolymers followed a general
diffusion-reaction mechanism. The amorphous PLLA region
in copolymers was firstly hydrolyzed, and yielded PCL-rich
crystalline polymer residues in the film that will require much
longer time period to be resorbed in phosphate-buffered solu-
tion. These results are in agreement with weight losses of the
films.

Fig. 9 IR spectra of PLLA-PCL-PLLA after 0, 60, 150, 210 days’
degradation
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Conclusions

In summary, B-12-C-4imY is highly efficient organocatalyst
for the block copolymerization of ε-CL and LLA under mild
condition. More importantly, well-defined block copolymers
(PCL-b-PLLA and PLLA-PCL-PLLA) exhibited predictable
Mn and relatively narrow PDI, and their structures were
proved by 1H, 13C NMR and IR spectral data. Furthermore,
the TGA and DSC analyses showed that the thermal stability
of block copolymers were poorer than PCL homopolymers.
Obviously, this work provides an effective avenue to synthe-
size block copolymers with well-defined structures and poten-
tial applications as advanced materials. The hydrolytic degra-
dation of the copolymers was performed in PBS at 37 °C. The
introduction of PLLA component increased the rate of degra-
dation compared to PCL film.
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