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ABSTRACT: Poly(r-lactide-co-e-caprolactone)-b-poly(L-
lactide) [P(LL-co-CL)-b-PLL] diblock copolyesters were
synthesized in a two-step process with 1-dodecanol (DDC)
and stannous octoate as the initiating system. In the first-
step reaction, a 50:50 mol % amorphous poly(L-lactide-co-e-
caprolactone) [P(LL-co-CL)] copolyester was synthesized
via the bulk copolymerization of L-lactide and e-caprolac-
tone, which was followed by the polymerization of the
PLL crystalline block at the end chain in the second-step
reaction. The yielded copolyesters were characterized with
dilute-solution viscometry, gel permeation chromatogra-
phy, 'H- and ®*C-NMR, and differential scanning calorime-
try methods. The molecular weights of the P(LL-co-CL)
copolyesters from the first-step reaction were controlled by
the DDC concentrations, whereas in the second-step reac-
tion, the molecular weights of the P(LL-co-CL)-b-PLL

diblock copolyesters depended on the starting P(LL-co-CL)
copolyester molecular weights and Lr-lactide/prepolymer
molar ratios. The starting P(LL-co-CL) copolyester molecu-
lar weights and PLL block lengths seemed to be the main
factors affecting specific thermal properties, including the
melting temperature (T,,), heat of melting (AH,,,), crystalliz-
ing temperature (T,), and heat of crystallizing (AH,), of the
final P(LL-co-CL)-b-PLL diblock copolyester products. T,,,
AH,,, T., and AH, increased when the PLL block lengths
increased. However, these thermal properties of the
diblock copolyesters also decreased when the P(LL-co-CL)
block lengths increased. © 2007 Wiley Periodicals, Inc. ] Appl
Polym Sci 106: 3315-3320, 2007
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INTRODUCTION

Copolymers of L-lactide (LL) and e-caprolactone
(CL), with both random and block structures, have
been shown to have both biocompatible and biode-
gradable properties." They can be degraded within
the human body via a simple, nonenzymatic hydro-
lysis mechanism. The main biomedical applications
of the random copolymer poly(r-lactide-co-e-capro-
lactone) [P(LL-co-CL)] include drug delivery sys-
tems,? surgical suturess,” nerve guides,4 and bone
fixation devices.” Although a wide range of investi-
gations have been conducted,>**7 it is very difficult
to tailor P(LL-co-CL) copolymers that give a satisfac-
tory balance of the mechanical strength and biode-
gradative patterns necessary for biomedical applica-
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tions because their thermal properties, especially
their melting temperature (T,,) and heat of melting
(AH,,; which corresponds to the crystallinity percent-
age), largely affect their mechanical and biodegrada-
tive properties. Consequently, interest in block
copolymers, both AB diblocks and ABA triblocks,
has increased because of the greater scope, and so
products with various microstructures and proper-
ties have been created.

Recently, Peter et al.® synthesized and characterized
poly(rL-lactide)-b-poly(e-caprolactone) AB  diblock
copolymers, whereas Kim et al.” described their crys-
tallization behavior. Qian et al.'” and Cai et al.'' syn-
thesized poly(L-lactide)-b-poly(e-caprolactone)-b-poly
(L-lactide) and  poly(L-lactide-co-glycolide)-b-poly
(e-caprolactone)-b-poly(L-lactide-co-glycolide) ABA tri-
block copolymers, respectively, each using ethylene
glycol and stannous octoate [Sn(Oct),] for the initiat-
ing system. They reported that the properties of the
block copolymers were quite different from those of
random copolymers of the same compositions. More-
over, the properties of the block copolymers could be
more readily adjusted through the variation of their
compositions and microstructure.

Most of these previous works have concentrated on
block copolymers in which PCL is synthesized as the
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first block. The synthesis and characterization of
poly(L-lactide)-b-poly(L-lactide-co-g-caprolactone)-b-
poly(t-lactide) triblock copolyesters for potential use
as bioabsorbable sutures have been reported by us
previously.'”>"® However, the effect of the block
lengths of triblock copolymers on the thermal proper-
ties is not clear as in the case of the diblock copoly-
mers. For controlled-release drug delivery applica-
tions, the amorphous phase provides good drug dis-
tribution, whereas the crystalline phase provides good
stability to drug delivery systems. Then, the controlled
thermal properties of polymers for use as drug deliv-
ery systems are more important. The purpose of this
study is to describe the synthesis of poly(r-lactide-co-
e-caprolactone)-b-poly(L-lactide) [P(LL-co-CL)-b-PLL]
diblock copolyesters and the effect of each block
length on the thermal properties of the diblock copo-
lyesters. The copolyester was achieved via a two-step
ring-opening polymerization in bulk of the cor-
responding monomers with Sn(Oct), (initiator) and
1-dodecanol (DDC; coinitiator) as the initiating system.

EXPERIMENTAL
Materials

LL was synthesized from r-lactic acid aqueous solu-
tion (85-90%, Fluka, Switzerland) according to the
procedure described by Hyon et al.'* and was puri-
fied by repeated recrystallization from distilled ethyl
acetate. The CL monomer (99%, Acros Organics, NJ,
USA) was purified via drying with CaH, followed
by distillation under reduced pressure before being
stored over molecular sieves in a refrigerator. The
Sn(Oct), initiator (95%, Sigma, USA) or tin(Il) bis(2-
ethylhexanoate) was used without further purifica-
tion, whereas the coinitiator DDC (90%, Acros
Organics, NJ, USA) was purified by fractional distil-
lation under reduced pressure and stored over mo-
lecular sieves at room temperature. Ethyl acetate,
chloroform (CHCl;), and n-hexane were purified by
fractional distillation at a normal pressure and stored
over molecular sieves.

Synthesis

The P(LL-co-CL)-b-PLL AB diblock copolyesters are
hereafter called diblock copolyesters. They were pre-
pared as follows: first, a 50 : 50 mol % P(LL-co-CL)
copolyester, hereafter called a prepolymer, was syn-
thesized for use as the A block, and second, this was
polymerized with more LL to form the B block, as
shown in Scheme 1.

Synthesis of the prepolymers

In the first-step reaction, the synthesis of a 50 : 50
mol % P(LL-co-CL) prepolymer was performed in a
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Scheme 1 Two-step preparation for the P(LL-co-CL)-b-
PLL diblock copolyesters.

round-bottom flask under a dry nitrogen atmosphere
with a magnetic stirrer. LL and CL, in a 50 : 50 mol %
LL/CL ratio, were copolymerized in bulk with DDC
(1.76 or 0.88 mol % DDC) and Sn(Oct), (0.02 mol %).
The flask was closed with a glass stopper under a
nitrogen atmosphere and immersed in an oil bath at
140°C for 24 h. At the end of the reaction, the pre-
polymer was allowed to cool, cut up into small
pieces (1-2 mm), and dried to a constant weight in a
vacuum oven at 40°C before characterization and
copolymerization.

Synthesis of the diblock copolyesters

In the second-step reaction, the prepolymer was
mixed with more LL (LL/prepolymer molar ratios of
1.0 and 2.0, which produced overall LL/CL ratios of
75 : 25 and 83 : 17 mol %, respectively) in a round-
bottom flask under a dry nitrogen atmosphere with a
magnetic stirrer without the further addition of DCC
and Sn(Oct),. The mixture was heated initially at
160°C for 15 min to homogeneous mixing before the
temperature was reduced to 140°C for 24 h to mini-
mize degradative side reactions. At the end of the
reaction, the diblock copolyester was purified through
dissolution in CHCI; before being precipitated in cool
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TABLE I
Molecular Weight Characteristics of the Prepolymers and Diblock Copolyesters
Copolyester DDC (mol %) [n] (dL/g)? M, (g/mol)® MWDP
Prepolymer 1 1.76 0.2569 7,900 2.49
Prepolymer 2 0.88 0.3660 14,100 2.19
Diblock copolyester 1° — 0.3358 11,400 1.89
Diblock copolyester 2° — 0.4567 17,300 1.99
Diblock copolyester 3¢ — 0.7452 31,700 2.00
Diblock copolyester 4° — 0.8246 42,400 1.98

3 Measured at 30°C with CHCl; as a solvent.

® Determined with GPC.

¢ Synthesized from prepolymer 1 with LL/prepolymer molar ratios of 1.0 and 2.0 for

diblock copolyesters 1 and 2, respectively.

4 Synthesized from prepolymer 2 with LL/prepolymer molar ratios of 1.0 and 2.0 for

diblock copolyesters 3 and 4, respectively.

n-hexane and dried to a constant weight in a vacuum
oven at 50°C before characterization.

Characterization

The intrinsic viscosity [n] values of the prepolymers
and diblock copolyesters were determined from flow-
time measurements of a dilution series of solutions in
CHCl; as a solvent at 30°C with an Ubbelohde vis-
cometer (Mainz, Germany). The number-average mo-
lecular weight (M,) and molecular weight distribu-
tion (MWD) were determined by gel permeation
chromatography (GPC, MA, USA) with a Waters 717
Plus autosampler and a Waters model 510 apparatus
equipped with two Styragel HR mixed bed columns
(pore size = 5 pm; 300 X 7.8 mm); it was operated at
30°C and employed a differential refractometry de-
tector. Narrow-MWD polystyrene standards were
used for calibration. Tetrahydrofuran was used as the
solvent at a flow rate of 1.0 mL/min.

The copolymer compositions and monomer
sequencing were characterized with a combination of
high-resolution 300-MHz 'H-NMR and 75-MHz '*C-
NMR spectrometers. Spectra were obtained from co-
polymer solutions in deuterated chloroform (CDCl;)
with tetramethylsilane as an internal reference.

A thermal analysis was carried out by means of
differential scanning calorimetry (DSC, MA, USA)
with a Pyris diamond differential scanning calorime-
ter. For DSC, 5-10-mg copolymer samples were
heated at 10°C/min under a nitrogen atmosphere
over a temperature range of 30-200°C to observe
their T,,, and AH,, values from the first heating scans
and their crystallizing temperature (T.) and heat of
crystallizing (AH.) values from the second heating
scans. Between the first and second heating scans of
the diblock copolyester, sample cooling was fast
(quenching) according to the default cooling mode
of the equipment. Before the DSC analysis, the co-
polymer samples were stored in a vacuum desiccator
at room temperature for 1 month to allow crystalli-

zation, as previously regorted for 50 : 50 mol %
P(LL-co-CL) copolymers.'

RESULTS AND DISCUSSION
Prepolymer characterization

The influence of the DDC concentrations on the mo-
lecular weight characteristics of the prepolymers is
presented in Table I. The molecular weight charac-
terization was carried out by means of a combina-
tion of dilute-solution viscometry and GPC methods.
It was found that prepolymers with different molec-
ular weights could be obtained through the variation
of the DDC concentration. The [n] (from viscometry)
and M, (from GPC) values of the prepolymers
increased when the DDC concentration decreased.
All GPC curves of the prepolymers exhibited similar
unimodal MWDs, an example of which is shown in
Figure 1(a) for prepolymer 1.

The copolymer compositions of the prepolymers
were determined from the "H-NMR spectra [Fig. 2(a)
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Figure 1 GPC curves for (a) prepolymer 1 and (b) diblock
copolyester 1.
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Figure 2 'H-NMR spectra for (a) prepolymer 1 and (b)
diblock copolyester 1.

is a typical spectrum of prepolymer 1] through the
ratioing of the integral peak areas corresponding to
the LL methine protons at 3 = 5.0-5.3 ppm and the
CL e-methylene protons at 8§ = 3.9-4.2 ppm. The cal-
culated compositions [LL/CL (mol %)] of the prepol-
ymers are presented in Table II and are all the same
as the initial LL/CL = 50 : 50 mol % comonomer
feeds, as expected, because the copolymerizations
were taken to fully quantitative conversions.

The copolymer microstructure and monomer
sequencing were characterized with the C-NMR
spectra and specifically with the expanded carbonyl
carbon (C=0) region of 8§ = 169-174 ppm, as shown
in Figure 3(a) for prepolymer 1. The various peaks
can be assigned to the C=O carbons of the middle
units of various triad sequences, as shown in Figure
3(a). The peaks at 8 = 169.5 ppm and & = 173.5 ppm
can be assigned to the LLL and CCC triads, respec-
tively [L = L-lactate (half-LL) unit and C = CL unit].
The appearance of the additional peaks between the
LLL and CCC triad peaks indicates that various
mixed triad sequences are also present, as would be
expected in some random structure of the prepoly-
mer. The average monomer sequence lengths of the
LL unit (I;;) and CL unit (I-;) can be estimated from
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egs. (1) and (2), respectively, on the basis of the rela-
tionship between the average monomer sequence
length and the integral triad peak areas:'®

1[I + (Ippe + 1 2
lLL _ 2 LLL ( LLC CLL)/ +1 (1)
2 | (Ite + Ierr) /2 + Iere

Iecc+ 1
_ fceetlice 2)

cL =
Iecr + Iicr

The average monomer sequence length results are
reported in Table IL. The /;; and I¢; values of prepol-
ymer 1 were 3.3 and 2.3, whereas these of prepoly-
mer 2 were 3.0 and 2.3, respectively. The results
indicate that the arrangement of monomers created
tapered forms of the copolymers. In addition, the
appearance of the CLC triad peak for prepolymer 1
in Figure 3(a) provides some qualitative indication
of the extent to which transesterification of the lac-
tide units takes place.

The as-polymerized prepolymers were completely
amorphous materials; they were stored in vacuo at
room temperature for 1 month so that they could
display some crystallinity before DSC analysis. The
first heating scan DSC curves of the prepolymers are
shown in Figure 4, and the DSC results are summar-
ized in Table IIl. The heating scan DSC curves of the
prepolymers show melting behaviors in the range of
40-120°C. Prepolymers 1 and 2 showed T,, peaks at
65 and 98°C, respectively, which may have been due
to the combination of CL and LL crystalline parts.

Diblock copolyester characterization

P(LL-co-CL)-b-PLL AB diblock copolyesters were syn-
thesized with prepolymer 1 or 2. The yields of the
diblock copolyester products were greater than 95%.
The [n] (from viscometry) and M,, (from GPC) val-
ues of the diblock copolyesters were higher than
those of their prepolymers (Table I). The molecular
weights of the diblock copolyesters also increased
when the molecular weights of the starting prepoly-

TABLE II
Chemical Compositions and Average Monomer Sequence Lengths of the Prepolymers
and Diblock Copolyesters

Comonomer composition

Copolymer composition

Copolyester (LL:CL; mol %)* (LL:CL; mol %)° Ii€ Ier€
Prepolymer 1 50 : 50 50 : 50 3.3 2.3
Prepolymer 2 50 : 50 50 : 50 3.0 2.3
Diblock copolyester 1 75:25 75:25 — 2.1
Diblock copolyester 2 83:17 80 :20 — 2.3
Diblock copolyester 3 75:25 73 :27 — 2.0
Diblock copolyester 4 83:17 79 : 21 — 19

2 From the feed ratio of LL to CL.
" Determined by "H-NMR.
¢ Determined by BBC_NMR.
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Figure 3 Expanded carbonyl region of the >C-NMR spec-
tra for (a) prepolymer 1 and (b) diblock copolyester 1 (the
peak triad assignment is as shown).

mer and LL/prepolymer molar ratios increased. All
GPC curves of the diblock copolyesters exhibited
similar unimodal MWDs, and this suggested that no
PLL homopolymer fractions were formed in the sec-
ond-step reaction; an example is shown in Figure
1(b) for diblock copolyester 1. The results indicated
that the prepolymer could act as a macroinitiator,
polymerizing LL at the end chain in the second-step
reaction to form the diblock copolyester.

65°C (ﬁ}

98 °C (b)

Heat flow endo up >

30 40 60 80 100 120 140 160 180 200
Temperature (°C)

Figure 4 DSC thermograms from the first heating scans
for prepolymers (a) 1 and (b) 2.
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TABLE III
Thermal Properties of the Prepolymers and Diblock
Copolyesters
Copolyester T (°O)* AH,, (/8)° Tc (°C)° AH, (/g)"

Prepolymer 1 65 5.5 — —
Prepolymer 2 98 11.3 — —
Diblock copolyester 1~ 153 35.1 70 10.2
Diblock copolyester 2 165 40.6 79 17.8
Diblock copolyester 3 162 41.2 78 18.2
Diblock copolyester 4 170 62.2 88 22.0

? Measured from the first heating scan of DSC curves.
" Measured from the second heating scan of DSC
curves.

The copolymer compositions of the diblock copoly-
esters were determined from "H-NMR spectra. The
calculated compositions are given in Table II and are
similar to the comonomer feed ratios. A 'H-NMR
spectrum typical for diblock copolyester 1 is shown
in Figure 2(b). Only the peaks that corresponded to
the LL protons increased; those of the CL protons
did not.

The patterns of the expanded carbonyl regions of
the ®*C-NMR spectra of the diblock copolyesters and
the starting prepolymers are the same [Fig. 3(b)], but
they are different for the integral peak areas of LLL
triads, which increased with respect to the LL/pre-
polymer ratios. However, it was possible to calcu-
lated Icp of the diblock copolyesters, which was pres-
ent only in the prepolymer (A) block. The calculated
Ic values (Table II) slightly decreased from those of
their starting prepolymers, and this may have been
due to the degradation side reactions, especially
transesterification reactions that occurred during the
polymerization in the second-step reaction.'®

When we observed the first and second heating
scans of the DSC curves of the diblock copolyesters
(Figs. 5 and 6, respectively) and the thermal proper-
ties (Table III), we found that the T,, AH,, T. and

B, s N

(b} 165 °C

170°C

Heat flow endo up >

(d)

30 40 60 80 100 120 140 160 180 200
Temperature (°C)

Figure 5 DSC thermograms from the first heating scans
for diblock copolyesters (a) 1, (b) 2, (c) 3, and (d) 4.
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Figure 6 DSC thermograms from the second heating
scans for diblock copolyesters (a) 1, (b) 2, (c) 3, and (d) 4.

AH, values of the diblock copolyesters seemed to
depend on the crystallizable PLL end block length
when a constant P(LL-co-CL) block length was used.
The T,,, AH,,, T, and AH, values of the diblock copo-
lyesters increased when the PLL block length
increased. However, diblock copolyesters 2 and 3,
with different molecular weights (17,300 and 31,700
g/mol, respectively), showed similar T,, (165 and
162°C), AH,, (40.6 and 41.2J/g), T. (79 and 78°C), and
AH, (17.8 and 18.2 J/g) values; this could be expected
because the long P(LL-co-CL) soft block could have
inhibited the crystallization of the PLL crystalline
block in diblock copolymer 3. On the basis of these
finding, it is likely that the thermal properties of the
diblock copolyesters were also controlled by the
amorphous block length of P(LL-co-CL).

CONCLUSIONS

AB diblock copolyesters, consisting of 50 : 50 mol %
P(LL-co-CL) (A) blocks and PLL (B) blocks, were suc-
cessfully synthesized with DDC and Sn(Oct), as the
initiating system. In the first-step reaction, P(LL-co-
CL) was prepared for use as a macroinitiator to poly-
merize LL at its chain end in the second-step reaction,
thus forming AB diblock copolyesters. The molecular
weights of the 50 : 50 mol % P(LL-co-CL) prepolymer

Journal of Applied Polymer Science DOI 10.1002/app
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could be controlled through the variation of the DDC
concentrations at a fixed Sn(Oct), concentration. Dur-
ing the second-step reaction, the randomization of the
monomer sequencing of the prepolymers was slightly
increased (Icy, slightly decreased) because of the trans-
esterification reaction. The T,,, AH,,, T., and AH, val-
ues of the diblock copolyesters depended on the
P(LL-co-CL) and PLL block lengths.

The results suggest that the molecular weights
and thermal properties of the diblock copolyesters
could be manipulated through the variation of the
block lengths of P(LL-co-CL) and PLL. These con-
trolled thermal properties and molecular weight
diblock copolyesters could give appropriate products
for drug delivery applications because these proper-
ties influence the drug distribution and biodegrada-
tion behavior.
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