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The present paper proposes a versatile strategy for the synthesis and mechanical property manipulation of
networked biodegradable polymeric materials composed of well-defined alternating soft and hard
domains. As an example of the strategy, we selected biodegradable poly(L-lactide) (PLLA) and poly(e-
caprolactone) (PCL) as the hard and soft components, respectively, and synthesized networked
biodegradable polymeric materials composed of well-defined alternating PLLA and PCL domains with
different L-lactide (LLA) unit contents via crosslinking of well-defined four-armed diblock copolymers of
PLLA and PCL (4-C-L). The strategy reported here, which is also applicable to non-biodegradable

. 4 11th 3 2019 polymeric materials, successfully facilitated the synthesis of the networked biodegradable materials
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Accepted 15th February 2019 composed of alternating hard and soft domains and their mechanical properties of the synthesized

materials were largely manipulated by the LLA unit contents of the precursor four-armed diblock 4-C-L

DOI: 10.1038/¢9ra00255¢ copolymers. Moreover, the crystallization behavior and thermal properties of 4-C-L copolymers before
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1. Introduction

Poly(i-lactide) or poly(i-lactic acid) (PLLA) is a glassy biode-
gradable polyester produced from renewable resources such as
a variety of polysaccharides, whereas poly(e-caprolactone) (PCL)
is a rubbery biodegradable polyester with a high microbial
biodegradation rate in the environment."*® The block™*” and
random***® copolymers of hard i-lactide (LLA) and soft &-cap-
rolactone (CL) units, which are abbreviated as PLLA-b-PCL or
PCL-b-PLLA and P(LLA-co-CL) or P(CL-co-LLA), respectively,
have been extensively synthesized and their crystallization
behavior, mechanical and thermal properties, hydrolytic
degradation, and drug release properties were studied."~>°
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+ Electronic supplementary information (ESI) available: Typical 'H NMR
spectrum of 4-C-L copolymer (4-C49-L38) (Fig. S1), typical GPC curves of 4-C
and 4-C-L polymers (before and after 2"¢ step polymerization, 4-C49 and
4-C49-L38, respectively) (Fig. S2), degree of crosslinking and crystallinity of
samples (Table S1), WAXD profile of 4-C49-L38 sample prepared by solvent
evaporation (Fig. S3), DSC heating and cooling thermograms of 4-C49-L38
sample prepared by solvent evaporation (before crosslinking) (Fig. S4), thermal
properties of samples (Table S2), enthalpies of cold crystallization and melting
of samples before and after crosslinking for heating scanning (Fig. S5),
enthalpies of crystallization of samples before and after crosslinking for cooling
scanning (Fig. S6), relative crystallinity (X,) of samples before and after
crosslinking for cooling scanning (Fig. S7). See DOI: 10.1039/c9ra00255¢
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and after crosslinking were investigated and discussed.

Compared to homopolymers PLLA and PCL, block or random
copolymers of LLA and CL are soft.**® The hydrolytic degra-
dation rate''®172%483058 of the copolymers of LLA and CL
increases with increasing LLA unit content, except for PLLA
homopolymers and copolymers with a very low CL unit content,
whereas the randomness of LLA and CL accelerated the
hydrolytic degradation rate.** The drug release rate'>* of the
copolymers of LLA and CL decreases with an increase in glassy
LLA unit content.

To manipulate the mechanical properties, hydrolytic degra-
dation and drug release rate of LLA- and CL-based materials,
numerous methods have been proposed in addition to copoly-
merization of LLA and CL. Blending of PLLA with PCL or
copolymers of LLA and CL is versatile and facile method to
prepare LLA and CL-based biodegradable materials with a wide
variety of mechanical properties and hydrolytic degradation
behavior.*>”” However, due to the phase-separation between
PLLA-rich and PCL-rich domains, mechanical properties
change dramatically at the critical blending ratio where
continuous PLLA-rich domains become dispersed PLLA-rich
domains and vice versa for PCL-rich domains. Compatibilizers
such as P(LLA-co-CL) and PLLA-b-PCL have been added to avoid
phase-separation between PLLA and PCL.5¢6:6870.73.74

Recently, to increase the toughness of LLA- or pr-lactide
(DLLA)- and CL-based materials, crosslinked or networked
materials are prepared by urethane linkage formation between
multi-armed P(DLLA-co-CL)"® or three or more-armed PLLA and

This journal is © The Royal Society of Chemistry 2019
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two or more-armed PCL and vice versa’*® and by synthesis of
vinyl- or vinylene-functionalized P(DLLA-co-CL),** multi-block
copolymers of PLLA and PCL,**** and three-armed or four-
armed P(DLLA-co-CL)*™*¢ and their reaction. Although this
strategy has been effectively utilized to prepare tough LLA- or
DLLA- and CL-based materials, LLA or DLLA and CL units are
randomly arranged or the array of PLLA and PCL domains is not
controlled. Since high molecular weights of PLLA and PCL will
induce phase-separation between PLLA and PCL to form
respective domains with low interfacial interaction, resulting in
low mechanical properties after crosslinking. Therefore, the
molecular weights of PLLA and PCL before crosslinking should
be kept low to avoid the phase separation.”®*® In the present
study, to overcome this issue and to show the versatile strategy
for the synthesis and mechanical property manipulation of the
networked biodegradable polymeric materials with well-defined
alternating hard and soft domains, as an example of our
strategy, we selected biodegradable PLLA and PCL as the hard
and soft components, respectively, and synthesized the biode-
gradable polymeric materials composed of well-defined alter-
nating PLLA and PCL domains with different LLA unit contents
via crosslinking of well-defined four-armed diblock PCL-b-PLLA
(4-C-L) copolymers (Fig. 1). The crosslinking or network
formation was attained by diisocyanate. The mechanical prop-
erties as well as crystallization behavior and thermal properties
of the prepared materials were investigated by wide-angle X-ray
diffractometry (WAXD), differential scanning calorimetry (DSC),
and tensile testing, in comparison with those from a four-armed
PLLA (4-L)/four-armed PCL (4-C) blend. The strategy proposed
in the present study is applicable to the preparation of net-
worked materials composed of well-defined alternating hard
and soft domains of non-biodegradable polymers as well as
biodegradable polymers with a wide variety of mechanical
properties.

2. Experimental section

2.1. Materials

The 4-C-L copolymers were synthesized by two-step process, i.e.,
the synthesis of four-armed PCL (4-C) using pentaerythritol as
coinitiator and the synthesis of 4-C-L using 4-C as coinitia-
tor.*””*° 4-C polymers with different molecular weights and four-
armed PLLA (4-L) were synthesized by bulk ring-opening poly-
merization of CL (Guaranteed grade, Nacalai Tesque, Inc.,
Kyoto, Japan) and LLA (PURASORB L, Purac Biochem BV, Gor-
inchem, The Netherlands), respectively, initiated with 0.03 wt%
of tin() 2-ethylhexanoate (Nacalai Tesque, Inc.) in the presence
of different amounts of pentaerythritol (Sigma-Aldrich Japan,
K.K., Tokyo, Japan) as the coinitiator (Table 1) at 150 °C for 4-C
synthesis and 140 °C for 4-L synthesis for 10 h.***° Synthesized
4-C and 4-L polymers were purified by reprecipitation using
chloroform and methanol (both Guaranteed grades, Nacalai
Tesque, Inc.) as the solvent and non-solvent, respectively, and
then dried in vacuo for at least 6 days. 4-C-L copolymers with
different LLA or CL unit contents were synthesized by ring-
opening polymerization of LLA (0.2-1.0 g) in toluene (2 mL)
initiated with 0.3 wt% of tin(u) 2-ethylhexanoate in the presence
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of the purified and dried 4-C polymers as the coinitiator at
120 °C for 36 h.?*° The weight ratios of precursor (4-C polymer)
to LLA are shown in Table 1. Synthesized 4-C-L polymers were
purified by precipitation using a mixed solvent of chloroform
and methanol as the solvent and non-solvent, respectively, and
then dried in vacuo for at least 6 days. CL and tin(u)2-ethyl-
hexanoate were purified by distillation under reduced pressure
before use, whereas LLA was purified by repeated recrystalliza-
tion using ethyl acetate (Guaranteed grade, Nacalai Tesque,
Inc.) as a solvent. The crosslinked materials were prepared as
follows. 4-C-L copolymers, 4-C homopolymer (4-C93), 4-L
homopolymer (4-L90), or 4-C93/4-L90 (w/w = 1/1) blend (0.3-0.8
g) and 4,4’-methylenebis(phenyl isocyanate) (MBPI) or methyl-
enediphenyl-4,4’-diisocyanate (98%, Sigma-Aldrich Japan, K.K.)
[4-C-L, 4-C93, 4-1.90, or 4-C93/4-L90 : MBPI = 1 : 2 (mol : mol)]
were dissolved in dichloromethane (Guaranteed grade, Nacalai
Tesque, Inc.). The solutions of 4-C-L copolymers or 4-C homo-
polymer (4-C93) and MBPI were poured into a Petri dish and
then dried at ambient temperature under atmospheric pressure
for 2 h. Crosslinking of the dried films was carried out at 150 °C
under reduced pressure for 3 h. In the case of 4-L homopolymer
(4-L90), imperfect crosslinking of its solution containing MBPI
poured into a Petri dish was performed at a lower temperature
of 110 °C under reduced pressure for 30 min to avoid the crack
formation. The imperfectly crosslinked film was dissolved by
addition of dichloromethane (5 mL g~ ") in the Petri dish, dried
at ambient temperature under atmospheric pressure, and then
complete crosslinking was performed at 150 °C under reduced
pressure for 3 h. The crosslinked films were dried under
reduced pressure for at least 6 days to remove residual solvent.

2.2. Measurements and observation

The number-average molecular weight [M,,(NMR)] values of the
synthesized polymers were determined from the 400 MHz 'H
NMR spectra obtained in deuterated chloroform (50 mg mL™")
by a Bruker BioSpin (Kanagawa, Japan) AVANCE III 400 using
tetramethylsilane as the internal standard. In the present study,
the polymer codes of 4-LX, 4-CY and 4-CX-LY are used for
abbreviations of 4-L, 4-C, and 4-C-L polymers, respectively,
wherein X and Y indicate the total M,,/100 (not M,, of each arm/
100) of PLLA and PCL blocks, respectively. Fig. S11 shows the
typical "H NMR spectrum of 4-C-L copolymer (4-C49-L38). As
seen in this figure, four-armed diblock copolymers were
successfully synthesized. The M, values of 4-C [M,,(4-C)] and of
4-C-L and 4-L [M,,(4-C-L and 4-L)] were estimated according to
the following equations using the peak intensities of pentaery-
thritol (I;) observed at around 4.1 ppm, methylene protons of
CL units neighboring ester carbonyl carbon (I,) observed at
around 2.3 ppm, and methine protons of LLA units inside the
chain () and at the hydroxyl terminal (I,), observed at around
5.2 and 4.4 ppm, respectively,®~*°

M (NMR) (4-C) = 136.2 + 4 x 114.1 x (L/1)),
Mo(NMR) (4-C-L and 4-L) = 1362 + 4 x [114.1 x LI2 x I) +
(144.112) x (Is + L)L),

RSC Adv., 2019, 9, 7094-7106 | 7095
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(a) Synthesis of 4-C-L
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(c) Structures of crosslinked 4-C-L

B

Fig. 1 Schematic representation for synthesis of 4-C-L (a), crosslinking of 4-C-L (b), and structures of crosslinked 4-C-L (c). In panel (b), the
quadrants are quarter parts of 4-C-L and R in OCN-R-NCO is —CgH4—CH,—-CgHy4-. In panel (c), the ratio of each domain is determined by the
content of LLA unit contents or PLLA block length in 4-C-L.

Table 1 Molecular characteristics of 4-L and 4-C homopolymers and 4-CL block copolymers synthesized in the present study

Synthesis Polymer
Monomer/ LLA unit
coinitiator M,(NMR)* (g M,(GPC)” (g M,(GPC)/ L-Lactyl unit content®  content
Code®  Coinitiator Monomer mol/mol or (w/w) mol ") mol ) M,,(GPC)? (mol%) (Wt%)
4-190  Pentaerythritol LLA 143 9.00 x 10° 2.27 x 10* 1.21
4-C28  Pentaerythritol CL 70 2.82 x 10° 4.64 x 10° 1.80
4-C49 122 4.94 x 10° 8.92 x 10° 1.51
4-C69 165 6.85 x 10° 1.90 x 10* 1.94
4-C93 254 9.27 x 10° 2.59 x 10* 1.74
4-C28- 4-C28 LLA (1.0/0.3) 9.01 x 10° 2.18 x 10* 1.14 74.9 66.2
L62
4-C49-  4-C49 (0.5/0.4) 8.74 x 10° 2.15 x 10* 1.20 53.2 42.7
L38
4-C69- 4-C69 (0.2/0.6) 9.77 x 10° 2.29 x 10* 1.45 17.3 12.1
128

¢ Number-average molecular weight [M,(NMR)] and r-lactyl unit content were estimated by 'H NMR spectroscopy. ° Weight- and number-average
molecular weights [M,,(GPC) and M,,(GPC), respectively] were estimated by GPC.

7096 | RSC Adv., 2019, 9, 7094-7106 This journal is © The Royal Society of Chemistry 2019
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where 136.2, 114.1, and 144.1 g mol ' are the molecular weights
of the coinitiator (pentaerythritol), CL and, LLA, respectively,
and 4 is the arm number. The LLA unit content of 4-C-L
copolymers were evaluated from the ratio of I, to I; + I,. The
accuracy of the M,,(NMR) values for the 4-C polymers by "H NMR
measurements is not so high, since the methylene peaks of
pentaerythritol were weak and not well resolved from the
methylene peaks of PCL chains. The weight- and number-
average molecular weight [M,(GPC) and M,(GPC), respec-
tively] values of the synthesized polymers were evaluated in
chloroform at 40 °C by a Tosoh (Tokyo, Japan) gel permeation
chromatography (GPC) system with two TSK gel columns
(GMHy;,) using polystyrene standards.® The thus estimated M,
and M,, values, r-lactyl and LLA unit contents of the polymers
are tabulated in Table 1 and the typical GPC curves of 4-C and 4-
C-L polymers (before and after 2™ step polymerization, 4-C49
and 4-C49-L38, respectively) in Fig. S2.1 Both M,(NMR) and
M,(GPC) increases of 4-C polymers by second step polymeri-
zation of LLA indicate successful synthesis of four-armed
diblock 4-C-L copolymers.

The highly crosslinked polymers become insoluble to the
solvents of a polymer before crosslinking. Therefore, the frac-
tion of insoluble materials after crosslinking can be used as an
index for the degree of crosslinking. The insoluble fractions of
the crosslinked polymers were estimated as follows. Cross-
linked materials (100 mg) were extracted three times with fresh
chloroform (10 mL, Guaranteed grade, Nacalai Tesque, Inc.) for
8 h. After the extraction, the crosslinked materials were dried
under reduced pressure for at least 7 days. The degree of
crosslinking (DC) was evaluated by the following equation:

DC ((VO) = 100 X Watter/ Whefore

where, Wager and Wherore are sample weights after and before
extraction with chloroform and drying. The DC values thus
obtained are shown in Table S1.1 “N” is added at the head of the
codes of cross-linked networked samples. As seen, the DC
values were as high as 94-100% for crosslinked 4-L and 4-C
homopolymers and 4-C-L copolymers, whereas DC for 4-L/4-C
blend sample was as low as 74%, probably due to the fact that
dispersed small 4-L- or 4-C-rich domains should have been
removed as particles by extraction process. The former result
exhibits the successful crosslinking of 4-L and 4-C homopoly-
mers and 4-C-L copolymers by MBPL. If pentaerythritol moieties
as branching centers were not incorporated in the homopoly-
mers and copolymers, only increases in molecular weights
should have occurred after the reaction with MBPI and the
synthesized materials should be soluble in chloroform. In
addition to the "H NMR spectra in Fig. S1,T the formation of
insoluble materials exhibits the successful incorporation of
pentaerythritol moieties. Aforementioned results of "H NMR,
GPC, and solubility after the reaction with MBPI indicate that
the networked materials composed of well-defined alternating
hard and soft domains were formed and each domain size was
controlled by LLA unit content or segment length in the four-
armed diblock copolymers.
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The thermal properties of samples (3 mg) were measured
with a Shimadzu (Kyoto, Japan) DSC-60 differential scanning
calorimeter under a nitrogen gas flow at a rate of 50 mL min "
For DSC measurements, the sample was heated at a rate of
10 °C min~* from —10 °C to 180 °C, and then cooled at a rate of
—3 °C min~' to —10 °C. From heating measurements, glass
transition and cold crystallization temperatures (T, and T,
respectively), and melting temperatures of PCL and PLLA
[Tm(PCL) and T,(PLLA), respectively], and enthalpies of cold
crystallization and melting of PCL and PLLA [AH.. and AH,(-
PCL) and AH,,(PLLA), respectively] were evaluated. From cool-
ing measurements, crystallization temperatures and enthalpy
(T. and AH,, respectively) were estimated. The transition
temperatures and enthalpies were calibrated using tin, indium,
and benzophenone as standards. The crystalline species and
crystallinity (X.) values of the polymers before and after cross-
linking were estimated by the use of WAXD. The WAXD
measurements were performed at 25 °C using a Rigaku (Tokyo,
Japan) RINT-2500 equipped with a Cu-K,, source (1 = 1.5418 A),
which was operated at 40 kV and 200 mA. In a 2¢ range of 5-30°,
the crystalline diffraction peak areas of respective crystalline
species relative to the total area between a diffraction profile
and a baseline were used to estimate the X, values.”* The crys-
tallization behavior of the samples was observed using an
Olympus (Tokyo, Japan) polarized optical microscope (BX50)
equipped with a heating-cooling stage and a temperature
controller (LK-600PM, Linkam Scientific Instruments, Surrey,
UK) under a constant nitrogen gas flow. The samples were
heated from ambient temperature to 180 °C at 100 °C min ™,
held at this temperature for 1 min, then cooled at a rate of
3 °C min~! to —10 °C. The mechanical properties of the cross-
linked samples (3 mm x 30 mm x 100 pm) were measured at
25 °C and 50% relative humidity using a Shimadzu tensile tester
(EZ Test) at a cross-head speed of 100% min~* (20 mm min™").
The initial length between the two gauges was always kept at 20
mm.**

3. Results and discussion

3.1. Crystallizability and crystallinity

To determine the crystallizability and crystallinity of PLLA and
PCL chains of the samples before and after crosslinking, WAXD
measurements were performed (Fig. 2). The samples before
crosslinking are the purified (or precipitated) polymers and cast
(or solvent evaporated) blend. As seen in Fig. 2(a), all samples
were crystallizable before crosslinking. 4-1L90, 4-C28-L62, and 4-
C49-L38 had a- or d-form PLLA crystalline peaks at 15, 17, and
19°, whereas 4-L90 and 4-C28-L62 had the a-form PLLA crys-
talline peaks at 22.5° but this peak cannot be recognized for 4-
C49-L38 probably due to a low peak height.***> On the other
hand, the 4-L90/4-C93 blend had a very small a- or 3-form PLLA
crystalline peak at 17°. This result indicates that PLLA chains in
4-L90 and 4-C28-L62 crystallized in a-form, whereas those in 4-
C49-L38 and 4-L90/4-C93 blend crystallized in o- or d-form
crystallites.

4-C93, 4-C69-L28, and 4-L90/4-C93 blend had PCL crystalline
peak at around 21.5, 22, and 24°, in agreement with those

RSC Adv., 2019, 9, 7094-7106 | 7097


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra00255c

Open Access Article. Published on 01 March 2019. Downloaded on 5/11/2026 10:11:53 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

View Article Online

Paper

(a) Before crosslinking

4-C28-L62

4-C49-L38

Intensity (arbitrary unit)
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(b) After crosslinking
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Fig. 2 WAXD profiles of samples before (a) and after (b) crosslinking. The dashed and dotted lines indicate the main crystalline peak angles of

PLLA a-(or 3-)form and PCL crystallites, respectively.

reported for orthorhombic lattice with the cell parameters of
a=7.47 A, b=4.98 A, ¢ = 17.05 A,°*® whereas in the case of 4-
C49-L38 has only one PCL crystalline peak at around 21.5° was
observed. In summary, 4-C28-L62 and 4-C69-L28 contained only
PLLA and PCL crystallites, respectively, whereas 4-C49-L38 and
4-190/4-C93 blend contained both PLLA and PCL crystallites.
After crosslinking, N4-C93, N4-C69-L28, and N4-L90/4-C93
blend were crystallizable to have only PCL crystallites [Fig. 2(b)].

The X, values of PLLA and PCL crystallites [X.(PLLA) and
X.(PCL), respectively] were estimated from WAXD profiles in
Fig. 2 and summarized in Table S1f and are plotted in Fig. 3 as
a function of LLA unit content (wt%). As expected, the X.(PLLA)
and X (PCL) values correspondingly increased and decreased
with an increase in LLA unit content and all the X, values were
largely decreased by crosslinking, indicating the crosslinking
disturbed the crystallization of polymer chains. 4-C49-L38
before crosslinking had higher X.(PLLA) (28.5%) compared to
X.(PCL) (4.4%), despite the fact that its LLA unit content
(42.7 wt%) was higher than CL unit content (57.3 wt%) (Table 1).

80 T T T
(a) Before crosslinking
I —a&— X (PCL) 4-L-C
60 —— X (PLLA) 4-L-C
4 A X (PCL)Blend )
O X,(PLLA) Blend

40

X, (%)

20

Il 1 1
0 20 40 60 80
LLA unit content (wt%)

100

Fig. 3 Crystallinity (X.) of samples before (a) and after (b) crosslinking.
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This result indicates that hard PLLA chains at a shell has high
crystallizability compared to soft PCL chains at the core part,
due to the facile interaction between the PLLA chains at a shell.
The nil values of X (PLLA) after crosslinking shows the complete
suppression of crystallization of PLLA chains by crosslinking,
whereas the decreased but non-zero values of X.(PCL) for N4-
C69-L28 and N4-C93 (7.5 and 35.7%, respectively) after cross-
linking reflect that the crystallizability of PCL chains were
reduced by crosslinking but remained after crosslinking. The
higher crystallizability of PCL chains after crosslinking
compared to those of PLLA chains should be ascribed to higher
segmental mobility of PCL, which is supported by low T, of soft
PCL (ca. —60 °C) compared to that of hard PLLA (ca. 60 °C).** On
the other hand, 4-L90/4-C93 blend before crosslinking had
lower X.(PLLA) and higher X.(PCL) values (1.6 and 35.1%,
respectively) compared those of the 4-C-L copolymer having
similar LLA unit content (4-C49-L38) (4.4 and 28.5% respec-
tively). The value difference between the 4-C-L copolymer and
blend samples can be mainly ascribed to the molecular

80

(b) After crolsslinkiﬁg

0 20 40 60 80
LLA unit content (Wt%)

100
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architectural difference between the 4-C-L copolymer and blend
samples and the contribution of the difference in sample
preparation, i.e., precipitation for 4-C-L copolymers and solvent
evaporation for the blend should be very small.

To confirm this assumption, we prepared the typical 4-C-L
copolymer (4-C49-L38) sample by solvent evaporation with the
same procedure used to prepare the blend sample and its
WAXD measurement was performed (Fig. S3f). The solvent
evaporated 4-C49-L38 had a WAXD profile very similar to that of
the precipitated 4-C49-L38. The X (PLLA) and X.(PCL) values
(30.1 and 5.8%, respectively) of the solvent evaporated 4-C49-
L38 estimated from Fig. S31 were very similar to those of the
precipitated 4-C49-L38 (28.5 and 4.4%, respectively) but
completely different from those of the solvent evaporated blend
(1.6 and 35.1%, respectively). This result confirms that the
difference in X.(PLLA) and X (PCL) values between the 4-C-L
copolymer and blend samples is attributed to the molecular
architectural difference between the 4-C-L copolymer and blend
samples not the difference in preparation method.

3.2. Thermal properties

To assess the thermal properties and crystallization during
cooling from the melt of the sample before and after cross-
linking, DSC measurements by heating were carried out (Fig. 4
and 5). For reference, DSC measurements of 4-C49-L38
prepared by solvent evaporation were carried out (Fig. S47).
Evidently, for both heating and cooling, the solvent evaporated
4-C49-L38 exhibited the DSC thermograms very similar to those
of the precipitated 4-C49-L38. This result supported that the
molecular architectural difference played the main role in
determining the thermal properties and crystallization behavior
during cooling from the melt, but sample preparation method
(precipitation or solvent evaporation) had an insignificant effect
on them. Also, it is well known that crystallization during
cooling after melting is not normally affected by the sample
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preparation method. The exothermic peaks with arrows in Fig. 5
and S4(b)T were formed due to replenishment of liquid nitrogen
to the DSC apparatus. The thermal properties [obtained from
Fig. 4, 5, and S471] are summarized in Table S2.}

For heating of the samples before crosslinking [Fig. 4(a)], all
the samples showed a melting peak. The melting peaks of PLLA
chains were observed at 146.0, 143.6, and 120.0 °C for 4-L90, 4-
C28-L63, and 4-C49-L28, respectively, whereas the melting
peaks of PCL chains were seen at 61.6, 50.1, and 44.6 °C for 4-
C93, 4-C69-L28, and 4-L49-L38, respectively. As expected, the T,
values of PLLA and PCL blocks in the polymer samples
decreased with decreasing molecular weights of PLLA and PCL
blocks, respectively, indicating the molecular weight of each
block determine the crystalline thickness. On the other hand, 4-
L90/4-C93 blend had both melting peaks of 4-armed PLLA and
PCL polymers at 142.6 and 54.8 °C, which were lower than those
of nonblended 4-190 (146.0 °C) and 4-L93 (61.6 °C). This reflects
that although PLLA and PCL polymers were phase-separated in
the blends, the PLLA molecules dissolved in the PCL rich-phase
and vice versa, and the dissolved PCL molecules in PLLA-rich
domains and PLLA molecules in PCL-rich domains corre-
spondingly disturbed the crystallization of PLLA and PCL
chains during solvent evaporation compared to that of non-
blended 4-L90 and 4-C93 during precipitation. For heating of
the samples after crosslinking [Fig. 4(b)], N4-C93, N4-C69-L28,
and N4-L90/4-C93 blend exhibit a melting peak of PCL chains
at 47.4, 34.5, and 41.9 °C, respectively. Similar to the samples
before crosslinking, the crystalline thickening was limited by
the lower molecular weight of PCL chains in N4-C69-L28
compared to N4-C93 and the presence of PLLA chains dis-
solved in the PCL-rich domain in N4-L90/4-C93.

For cooling from the melt of the samples before crosslinking
[Fig. 5(a)], all the samples except for 4-L90 were crystallized.
Considering the T;, values of PLLA and PCL chains (120.0-
146.0 °C and 44.6-61.6 °C, respectively), the exothermic peaks of

(a) Before crosslinking (b) After crosslinking
4-1.90 N_ T R s —
4-C28-.62 T~ |
4-C49-L38 N4-C28-L62
g | S [Na-cao-38
w | w
T \f T
! . | [Na-Ceolos
8 4-C93 a
© Ee)
) o=
w w
N4-C93
4-1.90
/4-C93 N4-L90
/4-C93
0 50 100 150 0 50 100 150

Temperature (°C)

Temperature (°C)

Fig. 4 DSC heating thermograms of samples before (a) and after (b) crosslinking.
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Fig. 5 DSC cooling thermograms from the melt of samples before (a) and after (b) crosslinking. The exothermic peaks with arrows were formed

due to replenishment of liquid nitrogen to the DSC apparatus.

4-C28-L62 and 4-C49-L38 observed correspondingly at 86.6 and
72.0 °C were attributed to crystallization of PLLA chains,
whereas the exothermic peaks of 4-C93 and 4-C69-L28, and 4-
L90/4-C93 blend monitored at 34.2, 19.8, and 32.6 °C were
ascribed to crystallization of PCL chains. The 4-1.90/4-C93 blend
had only crystallization peak of PCL chains, as can be expected
from non-crystallizability of PLLA chains in 4-L90 during cool-
ing. After crosslinking, only N4-C93 and N4-L90/4-C93 blend
had a crystallization peak at 19.1 and 9.6 °C, indicating the
disturbance of crystallization by crosslinking, in agreement
with the WAXD results, and the higher crystallizability of PCL
chains only in 4-C homopolymers in nonblended and blend
samples compared to that of PLLA chains. The latter result can
be ascribed to the high chain mobility of soft PCL chains
compared to that of hard PLLA chains, as stated before.

The AH.. and AH,, values for heating and AH,. values for
cooling are tabulated in Table S2{ and are plotted in Fig. S5 and
S6t1 as a function of LLA unit content. The AH,(PCL) and
AH,,,(PLLA) values of the polymer samples for heating scanning
in Fig. S5 and Table S21 had the similar trend with X.(PCL) and
X.(PLLA) in Fig. 3. That is, the AH,,(PCL) and AH,,(PLLA) values
of the samples correspondingly decreased and increased with
increasing with LLA unit contents and the AH,(PCL) and
AH,,,(PLLA) values of the samples before crosslinking were
higher than those after crosslinking. Also, the trend observed
for the samples in Fig. S6F for cooling scanning was similar to
that in Fig. S5.1 That is, the —AH (PCL) and —AH(PLLA) values
of the polymer samples for cooling scanning respectively
decreased and increased with an increase in LLA unit content
although 4-L90 before and after crosslinking did not crystallized
during cooling [Fig. S6(a)1] [i.e., —AH(PLLA) = 0] g~ '], and the
—AH/(PCL) and —AH(PLLA) values were higher for of the
polymer samples before crosslinking than for those after
crosslinking. The higher absolute enthalpy values of both non-

7100 | RSC Adv., 2019, 9, 7094-7106

crosslinked and crosslinked samples during heating scanning
compared to those during cooling scan confirmed the WAXD
results, i.e., facile crystallization of the samples by precipitation
and solvent evaporation compared to that by cooling from the
melt. In summary, the trend of enthalpy values of the blend
sample in Fig. S5 and S61 was similar to the crystallinity values
in Fig. 3.

3.3. Overall crystallization behavior

The relative crystallinity (X;) of the samples during cooling from
the melt was estimated from the DSC thermograms shown in
Fig. 5 using the following equation. The thus obtained X is
plotted as a function of temperature in Fig. S7:f

X, (%) = 100 J (dH,/dr)dt / r (dH, /dr)dt, (1)

where dH. denotes the measured enthalpy of crystallization
during an infinitesimal time interval dt. Crystallization kinetics
during cooling from the melt was analyzed with the Avrami
theory,”* which is expressed by the following equation:

1 — X, (%)/100 = exp(—kt."), 2)

where k is the crystallization rate constant. Eqn (2) can be
transformed into eqn (3):

log[—In(1 — X,/100)] = log k + n log t.. (3)

To avoid deviation from the theoretical curves, which is
suggested by Mandelkern et al. and Lorenzo et al.,'*>'* we used
X, in the range of 3-20% for estimating n and k. The plots with
eqn (3) are shown in Fig. 6. The plots in Fig. 6 give n as slope and
In k as intercept. The thus obtained n and k values are
summarized in Table 2. Before crosslinking, the n values of 4-C-
L copolymers (4-C28-L62, 4-C49-L38, and 4-C69-L28) are

This journal is © The Royal Society of Chemistry 2019
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approximately 3, whereas those of 4-C93 and 4-L90/4-C93 blend
were 5.6 and 5.0, respectively. After crosslinking, the n values of
N4-C93 and N4-L90/4-C93 blend were approximately 4.0, which
were lower than those before crosslinking. Assuming the
thermal nucleation,'® before crosslinking, n = 3 for 4-C-L
copolymers reflects circular growth geometry, whereas the 3 <n
< 6 for 4-C93 and 4-L90/4-C93 blend means growth geometry
between spherical and solid sheaf. Considering the fact that
PLLA blocks crystallized in 4-C28-L62 and 4-C49-L38 and PCL
blocks crystallized in 4-C69-L28, 4-C93, and 4-L90/4-C93 blend
(in PCL-rich domain), absence of PLLA blocks is concluded to
increase the n values or changed the growth geometry. After
crosslinking, the n values around 4 for N4-C93 and N4-L90/4-
C93 blend, which were lower than those before crosslinking
(5.0 and 5.6), reflect spherical growth geometry and indicates
that crosslinking decreased the n values or altered the growth
geometry. The values of ¢.(1/2)(cal) thus obtained are listed in
Table 2, which were very similar to the experimental ¢.(1/2) [t.(1/

2)(exp)]-

3.4. Polarized optical microscopy

To further inquire the crystallization of the samples during
cooling from the melt, POM observation was performed. Fig. 7
shows the polarized optical photomicrographs of the samples
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after cooling from the melt. The photos of samples which did
not crystallize are not shown in Fig. 7. Before crosslinking, the
polymer samples except for 4-L90 which did not crystallize
[Fig. 7(a)-(d)] were filled with a large number of spherulites,
whereas 4-C93/4-C93 blend was composed of two types of rela-
tively bright and dark parts. Considering the phase-separation
between PLLA-rich and PCL-rich domains and non-
crystallizability of 4-L90 during cooling from the melt, the
brightness difference depending on the place is attributable to
the difference in thickness of PCL-rich layers whose thickness
should be reduced by the presence of overlapping PLLA-rich
layers and relative layer thicknesses of PCL- and PLLA-rich
domains should vary depending on the place. That is, the
bright and dark domains can be assigned to the domains with
thick and thin PCL-rich layers, respectively. After crosslinking,
only N4-C93 and N4-L90/C93 [Fig. 7(f) and (g)] were crystalliz-
able during cooling from the melt, in agreement with WAXD
and DSC results, and had vague crystalline assemblies.

3.5. Mechanical properties

Since all the samples before crosslinking and N4-L90/4-C93
blend sample after crosslinking were fragile and their
mechanical properties could not be measured, only the
mechanical properties of samples after crosslinking, except for

Table 2 Avrami exponent (n), crystallization rate constant (k), and crystallization half time [t-(1/2)]

Temperature range

Code Temperature range for evaluation® (°C) for Avrami plot (°C) 7.°(°C) n  k(min™")  ¢(1/2)(exp)’ (min) ¢.(1/2)(cal)’ (min)
4-C28-L62 65.1-102.7 91.5-97.6 86.6 2.6 7.6 x10°° 5.58 5.67
4-C49-L38 52.6-86.8 76.5-82.1 72.0 2.6 9.0x10° 5.15 5.32
4-C69-L28 8.3-26.8 21.7-24.1 19.8 32 42x107% 231 2.40
4-C93 23.3-41.0 35.5-37.2 34.2 5,6 7.5x107° 2.22 2.24
4-L90/4-C93 25.6-39.1 34.0-35.7 32.6 50 1.5x 107> 2.28 2.15
N4-C93 5.6-28.5 21.1-23.9 19.1 42 48x10°% 318 3.27
N4-L90/4-C93 —1.9 to 18.4 11.6-14.4 9.6 3.8 9.6 x107° 2.98 3.08

“ Temperature range for evaluation is that used for relative crystallinity (X;) estimation and T, is crystallization temperature. ? ¢,(1/2)(exp) and ¢(1/
2)(cal) are experimental and calculated crystallization half times, respectively.

This journal is © The Royal Society of Chemistry 2019
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Fig. 7 Polarized optical photomicrographs of samples after cooling from the melt (a) 4-C28-162, (b) 4-C49-L38, (c) 4-C69-128, (d) 4-C93, (e)
4-190/4-C93, (f) N4-C93, (g) N4-L90/4-C93. Photos were obtained at 0 °C, excluding —10 °C for panel (g) N4-L90/4-C93.

the blend sample, are summarized in Fig. 8. It should be noted
that for facile recognition of the dependence of mechanical
properties on LLA unit content, most mechanical properties in
Fig. 8(b)-(d) were plotted logarithmically, whereas tensile
strength in Fig. 8(a) is plotted linearly. The tensile strength
decreased with a decrease in hard LLA unit content (or an
increase in soft CL unit content) from 29.8 MPa at LLA unit
content = 100 wt% to 7.1 MPa at LLA unit content = 12.1 wt%,
but then increased slightly to 15.8 MPa at LLA unit content =
0 wt% [Fig. 8(a)]. The exceptional low tensile strength value at
LLA unit content = 12.1 wt% (7.1 MPa) compared to that at LLA
unit content = 0 wt% (15.8 MPa) can be ascribed to the lower
X.(PCL) value at 12.1 wt% (7.5%) compared to that at 0 wt%
(35.7%) (Fig. 3 and Table S1t). The higher X, (PCL) at LA unit
content = 0 wt% should have increased the density of physical
crosslinking of crystalline regions. The values of tensile
strength for LLA unit contents at 100% (29.8 MPa) and at 0%
(15.8 MPa) with initial degrees of polymerization (DP) of 123
and 80 before crosslinking were correspondingly comparable to
and higher than those reported for crosslinked low molecular
weight four-armed PLLA (19.4-38.9 MPa) and PCL (2.1-8.3 MPa)
with initial DP before crosslinking from 3 to 10.” Also, the

7102 | RSC Adv., 2019, 9, 7094-7106

tensile strength of crosslinked 4-L, i.e., N4-L90 (29.8 MPa) was
comparable with 31.6 MPa reported for linear one-armed
PLLA.**

Similar to tensile strength, tensile modulus decreased
dramatically with decreasing hard LLA unit content (or
increasing soft CL unit content) from 1.07 x 10> MPa at LLA
unit content = 100 wt% to 5.77 x 10> MPa at LLA unit content =
66.2 wt%, and then to 4.30 MPa at LLA unit content = 12.1 wt%,
but increased dramatically to 2.42 x 10> MPa at LLA unit
content = 0 wt% [Fig. 8(b)]. The values of tensile modulus of for
LLA unit contents at 100% (1.07 x 10°> MPa) and at 0% (2.42 x
10> MPa) were respectively comparable to and higher than those
reported for crosslinked low molecular weight four-armed PLLA
(0.73-1.19 x 10° MPa) and PCL (0.04-1.12 x 10> MPa) with
initial DP before crosslinking from 3 to 10.”° Also, the tensile
modulus of crosslinked 4-L, i.e., N4-L90 (1.07 x 10° MPa) was
comparable with 9.3 x 10*> MPa reported for linear one-armed
PLLA.” The final increase in tensile strength and modulus at
LA unit content = 0 wt% compared to that at LLA unit content =
12.1 wt% is also attributable to the higher X.(PCL) value at LA
unit content = 0 wt% (35.7%) compared to that at LA unit

This journal is © The Royal Society of Chemistry 2019
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Fig. 8 Tensile strength (a), tensile modulus (b), elongation at break (c) and tensile toughness (d) of crosslinked samples as a function of LLA

content.

content = 12.1 wt% (7.5%), as stated above at the result of
tensile strength.

Elongation at break increased with a decrease in hard LLA
unit content (or an increase in soft CL unit content) from 4.5%
at LLA unit content = 100 wt% to 180.8% at LLA unit content =
100 wt%, and finally reached 475.7% at LLA unit content =
0 wt% [Fig. 8(c)]- Elongation at break dramatically increased in
corporation of a small amount of CL units such as 33.8 wt%.
The values of elongation at break for LLA unit contents at 100%
(4.5%) and at 0% (475.7%) were correspondingly comparable to
and higher than those reported for crosslinked low molecular
weight four-armed PLLA (4.3-10.9%) and PCL (47.7-282%) with
initial DP before crosslinking from 3 to 10.”” However, the
elongation at break of crosslinked 4-L, i.e., N4-L90 (4.5%) was
lower than 13.6% reported for linear one-armed PLLA.**

Tensile toughness increased dramatically with decreasing in
hard LLA unit content (or increasing soft CL unit content) from
0.79 MJ m~* at LLA unit content = 100 wt% to 32.9 MJ m > at
LLA unit content = 42.7 wt%, slightly decreased to 12.7 MJ m >
at LLA unit content = 12.1 wt%, and then increased again and
reached 60.6 MJ m ™ at LLA unit content = 0 wt% [Fig. 8(d)].
Probably, incorporated soft CL chains facilitated the absorption
of applied energy by their elongation, resulting in elevated
tensile toughness. The values of tensile toughness for LLA unit

This journal is © The Royal Society of Chemistry 2019

contents at 100% (0.79 MJ m *) and at 0% (60.6 MJ m ) were
respectively comparable to and higher than those reported for
crosslinked low molecular weight 4-armed PLLA (0.29-2.11 MJ
m ) and PCL (0.60-20.5 MJ m™>) with DP before crosslinking
from 3 to 10.” From the comparison of the tensile properties
between the present and the previous studies, it was found that
the tensile properties of rather soft 4-armed PCL-based mate-
rials were susceptible to the initial DP before crosslinking,
whereas those of rather rigid 4-armed PLLA-based materials
were independent of initial DP.

The present study revealed that networked biodegradable
polymeric materials having well-defined alternating soft and
hard domains were successfully synthesized utilizing the
proposed strategy. For crosslinked materials composed of
alternating soft PCL and hard PLLA domains had a high tensile
toughness higher than 10 MJ m ™, a high elongation at break
over 100%, and a wide variety of tensile modulus from 4.30 to
1.07 x 10° MPa by varying LLA unit content from 12.1 to
100 wt% can be obtained by crosslinking four-armed PCL-PLLA
diblock copolymers. The method proposed in the present study
is applicable for the preparation of well-defined networked
materials composed of alternating domains of two types of
biodegradable polymers with a wide variety of mechanical
properties. The strategy proposed in the present study can be

RSC Adv., 2019, 9, 7094-7106 | 7103
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applied to the preparation of networked materials composed of
well-defined alternating soft and hard domains of non-
biodegradable polymers as well as biodegradable polymers
having a wide variety of mechanical properties.

4. Conclusions

The networked biodegradable polymeric materials having well-
defined alternating hard and soft domains of two types of
biodegradable polymers (hard PLLA and soft PCL) with different
LLA unit contents (N4-C-L) were successfully synthesized by the
proposed strategy of crosslinking of well-defined four-armed
diblock copolymers of PLLA and PCL (4-C-L) and their crystal-
lization and mechanical behavior was investigated in compar-
ison with those from a four-armed PLLA (4-L)/four-armed PCL
(4-C) blend. All 4-C-L copolymers and the blend were crystal-
lizable before crosslinking, whereas only four-armed PCL and 4-
L/4-C blend were crystallizable after crosslinking. The presence
of rigid PLLA blocks and crosslinking affected Avrami exponent
values or growth geometry. The tensile strength and modulus of
crosslinked networked N4-C-L samples decreased with
decreasing LLA unit content from correspondingly 29.8 and
1.07 x 10° MPa at LLA unit content = 100 wt% to the minimum
values 7.1 and 4.3 MPa at LLA unit content = 12.1 wt% and then
reached 15.8 and 2.42 x 10° MPa at LLA unit content = 0 wt%.
On the other hand, the elongation at break and tensile tough-
ness of N4-C-L samples increased dramatically with decreasing
LLA unit content from correspondingly 4.5% and 0.79 MJ m *
at LLA unit content = 100 mol% to 180.8% and 32.9 MJ m ° at
LLA unit content = 66.2 and 42.7 wt%, respectively, and finally
reached 475.7% and 60.6 MJ m 2 at LLA unit content = 0 wt%
LLA unit content. In contrast, the mechanical properties of
networked 4-L/4-C blend sample could not be measured due to
the fragility caused by phase-separation before crosslinking or
network formation. The present study revealed that the net-
worked biodegradable materials with a high tensile toughness
higher than 10 MJ m >, a high elongation at break over 100%,
a tensile strength up to 29.8 MPa, and a wide variety tensile
modulus from 4.30 to 1.07 x 10° MPa by varying LLA unit
content from 12.1 to 100 wt%. The strategy proposed in the
present study is applicable to the preparation of networked
materials composed of well-defined alternating hard and soft
domains of non-biodegradable polymers as well as biodegrad-
able polymers having a wide variety of mechanical properties.
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