RSC Advances

RSC Advances

ROYAL SOCETY
OF CHEMISTRY

ROYAL SOCIETY
OF CHEMISTRY

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. This Accepted Manuscript will be replaced by the edited,
formatted and paginated article as soon as this is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's
standard Terms & Conditions and the Ethical guidelines still

apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript
or any consequences arising from the use of any information it
contains.

WwWWw.rsc.org/advances



Page 1 of 29

RSC Advances

Stereocomplexation of Quaternary or Ternary Monomer Units
and Dual Stereocomplexation in Enantiomeric Binary and Quaternary
Polymer Blends of Poly(2-hydroxybutanoic acid),

Poly(2-hydroxybutanoic acid-co-lactic acid)s, and Poly(lactic acid)

Hideto Tsuji and Tadashi Sobue

Department of Environmental and Life Sciences, Graduate School of Engineering,
Toyohashi University of Technology, Tempaku-cho, Toyohashi, Aichi 441-8580, Japan

E-mail: tsuji @ens.tut.ac.jp

Abstract: The solution- and melt-crystallized binary polymer blends from L- and D-configured
poly(2-hydroxybutanoic acid) homopolymers [P(L-2HB) and P(D-2HB), respectively], L- and
D-configured poly(2-hydroxybutanoic acid-co-lactic acid) random copolymers [P(L-2HB-LLA) and
P(D-2HB-DLA), respectively], and L- and D-configured poly(lactic acid) homopolyemrs (PLLA and
PDLA, respectively) and the solution- and melt-crystallized quaternary polymer blend of P(L-2HB),
P(D-2HB), PLLA, and PDLA were prepared and their crystallization behavior was investigated by
wide-angle X-ray diffractometry (WAXD), differential scanning calorimetry, and polarized optical
microscopy. The WAXD profiles and the interplane distance values first revealed the
stereocomplexation of quaternary or ternary monomer units of optically active 2-hydroxybutanoic acid
and lactic acid units in binary polymer blends of the copolymer with the copolymer or the
homopolymer and the dual homo-stereocomplexation of P(L-2HB) and P(D-2HB) and of PLLA and
PDLA in the quaternary homopolymer blends.
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1 Introduction

Biodegradable polyesters are utilized for biomedical, pharmaceutical, and environmental applications,
because of their biodegradability and very low toxicity in the human body and the environment, and

high mechanical performance.'™

Among the biodegradable polyesters, especially
poly(hydroxyalkanoic acid)-based biodegradable polyesters such as poly(lactide)s [i.e., poly(lactic
acid)s, PLAs, -(-O-CH(CH;)-CO-),-] are intensively investigated. Binary homo-stereocomplex
(HMSC) formation is reported for enantiomeric L- and D-configured biodegradable polyesters, such as
poly(2-hydroxymethyl-2-methylbutanoic  acid) or  poly(a-methyl-a-ethyl-B-propiolactone)s,'
poly(3-hydroxy-4,4-dichloropentanoic acid) and poly(3-hydroxy-4,4-dichlorohexanoic acid) with
different side groups containing chlorides,”> PLAs [13-20], poly(2-hydroxybutyrate) [i.e.,
poly(2-hydroxybutanoic acid)s, P(2HB)s, -(-O-CH(CH,CH5)-CO-),-1,>'"™* and
poly(2-hydroxy-3-methylbutyrate) [i.e., poly(2-hydroxy-3-methylbutanoic acid)s, P(2H3MB)s,
-(-0O-CH(CH(CH;),)-CO-),-1.**

Binary homo-stereocomplexation enhances mechanical performance, hydrolytic/thermal

degradation resistance, gas barrier properties compared to those of neat polymers.'*** Of

298 and stereoblock

homo-stereocomplexation of enantimoeric polyesters, that of PLLA/PDLA blends
PLAs* highly attracts the interest of macromolecular researchers. On the other hand, binary
hetero-stereocomplex (HTSC) is formed between P(2HB) and PLA""™ or P(2QH3MB)" with different
types of side chains and opposite configurations.

Ternary stereocomplex (TSC) formation is reported for L- and D-configured P(2HB)s and L- or
D-configured PLA’®"" and also quaternary stereocomplex (QSC) formation is reported for L- and
D-configured P(2HB)s and L- and D-configured P(2H3B)s.” However, these reported
stereocomplexes (SCs) are based on enantiomeric homopolymers and stereoblock copolymers but not
on the enantiomeric random copolymers. Recently, we first found that the interesting and unique

cocrystallization of monomer units can occur in L-configure random copolymers composed of

L-2-hydroxybutanoic acid and L-lactic acid and [P(L-2HB-co-LLA)] for a wider L-2-hydroxybutanoic
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acid unit content range of 27-74 mol%.” The cocrystallization even in the comonomer unit range
around 50 mol% strongly suggests that the cocrystallization occurs at an arbitrary comonomer unit
content. From this result, it is expected that the monomer units in random copolymers composed of
both optically active D-lactic acid and D-2-hydroxybutanoic acid [P(DLA-co-D-2HB)] are also
cocrystallizable and that SC containing quaternary monomer units in the stereocomplex crystalline
regions can be formed by blending L-configured P(LLA-co-L-2HB) copolymer with D-configured
P(DLA-co-D-2HB) copolymer and that SC containing ternary monomer units in the stereocomplex
crystalline regions can be formed by blending D-configured P(DLA-co-D-2HB) copolymer with
L-configured poly(L-2-hydroxybutanoic acid) [P(L-2HB)] homopolymer or poly(L-lactic acid) (PLLA)
homopolymer and by blending L-configured P(LLA-co-L-2HB) copolymer with D-configured
poly(D-2-hydroxybutanoic acid) [P(D-2HB)] homopolymer or poly(D-lactic acid) (PDLA)
homopolymer. Also, to the best of our knowledge, QSC formation in the quaternary homopolymer
blends of P(L-2HB), P(D-2HB), PLLA, and PDLA has not been reported so far.

The purpose of the present study was to investigate such stereocomplexationability of quaternary or
ternary monomer units in enantiomeric binary polymer blends of the copolymer with the copolymer or
the homopolymer and of stereocomplexationability in the enantiomeric quaternary homopolymer blend.
For this purpose, we synthesized optically active random copolymers, P(LLA-co-L-2HB) and
P(DLA-co-D-2HB), together with optically active homopolymers, P(L-2HB), P(D-2HB), PLLA, and
PDLA, prepared various types of solution- and melt-crystallized enantiomeric binary polymer blends
of copolymer/copolymer (C), copolymer/homopolymer (B and D), and homopolymer/homopolymer (A
and E), and enantiomeric quaternary polymer blend of homopolyemers, P(L-2HB), P(D-2HB), PLLA,
and PDLA (F) (Figure 1), and investigated the crystallization behavior in the enantiomeric binary and
quaternary polymer blends using wide-angle X-ray diffractometry (WAXD), differential scanning

calorimetry (DSC), and polarized optical microscopy (POM).
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Figure 1. Molecular structures of poly(L-2-hydroxybutanoic acid) [P(L-2HB)],
poly(D-2-hydroxybutanoic acid) [P(D-2HB)], poly(L-2-hydroxybutanoic acid-L-lactic acid)
[P(L-2HB-LLA)], and poly(D-2-hydroxybutanoic acid- D-lactic acid) [P(D-2HB-DLA)], poly(L-lactic
acid) (PLLA), and poly(D-lactic acid) (PDLA), and their combinations for blends. (A), (B), (C), (D),

and (E) correspond to the blend codes in the present study.

2 Experimental Section

2.1 Materials

P(L-2HB), P(D-2HB), P(LLA-co-L-2HB), P(DLA-co-D-2HB), PLLA, and PDLA were synthesized
by polycondensation of L-2-hydroxybutanoic acid [(S)-2-hydroxybutyric acid] (= 97.0%,
Sigma-Aldrich Co., Tokyo, Japan), and D-2-hydroxybutanoic acid [(R)-2-hydroxybutyric acid] (>
98.0%, Sigma-Aldrich Co.), L-lactic acid prepared by hydrolytic degradation of L-lactide
(PURASORB L®, Purac B iomaterials, Gorinchem, The Netherlands), and D-lactic acid prepared by

hydrolytic degradation of D-lactide (PURASORB D®, Purac Biomaterials), using Swt%
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p-toluenesulfonic acid (monohydrate, guaranteed grade, Nacalai Tesque inc., Kyoto, Japan) as the

catalyst, as reported previously.*"*'

The reaction was performed at 130°C under atmospheric
pressure for 5 h for the synthesis of all polymers and then under reduced pressure of 1.4 kPa for 9 h
for the synthesis of P(L-2HB) and P(D-2HB), of 1.8-1.9 kPa for 24 h for the synthesis of
P(LLA-co-L-2HB) and P(DLA-co-D-2HB), and of 0.9-2.0 kPa for 24 h for the synthesis of PLLA
and PDLA. The L- and D-lactic acids used for polymer synthesis were prepared by hydrolytic
degradation of L- and D-lactides, respectively, with distillated water [L- or D-lactide/water (mol/mol) =
1/12] at 98°C for 30 min. The synthesized polymers were purified by reprecipitation using
chloroform and methanol (both guaranteed grade, Nacali Tesque Inc.) as the solvent and nonsolvent,

respectively. The purified polymers were dried under reduced pressure for at least 6 days. The

molecular characteristics of the polymer used in the present study are summarized in Table 1.

Table 1. Molecular characteristics of polymers used in the present study.

Polymer M, ? MM, ” [a]Psg0 2HB unit
(g mol™) (deg dm™” g cm?) content (mol%)®
P(L-2HB) 1.32x10* 1.37 -111 -
P(D-2HB) 1.31x10* 1.42 111 -
P(L-2HB-LLA) 1.39x10* 1.30 -131 44.0
P(D-2HB-DLA) 1.63x10" 1.50 129 48.2
PLLA 1.44x10* 1.68 -157 -
PDLA 1.88x10* 1.72 150 -

Y M,, and M, are weight- and number-average molecular weights, respectively, estimated by GPC.

® Measured in chloroform.

© 2-Hydroxybutanoic acid (2HB) unit content estimated by 'H NMR according to the method reported in refs.
72 and 79.
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Table 2. Binary and quaternary polymer blends prepared in the present study.

Blend Blend Polymer composition (mol%) Type number Type number 2HB uni:)
code of of content
P(L-2HB) PLLA P(L-2HB-LLA) P(D-2HB) PDLA P(D-2HB-DLA) polymer monomer unit (mol%)
P(L-2HB)/P(D-2HB) A 50 0 0 50 0 0 2 2 100.0
P(L-2HB)/P(D-2HB-DLA) B 50 0 0 0 0 50 2 3 74.1
P(L-2HB-LLA)/P(D-2HB-DLA)  C 0 0 50 0 0 50 2 4 46.1
PLLA/P(D-2HB-DLA) D 0 50 0 0 0 50 2 3 24.1
PLLA/PDLA E 0 50 0 0 50 0 2 2 0.0
P(L-2HB)/P(D-2HB)/PLLA/PDLA F 25 25 0 25 25 0 4 4 50.0

9 2-Hydroxybutanoic acid (2HB) unit content.

Equimolar binary polymer blend were prepared by the procedure stated in the previous pape.”"’"”

Briefly, each solution of the two enantiomeric polymers was prepared separately to have a polymer
concentration of 1.0 g dL™' and then admixed with each other equimolarly under vigorous stirring.
Dichloromethane (guaranteed grade, Nacali Tesque Inc.) was used as the solvent.  The mixed
solution was cast onto a petri-dish, followed by solvent evaporation at 25°C for approximately one
day. The obtained polymer blends were further dried under reduced pressure at least 6 days. The
quaternary polymer blend of P(L-2HB), and P(D-2HB), PLLA, and PDLA with content of
P(L-2HB)/P(D-2HB)/PLLA/PDLA=25/25/25/25(mol/mol/mol/mol) ~was prepared by mixing
separately prepared solutions of the equimolar P(L-2HB)/P(D-2HB) blend and PLLA/PDLA blend
using mixed solvent of dichloromethane and 1,1,1,3,3,3-hexafluoro-2-propanol [95/5 (v/v)] and
chloroform, respectively, and casting onto a petri-dish, followed by solvent evaporation at 25°C for
approximately one day.”® The obtained quaternary polymer blends were further dried under reduced
pressure at least 6 days. We call the thus-prepared blends "solution-crystallized blends". The
details of the binary and quaternary polymer blends prepared in the present studies are tabulated in
Table 2.

The melt-crystallization of the solution-crystallized blends sealed in test tubes under reduced
pressure was performed at a crystallization temperature (7,) of 160°C for 1 h after melting at 240°C
for 2 min. The blends after crystallization were quenched at 0°C to stop further crystallization for at

least 5 min. The 7, of 160°C was selected because this 7, has been successfully utilized for
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heterostereocomplexation of PLLA/P(D-2HB) or PDLA/P(L-2HB)"""  and quaternary
stereocomplexation of P(L-2HB)/P(D-2HB)/P(L-2H3MB)/P(D-2H3MB)"® to avoid
homo-crystallization of constituent polymers. We call the thus-prepared blends "melt-crystallized

blends".

2.2 Physical measurements and observation

The weight- and number-average molecular weights (M,, and M,, respectively) of the polymers were
evaluated in chloroform at 40°C using a Tosoh (Tokyo, Japan) GPC system with two TSK gel
columns (GMHy; ) and polystyrene standards. Therefore, the M, and M, values are given relative to
polystyrene. The specific optical rotation ([a]*'ss) of the polymers was measured in chloroform at a
concentration of 1 g dL”" and 25°C using a JASCO P-2100 polarimeter at a wave length of 589 nm.
The glass transition, cold crystallization, and melting temperatures (7, T, and Ty, respectively) and
the enthalpies of cold crystallization and melting (4H.. and AH,,, respectively) were determined with
a Shimadzu (Kyoto, Japan) DSC-50 differential scanning calorimeter under a nitrogen gas flow at a
rate of 50 mL min". The samples (ca. 3 mg) were heated from 0 to 250°C at a rate of 10°C min".
WAXD was carried out at 25°C using a RINT-2500 (Rigaku Co., Tokyo, Japan) equipped with a
Cu-K,, source [wave length (L) = 1.5418 A].  The isothermal spherulite growth 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 room temperature to
240°C at 100°C min™, held at this temperature for 2 min, cooled at 100°C min™ to 7, of 160°C, and

then held at the same temperature (spherulite growth was observed here).

3 Results and Discussion

3.1 Wide-angle X-ray diffractometry
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For the estimation of crystalline species and crystallinity of the blends, WAXD measurements were
performed.  Figure 2 shows the WAXD profiles of the binary blends of copolymers and
homopolymers (A-E) and quaternary blend of homopolymers (F). For solution- and melt-crystallized
P(L-2HB)/P(D-2HB) binary polymer blend (A), only P(L-2HB)/P(D-2HB) HMSC crystalline
diffraction peaks were observed at 28 values of around 10.8, 18.6, 19.4, and 21.6°,'% whereas for the
solution- and melt-crystallized PLLA/PDLA binary polymer blend (E), only PLLA/PDLA HMSC
crystalline diffraction peaks were observed at 26 values of around 11.9, 20.8, and 24.0°."*"> These
results indicate that solely HMSC crystallites were formed without formation of homo-crystallites of
the constituent monomer units of the polymers, which main crystalline diffractions were observed at 17
and 19° for neat PLLA or PDLA and 15 and 17° for neat P(L-2HB) or P(D-2HB).”****%  For other
binary polymer blends, P(L-2HB)/P(D-2HB-DLA) blend (B), P(L-2HB-LLA)/P(D-2HB-DLA) blend
(C), PLL/P(D-2HB-DLA) blend (D), the crystalline diffraction profiles, which shapes are very similar
to those of P(L-2HB)/P(D-2HB) and PLLA/PDLA HMSC crystallites, were observed at 26 values
between those of P(L-2HB)/P(D-2HB) and PLLA/PDLA HMSC crystallites, i.e., at 26 values of 10.8-
11.9°, 18.6-20.8°, and 21.6-24.0°. Very interestingly, these findings strongly suggest that
stereocomplexation of quaternary monomer units in P(L-2HB-LLA)/P(D-2HB-DLA) blend and of
ternary monomer units in P(L-2HB)/P(D-2HB-DLA) and PLLA/P(D-2HB-DLA) blends. On the
other hand, the P(L-2HB)/P(D-2HB)/PLLA/PDLA quaternary polymer blend (F) had two series of
HMSC diffraction peaks very similar to P(L-2HB)/P(D-2HB) and PLLA/PDLA HMSC crystallites in
P(L-2HB)/P(D-2HB) and PLLA/PDLA binary polymer blends, respectively, although for the
solution-crystallized sample, the diffraction peaks around 12 and 24° ascribed to PLLA/PDLA HMSC
crystallites appeared at lower angles compared to those of PLLA/PDLA binary polymer blend. This
result strongly suggests that although the incorporation of P(L-2HB) and P(D-2HB) in PLLA/PDLA
HMSC crystallites are suggested for the solution-crystallized sample, dual P(L-2HB)/P(D-2HB) and
PLLA/PDLA HMSC crystallites were formed but the complete single QSC formation as reported for

P(L-2HB)/P(D-2HB)/P(L-2H3MB)/P(D-2H3MB) quaternary polymer blends, wherein the 26 values
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had linear dependence on the polymer composition, was not formed for

P(L-2HB)/P(D-2HB)/PLLA/PDLA quaternary polymer blend.

(a) Solution-crystallized (b) Melt-crystallized
'\ :

Intensity (arbitrary unit)
Intensity (arbitrary unit)

Figure 2. WAXD profiles of solution-crystallized (a) and melt-crystallized (7, = 160°C) (b) binary
polymer blends (A-E) and quaternary polymer blend (F). A: P(L-2HB)/P(D-2HB) blend, B:
P(L-2HB)/P(D-2HB-DLA) blend, C: P(L-2HB-LLA)/P(D-2HB-DLA) blend, D:
PLLA/P(D-2HB-DLA) blend, E: PLLA/PDLA blend, F: P(L-2HB)/P(D-2HB)/PLLA/PDLA blend.
Dotted and broken lines indicate the crystalline diffraction angles for P(L-2HB)/P(D-2HB) and
PLLA/PDLA HMSC crystallites, respectively.
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Figure 3. Interplane distance (d) (a) and crystallinity (X.) (b) of solution- and melt-crystallized (7. =
160°C) blends in the ranges of 7.4-8.3 and 3.7-4.2A as a function of 2HB unit content. The

theoretical d values are shown in Figure 3(a) with broken lines, whereas the theoretical X, values are
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shown in Figure 3(b) with broken and dotted lines for the solution- and melt-crystallized blends,

respectively.

The interplane distance (d) values of stereocomplex crystallites of the blends were estimated from
the WAXD profiles in Figure 2 and are plotted in Figure 3(a) as a function of 2-hydroxybutanoic acid
(2HB) unit content. Due to the shape change from double diffraction peak to single diffraction peak
in the 26 range of 18.6-20.8° with decreasing 2HB unit content, d values were estimated for the 26
ranges of 10.8-11.9° and 21.6-24.0°. The d values of solution- and melt-crystallized samples of the
binary polymer blends (A—E) increased linearly with 2HB unit content in blends from 3.71 and 7.41A
of PLLA/PDLA HMSC crystallites at 2HB unit content of 0% [PLLA/PDLA blend (E)] to 4.11 and
8.19 (or 8.21) A of P(L-2HB)P(D-2HB) HMSC crystallites at 2HB unit content of 100%
[P(L-2HB)/P(D-2HB) blend (A)], confirming the stereocomplexation of quaternary or ternary
monomer units in the PLLA/P(D-2HB-DLA), P(L-2HB-LLA)/P(D-2HB-DLA), and
P(L-2HB)/P(D-2HB-DLA) binary polymer blends (B, C, and D). To the best of our knowledge, this
is the first report on stereocomplexation between enantiomeric copolymers and between enantiomeric
copolymer and homopolymer, wherein all types of quaternary or ternary monomer units cocrystallize.
The d values of solution- and melt-crystallized samples were very similar with each other, reflecting
the very small effects of crystallization procedure on the d values. The d values of the solution- and
melt-crystallized PLLA/P(D-2HB-DLA), P(L-2HB-LLA)/P(D-2HB-DLA), and
P(L-2HB)/P(D-2HB-DLA) binary polymer blends at 2HB unit contents of 24.1, 46.1, and 74.1 mol%
were higher than theoretical values. The theoretical values were calculated from the experimental d
values of PLLA/PDLA and P(L-2HB)/P(D-2HB) HMSC crystallites in the solution-crystallize
PLLA/PDLA and P(L-2HB)/P(D-2HB) binary polymer blends at 2HB unit contents of 0 and 100 mol%,
respectively, assuming the linear dependence of d on 2HB unit content. The theoretical values are
shown in broken lines in Figure 3(a). This finding reflects the predominant incorporation of 2HB unit
rather than lactic acid (LA) unit in these binary polymer blends. On the other hand, quaternary blend

(F) at 2HB unit content of 50% had the two d values of 3.74 and 4.13 A and of 7.51 and 8.18 A for the

10
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solution crystallized sample and of 3.72 and 4.13 A and of 7.44 and 8.28 A for the melt-crystallized
sample. These two set of values are correspondingly attributed to P(L-2HB)/P(D-2HB) and
PLLA/PDLA HMSC crystallites but not to the QSC crystallites. This again confirms the separate and
dual formation of P(L-2HB)/P(D-2HB) and PLLA/PDLA HMSC crystallites.

The X. values of blends were evaluated from the WAXD profiles in Figure 2 and are plotted in
Figure 3(b) as a function of 2HB unit content. The X, values for the solution-crystallized binary
blends of PLLA/PDLA and P(L-2HB)/P(D-2HB) at 2HB unit contents of 0 and 100 mol% were 64.2
and 83.7 %, respectively. On the other hand, the X. values of the solution-crystallized
PLLA/P(D-2HB-DLA), P(L-2HB-LLA)/P(D-2HB-DLA), and P(L-2HB)/P(D-2HB-DLA) binary
polymer blends at 2HB unit contents of 24.1, 46.1, and 74.1 mol% were higher than theoretical values.
The theoretical values were calculated from the experimental X. values of the solution-crystallized
PLLA/PDLA and P(L-2HB)/P(D-2HB) HMSC crystallites in the solution-crystallized PLLA/PDLA
and P(L-2HB)/P(D-2HB) binary polymer blends at 2HB unit contents of 0 and 100 mol%, respectively,
assuming that two types of HMSC crystallites are formed without interaction with each other. The
theoretical values are shown in Figure 3(b) with broken and dotted lines for the solution- and
melt-crystallized blends, respectively. The finding here means that the stereocomplexation of
quaternary or ternary monomer units readily took place in the solution-crystallized binary polymer
blends. The X, value of the solution-crystallized quaternary homopolymer blend (68.4%) was slightly
lower than the theoretical value, indicating the either or both of crystallization of HMSCs were
disturbed by the presence of another enantiomeric polymer pair.

The X, values of the melt-crystallized blends had complicated dependence on 2HB unit content.
That is, the X, values for the melt-crystallized PLLA/PDLA and P(L-2HB)/P(D-2HB) binary polymer
blends at 2HB unit contents of 0 and 100 mol% were 73.4 and 71.1 %, respectively. On the other
hand, the X, values of the melt-crystallized PLLA/P(D-2HB-DLA), P(L-2HB-LLA)/P(D-2HB-DLA)
and P(L-2HB)/P(D-2HB-DLA) binary polymer blends and at 2HB unit contents of 24.1, 46.1 and 74.1

mol% were respectively lower, slightly higher, and slightly lower than theoretical values. The

11
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theoretical values were calculated from the experimental X. values of PLLA/PDLA and
P(L-2HB)/P(D-2HB) HMSC  crystallites in the melt-crystallized PLLA/PDLA  and
P(L-2HB)/P(D-2HB) binary polymer blends at 2HB unit contents of 0 and 100 mol%. The lower X,
values of the melt-crystallized P(L-2HB)/P(D-2HB-DLA) and PLLA/P(D-2HB-DLA) binary polymer
blends at 2HB unit contents of 24.1 and 74.1mol% should be due to low miscibility between PLLA or
P(L-2HB) and P(D-2HB-DLA), as can be expected from phase-separation of
hetero-stereocomplexationable P(L-2HB)/PDLA or P(D-2HB)/PLLA blend.”"”  In the case of the
solution-crystallized blends such phase-separation should have been avoided by the presence of the
solvent. On the other hand, for the solution- and melt-crystallized quaternary polymer blends at 2HB
unit contents of 50 mol%, X. values were 54.2 and 68.8 %, respectively, which are slightly lower and
higher than the theoretical values.

The WAXD results here first revealed the stereocomplexation of quaternary or ternary monomer
units in enantiomeric binary polymer blends containing the copolymer composed of optically active
2HB and LA units [P(L-2HB)/P(D-2HB-DLA), P(L-2HB-LLA)/P(D-2HB-DLA), and
PLL/P(D-2HB-DLA) blends] and the dual stereocomplxation in P(L-2HB)/P(D-2HB)/PLLA/PDLA
quaternary homopolymer blend. Also, the X, values of solution-crystallized binary polymer blends
composed of at least one copolymer were higher than or comparable with the theoretical values,
whereas the X, values of melt-crystallized binary polymer blends composed of the homopolymer and
the copolymer [P(L-2HB)/P(D-2HB-DLA) and PLL/P(D-2HB-DLA) blends] were lower than the
theoretical values and the X. value of the melt-crystallized binary polymer blend composed of two
copolymers [P(L-2HB-LLA)/P(D-2HB-DILA) blend] was comparable with the theoretical value. The
X. values of the solution- and melt-crystallized quaternary homopolymer blends were respectively

slightly lower and higher than those of the theoretical values.

3.2 Differential scanning calorimetry

For the estimation of thermal properties of the blends, DSC measurements were carried out (Figure 4).
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Only melting peaks of stereocomplex crystallites were observed in the range of 193.4-217.8°C for the
most melt- and solution-crystallized blends, except for the melting peaks of P(L-2HB)
homo-crystallites in the melt-crystallized P(L-2HB)/P(D-2HB-DLA) blend (B) (101.0°C) (Figure S1)
and PLLA homo-crystallites in melt-crystallized PLLA/P(D-2HB-DLA) blend (D) (166.4°C). These
melting peaks of homo-crystallites can be ascribed to those formed during DSC heating. This can be
evidence by the cold crystallization peaks of P(L-2HB) homo-crystallites (80.2°C) and PLLA (84.9°C)
in the melt-crystallized P(L-2HB)/P(D-2HB-DLA) blend (B) and melt-crystallized
PLLA/P(D-2HB-DLA) blend (D), respectively (Figure S1) and the very similar peak areas of cold
crystallization and melting. Due to the presence of two types of HMSC formation in the quaternary
polymer blend (F), the melting peak with large shoulder on the higher temperature side and the double
melting peak were observed for the solution- and melt-crystallized samples, respectively. The thermal
properties estimated from the DSC thermograms in Figure 5. The thermal properties thus obtained
are summarized in Table 3 and the 7}, and AH.+ 4H,, of the blends are plotted in Figure 5(a) and (b) as

a function of 2HB unit content.

(a) Solution-crystallized (b) Melt-crystallized
A A

Endo. < — Exo.

L=
)

D
E
E
F F
50 100 150 200 250 50 100 150 200 250
Temperature (°C) Temperature (°C)

Figure 4. DSC thermograms of solution-crystallized (a) and melt-crystallized (7. = 160°C) (b) binary
polymer blends (A-E) and quaternary polymer blend (F). A: P(L-2HB)/P(D-2HB) blend, B:

13



RSC Advances Page 14 of 29

P(L-2HB)/P(D-2HB-DLA) blend, C: P(L-2HB-LLA)/P(D-2HB-DLA) blend, D:
PLLA/P(D-2HB-DLA) blend, E: PLLA/PDLA blend, F: P(L-2HB)/P(D-2HB)/PLLA/PDLA blend.

Table 3. Thermal properties during heating and crystallinity of neat P(L-2H3MB), P(2-2H3MB), and their blends.

) Ty, T, and T}, are glass transition, cold crystallization, and melting temperatures, respectively.
® AH,. and AH,, are enthalpies of cold crystallization and melting, respectively.
9 AH(tot) = AH,. + AH,,

Crystallization Blend Blendszn ;‘e’;t’ 7" T, T, AH.D  AH,Y AH(tot)® X2
o, ) ) -1 -1 -1
code (mol%) O] O 0 Jgy dgH) dg) @@
Solution P(L-2HB)/P(D-2HB) A 100.0 - - 217.2 0.0 69.9 69.9 72.3
P(L-2HB)/P(D-2HB-DLA) B 74.1 36.5 - 202.8 0.0 78.4 78.4 74.0
P(L-2HB-LLA)/P(D-2HB-DLA) C 46.1 42.0 - 203.6 0.0 83.7 83.7 69.0
PLLA/P(D-2HB-DLA) D 24.1  37.7,60.1 - 200.2 0.0 77.1 77.1 66.3
PLLA/PDLA E 0.0 48.9 - 217.4 0.0 82.2 82.2 58.2
P(L-2HB)/P(D-2HB)/PLLA/PDLA F 50.0 - - 214.0 0.0 51.5 51.5 54.2
Melt P(L-2HB)/P(D-2HB) A 100.0 - - 211.3 0.0 68.3 68.3 66.7
P(L-2HB)/P(D-2HB-DLA) B 74.1 246,357 802 101.0,196.7 -0.7 49.7 49.0 62.2
P(L-2HB-LLA)/P(D-2HB-DLA) C 46.1 37.0,58.1 - 198.4 0.0 74.3 74.3 70.2
PLLA/P(D-2HB-DLA) D 24.1 37.0,52.0 849 166.4,1934 -6.1 57.2 51.1 49.0
PLLA/PDLA E 0.0 46.3 - 214.6 0.0 88.2 88.2 68.7
P(L-2HB)/P(D-2HB)/PLLA/PDLA F 50.0 - - 208.3,217.8 0.0 58.4 58.4 68.8
9 Overall crystallinity estimated by WAXD.
240 ‘ 100
220
80
200 =
ko)
2 60
§ 180 B IE
=~ <
A
160 | 1 T -
IQ
140 | 1 = I [=e—solution (Binary blends)
20 L | —&— Melt (Binary Blends) N
120 | | € Solution (Quaternary blend)
3 O Melt (Quatenary blend)
100 | | | AL 0 1 | | |
0 20 40 60 80 100 0 20 40 60 80 100
2HB unit content (mol%) 2HB unit content (mol%)

Figure 5. Melting temperature (7},,) (a) and enthalpy (4H,,) of blends as a function of 2HB unit
content. The theoretical AH,, values are shown in Figure 5(b) with broken and dotted lines for the

solution- and melt-crystallized blends, respectively.

The T,, values of P(L-2HB)/P(D-2HB) HMSC crystallites for the solution- and melt-crystallized

14
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P(L-2HB)/P(D-2HB) blends at 2HB unit content of 100 mol% were 217.2 and 211.3 °C, respectively,
whereas the T, values of PLLA/PDLA HMSC crystallites for the solution- and melt-crystallized
PLLA/PDLA blends at 2HB content of 0 mol% were 217.4 and 214.6 °C, respectively. The T, values
of stereocomplex crystallites composed of quaternary and ternary monomer units in the solution- and
melt-crystallized P(L-2HB)/P(D-2HB-DLA), P(L-2HB-LLA)/P(D-2HB-DLA), and
PLLA/P(D-2HB-DLA) blends (193.4-203.6°C) at 2HB content of 24.1-74.1mol% were lower than
those of T;, values of P(L-2HB)/P(D-2HB) and PLLA/PDLA HMSC crystallites at 2HB content of 100
and 0 mol%. These decreases in Ty, values for the blends containing the copolymer P(D-2HB-DLA)
are attributable to the increased the lattice disorder in stereocomplex crystallites compared to those of
the blends composed only of the homopolymers. On the other hand, the melt-crystallized quaternary
polymer blend had two T, values of 208.3 and 217.3°C, corresponding to those of
P(L-2HB)/P(D-2HB) HMSC and PLLA/PDLA HMSC crystallites, respectively. In the case of the
solution-crystallized quaternary polymer blend, although both P(L-2HB)/P(D-2HB) HMSC and
PLLA/PDLA HMSC crystallites were present, the higher temperature melting peak of PLLA/PDLA
HMSC crystallites overlapped with the lower temperature one of P(L-2HB)/P(D-2HB) HMSC
crystallites and thereby could not be observed as a separate one.

The AH. + AH, values of HMSC crystallites of the solution- and melt-crystallized
P(L-2HB)/P(D-2HB) binary polymer blends at P(2HB) content of 100 mol% were 69.9 and 68.3 J g'l,
respectively, whereas those of the solution- and melt-crystallized PLLA/PDLA binary polymer blends
at 2HB unit content of 0 mol% were 82.2 ad 88.2 J g, respectively. The AH,+ AH,, values of other
solution-crystallized binary polymer blends containing at least one copolymer were 77.1, 83.7, and
7847 g'l for 2HB unit contents of 24.1, 46.1, and 74.1 mol%, respectively, which were higher than or
comparable with theoretical values. The theoretical values were calculated from the experimental
AH,. + AH,, values of PLLA/PDLA HMSC and P(L-2HB)/P(D-2HB) HMSC crystallites in the
PLLA/PDLA and P(L-2HB)/P(D-2HB) binary polymer blends at 2HB unit contents of 0 and 100 mol%,

respectively, assuming that two types of HMSC crystallites are formed without interaction between
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them. The theoretical values are shown in Figure 5(b) with broken and dotted lines for the solution-
and melt- crystallized blends, respectively. This finding confirms that the facile stereocomplexation
of quaternary or ternary monomer units in the presence of solvent in the solution-crystallized binary
polymer blends.

The AH. + AH,, values of other melt-crystallized binary polymer blends containing at least one
copolymer were 49.0, 74.3, and 51.1J g'1 for 2HB unit contents of 24.1, 46.1, and 74.1 mol%, which
are respectively much lower than, comparable with, and much lower than theoretical values. The
theoretical values were calculated from the experimental AH. + AH,, values of PLLA/PDLA and
P(L-2HB)/P(D-2HB) HMSC  crystallites in the melt-crystallized PLLA/PDLA  and
P(L-2HB)/P(D-2HB) binary polymer blends at 2HB unit content = 0 and 100 mol%. The rather
disturbed crystallization at 2HB unit contents of 24.1 and 74.1 mol% can be ascribed to the phase
separation between P(D-2HB-DLA) and PLLA or P(L-2HB) due to low miscibility between 2HB and
LA unit sequences, which is evidence by the phase-separated structure of
hetero-stereocomplexationable PLLA/P(D-2HB) or PDLA/P(L-2HB) blend’"”® and weakened the
interaction between the two polymer resulting in slower crystallization. Such slow crystallization is
evidenced by low spherulite growth rage (G) stated in the following section.  The relatively low AH.
+ AH,, values at 2HB unit contents of 24.1 and 74.1 mol% should be due to the same reason as stated
above for the relatively low X, values. In contrast, the rather high AH.+ AH,, or X, values of the
solution-crystallized binary polymer blends at 2HB unit contents of 24.1 and 74.1 mol% should have
been attained by the presence of solvent which disturbed the phase-separation between the
homopolymer and the copolymer. For the solution- and melt-crystallized quaternary polymer blends,
AH.+ AH,, values were 51.5 and 58.4 ] g’l, respectively, which were much lower than the theoretical
values. Considering the fact that the X, values of the quaternary polymer blends were similar to the
theoretical values, it is likely that the formation of both crystallites reduced the crystalline size of either
or both HMSC crystallites, resulting in the seemingly low AH. + AH,, values of the quaternary polymer

blends.
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The DSC results here showed that the 7;, values of the solution- and melt-crystallized binary
polymer blends composed of at least one copolymer were lower than those of P(L-2HB)/P(D-2HB) and
PLLA/PDLA HMSC crystallites in the solution- and melt-crystallized binary homopolymer blends of
P(L-2HB)/P(D-2HB) and PLLA/PDLA, whereas the 7, values of P(L-2HB)/P(D-2HB) and
PLLA/PDLA HMSC crystallites in the quaternary polymer blend were respectively lower than those in
the P(L-2HB)/P(D-2HB) and PLLA/PDLA binary homopolymer blends, except for the T,, value of
PLLA/PDLA HMSC crystallites in the melt-crystallized quaternary polymer blend. Also, the AH,
+ AH,, values showed the similar trend with the X, values, except for the AH.+ AH,, values of the
solution- and melt-crystallized quaternary homopolymer blends, which were much lower than the

theoretical values.

3.3 Polarized optical microscopy

To investigate the crystalline morphology and crystallization rate of the blends, polarized optical
microscopic observation was performed. Figure 6 shows the polarized photomicrographs of the
blends isothermally crystallization at 160°C for 6 min from the melt, except for 7 min of
PLLA/P(D-2HB-DLA) blend (D). The binary polymer blends containing at least one homopolymer,
ie., P(L-2HB)/P(D-2HB) blend (A), P(L-2HB)/P(D-2HB-DLA) blend (B),
P(L-2HB-LLA)/P(D-2HB-DLA) blend (C), PLLA/PDLA blend (E) are composed of the spherulites
with well-defined Maltese crosses, whereas PLLA/P(D-2HB-DLLA) binary blend (D) had the
disordered spherultites without well-defined Maltese crosses and the quaternary polymer blend (F)
consisted of the complicated spherulites with two types of morphologies depending on the direction
and length from the spherulite center. The disordered spherultites of PLLA/P(D-2HB-DLA) blend
(D) are attributable to the distorted stereocomplex crystalline lattice caused by the incorporation of
rather large D-2-hydroxybutanoic acid units in the small L- and D-lactic acid units of PLLA/PDLA
HMSC lattice. As elucidated by WAXD measurements, the quaternary polymer blends had two types

of HMSC crystallites, which should be the cause for two types of morphologies. The spherulite
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radius of binary and quaternary polymer blends are plotted in Figure 7(a) and (b), respectively, as a
function of crystallization time (¢.). As the growth rate of the quaternary polymer blend depended on
the direction from the spherulitic center, we selected two representative directions, right-hand and
upper left-hand directions, which are shown with two red arrows in Figure 6(F). The radius of binary
copolymer blends increased linearly with ¢., whereas that of the quaternary polymer blend depended on
the direction for estimation; the radius increased linearly with #. for upper left-hand direction but radius

growth slowed down gradually with ¢, for the right-hand direction.

100um

Figure 6. Polarized photomicrographs of binary polymer blends (A-E) and quaternary polymer blend
(F) crystallized at T, = 160°C for 6 min (A, B, C, E, F) and 7 min (D) from the melt. A:
P(L-2HB)/P(D-2HB) blend, B: P(L-2HB)/P(D-2HB-DLA) blend, C: P(L-2HB-LLA)/P(D-2HB-DLA)
blend, D: PLLA/P(D-2HB-DLA) blend, E: PLLA/PDLA blend, F: P(L-2HB)/P(D-2HB)/PLLA/PDLA

blend. The radius growth was observed for two directions shown with two red arrows.
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Figure 7. Spherulite radius of binary polymer blends (a) and quaternary polymer blend (b) as a
function of crystallization time (z.) and radial growth rate of spherulites (G) of blends as a function of
2HB unit content (¢). A: P(L-2HB)/P(D-2HB) blend, B: P(L-2HB)/P(D-2HB-DLA) blend, C:
P(L-2HB-LLA)/P(D-2HB-DLA) blend, D: PLLA/P(D-2HB-DLA) blend, E: PLLA/PDLA blend, F:
P(L-2HB)/P(D-2HB)/PLLA/PDLA blend.

The radial growth rate of spherulites (G) of the blends crystallized at 7. = 160°C from the melt was
obtained from Figure 7(a) and (b), assuming the linear increase of radius and thus obtained G values
are plotted in Figures 7(c) as a function of 2HB unit content. The G values of the binary polymer
blends composed of at least one copolymer, P(L-2HB)/P(D-2HB-DLA),
P(L-2HB-LLA)/P(D-2HB-DLA), PLLA/P(D-2HB-DLA) blends at 2HB unit contents of 24.1, 46.1 and
74.1 mol%, were 5.1, 9.0, and 13.8 pum min’l, respectively, were much lower than the those of the
binary homopolymer blends of P(L-2HB)/P(D-2HB) and PLLA/PDLA were 64.9 and 86.7 um min".
This can be expected from the fact that normally the crystallization rates of copolymers are lower than
those calculated form the crystallization rate of homopolymers, assuming the linear dependence on
comonomer unit content. Actually, the experimental G values of P(L-2HB-LLA) copolymers were
much lower than those calculated from the experimental G values of P(L-2HB) and PLLA
homopolymers.”  On the other hand, both G values of the quaternary homopolymer blend (32.2 and
40.1 pm min™") were lower than the those of the binary homopolymer blends of P(L-2HB)/P(D-2HB)
or PLLA/PDLA but higher than those of the binary polymer blends composed of at least one

copolymer. The selection of P(L-2HB)/P(D-2HB) or PLLA/PDLA segments or chains at the growth
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sites of P(L-2HB)/P(D-2HB) or PLLA/PDLA HMSC crystallites in the quaternary polymer blend
should have reduced the G values compared to the P(L-2HB)/P(D-2HB) or PLLA/PDLA binary
homopolymer blends, wherein there is no need for selecting the segments or chains although L- and
D-polymer segments or chains should be alternately stacked on the growth sites. However, the
selection effects in the quaternary polymer blend were not so large to reduce G values to below those
of the binary polymer blends containing at least one copolymer, wherein cocrystallization of quaternary
Or ternary monomers Occurs.

To confirm the presence of two crystalline species with different 7, values in the quaternary
polymer blend, the sample crystallized at 160°C was directly heated at 10°C min' and its
morphological change was observed (Figure 8). As a reference, the magnified DSC thermogram of
melt-crystallized P(L-2HB)/P(D-2HB)/PLLA/PDLA quaternary polymer blend around 7, is shown in
Figure 8, but it should be noted that there should be the slight gaps of transition temperatures between
DSC and POM methods. No change was observed during heating up to 190°C, the melting of some
domains of spherulites started and completed at 205 and 213°C, respectively, and all the spherulites
melted at 226°C. Considering the higher T, value of PLLA/PDLA HMSC crystallites in the
melt-crystallized PLLA/PDLA binary polymer blend (214.6°C) than that of P(L-2HB)/P(D-2HB)
HMSC crystallites in the melt-crystallized P(L-2HB)/P(D-2HB) binary polymer blend (211.3°C), the
domains melted at high and low temperatures were composed of PLLA/PDLA and
P(L-2HB)/P(D-2HB) HMSC crystallites, respectively. From the photo taken at 210°C, it is found that
the two types of domains having P(L-2HB)/P(D-2HB) and PLLA/PDLA HMSC crystallites were
irregularly located. It is likely that the phase separation into the domains of P(L.-2HB) and P(D-2HB)
and of PLLA and PDLA took place before spherulite formation although further phase-separation
could have occurred during spherulite formation, and only PLLA/PDLA HMSC crystalline domains
remained unmelted were observed at 210°C in Figure 9. The POM observation here indicated the G
values of the binary polymer blends composed of at least one copolymer and of the quaternary polymer

blend were lower than those of P(L-2HB)/P(D-2HB) and PLLA/PDLA binary homopolymer blends.
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The quaternary polymer blend was phase-separated into two types of domains consisted of P(L-2HB)
and P(D-2HB) and of PLLA and PDLA and then there the spherulites composed of

P(L-2HB)/P(D-2HB) and PLLA/PDLA HMSC crystallites were formed.

Endo. « — Exo.

160 180 200 220 240
Temperature (°C)
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Figure 8. Polarized photomicrographs of P(L-2HB)/P(D-2HB)/PLLA/PDLA quaternary polymer
blends obtained at the indicated temperatures during heating from 160°C, together with magnified DSC
thermogram of P(L-2HB)/P(D-2HB)/PLLA/PDLA quaternary polymer blends around 7.

4 Conclusions

The WAXD profiles and the d values estimated from WAXD measurements first revealed the
stereocomplexation of quaternary or ternary monomer units in enantiomeric binary polymer blends
containing the copolymer composed of optically active 2HB and LA units [P(L-2HB)/P(D-2HB-DLA),
P(L-2HB-LLA)/P(D-2HB-DLA), and PLL/P(D-2HB-DLA) blends] and the dual stereocomplxation in
P(L-2HB)/P(D-2HB)/PLLA/PDLA quaternary homopolymer blend. The X, and 4H.+ 4H,, values of
solution-crystallized binary polymer blends composed of at least one copolymer were higher than or
comparable with those calculated values, whereas the X, and AH. + AH,, values of melt-crystallized
binary polymer blends composed of the homopolymer and the copolymer [P(L-2HB)/P(D-2HB-DLA)
and PLL/P(D-2HB-DLA) blends] were lower than the calculate values and the X, and AH,. + AH,,
values of the melt-crystallized binary polymer blends composed of the two copolymers
[P(L-2HB-LLA)/P(D-2HB-DLA) blend] were comparable with the theoretical values. ~ The X, values
of the solution- and melt-crystallized quaternary homopolymer blends were respectively slightly lower
and higher than those of the theoretical values, whereas the AH. + AH,, values of the solution- and
melt-crystallized quaternary homopolymer blends were much lower than the theoretical values,
probably due to the decreased crystalline size of either or both HMSC crystallites. The T, values of
the solution- and melt-crystallized binary polymer blends composed of at least one copolymer were
lower than those of P(L-2HB)/P(D-2HB) and PLLA/PDLA HMSC crystallites in the solution- and
melt-crystallized binary homopolymer blends of P(L-2HB)/P(D-2HB) and PLLA/PDLA, whereas the
T values of P(L-2HB)/P(D-2HB) and PLLA/PDLA HMSC crystallites in the quaternary polymer
blend were respectively lower than those in the P(L-2HB)/P(D-2HB) and PLLA/PDLA binary

homopolymer blends, except for the 7, value of PLLA/PDLA HMSC crystallites in the
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melt-crystallized quaternary polymer blend. The G values of the binary polymer blends composed of
at least one copolymer and of the quaternary polymer blend were lower than those of
P(L-2HB)/P(D-2HB) and PLLA/PDLA binary homopolymer blends. The quaternary polymer blend
was phase-separated into two types of domains consisted of P(L-2HB) and P(D-2HB) and of PLLA

and PDLA and then there the spherulites composed of P(L-2HB)/P(D-2HB) and PLLA/PDLA HMSC

crystallites were formed.
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Figure captions

Figure 1. Molecular structures of poly(L-2-hydroxybutanoic acid) [P(L-2HB)],
poly(D-2-hydroxybutanoic acid) [P(D-2HB)], poly(L-2-hydroxybutanoic acid-L-lactic acid)
[P(L-2HB-LLA)], and poly(D-2-hydroxybutanoic acid- D-lactic acid) [P(D-2HB-DLA)], poly(L-lactic
acid) (PLLA), and poly(D-lactic acid) (PDLA), and their combinations for blends. (A), (B), (C), (D),
and (E) correspond to the blend codes in the present study.

Figure 2. WAXD profiles of solution-crystallized (a) and melt-crystallized (7, = 160°C) (b) binary
polymer blends (A-E) and quaternary polymer blend (F). A: P(L-2HB)/P(D-2HB) blend, B:
P(L-2HB)/P(D-2HB-DLA) blend, C: P(L-2HB-LLA)/P(D-2HB-DLA) blend, D:
PLLA/P(D-2HB-DLA) blend, E: PLLA/PDLA blend, F: P(L-2HB)/P(D-2HB)/PLLA/PDLA blend.
Dotted and broken lines indicate the crystalline diffraction angles for P(L-2HB)/P(D-2HB) and
PLLA/PDLA HMSC crystallties, respectively.

Figure 3. Interplane distance (d) (a) and crystallinity (X.) (b) of solution- and melt-crystallized (7. =
160°C) blends in the ranges of 7.4-8.3 and 3.7-4.2A as a function of 2HB unit content. The
theoretical d values are shown in Figure 3(a) with broken lines, whereas the theoretical X, values are
shown in Figure 3(b) with broken and dotted lines for the solution- and melt-crystallized blends,

respectively.

Figure 4. DSC thermograms of solution-crystallized (a) and melt-crystallized (7. = 160°C) (b) binary
polymer blends (A-E) and quaternary polymer blend (F). A: P(L-2HB)/P(D-2HB) blend, B:
P(L-2HB)/P(D-2HB-DLA) blend, C: P(L-2HB-LLA)/P(D-2HB-DLA) blend, D:
PLLA/P(D-2HB-DLA) blend, E: PLLA/PDLA blend, F: P(L-2HB)/P(D-2HB)/PLLA/PDLA blend.

Figure 5. Melting temperature (7},) (a) and enthalpy (4H,,) of blends as a function of 2HB unit
content. The theoretical AH,, values are shown in Figure 5(b) with broken and dotted lines for the

solution- and melt-crystallized blends, respectively.
Figure 6. Polarized photomicrographs of binary polymer blends (A-E) and quaternary polymer blend

(F) crystallized at T, = 160°C for 6 min except for D (7 min) from the melt. A: P(L-2HB)/P(D-2HB)
blend, B: P(L-2HB)/P(D-2HB-DLA) blend, C: P(L-2HB-LLA)/P(D-2HB-DLA) blend, D:
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PLLA/P(D-2HB-DLA) blend, E: PLLA/PDLA blend, F: P(L-2HB)/P(D-2HB)/PLLA/PDLA blend. The

radius growth was observed for two directions shown with two red arrows.

Figure 7. Spherulite radius of binary polymer blends (a) and quaternary polymer blend (b) as a
function of crystallization time (¢.) and radial growth rate of spherulites (G) of blends as a function of

2HB unit content (c).
Figure 8. Polarized photomicrographs of P(L-2HB)/P(D-2HB)/PLLA/PDLA quaternary polymer

blends obtained at the indicated temperatures during heating from 160°C, together with magnified DSC
thermogram of P(L-2HB)/P(D-2HB)/PLLA/PDLA quaternary polymer blends around 7.
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