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Introduction. When the interaction between polymers hav-
ing different tacticities or configurations prevails over that
between those having the same tacticity or configuration, a
stereoselective association of the former polymer pair takes
place. Such association is described as stereocomplexation
or a stereocomplex formation and some pairs of optically
inactive isotactic and syndiotactic polymers and of optically
active S- and R- polymers (or L- and D- polymers) are reported
to form a stereocomplex. ™ With respect to enantiomeric,
optically active polyester blends, Grenier and Prud’homme
first reported stereocomplexation between S- and R-poly(a-
methyl-a-ethyl-S-propiolactone)s (PMEPLs).> The mono-
mer of PMEPL, 2-hydroxymethyl-2-methyl-butanoic acid,
is a f-hydroxycarboxylic acid with a chiral a-carbon. Later,
Ikada et al. found stereocomplexation between poly[(S)-
lactide] (PSLA) and poly[(R)-lactide] (PRLA).® The mono-
mer of poly(lactide) (PLA), lactic acid (2-hydroxypronanoic
acid), is an o-hydroxycarboxylic acid with a chiral a-carbon.
Although these polyesters, PMEPL and PLA, have chiral
a-carbons, Voyer and Prud’homme reported stereocom-
plexation between S- and R-polyesters with chiral S-carbons,
poly(B-proriolactone)s with different side groups containing
chlorides.” The monomers of these polymers are S-hydro-
xycarboxylic acids with chiral S-carbons.

The stereocomplex of enantiomeric, optically active poly-
esters has a melting temperature (7,,) much higher than that
of either pure R- or S-polyesters and a crystalline lattice
which i Is completely different from that of constituent poly-
esters.'*® In regard to biodegradable polyester stereocom-
plexes, intensive studles have been carried out for the PLA
stereocomplex,' ™ which can be formed by various methods
including the crystallization of stereoblock copolymers.’ 14
On the other hand, poly(2-hydroxybutyrate) [P(2HB)], i.e.,
poly(2-hydroxybutyric acid) or poly(2-hydroxybutanoic
acid) can be synthesized from a-hydroxycarboxylic acid with
a chiral a-carbon (2-hydroxybutanoic acid). P(2HB) has the
structure of PLA, the methyl group of which is substituted
with an ethyl group (Figure 1). P(2HB) is susceptible to
hydrolytic degradation and, therefore, can be utilized as a
biodegradable material for biomedical, pharmaceutical, and
environmental applications.'” Baker et al. intensively syn-
thesized a wide variety of substituted PLAs, including
P(2HB), and 1nvest1gdted their physical properties dnd thermal
degradation.'®™'® In their study, most of the synthesized poly-
mers were racemic, optically inactive, and noncrystallizable.
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Figure 1. Molecular structures of PSLA [i.e., poly(r-lactide) (PLLA)],
PRLA [i.e., poly(p-lactide) (PDLA)], P(S-2HB), and P(R-2HB).

In the present study, we synthesized enantiomeric, optically
active, and crystallizable poly[(S)-2-hydroxybutyrate] [P(S-
2HB)] and poly[(R)-2-hydroxybutyrate] [P(R-2HB)] by a con-
ventional polycondensation method and herewith first report
stereocomplexation between P(S-2HB) and P(R-2HB).

Experimental Section. Materials. The PgS 2HB) [number—
average molecular weight (M,) = 3.3 x 10 gmol ', weight-
average molecular weight (M,)/M, = 3.9] and P(R-2HB)
(M, = 3.6 x 10> gmol ', My/M, = 3. 7) were synthesized by
polycondensation of (S and (R)-2-hydroxybutanoic acids
(hydroxybutyric acids) (=97.0%, enantiomeric ratio = 99:1,
Sigma-Aldrich Co.), respectively,'® and purified?*?! according
to the previous literature.

Pure polymers and blend specimens were prepared by
solution casting with dichloromethane and dried according
to the prev10usly reported method.?*2! We call the thus
prepared specimens “solution-crystallized specimens”.
Melt-crystallization of the solution-crystallized specimens
sealed under reduced pressure was carried out at crystal-
lization temperatures (7.) of 70 (pure polymers) and 130 °C
(blends) for 10 h after melting at 130 (pure polymers) and
240 °C (blends) for 5 min. These T, were set below the T}, of
the respective specimens. However, the T, of 130 °C was
selected to be the polymerization temperature to avoid
thermal degradation during crystallization. We call the thus
prepared specimens “melt-crystallized specimens”.

Physical Measurements and Observation. The M, and M,
of the polymers were evaluated in chloroform at 40 °C using
a Tosoh (Tokyo Japan) GPC system. The specific optical
rotation ([0 sg0) leues of P(; -2HB) and P(R-2HB) were
—117and 114degdm ™' g~ ' cm?, respectively, confirming the
high optical activity of the synthes1zed polymers. In addi-
tion to the increased molecular weights of P(S-2HB) and
P(R-2HB) compared to those of the monomers, further
evidence for polymerization of 2-hydroxybutanoic ac1d was
the methine peak shift of the "H NMR spectra from 4.3 ppm
of the monomer to 5.1 ppm of the polymer. Similar methine
peak shifts were observed for the polymerization of lactic
acid*? and phenyllactic acid.'® The thermal properties of the
specimens were determined with a Shimadzu (Kyoto, Japan)
DSC-50 differential scanning calorimeter under a nitrogen
gas flow. The spec1mens were heated from 0 to 240 °C at a
rate of 10 °C min~!. Wide- angle X-ray scattering (WAXS)
was carried out at 25 °C using a Rigaku (Tokyo, Japan)
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Figure 2. DSC thermograms of solution-crystallized (a) and melt-crystallized (b) pure P(S-2HB), P(R-2HB), and P(S-2HB)/P(R-2HB) blends.

RINT-2500 equipped with a Cu Ka source (4 = 0.1542 nm).
Spherulite growth in the specimens was observed using an
Olympus (Tokyo, Japan) polarized optical microscope (BX50)
equipped with a Linkam (Surrey, U.K.) heating—cooling stage
(LK-600PM) under a constant nitrogen gas flow. The crystal-
lization of the specimens was observed as follows. The speci-
mens were first heated at 100 °C min ™' to 130 (pure polymers)
and 240 °C (blends), held at these temperatures for 5 min, and
cooled at 100 °C min ™' to the 7} of 70 (pure polymers) and
130 °C (blends), at which temperatures crystallization was
observed. Further information for the synthetic procedure and
characterization is available as Supporting Information.

Results and Discussion.  Differential Scanning Calorimetry.
Figure 2 shows the DSC thermograms of the P(2HB) specimens.
The glass transition, cold crystallization, and melting were
respectively observed at 20—30, 70—80, and 100—120 °C for
the solution-crystallized pure P(S-2HB) and P(R-2HB), whereas
the melt-crystallized pure P(S-2HB) and P(R-2HB) had broad
glass transition and sharp melting peaks, but no cold crystal-
lization peak. The thermal properties of the P(2HB) specimens
obtained from Figure 2 are summarized in Table S1, together
with those of pure PLLA (M, = 2.7 x 10° g mol™"), PDLA
(M, = 3.0 x 10° gmol "), and PLLA/PDLA blends having M,,
values similar to those of the P(2HB) specimens. The 7}, of pure
P(S-2HB) and P(R-2HB) (ca. 100 °C) are comparable to those
of pure PLLA and PDLA (ca. 110 °C) when compared at similar
molecular weights. On the other hand, solution- and melt-
crystallized P(S-2HB)/P(R-2HB) blends had glass transition
peaks at around 40 °C and melting peaks at around 200 °C. It
is interesting to note that no melting peak at around the 7, of
pure P(S-2HB) and P(R-2HB) (ca. 100 °C) was observed for
the P(S-2HB)/P(R-2HB) blends and the observed T, of 212 and
198 °C for the solution- and melt-crystallized P(S-2HB)/
P(R-2HB) blends were about 100 °C higher than the T, of pure
P(S-2HB) and P(R-2HB). This is consistent with the fact that the
T, of the PLLA/PDLA stereocomplex (ca. 190 °C) was much
higher than those of pure PLLA and PDLA (ca. 110 °C) (Table
S1). These results strongly suggest that a stereocomplex was
formed by blending P(S-2HB) with P(R-2HB).

Wide-Angle X-ray Scattering. Figure 3 shows the WAXS
profiles of the P(2HB) specimens. The two most intensive
crystalline diffractions were observed at 14.7° (the highest) and
17.2° (the second highest) for pure P(S-2HB) and P(R-2HB),
which diffraction profiles (and, therefore, lattice types) are
similar to those of pure PLLA and PDLA, although the
crystalline diffractions of the a- and o/-forms of pure PLLA
and PDLA were observed at higher angles of 16.7° (the
highest) and 19.0° (the second highest).” Meanwhile, new
crystalline diffraction peaks at 10.7° (the highest), 18.5°
[19.3° (subpeak)] (the second highest), and 21.5° (the third
highest), which are completely different from those of pure
P(S-2HB) and P(R-2HB), were observed for the P(S-2HB)/
P(R-2HB) blends. In addition to the elevated T, of P(S-2HB)/
P(R-2HB) blends compared to those of pure P(S-2HB) and
P(R-2HB), the appearance of completely different crystalline
diffraction peaks indicated the formation of a new cocrystal
(stereocomplex) structure between P(S-2HB) and P(R-2HB).
The diffraction profile of the P(S-2HB)/P(R-2HB) stereocom-
plex is very similar to that of the PLLA/PDLA stereocomplex,
suggesting similar lattice types, although the crystalline dif-
fractions of the PLLA/PDLA stereocomplex were observed at
higher angles of 11.9° (the highest), 20.7° (the second highest),
and 24.0° (the third highest). Probably due to the fact that the
ethyl side group of P(2HB) is bulkier than that of the methyl
side group of PLA, the interplane distance (/) values are higher
for P(2HB) specimens than for PLA specimens (Table S2). It
is noteworthy that the enantiomeric, optically active poly-
[(S)-3-hydroxybutyrate] and poly[(R)-3-hydroxybutyrate]*>**
[isomers of P(S-2HB) and P(R-2HB)] and poly[(S)-3-hydro-
xyvalerate] and poly[(R)-3-hydroxyvalerate],”* the mono-
mers of which are f-hydroxycarboxylic acids with chiral
p-carbons, are not reported to form stereocomplexes even
when they coexist.

Polarized Optical Microscopy. Figure 4 shows polarized
optical photomicrographs of P(2HB) specimens crystallized
from the melt. Here, the photos for pure P(R-2HB) are not
shown, because its morphology was very similar to that of
pure P(S-2HB). The spherulites of pure P(S-2HB) appeared
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Figure 3. WAXS profiles of solution-crystallized (a) and melt-crystallized (b) pure P(S-2HB), P(R-2HB), and P(S-2HB)/P(R-2HB) blends.

Figure 4. Polarized optical photomicrographs of pure P(S-2HB) crys-
tallized at 70 °C for 2.5 (A) and 5 min (B) and a P(S-2HB)/P(R-2HB)
blend crystallized at 130 °C for 0.5 min (C).

at 0.5 min of crystallization (photo not shown here) and the
specimen became completely occupied by spherulites with the
highest maximum radius of as low as 10 gm in 5 min. Meanwhile,
the growth of stereocomplex spherulites started without any
induction periods and the specimen was completely occupied by
spherulites with the highest maximum radius of about 50 ym in
0.5 min. Such rapid completion of overall crystallization was
observed for the PLA stereocomplex when it was crystallized
from the melt.**? The spherulites of the P(S-2HB)/P(R-2HB)
stereocomplex had normal Maltese crosses, as reported for
the stereocomplexes of PMEPL® and PLA 2%

In conclusion, the present study revealed that stereocomplexa-
tion in solution and in bulk takes place between enantiomeric

P(S-2HB) and P(R-2HB) and that the T}, of the P(S-2HB)/
P(R-2HB) stereocomplex was ca. 100 °C higher than that of pure
P(S-2HB) and P(R-2HB). Moreover, spherulites with normal
Maltese crosses were observed for the P(S-2HB)/P(R-2HB)
stereocomplex.
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