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ABSTRACT: Stereo-defects present in stereo-regular polymers often diminish
thermal and mechanical properties, and hence suppressing or eliminating them is a
major aspirational goal for achieving polymers with optimal or enhanced properties.
Here, we accomplish the opposite by introducing controlled stereo-defects to
semicrystalline biodegradable poly(3-hydroxybutyrate) (P3HB), which offers an
attractive biodegradable alternative to semicrystalline isotactic polypropylene but is
brittle and opaque. We enhance the specific properties and mechanical performance
of P3HB by drastically toughening it and also rendering it with the desired optical
clarity while maintaining its biodegradability and crystallinity. This toughening
strategy of stereo-microstructural engineering without changing the chemical
compositions also departs from the conventional approach of toughening P3HB
through copolymerization that increases chemical complexity, suppresses crystal-
lization in the resulting copolymers, and is thus undesirable in the context of polymer
recycling and performance. More specifically, syndio-rich P3HB (sr-P3HB), readily synthesized from the eight-membered meso-
dimethyl diolide, has a unique set of stereo-microstructures comprising enriched syndiotactic [rr] and no isotactic [mm] triads but
abundant stereo-defects randomly distributed along the chain. This sr-P3HB material is characterized by high toughness (UT = 96
MJ/m3) as a result of its high elongation at break (>400%) and tensile strength (34 MPa), crystallinity (Tm = 114 °C), optical clarity
(due to its submicron spherulites), and good barrier properties, while it still biodegrades in freshwater and soil.

■ INTRODUCTION
Among several strategies1−16 being developed to combat the
current plastic problem,17−21 biobased and biodegradable
polymers22−25 offer a more sustainable and environmentally
benign alternative to the petroleum-based and nondegradable
incumbent plastics. In particular, polyhydroxyalkanoates
(PHAs), a class of biopolymers that can be synthesized
biologically26−34 and chemocatalytically,35−38 are biodegrad-
able in ambient environments, thus attracting intense interest.
Purely isotactic poly(3-hydroxybutyrate) (it-P3HB), the most
commonly produced PHA, exhibits several favorable properties
including high crystallinity, melting transition temperature
(Tm, 170−180 °C), and ultimate tensile strength (σB = ∼35
MPa), as well as excellent barrier properties. However, its
perfect stereo-regularity and thus high crystallinity bring about
its extreme brittleness, with elongation at break (εB) ∼ 3−6%,
which largely limits its broader applications, especially in
packaging.39,40

Biological routes produce isotactic (R)-polymers or
copolymers of largely random sequences with dispersity (D̵)
≥2 due to the step-growth polymerization mecha-
nism.26,29−32,35 Chemical synthesis of PHA that operates on
the catalyzed ring-opening polymerization (ROP) proceeds via

a rapid chain-growth mechanism, which comes with the
advantages of faster reaction kinetics and precision control
over both PHA chain structures (predictable number-average
molar mass (Mn) and low-to-near unity D̵ values) and stereo-
microstructures (tacticities).36 For example, the ROP of β-
butyrolactone (β-BL) produces diverse P3HB materials that
are atactic (at),41−50 iso-rich,51−59 and syndiotactic (st) or
syndio-rich (sr).60−65 The ROP of racemic eight-membered
dimethyl diolide (rac-8DLMe) catalyzed by C2-chrial salen-
based metal complexes results in biomimetic it-P3HB.66 This
platform based on the diolides having two stereogenic centers
was extended to afford stereo-sequenced stereo-block P3HB
and other PHAs67 including alternating isotactic PHAs,68 both
with enhanced ductility. Another method to toughen P3HB is
through copolymerization of rac-8DLMe with rac-8DLR with
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longer alkyl pendant groups (R = Et, nBu), which created
tough, polyolefin-like thermoplastics.67,69 The copolymeriza-
tion of rac-8DLMe has been extended to other lactones, yielding
toughened P3HB.70,71

Although the copolymerization strategy employed in the
biological and chemical routes effectively toughens P3HB,
increasing the chemical complexity and suppressing the
crystallization in the form of copolymers are undesirable in
the context of polymer recycling and performance. Consider-
ing the emerging needs for the monomaterial product design
and the fact that tacticity has been shown to have dramatic
effects on the physical properties of polymers,10,72 engineering
stereo-microstructures of polymers to achieve desired target
properties without changing the chemical composition should
be a more sustainable strategy. In this context, through
regulating tacticities (the range of isotactic [mm], syndiotactic
[rr], and heterotactic [mr] distributions) by employing the
ROP of a mixture of racemic (R,S)-β-BL and enantiopure (R)-
β-BL in different ratios, Doi et al. showed that the mechanical
properties of P3HB can be largely tuned from high Tm (177
°C) it-P3HB that is hard, rigid, and strong but brittle to low Tm
(52, 62 °C) sr-P3HB [Pr (the probability of racemic linkages
between two consecutive monomer units) = 0.70] that is soft
(elastic modulus E = 20 MPa) and weak (σB = 13 MPa) but

ductile.73 Mehrkhodavandi et al.64 reported that the ROP of
rac-(R,S)-β-BL by a chiral zinc catalyst afforded melt-
processable sr-P3HB (Pr = 0.64) that is strong, ductile, and
tough, but its low Tm (46, 66 °C) would limit its application.
In comparison, at-P3HB is a soft (E = 7 MPa), flexible (εB =
380%), and weak (σB = 6.5 MPa) elastomer.64

We reasoned that the ROP of meso-(R,S)-8DLMe will
inherently result in a sr-P3HB, even with an achiral,
nonstereo-selective catalyst because repeating units will always
produce an r diad, and therefore, the Pr will always be >0.5.
Also unique to this system, the resulting sr-P3HB is inherently
devoid of any [mm] triads (Figure 1). Thus, we hypothesized
that a unique balance of stereo-regularity-dependent crystal-
linity and performance properties could be attained through
the ROP of meso-8DLMe by a nonstereo-selective catalyst,
affording sr-P3HB with a controlled level of stereo-defects that
can render a suitable level of crystallinity to overcome the
above-overviewed trade-offs between crystallinity and ductility
or processability. Indeed, sr-P3HB resulting from the ROP of
meso-8DLMe consists of 53% [rr], 47% [mr], and 0% [mm],
giving a Pr of 0.77. This unique tacticity distribution brings
about a synergistic combination of attractive properties,
including crystallinity (Tm = 114 °C), optical transparency
(due to very small spherulites), high elongation at break (εB >

Figure 1. (A) Overall reaction scheme for the synthesis of sr-P3HB. (B) Highlighted key steps of monomer coordination, migratory insertion, and
ring opening proposed in the coordination-insertion ROP of meso-8DLMe using the La catalyst. (C) Listed all possible stereo-chemical outcomes
from the metal-catalyzed ROP of meso-8DLMe toward sr-P3HB, specifically showing the impossibility of generating [mm] triads (in the absence of
other side reactions). (D) Semiquantitative 13C NMR spectrum (CDCl3, 23 °C) of sr-P3HB (Mn = 171 kDa, D̵ = 1.07) in the carbonyl, methylene,
and methyl regions.

Table 1. Selected Results of the ROP of meso-8DLMe Catalyzed by [La] with Different Alcohol Initiatorsa

run [M]/[La]/[ROH] [ROH] time (min) conv. (%)c Mn
d (kDa) D̵d (Mw/Mn) [rr]e (%) [mr]e (%) Pr

e

1 5000:1:3 PhCH2OH 45 75 77.3 1.05 54 46 0.77
2 5000:1:3 Ph2CHOH 3 78 146 1.09 53 47 0.77
3 5000:1:3 Ph3COH 1,230 8 35.6 1.02 n.d n.d n.d
4 5000:1:3b Ph2CHOH 22 89 171 1.07 53 47 0.77

aConditions: precatalyst [La] = La[N(SiMe3)2]3, monomer (M) = meso-8DLMe = 100 mg (0.58 mmol) in dichloromethane (0.3 mL), 1.94 M, ∼25
°C, except for run 4. bConditions for run 4: [La], meso-8DLMe = 1.2 g (7.0 mmol) in dichloromethane (4.6 mL), 1.50 M, ∼25 °C. cMonomer
conversion determined by 1H NMR analysis. dAbsolute weight-average molecular weight (Mw), number-average molecular weight (Mn), and
dispersity (Đ = Mw/Mn) determined by size exclusion chromatography (SEC) coupled with a Wyatt DAWN HELEOS II multi (18)angle light
scattering detector and a Wyatt Optilab TrEX dRI detector and performed at 40 °C in chloroform. eCalculated from semiquantitative13C NMR
spectrum (CDCl3, 23 °C; Figures S8−10). n.d. = not determined due to low conversion of this run.
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400%) and tensile strength (σB = 34 MPa), and excellent
toughness (UT = 96 MJ/m3) while maintaining biodegrad-
ability in freshwater and soil.

■ RESULTS AND DISCUSSION
Synthesis of sr-P3HB by ROP of meso-8DLMe with an

Achiral Catalyst. The monomer employed in this study,
meso-8DLMe, is considered a (waste) coproduct in the rac-
8DLMe synthesis.66,67 The ROP of meso-8DLMe at room
temperature (RT, ∼25 °C) was investigated using the
commercially available, achiral precatalyst La[N(SiMe3)2]3, in
combination with 3 equiv of an alcohol initiator. Among the
three initiators examined, Ph2CHOH outperformed
PhCH2OH, followed by the least effective Ph3COH,
attributable to the balanced acidity and sterics of Ph2CHOH
achieving both rapid alcoholysis of the precatalyst and
preventing aggregation of the resulting alkoxy catalyst (Table
1, runs 1−3). Upon optimization, the ROP with a [meso-
8DLMe]/[La]/[Ph2CHOH] ratio of 5000:1:3 (0.02 mol %
catalyst) at RT achieved 89% monomer conversion in 22 min,
affording high molar mass sr-P3HB with low dispersity (Mn =
171 kDa, D̵ = 1.07, Table 1, run 4).
Noteworthy is that the sr-P3HB produced here is inherently

different from the st-P3HB obtained from β-BL as, in principle,
it is not possible for the ROP of meso-8DLMe to produce [mm]
triads. The lack of [mm] triads is inherent to the coordination-
insertion ROP mechanism of meso-8DLMe as two opposite
stereo-centers are always enchained together at each
propagation step, making it impossible for three of the same
stereo-centers added consecutively without invoking other side
reactions such as transesterification (Figure 1B,C). The stereo-
microstructure of sr-P3HB was confirmed by 13C NMR
analysis, showing no [mm] stereo-sequence but [rr] (53%)

and [mr] (47%) and giving Pr = 0.77 (Figures 1D and S11).
The potential epimerization of meso-8DLMe (or racemization
to rac-8DLMe) during the ROP process can be ruled out on the
basis of the NMR studies that showed that no [mm] triads are
present in sr-P3HB (Figure S11) and that the crude
polymerization mixture still containing residual (unreacted)
meso-8DLMe showed no formation of rac-8DLMe (Figure S12).

Thermal Properties and Crystallization Behavior. The
highly stereo-regular it-P3HB and st-P3HB have a high Tm of
∼175 °C but a relatively low degradation temperature (Td,
defined as the temperature at 5% weight loss) of ∼250 °C,
which gives a narrow processing window and makes melt-
processing challenging.63,66 In comparison, sr-P3HB, designed
as such herein, exhibits a lower Tm of 114 °C (heat of fusion,
ΔHf = 26.7 J/g), while the Td is maintained at 255 °C (Figure
2A,B), thus giving sr-P3HB a much wider processing window.
It is apparent that sr-P3HB shows a much broader melting
transition than it-P3HB and st-P3HB with higher crystal-
linity.61,67

To better understand this difference, successive self-
nucleation and annealing (SSA) thermal fractionation studies
were performed on sr-P3HB and on it-P3HB for comparison
purposes.74,75,76,77 We found that sr-P3HB can be successfully
fractionated by SSA, producing a number of clear and well-
resolved thermal fractions (Figure 2C) with a monomodal
distribution. In contrast, it-P3HB has a different SSA thermal
fractionation profile: there is only one main thermal fraction
and a minor secondary one, attesting to its highly regular
isotactic structure (Figure 2C, red thick line curve). This
behavior occurs because the thermal fractionation ability of any
material increases as the number of defects that can interrupt
the linear and stereo-regular crystallizable sequences increases.
The tacticity defects present in sr-P3HB are randomly

Figure 2. (A) Differential scanning calorimetry (DSC) curves of sr-P3HB (Mn = 171 kDa, D̵ = 1.07). (B) Thermogravimetric analysis (TGA) and
derivative thermogravimetry (DTG) curves of sr-P3HB. (C) Thin lines: DSC second heating curves at 20 °C/min of sr-P3HB (green) and it-
P3HB78 (red); thick lines: final DSC heating scans after the SSA protocol for sr-P3HB (green) and it-P3HB (red). (D) PLOM micrographs for it-
P3HB.78 (E) PLOM micrographs for sr-P3HB. Micrographs were taken at 25 °C after melting for 1 min at 190 °C and cooling at 20 °C. (F)
PLOM micrographs for sr-P3HB at 65 °C after holding for 1 min at 230 °C and cooling at 20 °C/min.
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distributed along the chain (hence their monomodal
distribution of melting peaks after SSA fractionation76,77),
and they frequently interrupt crystallizable sequences. This
frequent interruption reduces its degree of crystallinity (73%
for it-P3HB vs 15% for sr-P3HB after the SSA treatment) and
its melting temperature. Figure 2D shows a polarized light
optical microscopy (PLOM) image of it-P3HB,78 and it is
compared with a micrograph obtained for the sr-P3HB sample
(Figure 2E) under the same cooling conditions from the melt
(20 °C/min). The it-P3HB sample is characterized by large
spherulites (>150 μm).49,50 Instead, sr-P3HB has a morphol-
ogy characterized by a submicron spherulitic texture, which
will induce optical transparency as the characteristic crystalline
aggregates are smaller than the typical wavelength of visible
light (i.e., 400 nm) and will not produce any light scattering.
This morphology is a consequence of the much higher
nucleation density of sr-P3HB induced smaller than the typical
wavelength of visible light (i.e., 400 nm) and will not produce
any light scattering. This morphology is a consequence of the
much higher nucleation density of sr-P3HB induced by the
tacticity defects along the chains. To obtain a larger
microspherulitic texture, a heat treatment was performed to
sr-P3HB followed by isothermal crystallization at 65 °C
(Figure 2F). Even so, the microspherulites obtained are still
orders of magnitude smaller than those in it-P3HB.
Mechanical Properties. Tensile testing of sr-P3HB with

Mn = 171 kDa (D̵ = 1.07) was performed on dog-bone
specimens (ASTM D638 standard; type V) showing a high σB
of 33.8 ± 1.4 MPa and an elastic modulus (E) of 217 ± 12
MPa (Figure 3). More impressively, this sr-P3HB material

exhibits an excellent εB of 419 ± 25% and overall high
toughness (UT) of 96 ± 6 MJ/m3, making it over 100 times
tougher than it-P3HB (σB = ∼35 MPa, εB ∼ 3−5%, UT ∼ 0.6−
0.9 MJ/m3). This large difference in toughness is because sr-
P3HB has a much lower degree of crystallinity and, at the same
time, a refined microspherulitic texture that is expected to lead
to higher ductility.
To ascertain the commercial relevance of sr-P3HB, the

tensile properties were compared to high-density polyethylene
(HDPE), low-density polyethylene (LDPE), polybutylene
adipate terephthalate (PBAT), and isotactic polypropylene

(it-PP) (Figure 3). Relative to the high-performance it-PP (Mn
= 97 kDa), the sr-P3HB exhibits comparable σB and εB values.
When compared to HDPE (melt flow index, MFI = 7.6) and
LDPE (MFI = 7.5), the sr-P3HB shows a similar εB but a
considerably higher σB. It also outperforms PBAT (Mn = 88.5
kDa, σB = 21.4 MPa, εB = 400%),79 a commercialized
biodegradable alternative to LDPE. These comparative studies
demonstrate that the mechanical properties of sr-P3HB are
competitive with both commodity plastics and their established
biodegradable alternatives. Worth noting here is that the highly
stereo-regular st-P3HB (Pr = 0.92, Tm = 169 °C, produced by
stereo-selective ROP of meso-8DLMe with a chiral catalyst,
Table S1, Figures S5 and S6) is even too brittle to process into
film specimens for tensile testing, behaving much like it-P3HB.
The best mechanical properties of any semicrystalline

material are manifested between Tg and Tm. Toughness can
only develop in this temperature range. As long as the use
temperature is above Tg, the amorphous chains will be rubbery
and flexible, allowing for ductility to develop depending on the
degree of crystallinity and morphology of the material (i.e.,
spherulitic size). In this respect, it-PP also has a Tg around 0
°C, which limits its applications at temperatures below Tg
because it will develop a brittle behavior. Even at room
temperature, it-PP can be fragile (especially at high loading
speeds, like during impact testing) if the thermal history (slow
cooling) allows for the production of large spherulites and high
crystallinity. This is why nucleating agents are usually added to
it-PP to reduce the spherulitic size and produce a refined
microspherulitic morphology affording transparency and
toughness. Likewise, P3HB also has a Tg value of around 0
°C or slightly below zero, depending on its stereo-regularity
and molar mass, and also develops large spherulites which
concentrate stresses and provoke brittle fracture. In this work,
the unique set of stereo-microstructures comprising enriched
(53%) syndiotactic [rr], no isotactic [mm] triads but abundant
(47%) stereo-defects ([mr]) randomly distributed along the
polymer chain interrupts the perfectly regular crystallizable
sequences, achieving two important effects: increasing
nucleation density (hence producing a submicrospherulitic
morphology leading to excellent transparency) and reducing
crystallinity. Both effects, considering that room temperature is
at least 25 °C above Tg, are crucial to significantly improve
toughness.

Optical and Barrier Properties. The semicrystalline sr-
P3HB was found to be optically clear by analysis of its
transmittance and reflectance properties using an ultraviolet−
visible near infraRed spectrophotometer, displaying a trans-
mittance value (T %) of 92% and a reflectance value of 6.8%
when scanned in the visible range (350 to 800 nm) (Figure
S14). Compared to the transmittance values of commercial
materials well-known for their excellent optical properties, sr-
P3HB is as good as poly(methyl methacrylate) (PMMA; T %
= 92%) and a 40-gallon Ziploc Bag (LDPE, T % = 89%), and
far superior to it-P3HB (T % = 19%) (Figure 4). This high
value of transmittance registered for sr-P3HB is due to its
particular morphology constituted of very small superstructural
aggregates (i.e., submicron spherulites, Figure 2E), unlike the
low value of the it-P3HB transmittance, which is due to its
much larger spherulites (Figure 2D).
The unusual synergistic coupling of excellent mechanical

performance with optical transparency makes sr-P3HB
attractive for packaging applications. In this context, the
barrier properties of sr-P3HB were investigated and compared

Figure 3. (A) Stress−strain curve overlays of sr-P3HB (green) with
commercialized commodity plastics including it-PP (blue), HDPE
(purple), PBAT (red), and LDPE (orange). Strain rate: 5.0 mm/min,
ambient temperature.
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to it-P3HB and several commodity plastics. Commercially
available and biologically produced it-(R)-P3HB (Aldrich, Mw
= 437 kDa) is known to have outstanding barrier properties
with a low water vapor transmission rate (WVTR) of 0.5 ±
0.08 g mm m−2 day−1 and a low oxygen permeability (PO2) of
0.01 ± 0.01 Barrer.40 These barrier properties are attributed to
the high degree of crystallinity of it-P3HB as the penetrants
cannot be solubilized in the crystallites that create a tortuous
pathway decreasing the diffusion coefficient and thus the
permeability.80 Because sr-P3HB has a lower degree of
crystallinity compared to it-P3HB, it is expected that the
barrier properties would be inferior. The PO2 and WVTR for
sr-P3HB (Mn = 110 kDa) were measured to be 0.15 ± 0.04
Barrer and 7.71 ± 0.68 g mm m−2 day−1 (Figure 5),
respectively.

Nonetheless, the water vapor barrier of sr-P3HB is superior
to that of PBAT and comparable with poly(L-lactic acid)
(PLLA), while the oxygen barrier is far superior to LDPE,
PBAT, and PLLA. Overall, sr-P3HB exhibits barrier properties
that outcompete LDPE and commercialized biodegradable
alternatives (PBAT and PLLA) in PO2 and are comparable
with PLLA and superior to PBAT in WVTR.

Biodegradability in Freshwater and Soil. The enzy-
matic degradation of P3HB with unnatural stereo-micro-
structures was investigated previously by Doi et al. using PHB
depolymerase from Pseudomonas pickettii, and they reported
that the rate of biodegradation depends on tacticity and that
the sr-P3HB (Pr = 0.70) samples derived from the ROP of β-
BL hardly degraded.73 The biodegradability of the sr-P3HB
produced by the ROP of meso-8DLMe in this study was
investigated in both freshwater and soil following the ISO
14851 and ASTM D5988-18 standards, respectively. Within 90
days, sr-P3HB reached ∼54% biodegradation under freshwater
environment (25 °C), which is similar to that observed for the
synthetic (R)-P3HB ([mm] > 0.99 produced by the
enantioselective ROP of rac-8DLMe) and the biologically
produced (R)-P3HB (bio-P3HB) (Figure 6A). In soil environ-

ment, after 90 days sr-P3HB reached 50% biodegradation
(Figure 6B). Through first-order kinetics, it can be predicted
that sr-P3HB will reach 90% biodegradation in ∼268 days in
soil and ∼383 days in freshwater (Table S3). For comparison,
synthetic (R)-P3HB is estimated to reach 90% biodegradation
in 145 days in soil and 433 days in freshwater. The bio-P3HB
has a similarly estimated lifetime of 105 days in soil and 282
days in freshwater (Table S3).
It is interesting to note that relative to bio-P3HB and

synthetic (R)-P3HB, sr-P3HB displayed faster 90 day

Figure 4. Transmittance overlays of sr-P3HB (green), PMMA
(black), Ziploc Bag (blue), and it-P3HB (red).

Figure 5. (A) Oxygen barriers of sr-P3HB compared to commercial
plastics: 1 atm, 23 °C, 0% relative humidity. (B) Water vapor barriers
of sr-P3HB compared to commercial plastics, 25 °C.

Figure 6. (A) Relative freshwater biodegradation results of sr-P3HB
compared with synthetic (R)-P3HB, bio-P3HB, and glucose (control),
25 °C. (B) Relative soil biodegradation results of sr-P3HB compared
with synthetic (R)-P3HB, bio-P3HB, and microcrystalline cellulose
(control).
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biodegradation in freshwater (Figure 6A) but slower
biodegradation in soil (Figure 6B). These differences may be
attributed to the fact that freshwater and soil environments
have different microbial populations and that the two testing
environments differ modestly in temperature (freshwater at 25
°C vs soil at room temperature) and pH (freshwater at 7.2 vs
soil at 7.4). Overall, these results suggest that if sr-P3HB is
leaked into the soil or freshwater environment, it will efficiently
biodegrade and leave no long-term accumulation in these
environments.

■ CONCLUSIONS
In summary, we have synthesized sr-P3HB from the nonstereo-
selective ROP of meso-8DLMe, the (waste) coproduct in the
racemic diolide synthesis, using a simple, commercial, achiral
catalyst. Thorough structure and property characterizations
have revealed the unique set of stereo-microstructures of the
current sr-P3HB, which are different from the previously
disclosed sr-P3HB materials derived from the ROP of β-BL,
and subsequently uncovered uniquely combined attractive
properties, including crystallinity, optical transparency, tough-
ness, commercially relevant barrier properties, and biodegrad-
ability. The stereo-microstructure of the sr-P3HB comprises
enriched (53%) [rr] and no [mm] triads but abundant (47%)
stereo-defects ([mr + rm]) randomly distributed along the
chain. The origin of this unique set of stereo-microstructures
for the sr-P3HB produced here is attributed to the meso-
monomer structure, (R,S)-8DLMe and the nonstereo-selectivity
in the coordination-insertion ROP mechanism.
A particularly interesting and broader insight obtained from

this work is that the randomly distributed, abundant stereo-
defects along the sr-P3HB chain frequently interrupt
crystallizable sequences and thus create a refined submicros-
pherulitic morphology that leads to the observed high optical
transparency and ductility despite being semicrystalline with
high tensile strength. In a nutshell, the stereo-defects present in
sr-P3HB render its superior material properties in comparison
to those of stereo-perfect or highly stereo-regular it-P3HB and
st-P3HB. More broadly, these results further the more
sustainable, monomaterial design approach that creates a
diverse range of material properties of polymers via stereo-
microstructural engineering without changing their chemical
composition.
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