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ABSTRACT: Biodegradable polyhydroxyalkanoate (PHA) homo-
polymers and statistical copolymers are ubiquitous in microbially
produced PHAs, but the step-growth polycondensation mechanism
the biosynthesis operates on presents a challenge to access well-
defined block copolymers (BCPs), especially higher-order tri-BCP
PHAs. Here we report a stereoselective-chemocatalytic route to
produce discrete hard−soft−hard ABA all-PHA tri-BCPs based on
the living chain-growth ring-opening polymerization of racemic
(rac) 8-membered diolides (rac-8DLR; R denotes the two
substituents on the ring). Depending on the composition of the
soft B block, originated from rac-8DLR (R = Et, nBu), and its ratio
to the semicrystalline, high-melting hard A block, derived from rac-8DLMe, the resulting all-PHA tri-BCPs with high molar mass (Mn
up to 238 kg mol−1) and low dispersity (Đ = 1.07) exhibit tunable mechanical properties characteristic of a strong and tough
thermoplastic, elastomer, or a semicrystalline thermoplastic elastomer.

Polyhydroxyalkanoates (PHAs) are natural polyesters that
are microbially produced from renewable feedstocks and

biodegrade in ambient environments. PHAs offer desired
properties as sustainable alternatives to petroleum-based
packaging materials.1−5 However, the biosynthesis of PHAs
by microorganisms is limited in several ways: (1) microbes
typically produce methyl-substituted PHA (i.e., P3HB)
preferentially over PHAs with other pendent substituents;
(2) the microbial PHAs are exclusively isotactic (it), where all
repeat units have an R stereoconfiguration; (3) the biosyn-
thesis proceeds via polycondensation of hydroxyacids to
produce PHAs in a step-growth mechanism.6,7 The catalyzed
chemical synthesis of PHAs can overcome these limitations
and increase the structural diversity of precision PHAs.8−15 For
example, we recently developed a chemocatalytic route based
on 8-membered dialkyl diolides, 8DLR [R = Me, Et, nBu,
benzyl (Bn)] that addressed these limitations.16−19 The ring-
opening polymerization (ROP) of rac-8DLMe results in
perfectly it-P3HB.16 Tapered stereoblock copolymers can be
produced by the ROP of a diastereomeric mixture of rac-
8DLMe and meso-8DLMe.17 The ROP of a mixture of rac-8DLEt

and meso-8DLMe affords a gradient stereodiblock PHA that
exhibits impressive mechanical properties with ultimate tensile
strength (σb) = 24.1 ± 1.5 MPa and elongation at break (εb) =
564 ± 25%.17 Polymerization of meso-8DLMe with a non-
stereoselective catalyst results in syndio-rich PHA, also with
impressive mechanical properties.20 Changing the pendant
group to longer alkyl (R = Et, nBu),18 aromatic (R = Bn),19 or
unsymmetric21 substituents drastically altered the thermal and

mechanical properties of the resulting stereoregular homo- and
random PHA copolymers. Another route to toughening PHA
copolymers with longer alkyl pendant groups was achieved via
carbonylative terpolymerization of a large scope of epoxides
and CO using a binary trimetallic CrIII complex/carbonyl
cobalt catalyst system.22,23

However, more complex polymer architectures, such as
triblock copolymers (tri-BCPs), remain largely unexplored for
PHAs. Hard−soft−hard ABA tri-BCPs can self-assemble into
thermoplastic elastomers (TPEs), an important class of
technologically important polymers that combine the elasticity
of elastomers and thermal reprocessability of plastics. Tri-BCP-
based TPEs typically consist of hard [high glass-transition
temperature (Tg) and/or high melt-transition temperature
(Tm)] A blocks and soft (low Tg, elastic) B blocks. Aliphatic
and degradable polyester-based ABA tri-BCP elastomers with
biobased polylactide (PLA) as hard A blocks and various
bioderived soft B block polyesters have been reported by
Hillmyer et al. and shown to have comparable properties in
ultimate tensile stress and elongation at breaks to styrenic
BCPs.24−29 Biosynthetic routes were reported to attain
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“blocky” structures consisting of blocks of P3HB and P3HBV
[random copolymer of 3-hydroxybutyrate (3HB) and 3-
hydroxyvalerate (3HV)] by periodically adding valerate to
the bioreactor.30 However, such blocky P3HB-b-P3HBV must
be fractionated away from the random copolymer and
homopolymer coproducts. The resulting purified biosynthetic
BCP displays two Tm values and different tensile profiles
compared to the random copolymer.31 The BCPs containing
longer alkyl chains, poly(3-hydroxydodecanoate) (P3HDD)

and poly(3-hydroxy-9-decenoate) (P3H9D), were also re-
ported and produced via periodic feeding of an engineered
bacterium, although the differential scanning calorimetry
(DSC), nuclear magnetic resonance (NMR) evidence, and
the total yield of the fractionated BCP remained inconclusive
in showing the block regions.32 Compared to the biosynthetic
routes, chemocatalytic routes to PHA BCPs present a vast
design space, and some early studies show promising
thermomechanical properties of the BCPs. For example,

Figure 1. Schematic illustration of synthetic pathway to it-ABA all-PHA tri-BCPs consisting of the hard it-P3HB and soft it-P3HHp (or it-P3HV
and it-P3HBHp) blocks.

Figure 2. Characteristics of the ROP of rac-8DLR with complex 1 and BDM. (A) First-order plots of kinetic data up to 40 min; [rac-8DLR] = 0.5
M. Black line = rac-8DLEt and red line = rac-8DLBu. (B) Linear relationship between conversion and Mn values for the ROP of rac-8DLEt; [BDM]0
= 1.22 mM. (C) Linear relationship between conversion and Mn values for the ROP of rac-8DLBu; [BDM]0 = 1.22 mM. (D) Representative SEC
traces of homopolymer and tri-BCP. Black curve: P3HHp block, Mn = 154 kg mol−1, Đ = 1.10; red curve: P3HB-b-P3HHp-b-P3HB block, Mn =
238 kg mol−1, Đ = 1.07.
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sequential addition or simultaneous polymerization (depend-
ing on catalyst) of β-butyrolactone (BL), which produced the
P3HB block, and the benzyl ester functionalized BL, benzyl-β-
malolactone (MLABe), results in a di-BCP that can be
postfunctionalized via deprotection of the benzyl ester moiety
to produce amphiphilic BCPs.33 The transamidation reaction
of P3HB with polyethylene glycol (PEG) and a primary amine
results in di-BCP, P3HB-b-PEG.34 Addition of poly(3-
hydroxyoctanoate) (P3HO) to this di-BCP leads to the
formation of tri-BCP, P3HB-b-PEG-b-P3HO, an elastomer
that shows promise in biotechnology.34 ABA tri-BCPs, where
the B block is a polycarbonate from cyclopentene oxide
(CHO) and CO2 and the A blocks are P3HB from BL, have
been synthesized using a one-pot copolymerization of CHO,
BL, and CO2 by controlling the CO2 pressure.

35 Di- and tri-
BCPs synthesized by sequential addition of (−)-menthide and
BL results in microphase separated copolymers and mechanical
analysis shows an increase in ductility (εb = 35%) compared to
syndiotactic (st) P3HB (εb = 18%).36 A dimethyl substituted
benzyl ester PHA copolymer with P3HB has been utilized as
the midblock of the tri-BCP with the PLA outer blocks.37

Recently, we reported the synthesis of an it- and st-di-BCP, it-
P3HB-b-st-P3H4PhB (poly(3-hydroxy-4-phenylbutyrate)),
from diastereoselective ROP of meso-8DLBn and rac-8DLMe.19

A one-pot synthesis of P3HB-b-PCL (polycaprolactone) was
similarly achieved, thanks to the catalyst’s kinetic preference to
polymerize rac-8DLMe before ε-caprolactone.38 Indium-based
sequence controlled one-pot copolymerization of BL and ε-
decalactone afford di-, tri-, or tetra-BCPs by capitalizing on the
monomer relative reactivity ratios.39

Here we report the synthesis and characterization of ABA
tri-BCP PHAs to access PHA-based TPEs. We reasoned that
the highly crystalline, high Tm it-P3HB should be a desirable
hard A block, and the amorphous, low Tg (−30 °C) butyl-
substituted PHA [poly(3-hydroxyheptanoate) (P3HHp)]
should be a suitable soft B block, thus furnishing ABA tri-
BCP PHA, P3HB-b-P3HHp-b-P3HB (Figure 1). In addition,
the ethyl-substituted PHA [poly(3-hydroxyvalerate) (P3HV)]
should also be an appropriate soft B block, as its Tg is about
−18 °C,17 for the construction of another ABA tri-BCP,
P3HB-b-P3HV-b-P3HB. To the best of our knowledge, this
structure class is the first example of discrete, it-ABA tri-BCPs
based completely on 3HBs.
The stereoselective ROP of rac-8DLR is catalyzed by racemic

yttrium complexes supported by C2-symmetric N,N′-bis-
(salicylidene)cyclohexanediimine (salcy) ligands.16−18 To
maintain both high catalytic activity and high isoselectivity
for the ROP of 8DLR of contrasting steric bulk, cumyl-
substituted Y complex 1 was chosen for the tri-BCP synthesis
(Figure 1). This precatalyst, when combined with one
equivalent of an alcohol (e.g., benzyl alcohol, BnOH) initiator,

undergoes instantaneous alcoholysis to generate the corre-
sponding Y alkoxide catalyst that produces linear homopol-
ymer,16,18,19 random copolymers,18,19 or tapered stereodi-
BCPs.17 Since this ROP is a living system, the synthesis of
multi-BCPs is then possible through the sequential addition of
8DLR. With a di-initiator such as 1,4-benzenedimethanol
(BDM), an ABA tri-BCP is efficiently synthesized via two
monomer-addition steps (Figure 1).
In the synthesis, one equivalent of BDM was premixed with

two equivalents of precatalyst 1, and the in situ generated
active species was added to a B-block monomer. After the ROP
of the B-block reached near 100% conversion, the A-block
monomer, rac-8DLMe, was added to furnish a tri-BCP (Figure
1). To demonstrate the livingness, kinetic studies were
performed. First, the kinetic plot of each B-block monomer
indicates the polymerization is first order in monomer without
an induction period (Figure 2A). As expected, the ROP of the
sterically more hindered rac-8DLBu is considerably slower than
that of rac-8DLEt. Second, for both B-block monomers, a linear
relationship between conversion and molecular weight was
observed while dispersity (Đ) remains low (between 1.06 and
1.20) throughout the ROP (Figure 2B,C). Third, the size-
exclusion chromatography (SEC) trace remained monomodal
after polymerization of each block and the observed number-
average molar mass (Mn) is close to that of the theoretical Mn
(Figures 2D and S2−S6). With these lines of evidence showing
the living ROP of rac-8DLEt and rac-8DLBu using di-initiator
BDM, we proceeded with the synthesis of tri-BCPs, P3HB-b-
P3HV-b-P3HB and P3HB-b-P3HHp-b-P3HB, with P3HV and
P3HHp as the soft midblock, respectively. By varying the
length of the P3HB hard blocks as well as the length and
flexibility of the soft midblock, structure−property relation-
ships for PHA tri-BCPs were unveiled (Table 1).
The well-defined tri-BCP architecture across all formulations

was confirmed by three lines of evidence. First, analysis of the
resulting tri-BCPs by SEC showed the increased molar mass
from the midblock to the tri-BCP as expected while Đ
remained monomodal and narrow (Figure 2D and Table 1).
For example, the theoretical Mn of the P3HV midblock was 40
kg mol −1 (the observed Mn = 60 kg mol−1, Đ = 1.07) and the
theoretical Mn of resultant tri-BCP was 108 kg mol−1 (or 128
kg mol−1 based off the observed 60 kg mol−1), compared to the
observed Mn = 150 kg mol−1, Đ = 1.08 (Figure S2). Slightly
higher observed molar masses than the calculated ones due to
nonquantitative initiator efficiencies is common for this ROP
system because of high catalyst sensitivity to adventitious
protic impurities brought into the system by the monomer,
solvent, and others.16−19 Second, the carbonyl region of 13C
NMR spectra showed discrete block formation, without
random copolymer formation due to transesterification
scrambling of the respective blocks (Figures S7 and S8).

Table 1. Results of Tri-BCPs Synthesized by 1 and BDM in Multi-Gram Scale

Mn,P3H(V/HHp)
b Mn,P3HB

b Mn,total
b Đb Tm

d ΔHd

run midblock [rac-DLR] /[1]a (kg mol−1) (kg mol−1) (kg mol−1) % midblockc (Mw/Mn) (°C) (J g−1)

1 P3HV 600/1 84.4 59.6 144 58.6 1.14 154 36.6
2 P3HHp 1800/1 154 84.0 238 64.7 1.07 154 42.7
3 P3HHp 700/1 172 28.0 200 86.0 1.05 145 8.6
4 P3HBHp 800/1 164 66.0 230 71.3 1.18 156 24.3

aConditions: carried out at room temperature (RT) in dichloromethane (DCM); precatalyst 1 to BDM initiator ratio fixed at 2:1; see the
Supporting Information for detailed conditions for each run. bDetermined by SEC coupled with an 18-angle light scattering detector at 40 °C in
chloroform. c% midblock = (Mn,P3H(V/HHp)/Mn,total) × 100. dDetermined by DSC second heating scan (5 °C/min).
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Third, diffusion-ordered spectroscopy (DOSY) experiments on
a mixture of homopolymers (P3HB and P3HHp) revealed two
diffusion coefficients related to each respective polymer
(Figure S11), whereas the DOSY experiment on the tri-BCP
showed only one diffusion coefficient (Figures S9 and S10),
further supporting the formation of the discrete tri-BCP.
The tri-BCP with 58% 3HV incorporation (from rac-8DLEt)

showed two Tg values by DSC: −13 °C for the P3HV block
and 5 °C for the P3HB block. The Tc (crystallization
temperature) is 58 °C and Tm is 154 °C with an enthalpy of
fusion (ΔH) = 36.8 J g−1 (Figure 3A). The first heating scan

(Figure S1) had two Tm values, 74 °C for P3HV (slow
crystallization) and 153 °C for P3HB (fast crystallization), but
only the P3HB block Tm peak can be seen on the second
heating scan (5 °C/min; Figure 3A). Noteworthy here is that,
unlike the random copolymer P3HBV where ∼40% 3HV
incorporation resulted in an amorphous material,18 the tri-BCP
with 58% P3HV midblock is still a semicrystalline material
with a high Tm of 154 °C.
The tri-BCP with 64% P3HHp midblock (from rac-8DLBu)

showed one apparent Tg by DSC associated with the P3HHp
block, − 28 °C, but a Tc (72 °C) and Tm (154 °C, ΔH = 42.7 J
g−1) associated with the P3HB block (Figure 3B). On the
other hand, dynamic mechanical analysis (DMA) of this tri-
BCP revealed two tan delta peaks at −21.9 and 11.8 °C
associated with the P3HHp and P3HB blocks, respectively
(Figure S20). In sharp contrast, the random copolymer
P3HBHp with ∼60% 3HHp incorporation is an amorphous,
viscous liquid that exhibits only a Tg of −30 °C (Figures S12
and S21). Furthermore, increasing the P3HHp midblock to
85% still results in a semicrystalline material with Tc = 80 °C
and Tm = 145 °C (ΔH = 8.6 J/g, Figure 3C). Two Tg values
were also observed at −31 °C for the P3HHp block and 0 °C
for the P3HB block. To further tune the properties of the final
tri-BCP, an amorphous, random copolymer midblock

(P3HBHp) was synthesized by statistical copolymerization of
rac-8DLMe and rac-8DLBu in a 1:1 feed ratio. The resulting tri-
BCP P3HB-b-P3HBHp-b-P3HB (66% midblock) exhibits
balanced crystallinity (Tc = 67 °C, Tm = 156 °C with ΔH =
24.3 J/g) and the expected two Tg values characteristic of the
random copolymer (−16 °C) soft block and P3HB hard block
(5.3 °C; Figure 3D).
All tri-BCP materials revealed a decomposition temperature

at 5% weight loss (Td) between 235−245 °C by thermogravi-
metric analysis (TGA; Figures S13−S16), typical of PHAs.
The melt stability of a representative tri-BCP sample, P3HB-b-
P3HHp-b-P3HB (70% midblock), was investigated first by
performing an isothermal hold on TGA at 160 °C under N2 for
45 min to monitor weight loss. Prior to the TGA analysis, all
samples were washed by reprecipitation in methanol five times
and dried at 50 °C under vacuum for 16 h. During the 45 min
isothermal hold, only 1% weight loss was observed (Figure
S17). Furthermore, a virgin (nonprocessed) sample was
analyzed by DSC via three heating scans. The second heating
scan was followed by an isothermal hold for 45 min and then a
final cooling and heating scan, which revealed the Tm and ΔH
values remained unchanged (Figure S18). Finally, another
virgin sample was subjected to the same TGA isothermal hold
as Figure S17, but the Mn and Đ were measured by SEC before
and after the isothermal hold. Again, no observed difference in
either Mn or Đ was observed (Figure S19). Overall, these
controls show polymer degradation is not noticeably observed
in the melt under the current conditions. Hence, we proceeded
with confidence to examine the mechanical properties of the
tri-BCPs by tensile analysis of dog-bone-shaped specimens
(ASTM D638 standard, type V).
The tri-BCP with 58% P3HV midblock is a tough

thermoplastic with σb = 26.6 ± 1.4 MPa, elastic modulus
(E) = 627 ± 63 MPa, and εb = 339 ± 11% (Figure 4A). In
contrast, the tri-BCP with 64% P3HHp midblock is an
elastomer (no apparent yield point) with σb = 7 ± 1 MPa, E =
0.45 ± 0.09 MPa, and εb = 290 ± 45% (Figure 4B, red).
Increasing the midblock size to 85% resulted in a more
elastomeric behavior with εb = 380 ± 67% (Figure 4B, blue).
With no observable yield point, this material was subjected to
hysteresis (20 cycles, 50% strain), showing elasticity with a
60% elastic recovery (Figure S26). The tri-BCP with the
random copolymer P3HBHp midblock is a much stronger
thermoplastic, with σb = 14.7 ± 28 MPa, E = 471 ± 32 MPa, εb
= 275 ± 37% (Figure 4B, green). Overall, the effect of the tri-
BCP architecture is clearly illustrated by comparing to random
copolymer P3HBHp with 40% 3HHp incorporation, which is a
much weaker but more flexible (εb ∼ 550%) material (Figure
4B, black), highlighting the importance of architectural control
when synthesizing PHAs with desired thermomechanical
properties.
Wide-angle X-ray scattering (WAXS) analysis of the tri-

BCPs was performed to elucidate the structure−property
relationships of these semicrystalline tri-BCP PHAs (Table
S9). Figure 5 overlays WAXS profiles of P3HB-b-P3HV-b-
P3HB, 80% P3HV (turquoise), P3HB-b-P3HV-b-P3HB, 45%
P3HV (black), P3HB-b-P3HHp-b-P3HB, 70% P3HHp (red),
and P3HB-b-P3HHp-b-P3HB, 79% P3HHp (blue). These
samples were heated to 160 °C and then allowed to cool to 30
°C. WAXS data shown in Figure 5 were collected from the
cooled samples after heat-treatment above the melt (160 °C),
as this treatment resembles the specimens on which the
mechanical tests were performed. The data taken during heat-

Figure 3. Thermal properties of tri-BCPs. DSC curves (first cooling
scan from melt and then second heating scan at 5 °C/min) of tri-
BCPs produced by 1 (see Table S3 for ROP conditions). (A) P3HB-
b-P3HV-b-P3HB (58% midblock), ΔH = 36.6 J/g. (B) P3HB-b-
P3HHp-b-P3HB (64% midblock), ΔH = 42.7 J/g. (C) P3HB-b-
P3HHp-b-P3HB (85% midblock), ΔH = 8.6 J/g. (D) P3HB-b-
P3HBHp-b-P3HB (66% midblock), ΔH = 24.3 J/g.
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treatment is shown in Figures S22−S25, with corresponding
peak fittings summarized in Tables S10−S13.
All samples measured by WAXS show scattering patterns

consistent with semicrystalline polymers. To identify which
peaks are associated with crystallinity arising from one of the
PHA blocks, samples were heated and groupings of peaks that
disappeared at specific temperatures were assigned by
proximity to the block melting temperature (Figures S22−
S25). Since each of the four samples contains a P3HB block
and the peaks at q ∼ 0.95 Å−1 (corresponding to a spacing of
6.6 Å) and q ∼ 1.2 Å−1 (corresponding to a spacing of 5.2 Å),
marked with a (*) in Figure 5, appeared in all four samples,
they were thus assigned to the P3HB block. When looking at
the heating data (Figures S22−S25), these peaks either fully
disappeared or became weaker as the temperature was
increased to 145−160 °C (Tm of P3HB block ∼148 °C).
Upon reaching RT post heat-treatment, these peaks
reappeared, albeit weaker. A peak around q ∼ 0.91 Å−1

(corresponding to a spacing of 6.9 Å) can be assigned to the
P3HV block. This peak disappeared around 100 °C (Tm of
P3HV block = 101 °C), and during heating it did not reappear
in the cooled sample (due to slow crystallization of P3HV;
Figure S22).

Across all samples the degree of crystallinity was reduced
following a heat treatment designed to mimic the processing of
samples prepared for mechanical testing, as is evident from the
loss of a subset of the crystalline peaks and broadening
following cooling to RT. The tensile analysis (Figure 4)
showed that P3HB-b-P3HV-b-P3HB is thermoplastic-like,
while BCPs with P3HHp midblocks are elastomeric. Addi-
tionally, a higher P3HHp content compared to P3HB affords a
more elastomeric material. When comparing the mechanical
properties to the WAXS data in Figure 5, that is, the post-
heating data that is most similar to the compression-molded
sample used for tensile testing, it can be hypothesized that the
mechanical property differences are a result of the varied
degree of crystallinity. From the WAXS data, it is evident that
post heating (Figure 5), P3HB-b-P3HHp-b-P3HB, 79%
P3HHp (blue), the BCP with the highest P3HHp content
and most similar to the most elastomeric sample (blue trace in
Figure 4B), has the weakest crystalline peaks, whereas P3HB-b-
P3HV-b-P3HB, 45% P3HV (black), the sample most similar to
the thermoplastic-like sample (Figure 4A), has a more
crystalline character. Further studies are underway to under-
stand the correlation between the process history impact on
the mesoscale morphology and mechanical properties.
In summary, we synthesized discrete, high-molar-mass, it-

ABA all-PHA tri-BCPs with P3HB as the hard block and three
types of soft midblocks: P3HV, P3HHp, and P3HBHp. The
stereoselective ROP of rac-8DLR (R = Me, Et, and nBu) by
complex 1 and di-initiator BDM is living and controlled, and
the synthesis of the well-defined tri-BCPs was accomplished in
two monomer-addition steps. The all-PHA tri-BCPs with a
midblock mol % of greater than 50% still exhibit a high Tm ∼
160 °C. While P3HB-b-P3HV-b-P3HB is a semicrystalline,
strong, and tough thermoplastic, P3HB-b-P3HHp-b-P3HB is
an elastomer with no observable yield point. On the other

Figure 4. Mechanical properties of tri-BCPs. (A) P3HB-b-P3HV-b-
P3HB (58% midblock, Mn = 144 kg mol−1). (B) P3HBHp (40%
3HHp units, black (Mn = 144 kg mol−1), P3HB-b-P3HHp-b-P3HB
(85% midblock, blue, Mn = 200 kg mol−1), P3HB-b-P3HHp-b-P3HB
(64% midblock, red, Mn = 238 kg mol−1), P3HB-b-P3HBHp-b-P3HB
(66% midblock, green, Mn = 230 kg mol−1).

Figure 5. WAXS profiles of P3HB-b-P3HV-b-P3HB, 80% P3HV
(turquoise), P3HB-b-P3HV-b-P3HB, 45% P3HV (black), P3HB-b-
P3HHp-b-P3HB, 70% P3HHp (red), and P3HB-b-P3HHp-b-P3HB,
79% P3HHp (blue) at 30 °C post-heating to 160 °C. The virgin tri-
BCPs were first dissolved in DCM, precipitated into methanol,
isolated by filtration, and then dried at 50 °C under vacuum.
Intensities between samples are normalized to an intensity at low q in
order to visually compare the presence of peaks between samples.
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hand, P3HB-b-P3HBHp-b-P3HB exhibits the strength and
elasticity in between the tri-BCPs with the P3HV and P3HHp
midblock. The WAXS analysis of these tri-BCPs suggests that
their varied mechanical properties are a result of the different
degrees of crystallinity. Overall, the results obtained from this
study further showcase the precision and tunability of the
chemocatalytic route when applied to the all-PHA tri-BCP
synthesis.
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