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The increasing accumulation of persistent plastic waste in terrestrial and marine environments has heightened
the demand for high-performance, biodegradable alternatives. Poly(lactic acid) (PLA) is a widely used renewable
polyester, yet its intrinsic brittleness and limited degradability under ambient conditions continue to impede
broader application. In this work, a fully synthetic strategy was developed to address these limitations through
the design of (R)-3-hydroxybutyrate (3HB)-Poly(lactic acid) (PLA) multiblock copolymers incorporating struc-
turally tailored 3HB diols. Structurally distinct 3HB diols were synthesized via nucleophilic substitution between
chemically derived 3HB and either a linear dihalide or a cyclic ditosylated compound, yielding diols in which
two 3HB units are connected by a linear or cyclic linker. These diols were subsequently copolymerized with L-
lactide via ring-opening polymerization, followed by chain extension using hexamethylene diisocyanate (HDI) to
obtain alternating multiblock copolymers. The resulting materials exhibited significantly enhanced mechanical
properties, with linear 3HB diols notably improving toughness and elongation at break. Differential scanning
calorimetry revealed that 3HB incorporation reduced the glass transition temperature, while variation in PLA
segment length modulated crystallinity. Enzymatic degradation assays showed substantially faster degradation
rates compared to neat PLA, confirming improved biodegradability. These results demonstrate that incorporating
chemically modified 3HB diols into PLA enables concurrent enhancement of mechanical performance and
environmental biodegradability. Furthermore, the tunability of material properties through control of 3HB ar-
chitecture and PLA segment length highlights the versatility of this copolymer design strategy for developing
sustainable polymer systems.

1. Introduction

Plastics have become indispensable in modern society due to their
exceptional durability, processability, and low production costs. How-
ever, their persistent accumulation in the environment has become a
pressing global issue, with approximately 11 million metric tons of
plastic waste entering marine ecosystems annually [1,2]. Because of
their resistance to natural degradation [3], conventional
petroleum-based plastics persist in landfills and aquatic environments,
posing long-term risks to both ecological and human health [4-6]. This
concern has spurred increasing interest in the development of sustain-
able materials capable of degrading under environmental conditions
without producing harmful residues. Biodegradable polymers offer a
promising alternative, as they undergo hydrolytic or enzymatic

degradation into non-toxic byproducts, thereby reducing the environ-
mental footprint of traditional plastics [7,8]. In support of this transi-
tion, policy initiatives such as the European Union’s Single-Use Plastics
Directive and Japan’s Biomass Plastic Strategy have actively promoted
the adoption of biodegradable materials [9-11]. However, to serve as
viable substitutes in mainstream applications, these materials must also
demonstrate adequate mechanical and thermal performance alongside
their biodegradability.

Poly(lactic acid) (PLA), a thermoplastic aliphatic polyester derived
from renewable resources, is one of the most commercially viable
biodegradable polymers. Its high tensile strength and biocompatibility
have enabled its use in biomedical devices, packaging, and agricultural
films [12]. Nevertheless, PLA suffers from inherent brittleness [13,14],
low impact resistance [15-17], and slow degradation under ambient
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conditions [18,19]. Although industrial composting facilitates PLA
degradation, it remains largely stable in natural environments, with
minimal mass loss observed even after prolonged exposure to seawater
[20,21]. These limitations have prompted efforts to improve both the
mechanical and degradation properties of PLA through molecular level
modifications.

Various strategies have been explored to overcome these challenges,
including blending with flexible polymers, filler reinforcement, and
copolymerization. Blending PLA with polycaprolactone (PCL) is a
widely studied method to improve toughness, as PCL is a soft, biode-
gradable polymer with an elongation at break of approximately 600 %,
attributed to its low glass transition temperature (Ty) [22]. For example,
80/20 PLA/PCL blends exhibit enhanced elongation at break due to the
ductile nature of PCL [23]. However, their distinct polarities and mo-
lecular structures lead to immiscibility and phase separation, which
limits interfacial stress transfer and overall mechanical reinforcement
[24,25]. Similar compatibility issues are observed in blends of PLA with
poly(butylene adipate-co-terephthalate) (PBAT), where poor interfacial
adhesion compromises toughness and durability [26]. To overcome
these shortcomings, the use of compatibilizers [27,28] or reactive
extrusion techniques [29] is often required to enhance interfacial
bonding and stabilize phase morphology. Inorganic fillers such as glass
fibers are commonly incorporated into PLA to enhance mechanical
strength and thermal stability. Composites containing approximately 30
wt % glass fibers have demonstrated significant improvements in stiff-
ness, tensile strength, and heat deflection temperature compared to neat
PLA [30]. However, challenges such as moisture sensitivity [31] and
poor interfacial adhesion between layers [32] must be addressed to fully
exploit the benefits of glass fiber reinforcement. In contrast, organic
fillers such as cellulose nanomaterials are attractive due to their low
cost, renewable origin, low density, and high intrinsic stiffness. Despite
these advantages, the hydrophilic nature of cellulose often leads to poor
dispersion and weak interfacial bonding within the hydrophobic PLA
matrix, which can compromise mechanical performance [33]. While
filler addition is a relatively simple strategy for property enhancement,
the choice and loading level of fillers must be carefully optimized [30].
Excessive filler content can reduce mechanical properties and, in the
case of non-degradable or inert fillers, may hinder overall
biodegradability.

Among these approaches, copolymerization stands out as the most
versatile and effective method for property enhancement. By modifying
the polymer backbone at the molecular level, copolymerization enables
simultaneous improvements in flexibility, toughness, and biodegrad-
ability while maintaining material homogeneity. For example, Takagi
et al. synthesized PLA-PCL-PLA triblock copolymers via ring-opening
polymerization (ROP) of L-lactide using PCL-diol as an initiator. The
resulting copolymers exhibited tunable mechanical properties depend-
ing on PLA segment length, showing increased elongation at break,
improved toughness, and significantly accelerated degradation under
composting conditions [34]. Similarly, He, et al. developed
sequence-controlled poly(ethylene glycol) (PEG)-PLA copolymers with
enhanced flexibility and adjustable degradation rates in both enzymatic
and marine environments. The incorporation of hydrophilic PEG units
increased water uptake and facilitated ester bond hydrolysis by
enhancing interactions with water molecules, thereby promoting
nucleophilic attack on the backbone [35]. While effective, the copoly-
merization approach often results in relatively low molecular weights,
which can adversely affect mechanical performance [36]. To address
this limitation, chain extension using hexamethylene diisocyanate (HDI)
was employed, particularly in the development of PLA-based thermo-
plastic polyurethanes (TPUs), to enhance molecular weight and modu-
late mechanical properties. This approach enables the formation of
multiblock architectures without compromising biodegradability or
structural compatibility. In this context, the choice of comonomers is
critical in this approach, especially those that are both biodegradable
and structurally compatible with PLA.
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(R)-3-Hydroxybutyrate (3HB), the monomeric unit of poly(3-
hydroxybutyrate) (PHB), is a particularly promising candidate due to
its excellent biodegradability and structural compatibility with PLA.
PHB has demonstrated relatively rapid degradation in marine environ-
ments, with substantial mass loss observed within a short period [37].
However, its high crystallinity contributes to brittleness, limiting its use
in applications requiring flexibility [38]. To overcome this, structural
modification of 3HB has been explored as a means to reduce crystallinity
and improve mechanical properties. For example, incorporation of
3-hydroxyhexanoate (3HHx) yields the copolymer poly(3-hydrox-
ybutyrate-co-3-hydroxyhexanoate) [P(3HB-co-3HHx)], which exhibits
elastomeric behavior characterized by reduced crystallinity, high elas-
ticity, and significantly increased elongation at break [39]. Likewise,
copolymerization with 4-hydroxybutyrate (4HB) produces poly
(3-hydroxybutyrate-co-4-hydroxybutyrate) [P(3HB-co-4HB)], in which
the flexible 4HB segments disrupt crystalline packing, leading to a
marked reduction in crystallinity and crystallization rate while also
mitigating the inherent brittleness of PHB [40]. These findings under-
score the effectiveness of molecular tailoring in modulating the me-
chanical and degradation properties of PHB-based materials and
highlight 3HB structural modification as a viable strategy for enhancing
flexibility and biodegradability in bio-based polyesters.

Copolymerization of PLA with 3HB has been widely studied to
enhance material properties. Abe et al. synthesized random copolymers
of 3HB and (S,S)-lactide via ROP, showing that T, crystallinity, and
enzymatic degradability were strongly dependent on lactide content
[41]. Yamada et al. demonstrated microbial production of optically pure
random P(LA-co-3HB) with enriched lactate composition, enabling
biosynthetic control of copolymer structure [42]. For enhanced me-
chanical performance, Hiki et al. prepared ABA-type triblock co-
polymers using racemic PHB as the soft segment and PLA as the hard
segment, achieving thermoplastic elastomer properties tunable by the
lactide/PHB feed ratio [43]. Wu et al. expanded on this by synthesizing
PHB-PLA-PCL triblock copolymers with improved flexibility and
biocompatibility [44]. Tabata and Abe examined the effects of copol-
ymer composition and sequential structures on the thermal properties of
3HB/lactate copolymers, revealing that T, depended on composition,
melting temperature (T;,) on sequential length, and crystallinity on both
factors [45]. However, despite the recognized influence of 3HB struc-
tural modification on polymer properties, a thorough investigation into
the effect of 3HB segment topology at a fixed segment length and a
controlled preparation of structurally defined 3HB segments within
3HB/PLA copolymers has not yet been conducted. Furthermore, while
the impact of extended 3HB segments has been explored, the specific
contribution of the 3HB unit itself to copolymer properties has received
limited attention.

Building on this concept, the present study investigates a fully syn-
thetic approach for tailoring PLA-based materials through the incorpo-
ration of 3HB diols with controlled molecular architecture. Linear and
cyclic 3HB diols were synthesized via nucleophilic substitution between
chemically derived 3HB and either a linear dihalide or a cyclic ditosy-
lated compound, yielding diols in which two 3HB units are connected by
a linear or cyclic linker. These diols were copolymerized with PLA via
ROP of L-lactide, followed by chain extension using HDI, to produce
high-molecular-weight 3HB-PLA multiblock copolymers with alter-
nating segment structures (Fig. 1). This synthetic design enables sys-
tematic investigation of how variations in 3HB molecular structure and
PLA segment length influence thermal transitions, mechanical behavior,
and enzymatic degradability. By introducing structural control at the
diol level, a parameter rarely examined in PLA copolymer systems, this
study establishes a modular and tunable framework for addressing the
performance limitations of PLA. The resulting approach contributes to
the molecular design of biodegradable polyesters and offers a versatile
strategy for developing high-performance materials tailored for sus-
tainable packaging, biomedical, and environmental applications.
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Fig. 1. Schematic of 3HB-PLA alternating multiblock copolymer synthesis via ROP and chain extension.

2. Materials and methods
2.1. Materials

(R)-3-hydroxybutyric acid (3HB) was provided by Osaka Gas Co.,
Ltd. (Osaka, Japan). The following reagents and solvents were pur-
chased from Wako Pure Chemical Industries (Osaka, Japan): 1,4-cyclo-
hexanedimethanol (mixture of cis- and trans-) (CHDM, 1st grade), N,
N, N’, N'-tetramethyl-1,6-hexanediamine (special grade), triethylamine
(special grade), acetonitrile (GR grade), chloroform (CHCls, GR grade),
methanol (CH30H, GR grade), potassium carbonate (K2COs, GR grade),
hexane (GR grade), sodium chloride (GR grade), magnesium sulfate
(anhydrous, special grade), sodium carbonate (NaxCO3, GR grade), tin
(I1) 2-ethylhexanoate (Sn(Oct)y, >95 %), proteinase K (recombinant),
and sea sand (425 - 850 um, 20 - 35 mesh, practical grade). p-toluene-
sulfonyl chloride (>99 %), N, N’-dimethylethylenediamine (>97 %),
1,4-dibromobutane (>98 %), 1,4-butanediol (>99 %), L-lactide (>98
%), and hexamethylene diisocyanate (HDI, >98 %) were purchased
from Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan). N, N-Dime-
thylformamide (DMF, GR grade) and ethyl acetate (1st grade) were
obtained from Nacalai Tesque Inc. (Kyoto, Japan). Poly(L-lactide) (PLA,
M, = 59,000, <0.5 % water) and celite 503 (CP) were purchased from
Sigma-Aldrich Japan LLC (Tokyo, Japan). A pH 8.5 buffer solution of 1
mol L Tris hydrochloride (Tris-HCl) was purchased from Nippon Gene
Co., Ltd. (Tokyo, Japan). All reagents were used as received unless
otherwise stated. PLA was first dissolved in CHCls and then reprecipi-
tated in CHsOH to remove impurities and ensure consistent preparation
conditions with the copolymers. Deionized (DI) water purified using a
Mili-Q system (Millipore Inc., Milford, MA, USA) was used for all
experiments.

2.2. Synthesis of 3HB-PLA multiblock copolymer

2.2.1. Synthesis of butane-3HB diol

3HB (8.75 g, 84.05 mmol) and 1,4-dibromobutane (8.24 g, 38.17
mmol) were dissolved in 40 mL of DMF and stirred at room temperature
under a nitrogen atmosphere. K;CO3 (11.62 g, 84.07 mmol) was then

added, resulting in the evolution of carbon dioxide. After approximately
30 min, the reaction mixture gelled. An additional 40 mL of DMF was
added to facilitate stirring, and the reaction was heated to 80 °C and
maintained under these conditions with continuous stirring for 18 h,
yielding a white slurry. The reaction mixture was filtered through celite
pad, and the solvent was removed under reduced pressure (60 °C, 0.2
kPa), affording a pale-yellow oil. The crude product was purified by
column chromatography using hexane/ethyl acetate (1:11, v/v) as the
eluent, yielding 1,4-butanediol bis(3-hydroxybutanoate) (butane-3HB
diol) as a transparent oil (6.31 g, 63.1 % yield).

2.2.2. Synthesis of cyclohexane-3HB diol

CHDM (3.51 g, 24.3 mmol), triethylamine (7.39 g, 73.0 mmol), and
N, N’, N’-tetramethyl-1,6-hexanediamine (0.84 g, 4.87 mmol) were
dissolved in 100 mL of acetonitrile and cooled in an ice bath under a
nitrogen atmosphere. A solution of p-toluenesulfonyl chloride (13.92 g,
73.0 mmol) in 100 mL of acetonitrile was added dropwise over 1 hour.
The mixture was stirred at 0 °C for 1 hour and then allowed to warm to
room temperature, followed by continuous stirring for 24 h. Subse-
quently, N, N’-dimethylethylenediamine (21.8 g, 24.7 mmol) was
added, and the mixture was diluted with 100 mL of water. The resulting
reaction mixture was filtered, washed thoroughly with 1 L of water, and
dried under reduced pressure. The crude product was dissolved in 200
mL of CHCl3 and CH30H (1:1, v/v) with gentle heating. Upon cooling,
the precipitate was collected via filtration and dried under reduced
pressure yielding CHDM-Ts as a white crystal (4.95 g, 45.1 % yield).

Synthesized CHDM-Ts (9.20 g, 20.3 mmol) and 3HB (4.66 g, 44.8
mmol) were dissolved in 150 mL of DMF and stirred until fully dissolved.
K2CO3 (6.18 g, 44.8 mmol) was then added, and the reaction mixture
was stirred at 50 °C for 48 h. After completion, the mixture was diluted
with 500 mL of water and extracted three times with a 3:1 (v/v) mixture
of hexane and ethyl acetate (500 mL each). The combined organic layers
were washed with 500 mL of brine, dried over anhydrous magnesium
sulfate, and concentrated under reduced pressure. The crude product
was purified by column chromatography using hexane/ethyl acetate
(1:1, v/v) as the eluent, yielding 1,4-cyclohexanedimethanol bis(3-
hydroxybutanoate) (cyclohexane-3HB diol) as a transparent oil (2.06
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g, 22.4 % yield).

2.2.3. Synthesis of 3HB-PLA alternating multiblock copolymers

The synthesis of 3HB-PLA alternating multiblock copolymers was
performed in two steps, ROP of L-lactide followed by chain extension
with HDI. This stepwise approach was adapted from a previously re-
ported method designed to retain multiblock architecture by minimizing
sequence randomization [34]. Two types of synthesized 3HB-diols,
butane-3HB diol and cyclohexane-3HB diol, were used as initiator to
synthesize butane-3HB-PLA polyurethane (BPPU) and
cyclohexane-3HB-PLA polyurethane (CPPU), respectively.

The PLA segment length on each side of the 3HB diol was controlled
by adjusting the molar ratio of 3HB diol to L-lactide. For PPU-20 (BPPU-
20 and CPPU-20), 3HB diol was added at a 1:20 molar ratio with L-
lactide, while for PPU-50 (BPPU-50 and CPPU-50) was synthesized with
a 1:50 molar ratio. Here, the number “20” and “50” correspond to the
average number of lactic acid repeat units on each side of the 3HB diol in
multiblock copolymer structure, resulting in four distinct copolymers:
BPPU-20, BPPU-50, CPPU-20, and CPPU-50.

In a 100 mL three-neck round-bottom flask, L-lactide (10.00 g, 6.94
mmol) was added and vacuum-dried at 60 °C for 1 hour. After drying,
the appropriate 3HB diol and Sn(Oct)5 (1 mol % of the hydroxyl end of
3HB diol) were added, and the mixture was further vacuum-dried for
another hour. ROP was carried out at 180 °C for 3 h under a nitrogen
atmosphere. Upon completion of ROP, HDI (1.5 equivalents relative to
the added 3HB diol) was added for the chain extension step, which
proceed at 180 °C for 30 min with stirring under a nitrogen atmosphere.
The reaction mixture was dissolved in CHCl3, precipitated into an excess
volume of CHsOH under vigorous stirring. The resulting white solid was
collected by filtration, washed with CH3OH, and vacuum-dried at 40 °C
to yield the final BPPU and CPPU copolymers with varying PLA segment
lengths.

Control multiblock copolymers without 3HB units were synthesized
using the same procedure, substituting the 3HB diols with 1,4-butane-
diol or 1,4-cyclohexanedimethanol as the initiator.

2.2.4. Preparation of 3HB-PLA alternating multiblock copolymer films
Thin films of 3HB-PLA alternating multiblock copolymers and PLA
were prepared via solvent casting. The purified polymer samples were
dissolved in CHCls and cast into a horizontal Teflon mold. The solvent
was allowed to evaporate naturally at ambient temperature in a fume
hood for three days. The resulting films, with a thickness of approxi-
mately 0.2 to 0.3 mm, were subsequently vacuum-dried for 24 h to
remove residual solvent and then carefully sealed for further testing. To
ensure stabilized physical properties, the films were stored under
ambient conditions for at least seven days prior to characterization.

2.3. Characterization and measurements

The molecular structure and chemical composition of 3HB-PLA
alternating multiblock copolymers and PLA were confirmed using pro-
ton nuclear magnetic resonance (*H NMR) spectroscopy. Spectra were
recorded on a JNM-ECS400 spectrometer (400 MHz, JEOL Ltd., Tokyo,
Japan) at room temperature, using chloroform-d (CDCls) as the solvent.
The chemical functionalities of the samples were analyzed using atten-
uated total reflection Fourier transform infrared (ATR-FTIR) spectros-
copy. Spectra were recorded on a Nicolet iS20 spectrometer (Thermo
Fisher Scientific, MA, USA), scanning 100 times over a wavelength range
of 3500-500 cm™'. Molecular weight distributions were determined by
gel permeation chromatography (GPC) using a JASCO HLC system
(Tokyo, Japan) operated at 40 °C. DMF was used as the eluent at a flow
rate of 0.75 mL min™', with a sample concentration of 10 mg mL™"' and an
injection volume of 50 pL. The system was calibrated with polystyrene
standards (590 to 1.09 x 10° Da). The optical transparency of the
samples was evaluated using a UV-Vis spectrophotometer (V-750,
JASCO, Tokyo, Japan), scanning over a wavelength range of 400-800
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nm. Haze properties were assessed with a haze meter (NDH 4000,
Nippon Denshoku, Tokyo, Japan). Thermal transition properties,
including glass transition temperature (Ty), crystallization temperature
(T.), and melting temperature (T,,), were analyzed using differential
scanning calorimetry (DSC200, Hitachi, Tokyo, Japan) under a nitrogen
atmosphere at a flow rate of 50 mL min™'. Samples (~8 mg) were heated
from 25 to 200 °C at a rate of 10 °C min, held for 2 min to remove
thermal history, cooled to —30 °C at a rate of 10 °C min~!, and reheated
to 200 °C at 10 °C min™'. The crystalline structure of the samples was
analyzed using X-ray diffraction (XRD) (Smart-Lab, Rigaku Corporation,
Japan) with Cu-Ka radiation (4 = 1.541 10\) at room temperature. The
scanning speed was 5° min™', covering a 260 range of 5°-60°, with an
applied voltage of 45 kV and a current of 200 mA. The degree of crys-
tallinity (X.) was calculated from the XRD patterns by comparing the
area under the crystalline peaks to the total diffraction area (crystalline
+ amorphous), using the baseline method. Peak fitting and area inte-
gration were performed using OriginLab software. Thermal stability and
weight loss behavior of the samples were assessed using thermogravi-
metric analysis (TGA) (STA 200RV, Hitachi, Tokyo, Japan). Measure-
ments were conducted in the temperature range of 30-400 °C at a
heating rate of 10 °C min™' under a nitrogen atmosphere with a flow rate
of 50 mL min~'. The water contact angle (WCA) of the films was obtained
using a basic contact angle meter (DMs-401, Kyowa Interface Science,
Saitama, Japan). A 1.0 uL water droplet was placed on the sample sur-
face at room temperature, and the contact angle was measured 10,000
ms after droplet deposition. Each measurement was performed in trip-
licate, and results were reported as the mean values. The mechanical
properties of the films were evaluated using a universal testing machine
(Shimadzu AGS-X, Kyoto, Japan) equipped with a 100 N load cell.
Tensile tests were performed at a crosshead speed of 10 mm min™' at
room temperature. Dumbbell-shaped specimens (2.0 mm x ~0.3 mm,
width x thickness) were prepared using a precision cutter, and at least
three samples were tested for each formulation. The surface morphology
of the films before and after degradation was examined using scanning
electron microscopy (SEM, SU3500, Hitachi, Tokyo, Japan) operated at
10 kV. Prior to imaging, the films were sputter-coated with gold using an
MSP-1S magnetron sputter (Vacuum Device Inc., Osaka, Japan) to
enhance conductivity.

2.4. Enzymatic degradation test

The enzymatic degradation behavior of 3HB-PLA alternating multi-
block copolymer films and neat PLA films was evaluated using pro-
teinase K. Uniform film specimens (~5.0 mg, 0.2-0.3 mm thickness)
were cut into small pieces and immersed in 5 mL of a 0.05 mol/L Tris-
HCI buffer solution (pH 8.5) containing proteinase K at a concentra-
tion of 0.4 mg/mL (specific activity: 29 units/mg). The degradation
behaviors were performed at 20 °C in a shaking incubator set at 70 rpm.
At predetermined time intervals, the samples were removed, thoroughly
rinsed with distilled water to stop the enzymatic reaction, and vacuum-
dried to a constant weight. The extent of degradation was quantified by
calculating weight loss ( %) according to the following equation:

Wo — W,
————x

0

Weight loss (%) = 100 (€]

where W is the initial dry weight and W, is the dry weight after
degradation.
For comparison, neat PLA films were subjected to identical enzy-

matic degradation conditions. Morphological changes before and after
degradation were observed using SEM.
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3. Results and discussion
3.1. Synthesis and characterization of 3HB-PLA multiblock copolymers

Two structurally distinct 3HB diols were synthesized and employed
as initiators for the preparation of alternating multiblock copolymers
with PLA. These included a linear 1,4-butanediol bis(3-
hydroxybutanoate) (butane-3HB diol) and a cyclic 1,4-cyclohexanedi-
methanol bis(3-hydroxybutanoate) (cyclohexane-3HB diol). Both diols
were obtained via nucleophilic substitution between 3HB and either a
dihalide or a ditosylated compound under basic conditions, followed by
purification through column chromatography. The incorporation of
these two topologically distinct diols enabled a systematic investigation
of how the structure of the initiator, either linear or cyclic, affects the
thermal, structural, and degradation properties of the resulting co-
polymers. The linear butane-based diol was expected to confer greater
segmental flexibility, while the cyclohexane-based diol, due to its
conformational rigidity, was anticipated to introduce more constrained
and compact domains, potentially affecting crystallization behavior and
enzymatic degradation. 'H NMR spectra of the synthesized diols (Fig. S1
and S2) confirmed successful incorporation of both the 3HB moieties
and the respective bridging structures. In both cases, the presence of
methylene proton signals adjacent to hydroxyl groups at approximately
4.2 ppm in the 'H NMR spectra confirmed the presence of hydroxyl end
groups, supporting the suitability of these diols as initiators for subse-
quent ROP.

3HB-PLA alternating multiblock copolymers were synthesized
through a two-step process consisting of ROP of L-lactide initiated by
3HB diols, followed by chain extension using HDI. The feed ratio of L-
lactide to diol was set to either 20 or 50 equivalents to obtain PLA
segments with different chain lengths, which also correspond to the
number of lactic acid repeat units attached to each side of the 3HB diol.
Four copolymers were prepared: BPPU-20 and BPPU-50, derived from
the linear butane-3HB diol, and CPPU-20 and CPPU-50, derived from
the cyclic cyclohexane-3HB diol.

The chemical structures of the synthesized copolymers were
confirmed by 'H NMR spectroscopy. Fig. 2 shows the spectrum of BPPU

Butane-3HB PLA polyurethane (BPPU)

‘MW%W MWH““\:\”HA

BPPU-50
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alongside that of PLA for comparison, while Fig. 3 presents the corre-
sponding spectrum for CPPU. In both cases, distinct signals corre-
sponding to PLA, 3HB, and urethane components were observed,
confirming the successful formation of the intended multiblock poly-
urethane structures. The methyl (CH3) and methine (CH) protons of the
lactic acid repeat units appeared at approximately 1.5 ppm (a) and
4.9-5.2 ppm (b), respectively. A broad resonance at 3.1 ppm (c) was
attributed to methylene (CHy) protons adjacent to the urethane linkage,
serving as clear evidence of chain extension by HDI. This assignment
was further supported by the appearance of additional CH; signals from
the HDI spacer at 1.3 ppm (d) and 1.5 ppm (e), which were absent in the
spectrum of pure PLA. The 3HB moieties were identified by signals at 1.3
ppm (f) for the CH3 group, 2.5-2.6 ppm (g) for the CHy group next to the
carbonyl, and 5.2-5.4 ppm (h) for the CH protons of the 3HB units. In
BPPU, the CH; protons adjacent to the ester bond (CH,OCO) from the
3HB unit appeared at 4.1 ppm (i), and the CH; protons from the butane
segment were observed at 1.7 ppm (j). In CPPU, the corresponding
CH,0CO signal appeared at 3.9 ppm (i), while CHy groups from the
cyclohexane ring were observed at 1.3 ppm (j), 1.6 (k), and 1.8 ppm (1).
The PLA segment lengths, defined as the number of lactic acid repeat
units adjacent to the 3HB units, were determined from the integration
ratio of PLA and 3HB signals, as described in Eq. (2). These values are
summarized in Table 1 and were in close agreement with the theoretical
lengths calculated from the L-lactide feed ratio, confirming the suc-
cessful synthesis of copolymers with well-defined PLA segments.

[’= lactide units

fi, 3HB mnits = m (PLA segement length) (2)

The chemical structures of PLA and the 3HB-PLA alternating multi-
block copolymers were further characterized by FT-IR spectroscopy
(Fig. S3). All samples exhibited characteristic absorption bands corre-
sponding to PLA, while the copolymers additionally showed a distinct
band at 1530 cm'l, attributed to N-H bending (én.y) from urethane
linkages. Notably, the intensity of this urethane-related band was higher
in BPPU-20 and CPPU-20 than in their longer-chain counterparts,
reflecting the higher relative content of urethane groups resulting from

BPPU-20

(2]
(=]

6 5 4

3 2 1

Chemical shift (ppm)

Fig. 2. H NMR spectra of (a) PLA, (b) BPPU-20, and (c) BPPU-50 copolymers.
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Fig. 3. 'H NMR spectra of (a) PLA, (b) CPPU-20, and (c) CPPU-50 copolymers.

Table 1
Synthesis of 3HB-PLA alternating multiblock copolymer via ROP and chain-
extension using HDI.

Samples  Reaction Lactide/ Lactide/ M, ¢ M, ¢ M,/
temp. * [ 3HBdiol® 3HBdiol© (GPC) (GPC) M, ¢
°Cl] (Theo.) (NMR) [Da] [Da]

[mol/ [mol/
mol] mol]
BPPU- 180 20.0 18.5 37,700 106,700 2.83
20
BPPU- 180 50.0 50.7 33,800 99,300 2.94
50
CPPU- 180 20.0 23.4 27,200 71,100 2.61
20
CPPU- 180 50.0 52.7 34,000 78,500 2.31
50

@ At 180 °C for 3 h. for ring-opening polymerization and 30 min. for chain
extension with HDIL.

b Theoretical lactide/3HB diol ratio by ;-lactide ring-opening polymerization.

¢ Determined by 'H NMR.

4 Determined by GPC (in DMF).

the shorter PLA segments per repeating unit. These observations support
the successful formation of urethane linkages and are consistent with the
'H NMR results. Molecular weights of the copolymers were determined
by GPC, with number-average molecular weights (Mp) ranging from
approximately 30,000 to 40,000 and dispersity (P = M,,/M,) values
around 2.5. The M, values were intentionally kept similar across all
samples to ensure that differences in material properties could be
attributed to structural variation rather than molecular weight. The data
are summarized in Table 1. Together with 'H NMR and FT-IR analyses,
these results confirm the successful synthesis of 3HB-PLA alternating
multiblock copolymers incorporating different 3HB structures and PLA
segment lengths.

The macroscopic appearance of the fabricated films is shown in
Fig. S4. Compared to neat PLA, the copolymer films exhibited greater

transparency. This observation was supported by UV-Vis transmittance
measurements (Fig. S5) and haze analysis (Fig. S6), both of which
confirmed the improved optical clarity of the copolymers.

3.2. Thermal properties and crystallinity of 3HB-PLA alternating
multiblock copolymers

The thermal properties of the synthesized copolymers were evalu-
ated by DSC, and the results are shown in Fig. 4. The corresponding data
are presented in Table 2. Incorporation of 3HB units into the PLA
segment led to a decrease in Ty, with a more pronounced reduction
observed in copolymers containing shorter PLA segments. BPPU-20 and
CPPU-20, which have a higher relative content of 3HB, exhibited no
detectable Tj, or T, indicating that these copolymers are amorphous.
This loss of crystallinity and reduction in T, are attributed to the flexible
3HB segments disrupting the regular packing of PLA segments, which
hinders crystallite formation and increases chain mobility [46]. Since
PLA’s high T; and semicrystalline nature contribute to its brittleness and
slow degradation under ambient conditions, these results suggest that
the introduction of 3HB improves flexibility and promote biodegrad-
ability [47,48]. T, values were slightly lower for CPPU compared to
BPPU at the same PLA segment length, likely due to the cyclohexane ring
in the CPPU backbone introducing additional free volume and reducing
intermolecular packing efficiency. For BPPU-50 and CPPU-50, both T;,
and T, peaks were observed, consistent with the presence of crystalline
domains associated with longer PLA blocks. Notably, both copolymers
exhibited double melting peaks, in contrast to the single T, of pure PLA.
This behavior is commonly attributed to
melting-recrystallization-remelting processes or the coexistence of
crystallites with different lamellar thicknesses [49].

The XRD patterns of the copolymers are shown in Fig. 5. Neat PLA
exhibits sharp diffraction peaks at 26 = 16.7° and 19.0°, which corre-
spond to the (110)/(200) and (203) planes of the a-crystalline phase,
indicating its crystalline nature [50]. CPPU-50 displays peaks at similar
positions, though slightly broader and less intense, suggesting the partial
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Fig. 4. Thermal properties of PLA and 3HB-PLA alternating multiblock copolymers. (a) Second heating DSC curves; (b) T, of each sample extracted from the

DSC data.

Table 2
Thermal parameters of each sample by DSC. The degree of X, of each sample

determined by XRD.

retention of crystalline PLA domains after copolymerization with 3HB.
In contrast, BPPU-50 exhibits only a broad and weak peak centered near
16°, reflecting a more disordered structure and reduced crystallinity.
The crystallinity index values in Table 2, calculated from the XRD pat-

Thermal properties (DSC) XRD terns using the ratio of crystalline peak area to total area, support this
T,[°C]*® T [°C]*® T, [°C17 X [ %] " trend. CPPU-50 shows a crystallinity of 48.9 %, while BPPU-50 drops to
BPPU-20 48.0 e _c 20.9 33.8 %. The incorporation of 3HB units disrupts the regular packing of
BPPU-50 51.6 127 147, 153 33.8 PLA segments, leading to a reduction in crystallinity. This effect is more
CPPU-20 46.9 = = 317 pronounced in copolymers containing linear 3HB, likely due to its
gizU'so ;2'3 ﬁ‘; 1‘7‘:;’ 150 ‘5“;'2 greater conformational flexibility compared to cyclic 3HB. As a result,
(neat) . ; linear 3HB interferes more strongly with PLA segment alignment during
; Obtained from the second heating scan. crystal formation. Crystallinity decreases further in the CPPU-20 and
. Degree of crystallinity from XRD was calculated. BPPU-20. CPPU-20 shows only broad, low intensity peaks, while
No thermal transition was detected in the heating process. BPPU-20 displays no distinct crystalline peaks, only a broad amorphous
halo. This indicates that BPPU-20 is essentially amorphous. Their
(a) BPPU-20 | (C) BPPU-50 | (€) PLA
s L S
@ 7 @
c c c
g g g
= = =
10 20 30 40 50 10 20 30 40 50 10 20 30 40 50
20 (degree) 20 (degree) 20 (degree)
(b) (d) CPPU-50
E 35
& &
2 2
@ [0
c c
] ]
= =
10 20 30 40 50 10 20 30 40 50
20 (degree) 20 (degree)

Fig. 5. XRD patterns of (a) BPPU-20, (b) CPPU-20, (c) BPPU-50, (d) CPPU-50, and (e) PLA.
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calculated crystallinity values reflect this, with CPPU-20 at 31.7 % and
BPPU-20 at 20.9 %. Shorter PLA blocks provide insufficient segment
length for effective crystal nucleation and growth, and when combined
with the flexibility of linear 3HB, crystallization is almost completely
suppressed [51]. Overall, both the incorporation of 3HB and the
reduction in PLA block length contribute to the suppression of crystal-
linity in the copolymers. The structural influence of 3HB units, partic-
ularly in their linear form, and the limited crystallizable segment length
of PLA blocks act together to increase the amorphous character of the
material. These findings are consistent with the thermal behavior
observed in DSC, where BPPU-20 and CPPU-20 exhibited no detectable
melting or crystallization transitions. Taken together, the structural and
thermal results demonstrate that crystallinity can be systematically
controlled by adjusting the PLA block length and the 3HB unit structure
in the copolymer.

3.3. Thermal stabilities of 3HB-PLA alternating multiblock copolymers

The thermal stability of the 3HB-PLA alternating multiblock co-
polymers was evaluated by TGA under a nitrogen atmosphere, and the
results are presented in Fig. 6. The degradation behavior was assessed
based on the temperatures at 15 % and 95 % weight loss (Tq, 15 9 and Tg,
95 %), which are summarized in Table 3. Compared to neat PLA, all co-
polymers exhibited lower thermal degradation temperatures. For
example, the Ty o5 9, of PLA was 372 °C, whereas the copolymers showed
values around 290 °C, indicating a decrease in thermal stability. This
decrease can be attributed to the shorter PLA segment lengths in the
copolymers and the presence of 3HB units, which are known to degrade
at lower temperatures. PHB homopolymers typically exhibit Tg o5 9
values in the range of 250-270 °C, primarily undergoing chain scission
through random p-elimination [52,53]. Although the introduction of
3HB reduced the thermal stability relative to PLA, the copolymers still
showed improved thermal resistance compared to PHB. This suggests
that the presence of PLA blocks stabilizes the copolymer matrix by
delaying degradation onset. No clear difference in degradation tem-
perature was observed between copolymers containing cyclic and linear
3HB, suggesting that the nature of the 3HB segment has a minimal in-
fluence on bulk thermal decomposition under these conditions. This is
because the thermal degradation of polyesters is dominated by random
backbone scission at elevated temperatures, which is less sensitive to the
stereochemistry or cyclic structure of the repeating units [54].

100
80

60

£

2 — BPPU-20

= 401 __BppU-50
20 { — CPPU-50

—PLA

0

60 110 160 210 260 310 360

Temperature (°C)

Fig. 6. TGA curves of 3HB-PLA alternating multiblock copolymers and PLA
under nitrogen.
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Table 3

Thermal parameters of each sample by TGA. Thermal degradation temperatures
(T4, 15 % and Tg o5 ¢5) of PLA and 3HB-PLA alternating multiblock copolymers
obtained from TGA under nitrogen.

Thermal properties (TGA)

T4, 15 9% [ °C] Ta, 95 9% [ °C]
BPPU-20 241 297
BPPU-50 243 289
CPPU-20 233 301
CPPU-50 234 294
PLA (neat) 324 372

3.4. Mechanical properties of 3HB-PLA alternating multiblock
copolymers

The mechanical properties of the 3HB-PLA alternating multiblock
copolymers were evaluated by tensile testing, and the results are shown
in Fig. 7. Fig. 7a presents the stress-strain curves of each sample, while
Fig. 7b and Fig. 7c compare the elongation at break and toughness,
respectively. A summary of the measured tensile properties, including
tensile strength, elongation at break, Young’s modulus, and toughness,
is provided in Table 4. The incorporation of 3HB units into the PLA
backbone led to a significant improvement in elongation at break and
toughness, addressing the inherent brittleness of PLA. The extent of
improvement depended on both the PLA block length and the 3HB
structure. Copolymers with shorter PLA blocks exhibited markedly
higher elongation at break, indicating enhanced ductility. In particular,
BPPU-20 and CPPU-20 achieved elongation at break values exceeding
400 %, consistent with the low crystallinity and increased segmental
mobility observed in DSC and XRD. The influence of 3HB structure was
also evident. At equivalent PLA lengths, copolymers containing linear
3HB showed higher elongation at break than those with cyclic 3HB,
likely due to the greater chain mobility and conformational flexibility of
the linear structure. Among all samples, BPPU-20 exhibited the highest
elongation at break, suggesting that the combination of a short PLA
block and flexible linear 3HB results in a highly extensible material.
BPPU-50 exhibited the highest toughness among the samples, despite its
moderate elongation. This likely results from a favorable balance be-
tween the crystalline PLA blocks, which provide load-bearing capacity,
and the flexible linear 3HB segments, which dissipate energy during
deformation. Overall, these results demonstrate that the brittleness of
PLA can be effectively addressed through copolymerization with 3HB.
The mechanical trends align with the thermal and structural data,
confirming that increased amorphous character and chain mobility play
a key role in improving the mechanical performance of these materials.

3.5. Engymatic degradation of 3HB-PLA alternating multiblock
copolymers

The enzymatic degradation behavior of 3HB-PLA alternating multi-
block copolymer films and neat PLA films was evaluated using pro-
teinase K. As shown in Fig. 8a, mass loss was monitored over time during
incubation in Tris-HCI buffer (pH 8.5) containing proteinase K (0.4 mg/
mL, 29 units/mg activity) at 20 °C. The degradation rate was calculated
from the residual weight of the samples collected at predetermined time
points. Compared to neat PLA, all copolymers exhibited higher degra-
dation, indicating improved enzymatic susceptibility. To elucidate the
specific role of 3HB units in enzymatic degradation, control multiblock
copolymers were synthesized using 1,4-butanediol- and 1,4-cyclohexa-
nedimethanol-initiated PLA oligomers by the same method used for
the 3HB-PLA alternating multiblock copolymers (characterized by 'H
NMR and GPC; Fig. S7 and Table S1). These 3HB-free copolymers also
contain urethane linkages introduced via HDI, allowing for a direct
comparison of degradability under structurally similar conditions. As
shown in Fig. S8, the 3HB-free copolymers exhibited substantially lower
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Fig. 7. Tensile properties of 3HB-PLA alternating multiblock copolymers and PLA: (a) stress-strain curves, (b) elongation at break, and (c) toughness.

Table 4
Mechanical properties of each sample by tensile testing.

Mechanical properties (tensile test)

Young’s modulus [MPa]

Maximum stress [MPa]

Elongation at break [%] Toughness [MJ/m]

BPPU-20 30.6 + 9.9 4.96 + 0.6
BPPU-50 550 + 102 20.7 £ 1.5
CPPU-20 59.8 + 32 3.11+0.3
CPPU-50 747 £ 44 16.9 £+ 0.6
PLA (neat) 1740 + 190 36.0 +£3.8

555 £ 19 159+1.2
276 + 32 49.5+ 6.4
439 £ 3.2 9.45 + 0.4
15.1 £ 0.9 2,19+ 0.2
5.44 +£0.3 1.54 £ 0.1

enzymatic degradation under identical conditions, indicating that the
presence of 3HB units plays a key role in promoting enzymatic suscep-
tibility beyond the influence of urethane linkages alone.

PLA remained largely intact under the test conditions, showing <10
% weight loss after 30 days, reflecting its limited biodegradability under
ambient conditions. In contrast, the copolymers degraded more rapidly,
particularly those with shorter PLA blocks and higher 3HB content.
BPPU-20 and CPPU-20 underwent complete degradation within 10 and
20 days, respectively, reflecting the influence of copolymer architecture
on degradation behavior. This enhanced degradability in the co-
polymers can be attributed to their lower crystallinity and higher
amorphous content, as confirmed by DSC and XRD results. Reduced
crystalline domains promote greater enzyme accessibility, while the
flexible 3HB segments increase chain mobility, facilitating interactions
between enzyme and substrate [55]. Notably, copolymers with linear
3HB (BPPU) showed faster degradation than their cyclic counterparts
(CPPU) at equivalent PLA lengths. Linear architecture is likely to pro-
vide higher conformational flexibility and less steric hindrance, allow-
ing a more efficient enzymatic attack.

Fig. 8c and 8d present the macroscopic and microscopic changes in
film morphology before and after degradation (Fig. S9-13). For each
sample, the post-degradation images correspond to the time point
showing the most pronounced degradation before complete film

disintegration. Since degradation rates varied across samples, the time
points differed accordingly. As biodegradation progressed, all copol-
ymer films showed a gradual loss of transparency. The rate of increase in
opacity closely followed the degradation trend, with BPPU-20 tran-
sitioning to an opaque state most rapidly. In contrast, PLA films showed
minimal visual change, consistent with their low degradation. The loss
of transparency is attributed to surface roughening, microcrack forma-
tion, and light scattering caused by increased structural disorder, all of
which were confirmed by SEM. Additionally, surface morphology
resembling spherulites was observed after enzymatic degradation in
most copolymer films. These features were particularly prominent in
BPPU-20 and CPPU-20, suggesting the presence of spherulitic structures
and the preferential enzymatic degradation of amorphous domains [56,
57].

To further examine the relationship between surface properties and
enzymatic degradation, WCA measurements were conducted (Fig. 8b).
Neat PLA exhibited a relatively high contact angle of 88.4°, indicating a
hydrophobic surface. In contrast, all copolymers showed lower contact
angles, with BPPU samples displaying lower values than CPPU. BPPU-20
exhibited the greatest surface wettability, with a contact angle of 77°,
suggesting improved hydrophilicity. This change is likely influenced by
structural differences introduced through the incorporation of 3HB units
and the associated increase in urethane linkages in copolymers with
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Fig. 8. Enzymatic degradation behavior and surface properties of 3HB-PLA alternating multiblock copolymer films and neat PLA: (a) mass loss profiles over time
during enzymatic degradation, (b) WCA measurements before degradation, (c) macroscopic changes in film appearance at representative degradation time points,

and (d) microscopic surface morphology observed by SEM after degradation.

shorter PLA segments. Although the individual contributions of these
factors cannot be clearly separated, both are expected to influence sur-
face polarity. This trend correlates well with the degradation data, as
higher surface wettability is expected to facilitate water penetration and
enzyme diffusion, enhancing hydrolysis at the film surface [58].

To gain deeper insight into the degradation mechanism, 'H NMR was
conducted, and the results are presented in Fig. S14-S16. In the 3HB-PLA
alternating multiblock copolymers, a progressive decrease in the methyl
resonance of the lactic acid repeat units (1.55-1.57 ppm), accompanied
by a corresponding increase in a shoulder signal attributed to PLA
oligomers (~1.53 ppm), was observed. These spectral changes indicate
progressive main-chain scission and the accumulation of low-molecular-
weight degradation products. In contrast, the 'H NMR spectra of neat

10

PLA showed minimal changes, consistent with its limited enzymatic
degradation.

Collectively, the enzymatic degradation of 3HB-PLA alternating
multiblock copolymers is governed by the combined effects of chain
mobility, crystallinity, and surface hydrophilicity. BPPU-20 exhibited
the highest degradation rate, which can be attributed to its linear 3HB
segments, short PLA block length, and low crystallinity. These structural
features enhance enzymatic accessibility by reducing steric hindrance
and increasing segmental motion in the amorphous regions. In contrast,
copolymers with longer PLA blocks showed slower degradation due to
reduced accessibility and the need for multiple chain scission events
within more ordered domains. These findings demonstrate that both the
incorporation of 3HB units and the modulation of PLA segment length
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are key parameters in controlling degradability. The ability to tune
degradation behavior through molecular design provides a promising
strategy for developing environmentally responsive and biodegradable
polymeric materials.

4. Conclusion

To overcome the intrinsic brittleness and limited biodegradability of
PLA under ambient conditions, a series of 3HB-PLA alternating multi-
block copolymers were synthesized via copolymerization with either
linear or cyclic 3HB diols. The incorporation of 3HB was intended to
enhance segmental flexibility while leveraging the known environ-
mental degradability of 3HB-based polyesters, particularly in natural
settings such as marine environments. Systematic variation of both 3HB
architecture and PLA block length enabled a comprehensive evaluation
of how molecular structure governs the thermal, mechanical, and
degradative behavior of these materials. XRD and DSC analyses revealed
that 3HB disrupts the crystalline domains of PLA, particularly in co-
polymers containing short PLA segments and linear 3HB units. This
disruption led to increased film transparency and reduced Tg, indicating
enhanced chain mobility and greater potential for ductile behavior.
These structural and thermal modifications translated into improved
mechanical performance, with BPPU-20 exhibiting the highest elonga-
tion at break and BPPU-50 achieving the greatest toughness among the
copolymers examined. Enzymatic degradation studies demonstrated
significantly accelerated degradation in all copolymers compared to
neat PLA, with the rate strongly influenced by crystallinity, segmental
dynamics, and surface hydrophilicity. BPPU-20, characterized by short
PLA blocks and flexible linear 3HB segments, degraded completely
within 10 days. SEM and contact angle analyses supported these find-
ings, revealing substantial surface erosion and increased hydrophilicity.
These insights offer a rational framework for designing degradable
multiblock systems with controlled breakdown behavior.

This study demonstrates that alternating 3HB-PLA multiblock co-
polymers offer a versatile platform for tailoring both the mechanical and
biodegradation profiles of PLA-based materials. By fine-tuning block
architecture, it is possible to systematically address key limitations of
PLA, paving the way for its expanded use in environmentally responsive
applications such as compostable packaging, agricultural films, and
biomedical devices. These findings contribute to the broader develop-
ment of sustainable polymer systems that balance performance with
end-of-life degradability.
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