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ARTICLE INFO ABSTRACT

Keywords: Large productions of plastics worldwide are greater concern to the environment because of their
B?O'COPC?lymers non degradability and thus, damaging the ecosystem. Recent advancements in biobased plastics
Bioplastic are growing exponentially because of their promise of a sustainable environment. Biobased
gé;;?;‘:;i}lls polycoumarates plastics have a wood-like appearance with liquid crystalline grains, light brown
poly(butylene succinate) color, and cinnamon-like aroma, but have very low toughness. The polycoumarates were hy-
Biodegradable bridized via main-chain transesterification with poly (butylene succinate) (PBS). PBS itself being

Artificial wood a biobased material has added more value to the final product due to biodegradability. The
mechanical flexibility and toughness of the bio-based copolymers were controlled by varying the
PBS content. As a result, well-processable and in-soil degradable artificial woods with a high
strain energy density of approximately 76 MJ/m® were developed while maintaining the wood-
like appearance.

1. Introduction

Wood has attracted enormous attention because of its biodegradability, light weight, high mechanical toughness, and nontoxic
chemical composition [1-4]. However, the requirement for material reproducibility has widened artificial forest areas with low di-
versity of tree species, damaging the environment. Thus, bottom-up strategies have been employed to develop wood-like materials also
known as “artificially engineered wood” [5-9]. The wood drawbacks such as instability and limited processability have activated the
field [10,11]. In order to produce hierarchical structures modeled after balsa wood, Brett et al. reported epoxy-based inks that enable
3D printing of cellular composites with the controlled alignment of multiscale, high-aspect-ratio fiber reinforcement. The Young’s
moduli of commercially accessible 3D-printed polymers, which are made from thermoplastics and photocurable resins created spe-
cifically for industrial 3D printing processes, are greater than those materials [12]. Pan et al. have developed xylem-like monoliths
(XMs) with honeycomb-like penetrating microchannels using unidirectional freeze-drying approach [13]. However, the use of toxic
chemicals in the production of artificial wood and its non-degradability in the environment are still problematic and thus invite
alternative designs that utilize biobased bottom-up strategies to develop the artificially engineered wood [14-16]. We previously
developed environmentally-degradable aromatic biobased polyesters using phenolic bio-monomers such as p-coumaric acid
(4-hydroxycinnamic acid; 4HCA), m-coumaric acid (3-hydroxycinnamic acid), 3-methoxy-4-hydroxycinnamic acid (ferulic acid), and
caffeic acid (3,4-dihydroxycinnamic acid; DHCA), showing better thermal and mechanical performances than conventional biobased
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polyesters [17-19]. In addition, the co-polyester resin had light-brown color and thermotropic liquid crystalline to show banded
texture on the surface and then the appearance was more woody than real wood [20-22]. However, low mechanic flexibility and
toughness prevented commercial application of these materials in polymer electronics with high deformation ability.

At the same time, there are flexible polyesters, such as polybutylene succinate (PBS), which has an aliphatic chain derived from 1,4-
butanediol and succinic acid [23-25]. PBS shows good biodegradability in the environment, and some of its derivatives have been
registered as biodegradable polymers in marine environments [24,26]. PBS finds its place in various flexible polymer applications,
such as foamed sheets, bottles, films, and many other disposable products [27,28]. Zhang combined PBS with poly (lactic acid) (PLA)
to enhance the mechanical properties. Obtained polymer copolymerss showed greater elongation at break and impact strength than
short block chains [29]. Platnieks et al. utilized PBS with cellulose to prepare wood-like materials to produce stabilized wood-like
materials [30].

This study presents a novel approach to fabricating flexible and durable bioplastics. By incorporating PBS into the aromatic matrix
of poly (4HCA-co-DHCA)s using a one-step fabrication strategy, we were able to create a final product that resembles wood in
appearance. This innovation holds significant potential as a sustainable alternative to traditional wood materials and could be utilized
across a wide range of industries. We believe that our development of artificially engineered woods will pave the way for exciting
advancements in material science and contribute to a more sustainable future.

2. Experimental section
2.1. Materials and methods

4HCA (Tateyama Kasei co. Itd) and DHCA (Tateyama Kasei co. 1td) obtained as monomers were used as received without further
purification. PBS (copolymer of 1-butanol and Succinic acid, Grade: FD92) was provided from Mitsubishi Chemical Co. Ltd., Japan and
were used as received without further purification. Acetic anhydride (Wako Pure Chemical Industries, Ltd., Japan) and sodium acetate
(Wako Pure Chemical Industries, Ltd., Japan) used for polymerization were used as received. Polylactic acid (PLA) was used as a
composting reference (TCI, Japan). Acetone (Wako Pure Chemical Industries, Ltd., Japan) used as a washing solvent was used as
received. Dimethylformamide (DMF; Wako Pure Chemical Industries, Ltd., Japan) and DMF-d; (Wako Pure Chemical Industries, Ltd.,
Japan) were used as received.

(0] (0]
AN OH HO A Q
X + X OH + o\/\/\o n
HO HO (o]
4HCA DHCA PBS (0, 10, 20, 30, 40, 50 wt%)

NaOAc

150 °C, 2 hour
Ac,0

l 200 °C, 4hour

poly(4HCA-co-DHCA) and PBS composites
o 0
+ Owowo\/\/\ow
X n
o] 0" °

copolymers

4o
to O~ Oy,

poly(4HCA-co-DHCA)s

(o}
/éo\/\/\ow
n
unreacted PBS o

Scheme 1. Synthetic process of copolymers for poly (4HCA-co-DHCA) and PBS. 4HCA and DHCA was acetylated and polymerized by acidolysis
reaction in the presence of PBS. Resulting copolymers can be comprising poly (4HCA-co-DHCA)s, PBS, and their copolymers.
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2.2. Syntheses of PBS copolymers

DHCA (50 mmol), 4HCA (50 mmol), PBS (0, 10, 20, 25, 30, 40 and 50 wt% to total of 4HCA and DHCA) were taken together in a
three-neck flask fitted with nitrogen inlet, mechanical stirrer, and nitrogen outlet. Acetic anhydride (40 ml) and sodium acetate (1 wt
%) was added into the flask as acetylation reagent and acidolysis catalyst, respectively. Nitrogen was gassed into the flask for 1 h at
room temperature with constant stirring. The reaction mixture was heated to 150 °C and maintained for 2 h under agitation. The
temperature was further raised to 220 °C and reaction mixture was kept for another 4 h in vacuo as shown in Scheme 1. The reaction
solution increased its viscosity gradually and was finally solidified not to allow further stirring. After the reaction was finished by
cooling to room temperature, the materials were milled into a powder and purified by washing with acetone two or three times (yields:
80—90 wt%). Samples with PBS compositions of 0, 10, 20, 25, 30, 40, 50, and 100 (neat PBS) weight % are referred to as PB 0, PB 1, PB
2, PB 2.5, PB 3, PB 4, PB 5, and PBS, respectively.

2.3. Engymatic degradation of PBS copolymers

Enzymatic degradation of the polyester copolymers (PB 4) was investigated using lipase enzyme. The samples were formulated into
rectangular strip with dimension of 0.5 cm length, 0.5 cm width, and 1 mm thickness using manual hydraulic press with pressure of 10
MPa. Sample was placed in an individual flask and incubated at 37 °C in phosphate buffer solution (pH = 8.4) and 0.6 mg/ml lipase.
Sample were taken out, gently wiped with filter paper, dried at room temperature in a desiccator for 24 h and subjected to GPC analysis
at 3rd week and 5th week. Control experiments were carried out for same polyester copolymers sample by incubation in buffer solution
in the absence of the enzyme and GPC analysis was done to observe the change in the molecular weight. The enzyme treated co-
polymers were taken out of flask dried and quantitative analysis was done using *H NMR in deuterated dy-CD2Cl,.

2.4. In-soil degradation

In-soil degradation of the polyester copolymers (PB 4) were investigated by burying the copolymer samples under the soil (10 cm
beneath). A rectangular piece of PB 4 copolymer material had been buried in soil for 10 months (JAIST, Ishikawa, Japan) along with
the PLA as a control sample.

Samples were taken out after every 2 months, gently wiped with filter paper, and the final weight was noted. The weight loss of the
copolymers sample was assessed by following formula for each sample.

D= (Wy —W)/Wy x 100

Where W is the initial weight of each sample and W is the weight of the sample at time t. Initial weight of both PB 4 copolymers and
PLA were taken to calculate the weight loss during 10 months of the testing period.

2.5. Bio-copolymers characterizations

Chemical shifts for the protons were recorded for all the copolymers samples using ‘H nuclear magnetic resonance (\H NMR)
spectroscopy (Bruker 400 MHz, Japan). All the copolymers and neat PBS for 'H NMR were prepared using dichloromethane (da,
CD,Cly). Thermogravimetric analysis (TGA) was carried out using TA instrument (TGA, Hitachi TA7000, Japan). All the copolymers
and neat PBS were placed into a platinum pan and heated to 800 °C at a temperature ramp rate of 10 °C/min under a nitrogen
environment. The tests were carried out in duplicates.

The copolymers were subjected to XRD analysis using X-ray diffraction (XRD; Rigaku Smart Lab with Cu K,) to check the crys-
tallinity in the samples. The phase transition of poly (4HCA-co-DHCA)s was observed using a crossed-polarizing microscope (Olympus
BX51) equipped with a digital camera. The samples were sandwiched between two glass plates and were heated at a rate of 10 °C/min
(resolution: +0.1 K) by a METTLER TOLEDO FP82HT Hot Stage (Greifensee, Switzerland).

Differential scanning calorimetry (DSC) was performed using a TA instruments (DSC, X-DSC7000T, Hitachi, Japan). For each
copolymers sample, 3-5 mg of sample was sealed in an aluminium pan, which was heated from room temperature to 150 °C at a rate of
10 °C/min and held at that temperature for 10 min, then cooled to —30 °C with liquid nitrogen at a rate of 5 °C/min and held for 2 min.
Second and third scan were done using the same temperature profile. The nitrogen flow was kept at 200 ml/min throughout the test.
The samples were dried overnight under vacuum prior to testing. Samples were tested in duplicate to authenticate the final values. The
second heating cycle and first cooling cycle were used for analysis and tests were done in duplicates. Glass transition temperature (Tg),
was calculated using these cycles.

Fourier transform infrared (FT-IR) spectra were recorded on a PerkinElmer spectrometer using a diamond-attenuated total
reflection (ATR) accessory between 4000 and 400 cm~! with 4 consecutive scans at a resolution of 2 cm ! under an air atmosphere to
analyse the functional groups.

The molecular weight of the copolymers were determined by gel permeation chromatography (GPC) using a Shodex GPC-101 was
calibrated with polystyrene standards (eluant: dimethylformamide)\equipped with a reflective index detector (RI-2031 Plus, JASCO,
Tokyo, Japan) and an ultraviolet detector (UV-2075 Plus, JASCO, Tokyo, Japan) was used to determine the number-average molecular
weight (My), weight-average molecular weight (M,,), and the molecular weight distribution (PDI). Copolymer samples (10 mg) for
molecular weight analysis were dissolved in DMF (1 ml). After solubilisation, the solution was filtered to remove the remaining
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residue.

To understand the surface morphology of the prepared copolymers, scanning electron microscopy (SEM) was performed with a
JEOL (JEOL, Netherlands) equipped with back scattering electron at 10 kV acceleration voltage. The samples used for the SEM images
were fractured with a pendulum hammer to provide a cross section for imaging. The PBS copolymers were moulded into the rect-
angular test pieces (5cm L x 5cecm W x 0.5 cm T) by hot press (10 MPa, 70 °C for 10 min). The three-point bending was tested using a
compress testing machine (INSTRON, 3365-L5). The samples were set over two fixtures 30 mm apart, and the centre of each sample
was pressed from the opposite direction. All tests were carried out at 25 °C using a fixed nominal displacement rate of 1 mm/min. The
data of at least three samples were averaged.

3. Results and discussion
3.1. Preparation of copolymers

Copolymerization of 4HCA and DHCA (equimolar feed composition) was performed in the presence of acetic anhydride and PBS to
prepare copolymers of poly (4HCA-co-DHCA)s with PBS. One sample without PBS (PB 0) and six samples with different weight% of the
PBS (PB 1, PB 2, PB 2.5, PB 3, PB 4, PB 5) were prepared, as shown in Scheme 1. The phenolic groups of 4HCA and DHCA should react
with acetic anhydride at 150 °C to produce acetylated monomers, although only a trace amount of PBS hydroxyl ends could also be
acetylated to avoid affecting the reaction system. Acetylated monomers were polymerized in the presence of NaOAc as an acidolysis
catalyst at 200 °C in vacuo, where the carboxylate group of the monomers attacked aliphatic esters to eliminate aliphatic carboxylates.
The monomer carboxyls attacked PBS esters in the acidolysis reaction mechanism to produce two main types of block copolymers
composed of two blocks: PBS and poly (4HCA-co-DHCA)s, diblock, and triblock copolymers, as shown in Scheme 1. Although mul-
tiblock copolymers might also be formed by transesterification of the acetyl ester monomer with PBS esters, the probability is
negligibly low. The excess acetic anhydride and eliminated acetic acid were evaporated under vacuum, and the viscosity of the re-
action mixture gradually increased until solidification, which would not allow further stirring. Aromatic polyesters Poly (4HCA-co-
DHCA)s were intrinsically immiscible with aliphatic polyester PBS, but these polyesters did not appear phase-separated during

PB 4 PBO PB 1 PB 2
Before hot press After hot press

After hot press

Fig. 1. Actual picture of the copolymers before and after hot press depicting the woody appearance of the copolymers. Copolymer sample a) PB 4
before hot press and copolymer samples (b-h) PB 0, PB 1, PB 2, PB 2.5, PB 3, PB 4, PB 5 after hot pressing.
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polymerization, presumably because of the role of block copolymers acting as compatibilizers. As a result, a homogeneous mesoscopic
copolymers was formed, as confirmed by the SEM image (Fig. 2) of the copolymers. In the reported work, a polymer blend compa-
tibilizer introduces an interfacial active polymer that improves miscibility with the polymer blend component. The blocks can be
chemically or structurally identical to a blend component, or they can include functionalities that allow chemical interactions with
particular blend components, all of which promote miscibility of one block into each polymer mix component [29]. The final product
was mechanically milled into powder, and the remaining acetic acid derivatives were washed with acetone two or three times before
further characterization. The resulting dried powders were then cast into rectangular shapes using a hot press machine. Actual pictures
of the copolymers before and after hot pressing are shown in Fig. 1, which confirms the wood-like appearance of the copolymers.

3.2. Structural analysis of copolymers

The successful syntheses of PBS and seven copolymers: PB 0, PB 1, PB 2, PB 2.5, PB 3, PB 4, and PB 5 were confirmed using HNMR
spectroscopy, as shown in Fig. 3. 'H NMR for poly (4HCA-co-DHCA) (Fig. S1a) showed proton signals at ranges of 5 = 2.20-2.43 ppm
(acetyl protons), § = 6.60-6.82 ppm (a-CH), 6§ = 7.13-7.82 ppm (aromatic protons), and § = 7.82-8.18 ppm (-CH). This assignment
confirmed the synthesis of poly (4HCA-co-DHCA). The detailed assignment of the branching of PBS with DHCA and 4HCA units is
shown in Figs. S1(b-d), and the *H NMR spectra of PB 1, PB 2, PB 3, PB 4, PB 5, and PBS (copolymers of poly (4HCA-co-DHCA) with
different wt.% of PBS). The molar amount of acetyl end groups, Cacetyl, should be equal to Cpuca + 1, where Cpyca is the moles of
DHCA, in this hyperbranching system from the AB; monomer. If the polymerization degree is sufficiently high, Cacety1 is almost equal to
Cprca. Representative 'H NMR and calculations of the molar fraction of PBS incorporated into the copolymers material for sample PB 5
are shown in Fig. S2. The molar fractions of PBS (Whg&%) incorporated into the copolymers material of HCA and DHCA were calculated
from the integral signal intensities () in the 'H NMR of the respective copolymers materials using the following formula, and the actual
values are summarized in Table 1.

I
Wps =———25 %100

Inca+puca + Ipss

The calculated mole fractions of PBS are slightly lower than the theoretical values, which is possibly caused by the formation of
oligomeric degrades that were removed by reprecipitation.

The functional groups of the resulting copolymers were further analyzed using FTIR, as shown in Fig. 4. Aromatic and aliphatic
ester linkages (C=0) were detected in the wavenumber range of 1700-1765 cm ™ for all the copolymers. Moreover, C=C vibrations
for the aromatic and vinylene groups were observed in the wavenumber range of 1530-1600 cm ™! for all the copolymers except the
aliphatic PBS. Aromatic/aliphatic esters were not detected.

3.3. Crystallinity of copolymers

The X-ray diffraction patterns of PB 0, PB 1, PB 2, PB 2.5, PB 3, PB 4, PB 5, and PBS are shown in Fig. 5a. PB 0 shows a broad peak
around a diffraction angle 20 = 22.0°, indicating an amorphous phase. At the same time, PBS showed two intense diffraction peaks at
22.9° and 19.9°, indicating crystalline polymers (Fig. 5b). For the copolymers, it was clearly observed that the crystalline peaks became
sharper and more intense as the PBS content increased. The relative crystallinity was estimated quantitatively from XRD measurements
using the approach used by Nara and Komiya et al. [31] The crystallization degrees of the copolymers increased from 5 to 30% with the
PBS content and were almost linear (Fig. 6).

This tendency indicates the homogeneity of all copolymers irrespective of the composition. The liquid crystalline behavior was also
studied for all the copolymers samples. It was found that the copolymers sample without PBS, that is, PB 0, showed liquid crystallinity,
which decreased with an increase in the PBS wt.% in the polyester copolymers, as shown in Figure S4. In Figure S4, Cross-polarised
images of different bio copolymers were observed at 220 °C using crossed-polarizing microscopy. Cross-polarised microscopy revealed
that the copolymer samples melted at particular temperatures to demonstrate a thermotropic liquid crystalline phase. The schlieren

Fig. 2. SEM image of copolymers PB 4 showing homogeneity. a) and b) are the SEM mages of the copolymer PB 4 showing the homogeneity.
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Fig. 3. 'H NMR spectra of poly (4HCA-co-DHCA) with PBS.
Table 1
Molar fractions of PBS in copolymers materials with HCA and DHCA.
Samples Whca (mol %) Whoaca (mol %) Whpgs (mol %) Wopgs” (mol %)
PBO 50.0 50.0 0 0
PB1 45.0 45.0 10.0 9.0
PB 2 40.0 40.0 20.0 11.4
PB 2.5 37.5 37.5 25.0 16.3
PB3 35.0 35.0 30.0 26.5
PB 4 30.0 30.0 40.0 37.3
PB5 25.0 25.0 50.0 46.1
PBS 0 0 100.0 100.0

& WPBS is calculated using NMR using the integral strength ratio of PBS and poly (HCA-co-DHCA).
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Fig. 4. FTIR spectrograms for copolymers of poly (4HCA-co-DHCA) with PBS.
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Fig. 6. Plot representing crystallinity with respect to change in the weight % of PBS.
texture indicative of a nematic state was observed for samples PBO, PB1, PB2, PB3, PB4 but PBS showed spherulitic morphology.
3.4. Thermal properties

The thermal properties of poly (4HCA-co-DHCA), PBS, and their copolymers were analyzed using TGA and DSC. Fig. 7 clearly shows
that PBS has a higher thermal degradation temperature than poly (4HCA-co-DHCA) because of the relatively low stability of the
vinylene group in 4HCA and DHCA [32-34].However, the char yield of poly (4HCA-co-DHCA) was much higher than that of PBS owing
to its aromaticity. For the copolymers, the thermal degradation temperatures, T4, Tgs, and Tq10, increased with the weight percentage
of PBS in the copolymers. The Ty values of the copolymers were lower than that of poly (4HCA-co-DHCA) and higher than that of PBS,
as listed in Table 2 and DSC curves shown in Figure S3. Figure S3 describes the second heating cycle of DSC run. It can be clearly seen
that on increasing the PBS wt. % in copolymer matrix, the T, value (first shoulder downwards) is shifting to lower temperatures. It
means that the material becomes softer and more flexible. Thus, a decrease in T, can lead to increased flexibility, and elongation at
break. The T; of the copolymers ranged from 66 to 124 °C, which is higher than those of previously reported biodegradable polymers
[35].

The copolymers were not soluble in most of the solvents used here as shown in Table S1. Pentaflurophenol and TFA/DCM (1/5 v/v
%) were identified as the good solvents for all the copolymers with different PBS composition. Solubility data of all the monomers, and
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Fig. 7. Thermal degradation properties of poly (4HCA-co-DHCA-co-PBS).

Table 2
Thermal degradation and mechanical properties of poly (4HCA-co-DHCA-co-PBS).
Samples T" Tao” Tgs” Ta10” X M, x M,y PDI o' (MPa) E'(GPa) ¢ & (MJ/ Ref.
()] (9] ()] (9] (%) 10° 10° m®)
PB O 124 164 254 270 5 3.1 6.7 2.1 50 +£ 0.3 116 + 0.6 2+0.6 *
1.2
PB1 78 186 221 270 7 3.2 6.6 2.0 19 + 0.7 10 £ 0.3 0.5 2+0.6 *
PB 2 66 201 234 270 9 3.4 6.4 1.9 22+ 0.5 12 +0.3 0.3 7+1.0 *
PB 2.5 66 204 240 272 12 4.1 6.4 1.9 41 £ 0.9 28 £ 0.8 0.2 18 +£ 3.0 *
PB3 66 238 279 300 17 4.0 7.0 1.7 158 + 90 +1.8 1.5 69 + *
3.3 11.5
PB 4 67 238 285 300 20 4.5 6.9 1.5 125 + 81 +£0.9 1.3 76 + *
2.1 16.0
PB5 67 240 290 310 24 4.4 7.0 1.6 199 + 111 + - -
1.1 1.4
PBS —47 317 356 368 30 9.1 2.3 3.9 - - - - *
PHB 5 - - - - - - - 35.0 4.0 - - [36]
PLA 52.5 - - - 1.4 - - - 42.0 2.0 - - [37]
PC 157 - - - - - - - 55 2.0 - - [38]
PCL —54 - - - 43.7 - - - 24 0.3 - - [39]
Silicon rubber —123 - - 441 - - - - 8 - - 200 [40]
Raw bamboo - - - - - - - - 135 9 - - [41]
Sitka spruce - - - — - - - - 67 8 - - [42]
Douglas-fir - - - - - - - - 68 13 - - [43,
LVL 44]
Bleached - - - — - - - - 77 10.3 - - [41]
bamboo
*This work.

2 The mechanical properties were measured by a stress—strain bending test. ‘c’ ‘E’ ‘¢’ and ‘@’ refer to flexural strength, flexural modulus, maximal
strain and strain energy density respectively.

b Tg, and Tq10 values are measured using DSC and TGA, respectively.

¢ X. (%) values are measured using XRD.

copolymers samples in various solvents were summarized in Table S1.

3.5. Mechanical properties

Three-point bending analysis was performed on poly (4HCA-co-DHCA), PBS, and their copolymers. PB 5 and PBS test specimens
were too soft to show the relevant data in the bending mode. Sample PB 0 is a very rigid material, as can be inferred from the me-
chanical properties (Table 2) but lacks flexibility. To induce flexibility, PBS was combined as a flexibility inducer at different wt.% with
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4HCA and DHCA.

The flexural strength (¢), modulus (E), and maximal strain (¢) of the polyester copolymers materials are shown in Fig. 8a. As shown
in Fig. 8b, the mechanical strength of the resulting copolymers materials increased with the PBS wt.%, which in turn resulted in high
flexural modulus (Fig. 8c) of these copolymers materials. As a result, it was found that the flexibility and toughness of the copolymers
were controlled by PBS composition (Fig. 8d). Here, we can emphasize that an appropriate composition of PBS drastically increased the
toughness of the copolymers resins to 76 MJ/m?, approaching that of the silicone rubber. Such a high level of toughness was attributed
to the appropriate structural balance of rigid polyphenols and flexible PBS, possibly compatibilized by the block copolymers. The
flexural strength and modulus increased as the PBS unit ratio increased, demonstrating that the crystalline phase formed from the PBS
unit increases the hardness of the PB 5 copolymer. This finding suggests that the poly (4HCA-co-DHCA) unit disrupts the crystallinity of
the PBS unit and provides great flexibility to PBS, a hard plastic [26].Strain energy density data was calculated based on the me-
chanical behavior of all the copolymers samples, as shown in Fig. 8 and Table 2.

4. Degradation of copolymers
4.1. Enzymatic degradation

The PB 4 copolymers was tested for enzymatic degradation. A small amount (150 mg) of PB 4 (Mw: 24,300-26400 g mol 1) with 1
wt% of lipase B (5 ml) in a pH 8.4 buffer was taken to study the polyester degradation. Control experiments were performed without
lipase B. The samples were shaken in an incubator for 5 weeks at 37 °C. The Mw of the copolymers polyesters over time was monitored
using GPC. Mw decreased from 24,300 to 26400 g mol ™! to 14,600-16500 g mol ™! in the presence of lipase B over 5 weeks. The
molecular weight loss of the copolymers sample over the course of 5 weeks is shown using the GPC curves in Fig. 9. A significant shift of
the peaks to the right shows that the molecular weight decreased over the course of 5 weeks of enzymatic degradation.

The results showed that 60% of the weight loss occurred within 5 weeks. Sample degradation was also monitored using 'H NMR of
the degraded sample in the presence of the enzyme and compared with that of the original sample shown in Figure S5 (Supporting
Information). The 'H NMR signals of the supernatant of the sample immersed in lipase B solution for 5 weeks were much sharper than
those of the original samples, indicating that the dissolution of the samples reduced the molecular weight. Degradation of the PB 4
copolymers sample was also investigated in the absence of the enzyme. The sample showed no significant loss in molecular weight, as
confirmed by GPC (Figure S7). The enzyme acts as a hydrolysis catalyst [45-47] for the aliphatic ester bonds formed by poly-
condensation, reverting the polymer into raw materials: hydroxy cinnamic acid and PBS. The completely aromatic polyester sample PB
0 was also tested for lipase-catalyzed degradation using 'H NMR, as shown in Fig. S6, indicating no change in the peaks. Even 'H NMR
peaks were not observed in the supernatant. This confirmed that lipase had no degrading effect on the aromatic polyesters.

4.2. In-soil degradation

The PB 4 copolymer was also tested for in-soil degradation. A rectangular piece of PB 4 copolymers material buried in the soil for 10
months showed deformation (Fig. 10b). The buried copolymers material showed 5-10% weight loss, whereas the PLA buried with the
copolymers material did not show deformation or weight loss. Moreover, SEM micrographs of the deformed poly (4HCA-co-DHCA-co-
PBS) samples showed that the surface of the copolymers material was deformed, in contrast to the smooth surface of the non-degraded
compact copolymers material (Fig. 10a), whereas the buried PLA had a flat surface and did not show any deformation, as confirmed by
the SEM image of the PLA before and after burying into the soil (Figure S8). These observations show that in-soil degradation of the
compact copolymers material occurred via microbial action. The weight loss profiles of both PB 4 and PLA over the course of several
months of burying in soil are shown in Figure S9, which clearly shows that the PB4 polyester material degrades with time, presumably
because of the interaction with the microorganisms in the soil [48-50]. Up to 10% weight loss was observed during in-soil degradation
for 10 months, whereas no change in weight was observed for PLA, which was used as the control sample.

5. Limitations and future prospects

While the incorporation of polybutylene succinate (PBS) as a flexibility inducer has resulted in successful fabrication of flexible
bioplastics, certain limitations have been encountered. One such limitation is the inability to incorporate more than 50 wt% of PBS into
the polymer matrix. At higher concentrations, the polymer becomes extremely soft and sticky, making it difficult to process into
different forms such as blocks or films.

One potential solution is to use other biopolymers that can provide similar flexibility but with higher tolerance to higher con-
centrations. Such biopolymers would need to be easily processable at high concentrations while maintaining their physical properties.
Researchers are exploring different biopolymer candidates and evaluating their suitability as a PBS substitute.

The search for a suitable PBS substitute is crucial as the demand for bioplastics continues to grow. Bioplastics offer several envi-
ronmental benefits over traditional petroleum-based plastics, including reduced greenhouse gas emissions and reduced dependence on
fossil fuels. However, their potential is limited by their processability, which can be improved by identifying and using alternative
biopolymers that can overcome the limitations of PBS.

In summary, while PBS has been successful in providing flexibility to bioplastics, its limitations in terms of processability at higher
concentrations are a concern. Identifying and using alternative biopolymers that can provide similar flexibility while maintaining their
physical properties and processability is an important area of research for the development of bioplastics with improved performance
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Fig. 8. (a) Schematic of the rectangular samples used for the 3-point bending analysis, (b) Stress-Strain curve for the copolymers. (c) Flexural
strength (o) and flexural modulus (E) of the copolymers with respect to PBS compositions. (d) Strain energy density (@) of the copolymers with
respect to PBS composition.

and versatility.
6. Conclusions

Flexible and tough bio-based copolymers were prepared via polycondensation of biobased monomers 4HCA and DHCA in the
presence of a biodegradable polyester, PBS. Spectroscopy results confirmed the formation of the aromatic copolymer poly (4HCA-co-
DHCA) and copolymers with the PBS block via the acidolysis of 4HCA and DHCA with PBS esters. These copolymers may act as
compatibilizers of poly (4HCA-co-DHCA) and PBS to produce homogeneous copolymers. An increase in the PBS content enhanced the
thermal degradation temperature and mechanical toughness. In particular, the copolymers of poly (4HCA-co-DHCA) with 40 wt% PBS
(PB4) had a high strain energy density of 76 MJ/m® and exhibited enzymatic and in-soil degradation. Over the course of 5 weeks, Mw
for sample PB4 decreased from 24,300 to 26400 g mol ! to 14,600-16500 g mol L. After in-soil deterioration for 10 months, up to 10%
weight loss had been observed for sample PB4, while for PLA, the control sample, there was no weight change. This durable biode-
gradable resin has a brown wood-like appearance and can be applied as an artificial wood material in a future sustainable society.
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Fig. 9. GPC chromatogram of the PB 4 copolymer in the presence of lipase over span of 5 weeks.

Fig. 10. Photos of the PB 4 copolymer sample before and after burying in the soil for 10 months. (a) Macroscopic digital image and SEM image of
the sample surface before burying in the soil, (b) Macroscopic digital image and SEM image of the sample surface buried in the soil (JAIST, Ishikawa,
Japan) showing surface degradation.
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