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ABSTRACT: Poly(butyleneadipate-co-terephthalate) (PBAT), a favorable biodegradable polyester, exhibits striking application
potential as a sustainable alternative of conventional petrochemical plastics to relieve the problems on environmental pollution.
However, the utilization of PBAT materials is still limited due to their suboptimal strength and toughness. Here, we utilized melting
chain extension reaction to incorporate multiple hydrogen bonding units into the main chain of PBAT, achieving the great
enhancement in mechanical strength and toughness of the PBAT plastics. Melting copolymerization between the low-molecular-
weighted (MW) PBAT and the biobased isocyanate- and carbon dioxide-derived bis(hydroxyalkyl carbamate) displays high
effectivity and scalability, and the copolymerized PBAT presents highly enhanced mechanical performance (strength high up to 52
MPa, elongation at break >1500%, and fracture toughness high up to 583 MJ/m3) much better than the commercial available high-
MW PBAT and its composites, emphasizing its great potential to broaden the use of biodegradable PBAT in plastic products. We
investigated the influence of the hard segment content on the mechanical and rheological behaviors and revealed the strengthening
and toughening mechanisms. This work provides insights and scalable strategies for the development of high-performance
biodegradable polyesters.

■ INTRODUCTION
Wide application of conventional plastics in domestic and
industrial production causes growing plastic waste and serious
environmental problems. According to the global analysis of
the plastic waste generation trends throughout the entire
history, approximately 5000 million metric tons (Mt) of waste
plastics had been discarded in landfills or the natural
environment in 2016, and it was predicted to be 12,000 Mt
in 2050.1 Most of the commodity plastics are from petroleum-
originated polyolefin plastics, such as polypropylene, poly-
ethylene, and polyvinyl chloride, which are not biodegradable
after service life, leading to the “white pollution” and vast
plastic debris entering into major ocean basins and marine
environment.2−5 Developing and utilizing biodegradable
polymers as the alternatives have become an upswing desirable
end-of-life option to combat these problems,6−9 because they

can be ultimately converted into carbon dioxide, water, and
biomass under appropriate biologically active conditions after
their intended use.
Poly(butylene adipate-co-terephthalate) (PBAT) is one

typical fully biodegradable aliphatic-aromatic copolyester
made of terephthalic acid (TPA), 1,4-butanediol, and adipic
acid.10,11 Compared to other biodegradable polyesters such as
polylactic acid (PLA)12,13 and polybutylene succinate (PBS),14
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PBAT exhibits notable advantages including excellent flexibility
with an elongation at break high up to 700% and complete
biodegradability under mild climatic conditions.15,16 PBAT
with the trademark of Ecoflex provided by BASF designed for
film extrusion and extrusion coating can be completely
degraded within 5 months under landfilling17 and has large
importance in the market of biodegradable single-use pack-
aging plastics and agricultural mulch films similar to LDPE.18,19

Nevertheless, the relatively weak mechanical strength (<24
MPa)9 of PBAT restricts its applications. To enhance the
mechanical strength, many efforts have been conducted on
blending PBAT with strong and brittle biodegradable polymers
or biopolymers and nanoparticles such as polylactic acid
(PLA),20−23 poly(propylene carbonate) (PPC),24,25 poly-
(ethylene 2,5-furanoate) (PEF),26 starch,27,28 cellulose nano-
crystals (CNCs),29 and organoclay.30,31 However, the high
melting viscosity of PBAT and the high immiscibility between
PBAT and these additives have been the major limitations in
the purpose of simultaneously improving the mechanical
strength and toughness with the feasible processing ability.
In both nature and synthesized systems, unusual mechanical

properties can be programmed by the combination of
secondary supramolecular interactions such as hydrogen
bonding, host−guest interaction, metal−ligand coordination,
etc., for example, spider silk possesses ultrahigh tensile strength

and toughness due to the multiple H-bonding interaction in
the β-sheet nanocrystals.32,33 The introduction of supra-
molecular interaction in the polyurethanes (PUs) has been
demonstrated with great improvement of the mechanical
strength and toughness with intrinsic self-healing and
reprocessing capabilities.34−37 In particular, the hydrogen
bonding units with the bond strengths depending on the
nature of donors and acceptors are commonly employed to
construct high-performance PUs, while many multiple hydro-
gen bonding units are biobased and eco-friendly, such as the
biourea-based ureido-pyrimidinone (UPy)34,35,38 and carbon
dioxide-derived carbonate diols.39,40 The multiple hydrogen
bonding interaction can greatly increase the mechanical
strength, whereas the externally induced dynamic hydrogen
bonding breakage and recombination can dissipate a large
amount of energy, leading to high toughness. For example, the
toughness of degradable PLA and cellulose was improved by
hydrogen bonding interaction modification.41,42 However, the
supramolecular H-bonding interactions have not been induced
into the main chain of PBAT to prepare homogeneous
copolymer plastics for enhancing mechanical performance and
durability.
In this work, we show the strategy of incorporating multiple

H-bonding units into PBAT through the melting chain
extension polymerization technique to achieve a strengthening

Figure 1. (a) Synthetic route of modified PBAT (R1 = (CH2)6 and R2 = (CH2)5) and schematic illustration of hydrogen bonding array (b) and
microstructure (c) of PBATx-BHHy for achieving strong strength and high toughness.
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and toughening mechanism. Bis(hydroxyalkyl carbamate)s
derived from CO2-based ethylene carbonate and α,ω-diamines
were copolymerized with the low-molecular-weighted PBAT
using the biobased 1,5-pentamethylene diisocyanate (PDI)
chain extender through one-step melting polymerization. The
resulted materials with a mass ratio of PBAT >90% present the
extremely enhanced mechanic strength (up to 52 MPa),
flexibility (∼3000%), and toughness (∼583 MJ/m3). The
greatly improved mechanical properties not only broaden the
potential applications of PBAT but also make it a strong
contender for further replacing traditional polyolefin materials.

■ RESULTS AND DISCUSSION
The chain extension reaction of PBAT diols (Mn ∼ 10 kg
mol−1) with pentamethylene diisocyanate (PDI) and 1,6-
bis(hydroxy-ethyloxy-carbonylamino) hexane (BHH) was
carried out through a one-pot melting copolymerization
process in the presence of dibutyltin dilaurate (DBTDL).
The synthetic route is presented in Figure 1a (described in
detail in the Supporting Information), and the hydrogen
bonding interaction among polymer chains is illustrated in
Figure 1b,c. PDI is a commercially available biobased
diisocyanate, and BHH was synthesized from hexamethylene-
diamine and ethylene carbonate derived from CO2 according
to a reported method (Figures S1−S3).39,40 The chain
extension reaction was performed under vacuum at 160−180
°C for only less than 3 h. The melting point of BHH is 95 °C,
which is close to and slightly lower than Tm of raw PBAT, and
thus, the stability and mobility of BHH ensure the
homogeneity of PBAT/BHH mixture for the highly efficient
reaction. We attempted directly incorporating different ratios

of BHH into the copolymer by setting the mole ratio of PBAT
and BHH at 1:2, 1:1, and 1:2 (Table S1), and the resulted
products were noted as PBATx-BHHy (where x and y refer to
the molar ratios of PBAT and BHH). In these PBATx-BHHy,
the weight fraction of PBAT (wPBAT) is higher than 90% to
ensure the biodegradability. The chemical structure of the
copolymer was investigated by 1H NMR spectroscopy (Figure
2a and Figure S4). The peaks with tags “m, n, o, q” represent
the signal of CH2 of the chain extender in Figure 2a and prove
the successful introduction of PDI and BHH in the materials.
The number-average molecular weights of PBAT-BHH
copolymers ranged from 25 to 45 kg mol−1 with the
polydispersity (Đ) value ∼2.2, which were much higher than
7.8 kg mol−1 of parent PBAT from the gel permeation
chromatography (GPC) results (Figure 2b and Table S1),
indicating the successful chain extension reaction.
The FT-IR spectra in Figure 2c further confirm the

successful chain extension reaction. The chain expansion
reaction between −NCO and −OH was confirmed by the
disappearance of the O−H stretching vibration peaks on PBAT
at 3400−3600 cm−1 and the appearance of the N−H stretching
vibration peaks near 3350 cm−1 and the N−H bond bending
vibration peaks at 1540 cm−1. The carbonyl peaks in the range
of 1600−1850 cm−1 can be divided into two peaks centered at
1710 and 1736 cm−1, which belong to hydrogen-bonded
carbonyl and free carbonyl, respectively (Figure 2d). After the
chain expansion reaction, the peak intensity at 1710 cm−1

increased dramatically, demonstrating that the statistical
incorporation of BHH segments into PBAT induces significant
improvement of hydrogen bonding interaction. Through peak
fitting, the hydrogen-bonded carbonyl group increased

Figure 2. (a) 1H NMR spectrum of PBAT1-BHH1 and (b) GPC curves and (c, d) FT-IR spectra of PBAT and PBATx-BHHy.
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dramatically from 34% of PBAT to 70−80% of PBATx-BHHy
(Figure S5). The scattered multiple hydrogen bonding
interaction of the BHH and PDI hard segments and the
hierarchical nanostructure are illustrated in Figure 1b,c.
The thermal properties of PBAT-BHH samples were

examined by DSC, thermogravimetric analysis (TGA), and
dynamic mechanical analysis (DMA). DSC measurements
(Figure 3a) demonstrate that the glass transition temperatures
(Tg) of PBATx-BHHy increased gradually from −33.3 to −20.0
°C with the increase in BHH content, while the melting point
(Tm) exhibited a decreasing trend from 129.5 to 109.3 °C. The
cooling curves (Figure 3b) indicate that the crystallization
temperature (Tc) of PBATx-BHHy decreased from 109.2 to
25.1 °C. The crystallinity of PBATx-BHHy calculated from
enthalpy (Table S2) also decreased significantly compared to
the raw PBAT during the same thermal process. The increase
in Tg and the decrease in Tm, Tc, and crystallinity confirm that
the multiple hydrogen bonding interaction brought by BHH
inhibits the molecular chain motility and hinders the
crystallization of PBAT, which conversely proves that a large
number of hydrogen bonds can increase the intermolecular
chain force to achieve high mechanical strength. All PBAT-
BHH samples display thermal decomposition temperatures of
>310 °C (Td,5%, the temperature of 5% mass loss from TGA
analysis) with a single decomposition peak in the differential
curve (Figure 3c). The materials showed a homogeneous
system without stepwise decomposition, which also verified the
successful chemical copolymerization other than physical
blending.43

Dynamic mechanical analysis (DMA, Figure 3d) of PBATx-
BHHy further demonstrates that all PBATx-BHHy present only
one Tg from −6.6 to −11.2 °C in the curves of tangent loss
factor (tan δ), higher than the Tg value measured by DSC,
presumably due to the thermal hysteresis of the DMA
instrument. In the storage modulus (E′) curves, the E′ value
decreased rapidly at Tg, presented a slow decrease rate after Tg,
and then decreased rapidly again after 100 °C, resulting from
the melting of the PBAT crystals. The E′ of PBAT2-BHH1 and
PBAT1-BHH1 continued to decrease rapidly, reaching a
maximum rate after 125 °C until the sample flowed and the
test was automatically terminated at 155 °C. In particular,
PBAT1-BHH2 showed a slow modulus decreasing behavior
above the melting temperature and did not show any flow
phenomenon up to 200 °C. This could be attributed to the
higher hydrogen bonding density in PBAT1-BHH2, resulting in
stronger and tighter molecular interaction.
We evaluated the mechanical properties of the obtained

PBATx-BHHy with different mole ratios of PBAT and BHH by
tensile tests. The typical stress−strain curves are shown in
Figure 4a and Figure S6, and the specific performances are
recorded in Tables S3−S6. All PBATx-BHHy exhibit the elastic
stage, yield point, and strain hardening stages, and strain
hardening appears immediately after yielding without necking
and develops in a fairly homogeneous manner. Compared to
the PBAT raw material, the tensile strength and the toughness
of PBATx-BHHy presented a remarkable enhancement in line
with our estimate (Figure 4b). PBAT2-BHH1 with PABT:BHH
at 2:1 (mass ratio of PBAT, wPBAT, ∼96%) presented a tensile

Figure 3. DSC curves (a) during the second heating and (b) during the first cooling of PBAT and PBATx-BHHy and (c) TGA and (d) DTG curves
of PBATx-BHHy.
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strength (σb) of 19 MPa and an elongation at break (εb) of
1380%. With the increase in BHH content, PBAT1-BHH1
(wPBAT ∼ 94%) presented σb ∼ 30.6 MPa and εb ∼ 3000%, and
the fracture toughness reached 583 MJ/m3. When the BHH
mole ratio further increased, the tensile strength of PBAT1-
BHH2 (wPBAT ∼ 90%) increased high up to 52.7 MPa, while
the elongation at break declined but was still higher than
1500%. Indeed, no obvious deterioration occurred in Young’s
modulus (Tables S3−S6), which did not affect the require-
ments for its use as packaging plastics or other applications.
We observed significant changes in transparency and stress
whitening effects after strain at ∼1000% during stretching
(Figure 4c), i.e., the specimen changed from translucent to
opaque as the strain increased to be higher than 800%, which
should correspond to stress-induced crystallization and silver
streak effects. The true stress values of PBAT1-BHH1 and
PBAT1-BHH2 reached 949 and 844 MPa, respectively, which
were more than 60 times of the PBAT feedstock ∼14 MPa
(Figure 4d).
The overall performance of PBAT-BHH prepared by this

strategy is at the top of and even much better than the existing
reports on PBAT composites blended with nanoparticles and
strong polymers (Figure 4e).11,23−31 Although some of the
reported tensile strengths or elongations at break of the PBAT
blending systems are comparable to those in our work, our
PBATx-BHHy materials present both excellent high strength
and toughness, and the mechanical properties can be tailored
by feasibly adjusting the hydrogen bonding segment content.
The Greensmith method was conducted to assess the tear

resistance of PBAT-BHH (Figure 4f). It was found that with
the increase in BHH mole ratio, the tear resistance greatly
increased. The fracture energies (Gc) of PBAT2-BHH1,
PBAT1-BHH1, and PBAT1-BHH2 were 26.6, 60.1, and 122.9
kJ/m2 (Figure S7), respectively. This indicates that the
hydrogen bonding interaction also improves the tear resistance
of the materials.
To understand the excellent mechanical performance of

PBATx-BHHy, we performed in situ wide-angle X-ray
diffraction (WAXD) tests (Figure 5a−c) to reveal the
microphase structures before and during the stretching
process. Before stretching, all PBAT-BHH displayed five
diffraction halos with low peak intensity at 2θ of 16.3°,
17.7°, 20.5°, 23.4°, and 25.3° corresponding to five planes
(011), (010), (110), (100), and (111) of PBAT crystals,
respectively.18,44 The higher the content of BHH, the lower the
scattering intensity, consistent with the deterioration of BHH
on the crystallization of PBAT. After stretching, the diffraction
intensity of the crystalline peaks at (010) (17.5−18.5°) and
(100) crystal facets (22.9−23.5°) was significantly enhanced,
while those at (011) and (111) crystal facets decreased and
even disappeared for PBAT-BHH, which demonstrated strain-
induced crystallization because of the preferential orientation
of polymer chains along the stretching direction.44 In addition
to the intensity variations, the centered peak position of the
(010) facet shifted to a higher 2θ value, but that of the (100)
facet shifted to a lower 2θ value, which originated from
orientation, distortion, and form transition of the crystals
during stretching. 2D WAXD profiles (Figure 5d) presented

Figure 4. (a) Stress−strain curve, (b) comparison of mechanical properties including tensile strength (σ), Young’s modulus (E), elongation at
break (ε), and fracture toughness (W) of PBATx-BHHy compared with parent PBAT, (c) photograph of PBAT1-BHH1 at different stretching
strains, (d) true stress−strain curve of PBATx-BHHy and PBAT, (e) comparison of the mechanical properties of PBATx-BHHy in this study and
commercial PBAT, PBAT/nanofiller composites,29−31 and PBAT/other polymer blends11,23−28 reported in the references, and (f) photograph of
tear resistance.
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reflection rings before stretching and became an oblate shape
with strong reflection spots concentrated in the equatorial
direction after stretching (perpendicular to the stretching
direction), further indicating the orientation of lamellar PBAT
crystals. The (100) diffraction intensity of PBAT1-BHH2
(Figure 5c) changes the largest after stretching, illustrating
that the strong H-bonding interaction and low initial crystalline
state give rise to the stronger strain-induced crystallization
effect for the best improvement of the mechanical properties.
The small-angle X-ray scattering (SAXS) experiments were

performed to further reveal the microstructure of PBAT-BHH
(Figure 5e). Before stretching, a wide scattering peak with the
centered q value at 0.54−0.57 nm−1 occurred in three PBATx-
BHHy. After stretching, the scattering peak shifted to the high
q value direction at q = 0.87−0.96 nm−1, and the scattering
halo separated into two arcs along the elongation direction,
indicating that this scattering mainly originates from the
lamellar stacking of PBAT crystals because of the electron
density contrast between the crystalline and amorphous PBAT.

The q value increase means the decrease in the period size,
consistent with the creation of more tiny crystalline domains
during stretching. It is worth noting that the phase separation
between urethane hard segments and PBAT segments should
also exist in the materials, although the diffraction was weak
because of the low electron density difference and the low
content of the hard segment, yet the effective hydrogen
interaction of the hard segments had been demonstrated by
FT-IR (Figure 2d). Therefore, the hierarchical phase-separated
nanostructures, stress-induced recrystallization behavior, and
the energy dissipation of the hydrogen bonding arrays together
contribute to the high strength and toughness of PBATx-
BHHy.
Finally, the rheological measurements yielded an apparent

viscosity−shear rate curve (Figure 5d) to qualify the
processing ability. As seen in Figure 5d, PBAT1-BHH1 and
PBAT2-BHH1 exhibited lower apparent viscosities than
commercial PBAT products (KINGFA ECOPOND A400
MF), especially in the high shear rate region (10−100 s−1),

Figure 5. WAXD spectra of (a−c) PBATx-BHHy before and after stretching with different strains, (d) 2D-WAXD patterns of PBAT1-BHH2 with
indicated strain, (e) 1D-SAXS of PBATx-BHHy before and after stretching with the 2D-SAXS patterns of PBAT1-BHH2 inserted, and (f) apparent
viscosity−shear rate curves of PBATx-BHHy compared with high-MW PBAT from KINGFA.
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where the viscosity was less than 100 Pa·s. Although PBAT1-
BHH2 showed higher apparent viscosity compared to the
commercial PBAT when the measured shear rates were less
than 10 s−1, it still exhibited comparable viscosity in the high
shear rate region (10 to 100 s−1). Therefore, PBAT-BHH
displays highly enhanced mechanical performances with good
processing ability for producing commercial commodities.
Moreover, the low-content (<10 wt %) biobased and CO2-
derived chain extenders ensure the sustainability and
biodegradability.

■ CONCLUSIONS
In summary, this study demonstrates that multiple hydrogen
bonding units can be incorporated into biodegradable PBAT
to enhance the strength and toughness through feasible
melting copolymerization using CO2-derived and biobased
chain extenders. Due to the similar melting temperature of the
hydrogen bonding monomer compared to PBAT, the melting
chain extension reaction was uniform. The synthesized PBAT-
BHH materials with the mass ratio of PBAT higher than 90%
show highly enhanced strength and toughness without
deterioration of processing ability. In addition, the synthesis
route allows for facile adjustment of the content of the BHH
hydrogen bonding units, enabling customization of its
mechanical properties to meet the requirements of specific
applications. The mechanical strength and toughness (δb ∼ 30
MPa, εb ∼ 3000%; δb ∼ 52 MPa, εb ∼ 1500%) reach a much
better level than those of conventional high molecular-
weighted PBAT and its composites. The approach described
in this study highlights a potentially scalable chain extension
method from commercially available low-molecular-weight
PBAT to incorporate multiple hydrogen bonding interaction
units that break through the performance limit of biodegrad-
able polyester to further replace polyolefin materials.
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