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block copolymers by introducing low-temperature
formability†

Ikuo Taniguchi, ‡*a Thao Thi Thu Nguyen,b Kae Kinugasaa and Kazunari Masutanic

Most thermoplastics are processed by melt-molding, which consumes energy and often results in thermal

degradation of polymers and reduction of recycling opportunities. A potential solution is to introduce low-

temperature formability in polymeric materials. Degradable block copolymers composed of

poly(trimethylene carbonate) and polylactide are derived from renewables and processable at

temperatures as low as ambient temperature through the application of pressure, thereby suppressing

thermal degradation during processing and keeping the mechanical properties unchanged. An upper

order-to-disorder transition phase behavior for the block copolymers can be predicted by the

compressible regular solution (CRS) model. The block copolymers undergo a phase transition from an

ordered (solid) state to a disordered (melt/solid) state by pressurizing to show fluidity. The melt/solid

state is then reversibly solidified by removing the applied pressure. The low-temperature formability is

dependent on the composition and molecular weight of the block copolymers. The “pressure plastics”

substantially reduce energy consumption during processing with mitigating CO2 emissions and

enhancing recyclability. The elastomeric properties obtained allow the bock copolymers to be alternative

to petroleum-based thermoplastic elastomers, such as polyethylene. In addition, the degradable nature

reduces environmental impact even though escaping the collection system of the end-of-life plastics.
Introduction

Plastics that are currently indispensable in our daily life are
manufactured for use in packaging, construction, automotive,
and a variety of other sectors. The surging amount of plastic
production exceeded 380 million tons in 2015.1 In addition, the
vast majority of plastic materials are derived from fossil
resources and thus accumulate in landlls or the natural envi-
ronment.2 Although collections of the end-of-life plastics have
been launched in many countries, only 14% of plastic pack-
aging (11 million tons) were collected for recycling, and 25
million tons escaped the collection system in 2013.3 At least 8
million tons are deposited in the ocean annually and threaten
marine life, resulting in microplastic pollution.4 Recent inves-
tigations also warn airborne microplastics, widespread
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contaminants in the atmosphere.5 Elimination of the end-of-life
plastics is thus an urgent task to be tackled. To address this
issue, the campaign to Reduce, Reuse, and Recycle plastic
materials plus use Renewables, 4R (3R+1R), is recommended.
Herein, the focus is to investigate polymers developed from
Renewables with enhanced Recyclability.

Most thermoplastic materials are processed by melt-molding
with energy-intensive resin-heating and mold-cooling
processes.6 One reason to suppress plastic recycling is thermal
degradation of polymers during the heating process, which is
especially severe for polyesters, such as poly(ethylene tere-
phthalate) and polylactide (PLA),7,8 although various parameters
were adjusted to minimize thermal degradation in the
molding.9 Therefore, the processed materials are scarcely con-
verted back to the original ones by material recycling. On the
other hand, chemical recycling has gained attention as
a potential option for effective recycling of polymeric materials,
in which polymers are depolymerized to the corresponding
monomers followed by repolymerization, such as for polymers
obtained by ring-opening polymerizations (ROPs).10,11 While the
chemical recycling manner gives polymers with the same
material properties as the virgin ones, the recycling system
integration would be required with cost reduction.

Semicrystalline poly(L-lactide) (PLLA) has a melting temper-
ature of 170–180 °C and decomposes above 200 °C.12 However,
PLA is commonly processed at 200–210 °C to obtain sufficient
This journal is © The Royal Society of Chemistry 2022
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uidity in the molding,8 causing thermal degradation of the
polyester backbone. Mayes et al. introduced low-temperature
processable polymeric materials by pressure-induced ow,
termed baroplastics, which substantially suppressed polymer
degradation with a reduction of energy consumption during
processing.13 Baroplastics are nanophase polymeric materials
composed of a multi-component polymeric system. For a binary
case, baroplastic block copolymers of a low-Tg (glass transition
temperature) so segment and a high-Tg hard segment, such as
poly(n-alkyl acrylates)-b-polystyrene, can be processed at
ambient temperature through the application of pressure.13–16

The microphase-separated structure of the block copolymers at
ambient conditions is miscibilized by pressurizing to induce
ow. Taniguchi and Lovell developed low-temperature
processable block copolyesters of amorphous low-Tg (<−30 °C)
poly(3-caprolactone) (PCL) derivatives and semicrystalline high-
Tg (55 °C) PLLA, revealing the mechanism of low-temperature
formability upon a reversible pressure-induced phase transi-
tion by small-angle X-ray scattering (SAXS).17 The so segment
PCL derivatives are synthesized from fossil feedstock, while
PLLA is from renewables. Herein, we introduce a low-
temperature formable block copolymer derived from renew-
ables, being composed of poly(trimethylene carbonate) (PTMC)
and PLLA or poly(D-lactide) (PDLA). 1,3-Propanediol (PDO) has
been manufactured from corn starch as Zemea®, and a facile
one-pot synthetic route of the cyclic TMC monomer from PDO
and CO2 was recently explored.18 The ow properties of the
block copolymers under pressure are also investigated.
Fig. 1 (a) Spinodal behavior of PTMC and PLLA derived from a second
derivative of the CRS model. (b) Synthetic scheme of PTMC-b-PLA by
two-step ring-opening polymerization of TMC and then LA. (c)
Compression molding of PTMC-b-PLLA(35) (Mw 44 kDa) under 5 MPa
for 10 s and PTMC-b-PLLA(58) (Mw 85 kDa) under 50 MPa for 5 min at
ambient temperature by a hand press. (d) Extrusion of PTMC-b-
PLLA(48) (Mw 45 kDa) under 49 MPa at 50 °C through a die (1.0 mm in
orifice diameter and 1.0mm in length), and the extrudates after the first
and 10-times processing.
Prediction of a polymer pair

The CRS model is derived by Mayes et al. through an extension
of the Flory–Huggins regular solution model for polymer
mixtures to compressible systems, taking volume and density
changes into account.13–16 In a binary compressible polymer
system, a change in the free energy per unit volume Dgmix can be
expressed as shown in eqn (1),

Dgmix ¼ kT

�
fA~rA

NAvA
lnfA þ fB~rB

NBvB
lnfB

�
þ fAfB~rA~rBðdA;0 � dB;0Þ2

þ fAfBð~rA � ~rBÞ
�
dA

2 � dB
2
�

(1)

where k is the Boltzmann constant; f, Ni, and vi are pure
component volume fraction, number of segments per chain,
and hard-core segmental volume of component i; di,0 and di are
the solubility parameters at temperatures 0 and T K, respec-
tively. The reduced density ~r is dened as r r*−1, where r is the
mass density at T K and r* (= Mu N0−

1 v−1; N0: Avogadro's
number) is the hard-core density (0 K) for a monomer of
molecular weight Mu. While the rst term on the right-hand
side expresses conventional entropy mixing, the second term
corresponds to the c term of the Flory–Huggins regular solution
model. The third term can switch the sign depending on the
solubility parameters or reduced densities, the so-called
compressible term. Several requirements for the pressure-
induced miscibility were discussed, such as combinations of
This journal is © The Royal Society of Chemistry 2022
a low-Tg and a high-Tg polymeric block with similar reduced
densities (0.94 < ~rA ~rB

−1 < 1.06).17,19,20

Eqn (2) is the second derivative of eqn (1) with respect to
composition to yield the stability criterion using pure compo-
nent properties as input, and this expression equals zero at the
spinodal temperature. A polymer pair of PTMC (Tg: −20 °C) and
PLA is considered, because amorphous PTMC ows at ambient
conditions and can be a suitable so segment in the block
copolymers. Fig. 1a represents a predicted phase diagram for
a block copolymer of PTMC and PLA (PTMC-b-PLA) from pure
group contribution parameters, and an upper disorder-to-order
transition phase behaviour is plotted. The detailed calculations
are described in the ESI.† The ratio of reduced density (~rPTMC

~rPLA
−1) was between 1.02 and 1.05 in the temperature range

calculated, and thus, block copolymers of PTMC and PLA are
expected to show pressure-induced ow upon phase mixing.

dgff
df

¼ kT

�
~rA

fANAvA
þ ~rB

fBNBvB

�
þ 2~rA~rBðdA;0 � dB;0Þ2

þ 2fAfBð~rA � ~rBÞ
�
dA

2 � dB
2
�

(2)
Synthesis of block copolymers

Based on the above prediction, PTMC-b-PLAs can be synthe-
sized by two-step ROP of TMC and then L-LA or D-LA with
various stoichiometries (Fig. 1b and Table S1†). Block copol-
ymer formation was conrmed by 13C-NMR and differential
scanning calorimetry (DSC). In 13C-NMR, only two single reso-
nances at 154.9 ppm and 169.8 ppm in the carbonyl region
indicate the formation of PTMC and PLA homoblocks, respec-
tively (Fig. S1A and S1B†).21,22 In addition, the block copolymers
display two distinct Tgs at ca. −18 °C and 50 °C in DSC, which
shows the existence of PTMC and PLA domains upon
J. Mater. Chem. A, 2022, 10, 25446–25452 | 25447

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ta06036a


Journal of Materials Chemistry A Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
oc

to
m

br
ie

 2
02

2.
 D

ow
nl

oa
de

d 
on

 3
1.

01
.2

02
6 

02
:1

7:
35

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
microphase separation (Fig. S2A–S2F,† Table S2†).23 In contrast,
copolymerization of TMC and L-LA exhibits multiple peaks in
the carbonyl region in 13C-NMR and a single Tg at 11 °C in DSC,
indicating the random sequence of the monomers along the
polymer chain to form PTMC-r-PLLA (Fig. S1C and S2G, Table
S2†). Due to the lower Tg than ambient temperature, PTMC-r-
PLLA ows under ambient conditions.
Fig. 2 (a) Effect of the applied pressure on flow properties of PTMC-b-
PLLA(48) (Mw 45 kDa) on pressure-processing. (b) Effect of the optical
isomerism of the lactyl unit of PTMC-b-PLAs on flow properties under
49 MPa. Black and red lines are PTMC-b-PLLA(46) (Mw 121 kDa) and
PTMC-b-PDLA(46) (Mw 105 kDa), respectively. (c) Tensile properties of
PTMC-b-PLLA (left) and PTMC-b-PDLA (right) extrudates through
a capillary rheometer as a function of LA content under 49 MPa.
Low-temperature formability

The low-temperature formability of PTMC-b-PLAs was at rst
examined under pressure of up to 50 MPa at ambient temper-
ature using a hydraulic hand press. White precipitates of the
block copolymers can be processed to a transparent lm, if the
polymers ow under the applied pressure. Block copolymers
with a LA fraction of 33–57 wt% and weight average molecular
weight (Mw) of 34–100 kDa were successfully processable under
30 MPa at ambient temperature, while PTMC-b-PLLA(58) (LA
fraction: 58 wt%) with Mw of 84.8 kDa showed incomplete
formability under the pressurized conditions in Fig. 1c.

In plastic melt-molding, ow or rheological properties at
elevated temperatures are critical in determining the process-
ability of the polymeric materials6,24 and also in understanding
the pressure-induced ow. The ow properties of PTMC-b-PLAs
were then examined on a capillary rheometer under various
pressures. Fig. 1d represents a typical pressure-induced ow of
the block copolymer, PTMC-b-PLLA(48) with Mw of 45 kDa, at
50 °C under 49 MPa. Immediately aer the application of
pressure, the polymer was extruded through a die hole to form
a transparent brous extrudate (Movie S1†). The ow proper-
ties, mass ow rate, viscosity and shear rate under various
pressures are presented in Fig. 2a. A pressurizing piston on the
block copolymer specimen did not move below 40 °C under
49 MPa, meaning that the polymer did not ow. However, the
mass ow rate and shear rate started to increase gradually at
40 °C and then suddenly increased above 45 °C, reaching 6.03×
10−3 cm3 s−1 and 61.4 s−1 at 56 °C, respectively. On the other
hand, the viscosity dropped down rapidly by two orders of
magnitude from 3.73 × 107 Pa s at 40 °C to 2.00 × 105 Pa s at
56 °C, which suggested that the block copolymer was able to be
processed above 40 °C under 49 MPa. The ow temperature
increased with reduction in applied pressure and reaches 80 °C
under 9 MPa. However, the temperature is still far below the
melting temperature of the PLA crystal at 170 °C (Fig. S2 and
Table S2†), and thus, thermal degradation can be negligible.

The pressure-processing of other PTMC-b-PLAs was con-
ducted to study the effect of composition and molecular weight
of the block copolymers and optical isomerism of the lactyl unit
in PLA blocks on processability. In Table 1, PTMC-b-PDLA(37)
(Mw: 119 kDa) ows at or above 57 °C under 49 MPa, while
PTMC-b-PDLA(46) (105 kDa) and PTMC-b-PDLA(56) (122 kDa)
start to ow under the pressure at 75 °C and 92 °C, respectively.
The ow temperature increases with an increase of hard
segment weight fraction when the block copolymers have
similar molecular weights. With the same hard segment PLLA
fraction, PTMC-b-PLLA(46) (39.9 kDa) ows at 40 °C, which is
much lower than the temperature for the copolymer with Mw of
25448 | J. Mater. Chem. A, 2022, 10, 25446–25452
121 kDa (at 74 °C). Thus, the higher the hard segment fraction
and molecular weight of the block copolymers, the higher the
ow temperature.

PTMC-b-PDLAs show a similar ow tendency in the pressure-
processing, and the effect of the optical isomerism was vali-
dated. Fig. 2b represents the ow proles under 49 MPa of
PTMC-b-PLLA(46) (121 kDa) and PTMC-b-PDLA(46) (105 kDa),
having the same PLA fraction and similar molecular weight.
Both the block copolymers ew above 74 °C and showed
indistinguishable ow properties. Optical isomerism of the
lactyl unit in the PLA block is thus not related to the pressure-
processability.
Recyclability

Mechanical properties of the block copolymers studied by
tensile testing demonstrate elastomeric properties depending
on the composition of so and hard segments rather than
optical isomerism of the lactyl unit in Fig. 2c. For PTMC-b-PLLA,
Young's modulus increases from 49.9 � 1.3 to 182 � 49 MPa
with an increment of the hard segment fraction from 38 to
62 wt%, while the strain-to-break decreases from 87 � 2.8 to 10
� 4.9%. The tensile moduli found are similar to that of low-
density PE.25 Pressure-processing of PTMC-b-PLLA(48) was
then repeated 10 times under 49 MPa at 70 °C, and changes in
ow and tensile properties are summarized in Table 2. In the
This journal is © The Royal Society of Chemistry 2022
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Table 1 Molecular weights, flow temperatures, and crystallinity (Xc) of the PLA block of various PTMC-b-PLAs with different compositions under
49 MPa

Block copolymers PLAa (wt%) Mw
bb (kDa) Flow temperaturec (°C) Xc,PLA

d (%)

PTMC-b-PLLA 35 44.3 36 21.4
38 66.6 54 18.2
46 39.9 40 30.9

121 74 25.2
51 103 71 31.0
58 84.8 79 23.5
62 95.1 93 34.1

PTMC-b-PDLA 37 119 57 23.8
38 88.6 54 n.t.
46 105 75 n.t.
49 100 79 29.3
56 122 92 18.6
59 101 95 32.7

a Determined by 1H NMR. b Determined by GPC. c Determined by capillary rheometer. d Determined by DSC.
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rst processing, the powder-like polymer gave a lower melt ow
rate (MFR) of 5.1 g 10 min−1 in comparison to that in the
repeated processing due to a larger void of the powder-like
specimen. However, the MFR became almost identical and 7.0 g
10 min−1 in the multiple processing of the extrudate, which was
similar to that of polyolens at much higher temperatures, such
as at 200 °C.26 The tensile properties of the brous extrudates
were substantially unchanged by repeating the pressure-
processing. For example, the Young's modulus was 59.5 �
2.0 MPa over 10 times processing. In addition, changes in
molecular weight and dispersity were not found at all by gel
permeation chromatography (GPC) (Fig. S3†), which conrmed
no degradation in repeating the pressure-processing, present-
ing innite recyclability. On the other hand, the extrudate
processed at 200 °C exhibited higher tensile properties than
that at 70 °C. The block copolymer could melt entirely at higher
temperature, which resulted in providing higher entanglement
of the polymer chains. However, the high-temperature pro-
cessing caused thermal degradation of the polymer chain.

Mechanism of pressure-induced ow

The signicant changes in ow properties under pressure of the
block copolymers would be due to a pressure-induced phase
Table 2 Change in melt flow rate, tensile properties, and molecular wei
processing under 49 MPa at 70 °C or 200 °C

Process time MFR (g 10 min−1)
Young's
modulus (MPa) Strain

0 At 70 °C — — —
1 5.14 � 0.16 59.3 � 2.9 79.3 �
3 7.01 � 0.27 57.0 � 1.8 67.1 �
5 7.11 � 0.22 59.6 � 4.4 70.2 �
10 7.00 � 0.03 61.9 � 1.4 82.1 �
At 200 °C n.d. 77.5 � 9.5 87.4 �
LDPE — 203 � 64.9 164 �
a Determined by GPC, PDI: Mw/Mn; � denotes standard deviation (n = at

This journal is © The Royal Society of Chemistry 2022
transition from an ordered (solid) state to a disordered (melt/
solid) state.27 Two distinct Tgs of PTMC and PLA in DSC indi-
cate microphase separation at ambient pressure (Fig. S2 and
Table S2†).

To verify the pressure-induced ow, PTMC-b-PLLA(46) (121
kDa) and PTMC-b-PDLA(46) (105 kDa) were co-processed at 80 °
C under 49 MPa on a capillary rheometer, and the extrudate was
further processed into a at sheet by a hand press at 80 °C
under 50 MPa for 10 min for the following DSC and X-ray
diffraction (XRD) studies. When the so and hard blocks are
miscibilized by pressuring, rearrangement of polymer chains
takes place at the interphase between the PTMC and PLA
domains. That triggers PLA stereocomplex formation between
PLLA and PDLA blocks through a backward disordered-to-
ordered phase transition in removing the applied pressure as
illustrated in Fig. 3.

A DSC prole of the co-processed specimen presents an
exothermic peak at 195 °C aer melting of PLA homocrystals at
170 °C and a broad endothermic peak at 220–230 °C in Fig. 4a,
which indicates crystallization and melting of the PLA stereo-
complex, respectively. However, the PLA stereocomplex forma-
tion may be induced during heating at temperature above the
melting point of PLA homocrystals in the DSC measurement,28
ght of PTMC-b-PLLA(48) as a function of repetition times of pressure-

-to-break (%) Tensile strength (MPa) Mw
a (kDa) PDIa (−)

— 44.9 1.63
11.1 7.51 � 0.31 44.9 1.64
5.9 6.45 � 0.47 44.6 1.65
1.9 6.12 � 0.44 44.5 1.61
7.0 6.12 � 0.22 45.1 1.62
6.4 8.41 � 0.16 41.8 1.81
27.7 7.68 � 0.91 n.t. n.t.

least 3).

J. Mater. Chem. A, 2022, 10, 25446–25452 | 25449
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Fig. 3 Schematic drawings of PLA stereocomplex formation upon
pressure-induced phase transition (top) and the phase diagrams at
ambient and high pressures (bottom).

Fig. 4 (a) DSC thermograph of a co-processed extrudate of PTMC-b-
PLLA(46) (Mw 121 kDa) and PTMC-b-PDLA(46) (Mw 105 kDa). (b) XRD
spectra of various degradable block copolymers. Top to bottom: co-
processed PTMC-b-PLLA(46) and PTMC-b-PDLA(46), pre-mixed
PTMC-b-PLLA(46) and PTMC-b-PDLA(46), and PTMC-b-PLLA(46).
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although the heat of fusion DHm (−20.0 J g−1) of the PLA ster-
eocomplex is greater than the heat of crystallization DHc (6.6 J
g−1). The DSC result is thus insufficient to prove the stereo-
complex formation by pressure-processing.

Stereocomplex formation was then investigated by XRD. As
a reference, the PLA stereocomplex was intentionally assem-
bled. The PLLA and PDLA block copolymers were dissolved
together in CHCl3, and the block copolymer mixture was
recovered by reprecipitation as a pre-mixed specimen. The
resulting precipitate was processed by the same procedures for
the XRD measurements. Different from the XRD spectra of
PTMC-b-PLLA(46) and PTMC-b-PDLA(46) homopolymers, the
copolymer pre-mixed displays diffraction peaks at 2q of 12, 21,
and 24°, which are derived from the PLA stereocomplex in
Fig. 4b.28 For the copolymer co-processed, the peaks at 2q of 12°
25450 | J. Mater. Chem. A, 2022, 10, 25446–25452
and 21° can be conrmed, although the peak intensity is
smaller than those of PLA homocrystals at 2q of 17° and 19°.26 In
Fig. 3, a dot in the phase diagram explains that the PLLA and
PDLA block copolymers are in an ordered state at 80 °C and
ambient pressure. Then, a binodal line of the block copolymers
would be lowered by pressurizing, driving the polymers to move
to a disordered state or to be miscible at the temperature. Here,
both the block copolymers would show the same phase transi-
tion because of the same pressure-–processability in Fig. 2b.
The increased uidity of the polymers facilitates rearrangement
of the polymer chains in the miscible state, resulting in the
formation of the PLA stereocomplex on removing the applied
pressure. The obtained XRD results in Fig. 4b are evidence to
prove the pressure-induced phase mixing.

Similar to the effect of repetition times of the pressure-pro-
cessing in Table 2, applied pressures in the processing are not
a signicant factor to characterize the tensile properties of the
processed polymers. DSC measurements reveal that the extru-
dates processed at different pressures of 9 to 49 MPa have very
similar crystallinity to PLLA blocks Xc,PLLA of 32.4 � 0.9% as
shown in Table 3. In pressure-processing, disordering even at
the interface between PTMC and PLA domains allows the entire
polymers to ow, while bulk domains of PTMC and PLA remain
intact. The hard PLA domains move in the resulting uidized
medium under pressure. Such partial mixing or melt/solid ow
can be the reason why the XRD gives small peaks of the PLA
stereocomplex in the co-processed enantiomeric block copoly-
mers in Fig. 4b.
Experimental
Synthesis of copolymers

PTMC-b-PLAs were prepared by two-step ROP of TMC and then
L-LA or D-LA with tin(II) 2-ethylhexanoate initiated by ethanol.
The ROP was conducted at 100 °C to restrain the ester/
carbonate-exchanging reactions, causing disarrangement of
the monomer sequence along the polymer backbone.29 The
detailed procedures are described in the ESI.†
Analyses
1H NMR and 13C NMR measurements were conducted in
deuterated chloroform at 25 °C on a Bruker AVANCE III HD
operating at 600 and 150 MHz, respectively. Molecular weight
and the dispersity were measured by gel permeation chroma-
tography (GPC). The GPC system consisted of a PU-2080 pump,
a CO-2060 column oven, and an RI-2031 detector (JASCO). A
TSKgel G3000HxL column (Tosoh) was used, and the samples
were eluted out with chloroform at a ow rate of 1.0 mL min−1

at 40 °C. The molecular weight was calibrated with polystyrene
standards (Sigma-Aldrich). Modulated temperature DSC of
PTMC-b-PLAs was conducted on a PerkinElmer Pyris diamond
DSC, while other DSC measurements were carried out on
a Netzsch DSC 204 F1. The 2nd heating proles were recorded at
a heating rate of 10 °C min−1 aer rapid cooling from a melt
state at 200 °C. The crystallinity of PLLA Xc,PLLA was determined
from eqn (3).
This journal is © The Royal Society of Chemistry 2022
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Table 3 Effect of processing pressure on the tensile properties and crystallinity of PLLA Xc,PLLA of PTMC-b-PLLA(46) (Mw: 39.9 kDa)a

Processing pressure
(MPa) Young's modulus (MPa)

Strain-to-break
(%) Tensile strength (MPa) Xc,PLLA (%)

9 55.8 � 7.2 179 � 23 5.02 � 0.27 33.4
19 51.2 � 10.4 247 � 26 4.97 � 0.05 32.8
29 63.7 � 15.6 219 � 45 5.48 � 0.38 32.5
39 41.8 � 6.8 199 � 56 6.05 � 0.41 32.6
49 52.2 � 9.8 301 � 38 6.36 � 0.12 30.9

a � denotes standard deviation (n = at least 3).
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Xc,PLLA = (DHc + DHm)/DHm,100 × 100 (%) (3)

where DHc and DHm are the heat of crystallization and fusion of
the PLA crystal, respectively. DHm,100 is the heat of fusion of the
complete crystal, which corresponds to 135 J g−1 for PLLA.30 A
Labonext MP-100 hydraulic hand press was used for the
preliminary low-temperature formability test at various pres-
sures and temperatures. Rheological properties and pressure-
processing of the copolymers were studied on a Shimadzu
CFT-500EX capillary rheometer under various pressurized
conditions. 1.0 g of the block copolymer was charged in
a sample chamber of the rheometer, pre-heated for 10 min, and
extruded out through a die (1.0 mm in orice diameter and
1.0 mm in length) with a piston under constant pressures at
constant temperature or under heating with a heating rate of 5 °
C min−1. The rheological parameters, such as MFR, ow rate Q,
apparent shear rate g, and apparent viscosity h, were deter-
mined (see the ESI†). Tensile properties of the copolymers were
measured using a Shimadzu EZ-SX 500N tensile tester with
a displacement rate of 1.0 mm s−1 at 25 °C. Fibrous extrudates
obtained by pressure-processing were applied (ID: 1.0 mm;
length: 20 mm) for tensile testing. LDPE (C6-LLDPE) was gied
from Sumitomo Chemical (Japan), whose MFR and density were
1.5 g 10 min−1 and 0.923 g cm−3, respectively. X-ray diffraction
(XRD) was carried out on a Rigaku SmartLab X-ray diffractom-
eter with a CuKa X-ray source (l: 1.5418 Å). Each sample was
scanned from 10° to 30° in 2q at 1.0° min−1 and at intervals of
0.02° under ambient conditions.
Conclusions

Block copolymers of PTMC and PLAs expressed low-
temperature formability under pressure, and the mechanism
of pressure-induced ow was investigated. The block copoly-
mers can be processed at much lower temperatures and pres-
sures than the commonly-used polymer resins, which are
generally processed at >200 °C and under >100 MPa in the
conventional melt-molding manner.6,31 Although the window of
a so/hard segment ratio of the block copolymers is not wide
and from 5.4 × 10−1 to 1.8 in weight/weight to obtain pressure-
processability, the mechanical properties are readily tuned to
provide elastomeric nature like PE, which accounts for the
largest portion of current plastic production.1,4 The ow prop-
erties under pressure in the extrusion experiments allow use of
the existing molding machines without modications for the
This journal is © The Royal Society of Chemistry 2022
processing. While a few research groups have studied theoret-
ical aspects of block copolymers with baroplasticity,27,32,33 the
rheological properties under pressure have scarcely been dis-
cussed, despite being one of the important parameters in
material use.

The low-energy processing with enhanced recyclability of the
block copolymers can accelerate substitution for commodity
plastic elastomers and thus suppresses fossil resource deple-
tion. In addition, similar to a previous report,34 the developed
polymers are composed of renewable compounds and CO2.
Recent advances in incorporation of CO2 into polymers,18,35

such as to develop polycarbonates, are of great importance from
viewpoints of plastic circular economy and CO2 capture and
utilization toward the climate change control.
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