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ABSTRACT: We report here the influence of block number and
polyester weight fraction on the properties of a series of poly(ether
ester) multiblock copolymers (mBCPs), poly(butylene tereph-
thalate)-block-poly(tetramethylene oxide) (PBT-b-PTMO-b-
PBT)n, with the same PTMO segment length. These mBCPs are
double-crystalline polymers, where the melting temperature and
crystallinity of PBT increase with the polyester weight fraction.
The PBT and PTMO blocks undergo phase separation at room
temperature to form a plausible bicontinuous disordered structure.
With the increment of the block number, the phase-separation-
domain size decreased. As a result, the crystallinity of PBT and PTMO decreases, while the strength and elongation at break of
mBCPs increase significantly due to the enhancement of bridging segments between different domains. The increment of the
polyester weight fraction significantly enhances mBCPs’ strength and Young’s modulus but decreases their elongation at break. Our
results enrich the understanding on the phase behavior of mBCPs, and the structure−property relationship revealed here would be
useful for the design of poly(ether ester) elastomers with desired properties.

■ INTRODUCTION

Block copolymers can undergo microphase separation to form
a variety of ordered structures due to the thermodynamic
incompatibility between block components.1−5 Until now, the
self-assembled phase-separation behavior of linear AB diblock
copolymers is well understood, as they are the simplest system
in block copolymers.6−8 However, understanding the phase-
separation behavior of multiblock copolymers (mBCPs) is still
at a primitive stage, due to the plenty of variables in mBCPs’
molecular architecture.9−14 These include the primary factors
such as the polymer topology, block numbers, number of block
types, degree of polymerization of each blocks, and the Flory−
Huggins interaction parameters between different segments, as
well as the secondary factors such as polydispersity and sub-
block structures.15 These varieties expand the possible
structures of mBCPs to an endless scope and lead to abundant
phase behaviors.
Although theoretically mBCPs with any architecture can be

obtained via modern synthetic tools such as sequential living/
controlled polymerizations,16−23 their synthesis is still difficult
and time-consuming. Thus, obtaining different types of mBCPs
for just the aesthetic purpose is not practical. Investigations on
mBCPs should enhance the understanding on how architec-
tures affect their phase-separation structures as well as
properties, to guide the polymer scientists to design mBCP
architectures for desirable applications. Since the hard domains
can serve as thermally reversible cross-links while the soft

domains as the elastic energy-absorbing region, mBCPs are
widely used as thermoplastic elastomers, including different
types of polyolefins, polyurethanes, and poly(ether ester)-
s.23−28 Among them, the mechanical properties are the most
important properties for their applications. Bates’ group
reported a series of elegant works on the polyolefin-based
mBCPs’ architecture on their phase-separation structures and
correlated these to mechanical properties.29−34 They found
that the microphase structure is affected by mBCPs’ primary
architecture factors, in addition to the annealing history and
others.32−34 However, until now, only a few works have
reported how the architecture affects mBCPs’ mechanical
properties,35−39 probably due to the synthetic difficulties in
obtaining a series of mBCPs with only one architecture factor
different.
On the other hand, step-growth polymerization is also an

efficient way for the synthesis of mBCPs due to its facile
process and economical benefits.39−45 The commercially
available products include polyurethanes and poly(ether
ester)s. For example, Hytrel is a commercialized poly(ether
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ester) elastomer developed by DuPont,46 using poly-
(tetramethylene oxide) (PTMO) as a soft segment and
poly(butylene terephthalate) (PBT) as a hard segment
synthesized by typical condensation polymerizations. The
drawback is the poor control over mBCP’s architecture, which
is hard for the investigation on the structure−property
relationship.
Recently, we have developed a cascade polycondensation-

coupling ring-opening polymerization (PROP) method for the
facile synthesis of poly(ether ester) mBCPs, utilizing polyether
diols as an initiator and cyclic oligoesters as a monomer.47−52

Due to the cascade coupling of two polymerizations,
poly(ether ester) mBCPs with high molecular weights can be
obtained quickly (about 1 h). The side reactions in traditional
condensation polymerization are deeply suppressed in PROP
by reducing the polymerization time, and mBCPs with a better
controlled structure are obtained. We have previously reported
the synthesis of (PBT-b-PTMO-b-PBT)n mBCPs via PROP,48

but how the primary architecture factors affect their properties
is not clear. In this work, we would like to study the phase-
separation structure and properties of a series of mBCPs with
different block numbers and weight fractions. The PTMO
segment length is kept constant (molecular weight 2900) to
simplify our studies. Our results show that the increment of the
block number significantly increases the elongation and tensile
strength of the mBCPs but reduces the phase-separation-
domain size, while the polyester weight fraction increases the
Young’s modulus of the elastomers.

■ EXPERIMENTAL SECTION
Materials. Dihydroxyl-terminated PTMO with number-average

molecular weights of 2900 g/mol was purchased from Sigma-Aldrich.
Cyclic oligo(butylene terephthalate)s (COBTs) were purchased from
Star-Better (Beijing) Chemical Materials Co. Ltd. Titanium
tetrabutoxide (Ti(n-C4H9O)4) (Alfa Aesar, 98%) and all other
chemicals were used as received.
Synthesis of (PBT-b-PTMO-b-PBT)n mBCPs. The mBCPs were

synthesized via cascade PROP using the PTMO diol as an initiator
and COBTs as a monomer, according to our previous report provided

in the Supporting Information (Scheme S1 and Table S1).48 The
products were coded as P1, P2, and P3 samples with a PTMO to
COBT feeding weight ratio of 1:1, 2:1, and 3:1, respectively, with the
block number controlled by the polymerization time and temperature.

■ RESULTS AND DISCUSSION

Figure 1 shows the chemical structure of obtained (PBT-b-
PTMO-b-PBT)n mBCPs. To study the architecture effect on
properties, three series of mBCPs with different block weight
contents were synthesized, with the PTMO to COBT feeding
ratios of 1:1, 2:1, and 3:1 for P1, P2, and P3 samples,
respectively. Each series of samples consist of two samples,
with those with suffix 1 representing low-block number (i.e.,
molecular weight) samples while 2 for high-block number
mBCPs. The block number was controlled by adjusting the
PROP polymerization time and temperature.
The architecture of mBCPs was characterized by 1H

quantitative NMR experiments (Figure S1 and Table S2).
The weight ratio of PBT to PTMO was calculated from the
integration value of phenyl groups (peak p) of PBT to
methylene oxide groups (peak i) of PTMO. The estimated
weight content of PTMO in mBCPs is around 50, 67, and 77%
for P1, P2, and P3 samples, similar to their feeding weight
content, indicating the good control of mBCPs’ architecture by
PROP. In addition, with the distinguishing of methylene
hydroxide (CH2OH) chain-end groups (peak a), the total
number of PBT and PTMO repeat units in (PBT-b-PTMO-b-
PBT)n mBCPs can be calculated, together with the whole
number-average molecular weight (Mn) and the repeat unit
number (n) of PBT-b-PTMO-b-PBT segments.48 The total
block number (N) is estimated as 2n + 1. The results are
summarized in Table 1.
The viscosity of the six (PBT-b-PTMO-b-PBT)n samples

was measured to test the reliability of NMR techniques. The
intrinsic viscosity was deduced by the extrapolation of
measured viscosities at different concentrations in phenol/
1,1,2,2-tetrachloroethane (6/4 in mass ratio) solvent to the
infinite dilution condition.53 The obtained results are provided

Figure 1. Structure of the studied (PBT-b-PTMO-b-PBT)n mBCPs.

Table 1. Summary of the Chemical Structure of (PBT-b-PTMO-b-PBT)n mBCPs

sample feeding ratioa NBT
b NTMO

b Mn
b (kg/mol) wPTMO

b nc block numberd [η] (dL/g)

P1-1 1/1 16.0 54.6 7.0 50 1.2 3.4 0.47
P1-2 65.5 195 25.2 50 4.3 9.6 1.05
P2-1 2/1 19.2 151 13.8 68 3.2 7.4 0.63
P2-2 56.1 383 35.5 67 8.1 17.2 1.19
P3-1 3/1 13.2 174 14.0 77 3.6 8.2 0.61
P3-2 46.2 568 45.5 77 11.8 24.6 1.14

aFeeding weight ratio of PTMO to COBTs. bTotal repeat units of BT (NBT) and TMO (NTMO), number-average molecular weight of mBCPs
(Mn), and weight content of PTMO (wPTMO) in mBCPs, as estimated from NMR spectroscopy. cAverage repeating units of PBT-b-PTMO-b-PBT
segments in (PBT-b-PTMO-b-PBT)n mBCPs. dAverage block number equals to (2n +1).
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in Table 1, which coincide well with that from 1H NMR
spectra as those mBCPs with bigger intrinsic viscosity show
higher molecular weights.
All (PBT-b-PTMO-b-PBT)n samples have good thermal

stability, with 5% weight loss temperature at around 350 °C,
from thermogravimetric analysis (Figure S2). The mBCPs with
different PBT contents have similar thermal weight loss
temperatures, indicating that the thermal stability of the
copolymer is not affected by the change in PBT content. The
second heating and first cooling differential scanning
calorimetry (DSC) curves for those samples are presented in
Figure 2, with the corresponding region related to PBT blocks
enlarged at the right side, and the results are summarized in
Table 2. For all six (PBT-b-PTMO-b-PBT)n samples, they are
double-crystalline polymers as two separated melting peaks
(Tm) during heating and two crystallization peaks (Tc) during
cooling are observed. The high-temperature peaks are assigned
to PBT blocks, while the low-temperature peaks are assigned
to PTMOs. The peak transition temperatures (Tm and Tc)
corresponding to PBT blocks increase with PBT content in
mBCPs, indicating the formation of more perfect (thicker)
crystals. This is supported by the increment of PBT’s
normalized melting enthalpy (ΔHm) (Table 2). It is reasonable
since the PBT’s segment length (SBT) increases with PBT
content as the PTMO’s segment length is fixed during
polymerization.
For PTMO blocks, their peak transition temperatures (Tm

and Tc) decrease slightly with the increment of PBT content,
but their normalized melting/crystallization enthalpies de-
crease significantly. This indicates that less PTMO segments

are crystallized while their segment length is the same in all
samples. Considering that PBTs form lamellar crystals first
during cooling, PTMO segments have to be crystallized on the
surface of PBT crystals due to the covalent connection
between them. Increasing PBT content means more PBT
crystal surface to be covered, thus the crystal thickness of
PTMOs is reduced. In addition, according to Flory’s
switchboard model,54 PBT segments from the same mBCP
chain can shuttle between different lamellar crystals. The
shuttling chance increases with the PBT content, and the
middle PTMO chain among two shuttling chains is so strained
that it cannot be crystallized.
The effect of block number on the thermal behavior of

mBCPs is interesting. For P1 samples, both the peak transition
temperatures for PTMO and PBT blocks are not affected by
the block numbers. However, the crystallinity for both PTMO
and PBT blocks in P1-1 is larger than that in P1-2 mBCPs,
indicating the decrement of crystallinity with the increment of
block number. For P2 and P3 samples, the melting and
crystallization peak transition temperatures and crystallinity for
PTMO and PBT blocks decrease slightly with the increment of
block numbers too. This is due to the reduced phase-
separation-domain size, which will be discussed in the
following part.
At temperatures higher than PBT’s melting temperature,

PBT and PTMO should be miscible since no peak in the small-
angle X-ray scattering (SAXS) region was detected (Figure
S3). This is consistent with previous reports about poly(ether
ester) mBCPs.56−58 During cooling, phase separation occurred
due to PBT crystallization. After cooling to room temperature

Figure 2. Second heating and first cooling DSC curves of (PBT-b-PTMO-b-PBT)n mBCPs, with the corresponding region related to PBT blocks
enlarged on the right side. Condition: N2; scanning rate: 10 °C min−1.

Table 2. Thermal Properties and Phase-Separation Size of (PBT-b-PTMO-b-PBT)n mBCPs

PTMO PBT

sample Tm
a (°C) Tc

b (°C) ΔHm
c (J/g) ΔHc

c (J/g) Tm
a (°C) Tc

b (°C) ΔHm
c (J/g) ΔHc

c (J/g) Xc
d (%) de (nm)

P1-1 19.9 −13.9 13.3 12.9 216.8 185.6 17.1 16.4 23.5 30
P1-2 19.9 −13.9 10.8 10.3 216.2 186.6 13.4 11.2 18.4 22
P2-1 20.5 −7.6 19.1 18.3 190.2 166.9 9.8 6.2 20.2 35
P2-2 17.8 −10.5 16.7 16.1 190.1 145.6 6.8 5.7 14.0 33
P3-1 20.9 −5.5 36.4 35.2 179.8 154.6 2.9 2.4 8.0
P3-2 19.7 −10.5 28.8 24.2 167.1 139.5 2.5 2.3 6.9 37

aMelting temperature of the corresponding blocks. bCrystallization temperature of the corresponding blocks. cNormalized melting/crystallization
enthalpy calculated by the corresponding values measured by DSC divided by the weight fraction of the corresponding blocks. dDegree of
crystallinity calculated from the enthalpy of the second heating curve by Xc = ΔHm/ΔHm

0 , where ΔHm
0 is the enthalpy value of melting of the 100%

crystalline form of PBT (145.5 J/g).55 ePhase-separation size measured by SAXS.
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(∼25 °C), PTMO blocks should be in the amorphous state
since it is slightly higher than their melting point. This is
supported by the wide-angle X-ray scattering results, where
only peaks related to PBT crystals were observed (Figure S4).
SAXS experiments were carried out to investigate the phase

separation of mBCPs at room temperature, with the curves
being presented in Figure 3. For the P1-1 sample, the two

peaks (0.21 and 0.42 nm−1) observed indicate a lamellar
structure. For P1-2, P2-1, P2-2, and P3-2 samples, there is only
one relatively broad peak observed at 0.29, 0.18, 0.19, and 0.17
nm−1, respectively, indicating that the structure of domains is
not well-ordered. Meanwhile, no obvious peak was observed in
P3-1, suggesting a more poorly ordered structure. Their
corresponding phase-separation-domain size (d) is provided in
Table 2. For P1 and P2 samples, the size decreases with the
increment of block number. This can be assigned to the
increased bulk viscosity that limits the diffusion of chain
segments and hinders the well development of phase-
separation domains.
The less-ordered phase-separation structures observed here

are quite different to those of recently reported BCPs, where
distinct peaks are observed from those monodispersed samples
by SAXS.59−64 However, in the elegant works reported by
Bates’ group about polyolefin-based crystalline mBCPs, the
ordered lamellar structure changed to a disordered bicontin-
uous morphology at a high block number (n ≥ 9).65,66 Since
the block numbers in our system are high (>7) except P1-1,
our results suggest the formation of a similar disordered
bicontinuous morphology.
For copolymers with a similar block number, P1-2 has a

much smaller domain size than P2-1 samples. It suggests that
the increment of polyester content reduces the phase-
separation-domain size. This can be explained by the reduced
lamellar thickness of PTMOs with the increment of PBT
content to cover more PBT crystal surface area, thus the phase-
separation-domain size is decreased as shown in Figure 4a. The
results coincide well with that from DSC experiments.
To further investigate the phase-separation morphologies,

(PBT-b-PTMO-b-PBT)n mBCPs were microtomed and
stained with 0.2 wt % phosphotungstic acid (PTA), and their
transmission electron microscopy (TEM) images are shown in
Figure 5. As PTA prefers to stain amorphous PTMO domains,
the dark-colored regions are assigned to the PTMO-rich region
while the light-colored regions to PBT-rich domains. The

mBCPs show a similar hierarchical interpenetrating bicontin-
uous phase, despite their volume fraction. Among the PTMO-
rich and PBT-rich region, a small-length scale light-colored or
dark-colored lamellar-like structure can be observed when
enlarged. The hierarchical structure is somewhat similar to the
double-periodic lamellar-in-lamellar structure reported in
mBCPs25,67−69 and close to that observed by Bates’ group in
crystalline mBCPs, where they ascribed it as a bicontinuous
microemulsion-like disordered phase.9,65,66

Figure 3. SAXS profiles of (PBT-b-PTMO-b-PBT)n mBCPs. The
arrow indicates the peak position for the corresponding SAXS curves.

Figure 4. Schematic illustration of microphase separation of (PBT-b-
PTMO-b-PBT)n mBCPs with increased polyester contents (a) and
block numbers (b).

Figure 5. TEM images of (PBT-b-PTMO-b-PBT)n mBCPs: P1-1 (a),
P1-2 (b), P2-1 (c), P2-2 (d), P3-1 (e), and P3-2 (f). The blue circles
in (e) represent the PTMO-rich microemulsion-like domains, while
the inset shows a plausible bicontinuous phase model with
interpenetrating PBT and PTMO blocks.
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The phase-separation size observed by TEM is smaller than
that from SAXS, as more sophisticated fine structures can be
revealed by TEM even if they are less ordered. In these
samples, the PBT crystalline lamellae have the thickness of
approximately 3−10 nm. Since the lamella thickness observed
from TEM is much smaller than that observed from SAXS, the
associate correlation hole scattering in SAXS may come from
the distance between PTMO-rich microemulsion domains, as
shown in the inset of Figure 5e.
With the increment of block numbers, in all three series of

samples, the phase−separation-domain size and the PBT
lamellar thickness decrease. The result is in good agreement
with that obtained from SAXS and supports our assumptions
in the explanation for the melting and crystallization behaviors
of mBCPs. The schematic illustration is presented in Figure 4b.
Since typical poly(ether ester) copolymers are elastomers

with good resilience,70,71 the mechanical properties of all six
(PBT-b-PTMO-b-PBT)n mBCPs were measured to reveal the
structure−property relationship. The stress−strain curves are
presented in Figure 6. All copolymers have a relatively typical

elastic Young’s modulus, among 4−34 MPa. As PBTs are the
load-bearing domains in mBCPs, the Young’s modulus
increases with their content. The mechanical properties are
summarized in Table 3.

For copolymers with a similar composition, their tensile
strength and elongation at break increase significantly with the
increment of block number. This can be explained by the
enhanced portion of bridging and entangled looping segments
between different domains, which resists the chains pulling out
from crystal domains.9,30,72 On the other hand, the Young’s
modulus is less affected by the block number, since PBT
content is not changed.

■ CONCLUSIONS
The effects of polyester weight fraction and total block number
on the properties of a series of (PBT-b-PTMO-b-PBT)n
mBCPs are studied. Our results show that the crystallization
temperature, melting temperature, and crystallinity of the PBT
blocks increase with the PBT content, while those of PTMOs
are less affected. The crystallinity decreased with increasing
block numbers due to the formation of smaller phase-
separation domains. These mBCPs form a hierarchical
bicontinuous disordered phase-separation morphology with
PBT lamellar crystals embedded in them. Their Young’s
modulus increases with the PBT content, while the stress and
strain at break increase significantly with block number due to
the enhanced segments with bridging and looping config-
urations between different domains. Our results reveal the
effect of block number on the crystallinity, phase-separation
structure, and mechanical properties of mBCPs and provide a
strategy to tune the mechanical properties of mBCPs by
changing their architecture.
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Blümich, B. Phase Composition of Block Copoly(ether ester)
Thermoplastic Elastomers Studied by Solid-State NMR Techniques.
Macromolecules 2003, 36, 7598−7606.
(58) Nébouy, M.; de Almeida, A.; Brottet, S.; Baeza, G. P. Process-
Oriented Structure Tuning of PBT/PTHF Thermoplastic Elastomers.
Macromolecules 2018, 51, 6291−6302.
(59) Rosenbloom, S. I.; Fors, B. P. Shifting Boundaries: Controlling
Molecular Weight Distribution Shape for Mechanically Enhanced
Thermoplastic Elastomers. Macromolecules 2020, 53, 7479−7486.
(60) Gao, J.; Lv, C.; An, K.; Gu, X.; Nie, J.; Li, Y.; Xu, J.; Du, B.
Observation of Double Gyroid and Hexagonally Perforated Lamellar
Phases in ABCBA Pentablock Terpolymers. Macromolecules 2020, 53,
9641−9653.
(61) Wahlen, C.; Blankenburg, J.; von Tiedemann, P.; Ewald, J.;
Sajkiewicz, P.; Müller, A. H. E.; Floudas, G.; Frey, H. Tapered
Multiblock Copolymers Based on Farnesene and Styrene: Impact of
Biobased Polydiene Architectures on Material Properties. Macro-
molecules 2020, 53, 10397−10408.
(62) Bates, M. W.; Barbon, S. M.; Levi, A. E.; Lewis, R. M.; Beech,
H. K.; Vonk, K. M.; Zhang, C.; Fredrickson, G. H.; Hawker, C. J.;
Bates, C. M. Synthesis and Self-Assembly of ABn Miktoarm Star
Polymers. ACS Macro Lett. 2020, 9, 396−403.
(63) Yang, K.-C.; Ho, R.-M. Spiral Hierarchical Superstructures from
Twisted Ribbons of Self-Assembled Chiral Block Copolymers. ACS
Macro Lett. 2020, 9, 1130−1134.
(64) Barbon, S. M.; Song, J.-A.; Chen, D.; Zhang, C.; Lequieu, J.;
Delaney, K. T.; Anastasaki, A.; Rolland, M.; Fredrickson, G. H.; Bates,
M. W.; Hawker, C. J.; Bates, C. M. Architecture Effects in Complex
Spherical Assemblies of (AB)n-Type Block Copolymers. ACS Macro
Lett. 2020, 9, 1745−1752.
(65) Koo, C. M.; Hillmyer, M. A.; Bates, F. S. Structure and
Properties of Semicrystalline-Rubbery Multiblock Copolymers.
Macromolecules 2006, 39, 667−677.
(66) Zuo, F.; Alfonzo, C. G.; Bates, F. S. Structure and Mechanical
Behavior of Elastomeric Multiblock Terpolymers Containing Glassy,
Rubbery, and Semicrystalline Blocks.Macromolecules 2011, 44, 8143−
8153.
(67) Nap, R.; Sushko, N.; Erukhimovich, I.; ten Brinke, G. Double
Periodic Lamellar-in-Lamellar Structure in Multiblock Copolymer
Melts with Competing Length Scales. Macromolecules 2006, 39,
6765−6770.
(68) Subbotin, A.; Markov, V.; ten Brinke, G. Parallel versus
Perpendicular Lamellar-within-Lamellar Self-Assembly of A-b-(B-b-
A)n-b-C Ternary Multiblock Copolymer Melts. J. Phys. Chem. B 2010,
114, 5250−5256.
(69) Hong, W.; Lin, J.; Tian, X.; Wang, L. Distinct Viscoelasticity of
Hierarchical Nanostructures Self-Assembled from Multiblock Co-
polymers. Macromolecules 2020, 53, 10955−10963.
(70) Schmalz, H.; Abetz, V.; Lange, R.; Soliman, M. New
Thermoplastic Elastomers by Incorporation of Nonpolar Soft

Macromolecules pubs.acs.org/Macromolecules Article

https://dx.doi.org/10.1021/acs.macromol.0c02793
Macromolecules 2021, 54, 2703−2710

2709

https://dx.doi.org/10.1021/ma000709q
https://dx.doi.org/10.1021/ma000709q
https://dx.doi.org/10.1021/ma900183p
https://dx.doi.org/10.1021/ma900183p
https://dx.doi.org/10.1021/acs.macromol.6b02355
https://dx.doi.org/10.1021/acs.macromol.6b02355
https://dx.doi.org/10.1021/ma020100k
https://dx.doi.org/10.1021/ma020100k
https://dx.doi.org/10.1016/j.eurpolymj.2007.11.005
https://dx.doi.org/10.1016/j.eurpolymj.2007.11.005
https://dx.doi.org/10.1016/j.eurpolymj.2007.11.005
https://dx.doi.org/10.1021/ma400479b
https://dx.doi.org/10.1021/ma400479b
https://dx.doi.org/10.1021/ma400479b
https://dx.doi.org/10.1021/acs.macromol.8b01961
https://dx.doi.org/10.1021/acs.macromol.8b01961
https://dx.doi.org/10.1021/acs.macromol.0c01022
https://dx.doi.org/10.1021/acs.macromol.0c01022
https://dx.doi.org/10.1021/acs.macromol.0c01022
https://dx.doi.org/10.1021/acs.macromol.0c01022
https://dx.doi.org/10.1021/ja01592a101
https://dx.doi.org/10.1021/ja01592a101
https://dx.doi.org/10.1021/ja01592a101
https://dx.doi.org/10.1021/ma990333k
https://dx.doi.org/10.1021/ma990333k
https://dx.doi.org/10.1021/ma990333k
https://dx.doi.org/10.1021/ma990333k
https://dx.doi.org/10.1021/ma802291w
https://dx.doi.org/10.1021/ma802291w
https://dx.doi.org/10.1021/ma802291w
https://dx.doi.org/10.1021/ma802067c
https://dx.doi.org/10.1021/ma802067c
https://dx.doi.org/10.1021/ma802067c
https://dx.doi.org/10.1021/acs.macromol.6b01542
https://dx.doi.org/10.1021/acs.macromol.6b01542
https://dx.doi.org/10.1021/acs.macromol.6b01542
https://dx.doi.org/10.1021/acsmacrolett.9b00716
https://dx.doi.org/10.1021/acsmacrolett.9b00716
https://dx.doi.org/10.1021/ma951117o
https://dx.doi.org/10.1021/ma951117o
https://dx.doi.org/10.1021/ma951117o
https://dx.doi.org/10.1021/ma951117o
https://dx.doi.org/10.1021/ma400969a
https://dx.doi.org/10.1021/ma400969a
https://dx.doi.org/10.1021/ma400969a
https://dx.doi.org/10.1016/j.polymer.2016.11.001
https://dx.doi.org/10.1016/j.polymer.2016.11.001
https://dx.doi.org/10.1016/j.polymer.2016.11.001
https://dx.doi.org/10.11777/j.issn1000-3304.2019.19094
https://dx.doi.org/10.1016/j.polymer.2019.121591
https://dx.doi.org/10.1016/j.polymer.2019.121591
https://dx.doi.org/10.1016/j.polymer.2019.121591
https://dx.doi.org/10.1021/acsapm.9b00332
https://dx.doi.org/10.1021/acsapm.9b00332
https://dx.doi.org/10.1021/acsapm.9b00332
https://dx.doi.org/10.1021/acsmacrolett.0c00579
https://dx.doi.org/10.1021/acsmacrolett.0c00579
https://dx.doi.org/10.1002/app.28186
https://dx.doi.org/10.1002/app.28186
https://dx.doi.org/10.1002/app.28186
https://dx.doi.org/10.1021/ja00874a004
https://dx.doi.org/10.1016/j.polymer.2013.10.043
https://dx.doi.org/10.1016/j.polymer.2013.10.043
https://dx.doi.org/10.1016/j.polymer.2013.10.043
https://dx.doi.org/10.1021/ma0012696
https://dx.doi.org/10.1021/ma0012696
https://dx.doi.org/10.1021/ma0012696
https://dx.doi.org/10.1021/ma030314h
https://dx.doi.org/10.1021/ma030314h
https://dx.doi.org/10.1021/acs.macromol.8b01279
https://dx.doi.org/10.1021/acs.macromol.8b01279
https://dx.doi.org/10.1021/acs.macromol.0c00954
https://dx.doi.org/10.1021/acs.macromol.0c00954
https://dx.doi.org/10.1021/acs.macromol.0c00954
https://dx.doi.org/10.1021/acs.macromol.0c01372
https://dx.doi.org/10.1021/acs.macromol.0c01372
https://dx.doi.org/10.1021/acs.macromol.0c02118
https://dx.doi.org/10.1021/acs.macromol.0c02118
https://dx.doi.org/10.1021/acs.macromol.0c02118
https://dx.doi.org/10.1021/acsmacrolett.0c00061
https://dx.doi.org/10.1021/acsmacrolett.0c00061
https://dx.doi.org/10.1021/acsmacrolett.0c00415
https://dx.doi.org/10.1021/acsmacrolett.0c00415
https://dx.doi.org/10.1021/acsmacrolett.0c00704
https://dx.doi.org/10.1021/acsmacrolett.0c00704
https://dx.doi.org/10.1021/ma051098a
https://dx.doi.org/10.1021/ma051098a
https://dx.doi.org/10.1021/ma2016562
https://dx.doi.org/10.1021/ma2016562
https://dx.doi.org/10.1021/ma2016562
https://dx.doi.org/10.1021/ma061233z
https://dx.doi.org/10.1021/ma061233z
https://dx.doi.org/10.1021/ma061233z
https://dx.doi.org/10.1021/jp9113943
https://dx.doi.org/10.1021/jp9113943
https://dx.doi.org/10.1021/jp9113943
https://dx.doi.org/10.1021/acs.macromol.0c02096
https://dx.doi.org/10.1021/acs.macromol.0c02096
https://dx.doi.org/10.1021/acs.macromol.0c02096
https://dx.doi.org/10.1021/ma001226p
https://dx.doi.org/10.1021/ma001226p
pubs.acs.org/Macromolecules?ref=pdf
https://dx.doi.org/10.1021/acs.macromol.0c02793?ref=pdf


Segments in PBT-Based Copolyesters.Macromolecules 2001, 34, 795−
800.
(71) Xie, H.; Wu, L.; Li, B.-G.; Dubois, P. Poly(ethylene 2,5-
furandicarboxylate-mb-Poly(tetramethylene glycol)) Multiblock Co-
polymers: From High Tough Thermoplastics to Elastomers. Polymer
2018, 155, 89−98.
(72) Eagan, J. M.; Xu, J.; Di Girolamo, R.; Thurber, C. M.; Macosko,
C. W.; LaPointe, A. M.; Bates, F. S.; Coates, G. W. Combining
Polyethylene and Polypropylene: Enhanced Performance with PE/
iPP Multiblock Polymers. Science 2017, 355, 814−816.

Macromolecules pubs.acs.org/Macromolecules Article

https://dx.doi.org/10.1021/acs.macromol.0c02793
Macromolecules 2021, 54, 2703−2710

2710

https://dx.doi.org/10.1021/ma001226p
https://dx.doi.org/10.1016/j.polymer.2018.09.033
https://dx.doi.org/10.1016/j.polymer.2018.09.033
https://dx.doi.org/10.1016/j.polymer.2018.09.033
https://dx.doi.org/10.1126/science.aah5744
https://dx.doi.org/10.1126/science.aah5744
https://dx.doi.org/10.1126/science.aah5744
pubs.acs.org/Macromolecules?ref=pdf
https://dx.doi.org/10.1021/acs.macromol.0c02793?ref=pdf

