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Fabrication and mechanical properties of knitted
dissimilar polymeric materials with movable cross-
links¥
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Bulk polymerization of liquid main chain monomers in the presence of a linear polymer bearing acetylated
y-cyclodextrin (TAcyCD) (primary polymer) results in composite materials consisting of dissimilar polymer
chains, hereinafter called the designs of movable cross-network elastomer knitting dissimilar polymers (KP
elastomers). The post polymerized chains (secondary polymer) penetrate cavities in the TAcyCD units and
form movable cross-links that connect between the primary and secondary polymers. The KP elastomers
successfully improve the mechanical properties based on two key design components. One is a long
movable range. The secondary polymers easily move in the TAcyCD cavities on the primary polymers due
to the lack of a chemical cross-linker between the primary and secondary polymers. Thus, the KP
elastomers exhibit high toughness because the movable cross-links are not fixed, which results in effective
stress dispersion. The other is the synergistic effect of the multiphase structure. The network designs of the
KP elastomers enable composite materials with movable cross-links that can even connect immiscible
polymers, namely, poly(ethyl acrylate) (PEA) and polystyrene (PS). The obtained materials contain a three-
phase structure: PEA, PS, and a mixed phase. The synergistic effect of the three-phase structure
simultaneously improves the toughness and stiffness.

Movable cross-linked materials connecting between dissimilar polymers were designed by the methods for the formation of movable cross-links “polymer
threading through polymerization”. We carried out the bulk polymerization of liquid main chain monomers in the presence of a linear polymer bearing
TAcyCD units. The network designs of the obtained elastomers (KP elastomer) successfully improve the mechanical properties based on two key-systems.
One is a long movable range. The KP elastomers exhibit high toughness because the movable cross-links are not interlocked, which results in effective

stress dispersion. The other is the synergistic effect of the multiphase structure: PEA (contributing effective stress dispersion with high mobility), PS
(contributing high stiffness and strength as hard domain), and a mixed phase (connecting each phase to work together). Blending of immiscible polymers
cannot improve mechanical properties due to severe phase separation. However dissimilar knitting methods successfully improve toughness and stiffness
of polymeric materials by the synergistic effect of the three-phase structure. These designs allow the application for extension of lifetime of products that

can also promote the replacement of heavy materials (metals and ceramics) with lightweight polymeric materials.

Introduction

daily. Polymers with improved toughness can reduce waste by
extending the lifetime of products. This can also promote the

With increasing interest in establishing a sustainable society,
the demand for tougher polymeric materials is increasing
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replacement of heavy materials (metals and ceramics) with
lightweight polymeric materials, leading to a reduction in

¢ Project Research Center for Fundamental Sciences, Graduate School of
Science, Osaka University, Machikaneyama-cho, Toyonaka, Osaka 560-0043,
Japan

S mnovative Catalysis Science Division, Institute for Open and Transdisciplinary
Research Initiatives (ICS-OTRI), Osaka University, Suita, Osaka 565-0871, Japan

¢ SANKEN (The Institute of Scientific and Industrial Research), Osaka University,
IbarakiOsaka 567-0047, Japan

 Electronic supplementary information (ESI) available: Preparative methods,
NMR and FT-IR spectra, GPC, TGA, DMA, and SAXS measurements, mechanical
properties and structures. See DOI: 10.1039/d2me00016d

Mol. Syst. Des. Eng., 2022, 7, 733-745 | 733


http://crossmark.crossref.org/dialog/?doi=10.1039/d2me00016d&domain=pdf&date_stamp=2022-06-29
http://orcid.org/0000-0002-3850-4533
http://orcid.org/0000-0003-2557-904X
http://orcid.org/0000-0001-6266-0977
http://orcid.org/0000-0003-2874-9382
http://orcid.org/0000-0002-4801-5071
http://orcid.org/0000-0001-6177-1173
http://orcid.org/0000-0002-6863-5796
http://orcid.org/0000-0002-2620-3266
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2me00016d
https://pubs.rsc.org/en/journals/journal/ME
https://pubs.rsc.org/en/journals/journal/ME?issueid=ME007007

Open Access Article. Published on 24 marts 2022. Downloaded on 02.11.2025 00:54:14.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

fuel consumption. In recent decades, many efforts, such as
the addition of filler,"* polymer blending’”’ and
minimization of structural defects®® have been attempted to
prepare tougher polymeric materials.

Regarding polymers with enhanced toughness, three
broad categories of polymer networks have been designed
based on their stress dispersion properties. One is
interpenetrating brittle and ductile networks.'®"** The brittle
network acts as sacrificial bonds, which dissipate stress and
prevent catastrophic crack propagation. Another is a
reversible cross-linked network. The reversible cross-links are
constructed by dynamic covalent bonds'*™” and noncovalent
bonds.'®** These bonds are usually weaker than covalent
bonds and act as sacrificial bonds. The other type is a
movable cross-linked network that disperses stress based on
the mobility of cross-links along the axis of the polymers.”**

The preparation methods for movable cross-linked
materials fall into five broad categories. These methods are
based on macrocyclic molecules, and these ring-shaped
molecules enable us to construct supramolecular
architectures, such as pseudo-rotaxane/rotaxane,> pseudo-
polyrotaxane/polyrotaxane,®®®  catenane/polycatenane,’”*°
and [c2]-daisy chains.®’™®* The first method is “connecting
between the ring units of polyrotaxane”.****””® The second
method is “polymerization of the polymerizable groups on
the ring units of polyrotaxane”.”*”’® Reversible cross-linked
materials prepared from polyrotaxane were also studied.®* %
The third method is “formation of a rotaxane/polyrotaxane
structure in a side chain”.®*”"°> The fourth method is “the
polycondensation of the inclusion complex”,”®**°

Previously, we prepared elastomers with movable cross-links
by copolymerization between CD monomers and main chain
monomers (single movable cross-network (SC) elastomers)"*"**?
(Fig. 1), which is the fifth method “polymer threading through

polymerization”.""*™'* SC elastomers show a higher toughness
and Young's modulus than covalently cross-linked
elastomers."”> Inoue and his coworker revealed that

improvements in the mechanical properties of SC elastomers
were derived from the viscoelastic behavior and relaxation mode
of the movable cross-links."*>'® Notably, the advantage of the
fifth method is an easy preparation of movable cross-linked
materials through the polymerization of vinyl monomers. By
expanding the fifth method, the combination of two dissimilar
polymers using movable cross-links will improve the toughness
and Young's modulus of the material.

Herein, we aimed to improve the mechanical properties
by two design strategies: (I) a longer movable range for
effective stress dispersion and (II) a combination of hard
primary polymers with a high Young's modulus and soft
secondary polymers for effective stress dispersion (Fig. 1). To
realize these design strategies, we invented an elastomer with
movable cross-links that connect dissimilar polymers in two
steps. First, we copolymerized the peracetylated yCD
(TAcyCD) monomer and main chain monomer in organic
solution to obtain the host polymer (primary polymer). Next,
we polymerized another liquid main chain monomer in the
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Fig. 1 Routes toward two different material designs with movable
cross-links: single movable cross-network elastomer (SC)**€ and
movable cross-network elastomer for knitting dissimilar polymers (KP).
KP elastomers allow for the two design strategies: (I) and (lI).

presence of a host polymer. The post polymerized chains
(secondary polymer) penetrate the TAcyCD units and form
movable cross-links that connect the dissimilar polymers.
This knitting of primary and secondary polymers results in
an elastomer (KP elastomer) that consists of host monomer-
penetrated movable cross-links and dissimilar polymers. This
report focuses on the mechanical properties of the KP
elastomers with regard to the network designs, stress
dispersion behavior, and domain structures.

Results and discussion
2-1. Preparation of the KP elastomers

Fig. 2 shows the chemical structures of the main chain
monomers, primary polymers, KP elastomers, SC elastomers,

This journal is © The Royal Society of Chemistry and IChemE 2022
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Fig. 2 Chemical structures of (a) the main chain monomers (EA, BA, HA, and St), the peracetylated CD monomer (TAcyCDAAmMMe), (b) the primary
polymers (PR;-PAcyCD (x, y)), (c) the KP elastomers (PR;-CD (x, y)DPR, (z)), the SC elastomers (P(R;-R,)-CD (x, y, z)), and the polymer blends

(PR1(x)/PR(y)).

and polymer blends. Ethyl acrylate (EA), butyl acrylate (BA),
hexyl acrylate (HA), and styrene (St) were employed as the
liquid main chain monomers (Fig. 2a). To solubilize in
hydrophobic solvent, peracetylated CD monomer (mono-60-
acrylamidomethyl-triicosaacetyl-y-cyclodextrin; abbreviated
TAcyCDAAmMe) was prepared according to a previous
report.43

The primary polymers were obtained by solution
copolymerization between main chain monomer R; and
TAcyCD monomer in hydrophobic solvents (chloroform or
toluene) (Schemes S1-S3 and Tables S1-S37). The solvents act
as competitive guests to prevent the formation of movable
cross-links in the primary polymers.’'" The obtained primary
polymers are abbreviated PR,-CD PP (x, y), where x and y are
the mol% contents of the R; and TAcyCD units, respectively.
PR; (poly(R;); a homopolymer without TAcyCD units) was also
prepared by solution polymerization (Schemes S4 and S5+).

The KP elastomers obtained by the bulk
polymerization of another main chain monomer R, in the
presence of PR;-CD PP (x, ¥) (Schemes S6-S8 and Tables S4-
S6t). The obtained KP elastomers were abbreviated PR;-CD
(x, y)DPR, (2), where x, y, and z are the mol% contents of the
R;, TAcyCD, and R, units, respectively. The TAcyCD units
form movable cross-links between the PEA chains.""
Therefore, EA was mainly employed as the main chain
monomer for the secondary polymer. As control samples to
investigate the properties derived from network structures,

were

This journal is © The Royal Society of Chemistry and IChemE 2022

P(R;-R,)-CD (x, y, 2) (SC elastomers) were obtained from bulk
polymerization (Scheme S9 and Table S7t). PRy(x)/PRy(y)
(polymer blends) were obtained from bulk polymerization in
the presence of the homopolymer (Schemes S10 and S11+).
PEA-CD (x, y) and PEA were prepared according to a previous
report'’" Almost quantitively polymerization reactions were
confirmed from integral values of 'H-nuclear magnetic
resonance (NMR) spectra and absence of C—=C peaks in the
13C-NMR and Fourier transform infrared (FT-IR) spectra (Fig.
S3-S357).

2-2. Mechanical properties of the KP elastomers

The mechanical properties of the KP elastomers were
investigated by tensile tests (Fig. 3, S37, S38, and Table S107).
Prior to the KP elastomers with dissimilar polymers, tensile
tests of PEA-CD (20, 1)DPEA (79) and control elastomers
(PEA-CD (99, 1) and PEA) were carried out to reveal the effect
of the structure itself. As a results, PEA-CD (20, 1)DPEA (79)
showed the highest fracture stress and strain. Toughness was
calculated from the integral of the stress-strain curve
representing the tensile test results. Fig. 3a shows plots of
the relation between the toughness and Young's moduli of
PEA-CD (20, 1)DPEA (79). The toughness and Young's
modulus of PEA-CD (20, 1)DPEA (79) were 16 + 1 and 5.5 +
2.2 times higher than those of PEA, indicating the presence
of TAcyCD units as cross-linkers. Interestingly, the toughness

Mol. Syst. Des. Eng., 2022, 7, 733-745 | 735
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Fig. 3 Plots of the toughness and Young's modulus of (a) PEA-CD (20, 1)DPEA (79) (red filled circle), PEA-CD (99, 1) (blue filled square), PEA (black
open rhombus), (b) PBA-CD (10, 1)DPEA (89) (red filled circle), P(BA-EA)-CD (10, 89, 1) (blue filled square), PBA(10)/PEA(90) (black open rhombus),
(c) PBA-CD (10, y)DPEA (10-y) (y = 0.5: pale red filled circle, y = 1: red filled circle, and y = 2: dark red filled circle). (d) 3D models (Chem3D® Ultra
16.0.1.4) of TAcyCD, EA, and HA. (e) Stress-strain curves of PBA-CD (10, 1)DPEA (89) (red line) and PBA-CD (10, 1)DPHA (89) (purple line). (f) Plots
of the toughness and Young's modulus of PBA-CD (10, 1)DPEA (89) (red filled circle) and PBA-CD (10, 1)DPHA (89) (purple open circle).

of PEA-CD (20, 1)DPEA (79) was 3.5 + 0.2 times higher than
that of PEA-CD (99, 1), indicating that the network structure
of PEA-CD (20, 1)DPEA (79) resulted in a higher toughness.
Similar results were obtained with the KP elastomers
with dissimilar polymers and their control samples. PBA-
CD (10, 1)DPEA (79) also showed the highest strength and
stretchability (Fig. S37 and Table S10f). PBA-CD (10,
1)DPEA (79) exhibited clear fracture points and (6.4 + 1.4)
x 10> times and 6.2 + 1.5 times higher toughness and
Young's moduli compared with PBA(10)/PEA  (90),
confirming the formation of movable cross-links (Fig. 3b).
PBA-CD (10, 1)DPEA (89) showed a 1.9 + 0.4 times higher
toughness than P(BA-EA)-CD (10, 89, 1). Fig. 3c shows the
relation between the toughness and Young's modulus of
PBA-CD (10, y)DPEA (10-y) (mol% of TAcyCD units: y = 0.5,
1, and 2). With increasing TAcyCD units, the toughness

736 | Mol Syst. Des. Eng., 2022, 7, 733-745

and Young's moduli of PBA-CD (10, y)DPEA (10-y)
increased. These results confirmed that the TAcyCD units
acted as cross-links.

2-3. Relation between cross-link formation and secondary
polymer diameter

We investigated the relation between the mechanical
properties of the materials and the size of the secondary
monomers EA and HA (Scheme S127). Fig. 3d shows the 3D
models (Chem3D® Ultra 16.0.1.4) of TAcyCD, EA, and HA.
The structures of the models were generated by minimizing
the internal energy of each molecule by MM2 molecular
dynamics. As HA is larger than the cavity diameter of
TAcyCD, we assumed that the poly(hexyl acrylate) (PHA)
chains rarely penetrated TAcyCD.

This journal is © The Royal Society of Chemistry and IChemE 2022
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Fig. 3e shows the stress-strain curves of PBA-CD (10,
1)DPEA (89) and PBA-CD (10, 1)DPHA (89). While PBA-CD
(10, 1)DPEA (89) exhibited a clear fracture point, PBA-CD (10,
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Fig. 4 Swelling ratios and proposed structures of (a) P(BA-EA)-CD (10, 90-z, z), (b) PBA-CD (10, y)DPEA (90-y), (c) PBA-CD (10, 2)>PEA-DA (88)
and PBA-CD (10, 2)DPEA-DA (88, 0.5). Contents of the CD moieties were 0.5, 1, and 2. (d) 600 MHz 2D *H-'H NOESY NMR spectrum of the PBA-

CD (10, 2)DPEA-DA (88, 0.5) slurries with chloroform-d.
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Young's moduli. This implied that temporary cross-links
formed between the TAcyCD units and chain ends or side
chains of PHA instead of stable movable cross-links. These
results supported our assumption from the 3D models, which
suggested that the high toughness was due to complexation
between the TAcyCD units and secondary polymers. SC
elastomers with PBA linear polymer (PBA(10)/PEA-CD(89, 1))
show lower toughness than PBA-CD (10, 1)DPEA (89),
supporting connection between dissimilar  polymers
improved mechanical properties (Scheme S13 and Fig. S397).

2-4. Investigation of the network structure by swelling tests

To characterize the network structures, we conducted
swelling tests using chloroform as the swelling solvent. The
polymers were immersed in excess chloroform. The swelling
ratio (Q) was determined by the following equation:

W-W,

0

Swelling ratio (Q) = x100%

where W is the weight of the swollen polymer and W, is the

initial weight of the polymer before swelling. The Q of the
P(BA-EA)-CD (10, 90z, z) (z = 0.5, 1, and 2) polymers
decreased with increasing mol% content of the TAcyCD unit,
indicating the formation of interlocked cross-links (Fig. 4a).
On the other hand, all PBA-CD (10, y)DPEA (909) (y = 0.5, 1,
and 2) samples dissolved in chloroform (Fig. 4b). These
solubilities allowed the GPC measurements of the KP
elastomers (Fig. S36, Tables S8, and S9t). The GPC profiles of
KP elastomers showed two peaks with the order of molecular
weights comparable to (i) primary polymers and (ii) PEA
obtained by bulk polymerization, respectively. These results
suggest that the dethreading of the secondary polymer from
the TAcyCD units caused the elastomers to dissolve.

To confirm this presumption, we also prepared PBA-CD
(10, 2)DPEA-DA (88, 0.5), where the secondary polymer
contained bulky DA units to prevent the TAcyCD units from
passing over (Scheme S14t). While PBA-CD (10, 2)DPEA (88)
was dissolved, PBA-CD (10, 2)DPEA-DA (88, 0.5) was swollen
to give a smaller Q than that of P(BA-EA)-CD (10, 88, 2)
(Fig. 4c). These results indicated the presence of movable
cross-links in PBA-CD (x, y)DPEA (z) between the TAcyCD
units and secondary polymers.

2D nuclear Overhauser effect spectroscopy (NOESY) NMR
spectra were obtained to confirm the complexation between
the TAcyCD units and PEA. To prevent peak broadening,
chloroform-d organogels of PBA-CD (10, 2)DPEA-DA (88, 0.5)
were ball-milled into slurries before taking measurements.
The spectrum of the ball-milled PBA-CD (10, 2)DPEA-DA (88,
0.5) slurries with chloroform-d exhibited NOE correlation
signals between the protons in the TAcyCD units and PEA
chains (Fig. 4d). Since C(3)H protons were located on the
internal side of the TAcyCD rings, NOE signals of C(3)H
indicated that the PEA main chains penetrated the TAcyCD
units. On the other hand, the NOE signals of C(3)H were not

738 | Mol Syst. Des. Eng., 2022, 7, 733-745
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observed in the spectrum of the reference sample:
chloroform-d solutions of P(EA-DA) and PBA-CD PP(20, 1)
(Fig. S407). These results indicated that the TAcyCD units
formed inclusion complexes with the PEA secondary polymer
chains.

2-5. Investigation of the structural information by SAXS and
DSC

To elucidate the deformation mechanism, we investigated
nanoscale structures by small-angle X-ray scattering (SAXS)
measurements upon tensile deformation. Fig. 5 shows the
SAXS profiles of PBA(10)/PEA(90), P(BA-EA)-CD (10, 89, 1),
and PBA-CD (10, 1)DPEA (89) with various 4 strains (1 = 0%,
30%, 60%, 90%, and 120%) in the tensile and vertical
directions. The intensities of the small scattering vector were
in the order PBA(10)/PEA(90) > PBA-CD (10, 1)DPEA (89) >
P(BA-EA)-CD (10, 89, 1) at 4 = 0%. These results indicated
that PBA-CD (10, 1)DPEA (89) was more homogenous than
PBA(10)/PEA(90) but less homogeneous than P(BA-EA)-CD
(10, 89, 1).

The intensities of PBA(10)/PEA(90) in the tensile direction
decreased through deformation, indicating the orientation of
the polymer chains. The streak-like scattering patterns of
PBA(10)/PEA(90) supported the polymer orientation. Notably,
P(BA-EA)-CD (10, 89, 1) did not show the orientation. The
intensities of PBA-CD (10, 1)DPEA (89) in both directions
increased through deformation, showing strain-induced
phase separation between the primary and secondary
polymers. The small orientation of PBA-CD (10, 1)DPEA (89)
was also observed from the higher intensity in the vertical
direction at a high value of A. These results exhibited
dethreading of the secondary polymer through deformation
of the KP elastomers.

The thermal properties were also evaluated by differential
scanning calorimetry (DSC) (Fig. S41f). PBA(10)/PEA(90)
showed a characteristic endothermic peak after the
endothermic transition step of glass transition temperature
(Ty = —18 °C) of the PEA polymer. These peaks indicated that
the PEA chains underwent enthalpy relaxation below T,
within the time scale of the cooling process in the
measurements. Enthalpy relaxation is the structural
relaxation of glass from nonequilibrium conformations
toward an overall equilibrium state below T,.''”"'® It is
known that an increased number of cross-links restricts
enthalpy relaxation.”*® The absence of the enthalpy relaxation
peaks of PBA-CD (10, 1)DPEA (89) supported the formation
of movable cross-links on the PEA secondary polymer. PEA-
CD (20, 1)DPEA (79) and the reference samples also showed
similar tendencies in their DSC results (Fig. S421). In the
thermal gravimetric analysis (TGA) results, PBA(10)/PEA(90)
showed two steps of pyrolysis (below and above 360 °C).
However, PBA-CD (10, 1)DPEA (89) showed one step of
pyrolysis and higher thermostability at 350 °C than PBA(10)/
PEA(90) (Fig. S437). Those results could be contributed by the
improvement of homogeneity by the formation of movable

This journal is © The Royal Society of Chemistry and IChemE 2022
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Fig. 5 Scattering patterns of PBA(10)/PEA(90) with 125% strain, P(BA-EA)-CD (10, 89, 1) with 128% strain, and PBA-CD (10, 1)>PEA (89) with 118%
strain. SAXS profiles of PBA(10)/PEA(90), P(BA-EA)-CD (10, 89, 1), and PBA-CD (10, 1)DPEA (89) with 1 strains (1 = 0%: red line, 1 = 30%: yellow line,
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cross-links between primary and secondary polymers.
Furthermore, compared to PEA, PEA-CD (20, 1)DPEA (79)
also showed higher thermostability at 350 °C (Fig. S447).

2-6. Evaluation of the stress dispersion property by stress-
relaxation tests

To clarify relationship between the time scale of deformation
and stress dispersion against strain, we performed tensile tests
of two kinds of movable cross-linked materials with various
tensile rates 1 (4 = 1.0, 0.30, 0.10, 0.030, and 0.010 mm s ).
While the stress of P(BA-EA)-CD (10, 89, 1) decreased with
decreasing tensile rate, the fracture strain values are not
significantly changed by the tensile rate (Fig. 6a). PBA-CD (10,
1)DPEA (89) exhibited elastic behavior at / = 1.0 and 0.30 mm
s (Fig. 6b). The tensile strain drastically improved at / = 0.10
and 0.030 based on the effective mobility of the cross-links and
dethreading. At too slow of a tensile rate (1 = 0.010), the
movable cross-links in PBA-CD (10, 1)DPEA (89) lost elasticity
to result in plastic deformation like polymeric materials
without solid cross-link. While the slow deformation is
supposed to be derived from effective mobility of the movable

This journal is © The Royal Society of Chemistry and IChemE 2022

cross-links, the interlocked cross-links of P(BA-EA)-CD (10, 89,
1) prevent improved fracture strain. Dethreading of secondary
polymers in PBA-CD (10, 1)DPEA (89) were also observed in
cyclic tensile tests (Fig. S457).

Mentioned in Introduction, the high mechanical
properties of the movable cross-linked materials were
attributed to the stress dispersion properties at the cross-
linking points. Herein, we carried out stress-relaxation tests
to compare the stress dispersion properties between two
kinds of movable cross-linked materials. The test pieces were
continuously stretched until reaching 400%. Then, the test
piece was held at the strain 400%, and the stress of the test
piece was recorded for 3000 s (Fig. 6¢). At the start of the
stress-relaxation tests, the stress of PBA-CD (10, 1)DPEA (89)
was higher than that of P(BA-EA)-CD (10, 89, 1). However,
the stress of the former became lower than the latter in
approximately 60 s. Consequently, PBA-CD (10, 1)DPEA (89)
showed a smaller residual stress than P(BA-EA)-CD (10, 89,
1). These results suggested that PBA-CD (10, 1)DPEA (89)
dispersed the internal stress more effectively.

To obtain further insight into the stress-relaxation
behavior of these movable cross-linked materials, we carried

Mol. Syst. Des. Eng., 2022, 7, 733-745 | 739
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Fig. 6 Stress strain curves of (a) PBA-CD (10, 1)DPEA (89) and (b) P(BA-EA)-CD (10, 89, 1) with a /i tensile rate ({ = 1.0 mm s*: red line, 7 = 0.30
mm s yellow line, A = 0.10 mm s green line, 7 = 0.030 mm s™%: blue line, and £ = 0.0010 mm s%: purple line). (c) Stress relaxation of PBA-CD
(10, 1)DPEA (89) and P(BA-EA)-CD (10, 89, 1) at 400% strain. Composite curves of the logarithmic moduli (log E’ and log E”) and log(tan ) of (d)

P(BA-EA)-CD (10, 89, 1) and (e) PBA-CD (10, 1)DPEA (89).

out curve fitting using the Kohlrausch-Williams-Watts
models, as described by the following equation. Notably, the
stress ¢ versus relaxation time ¢ curves were well fitted (R* >

0.99) (Fig. S467).
al
0 = or exp —(;) } + 0

In the above equation, o, is the relaxable stress, o, is the
residual stress, 7 is the time constant, and S is the stretching

Table 1 Obtained fitting parameters using the KWW models

exponent. The obtained fitting parameters are summerized in
Table 1. Consequently, PBA-CD (10, 1)DPEA (89) showed
faster and larger stress dispersion, leading to its high
toughness shown in the tensile test.

Fig. 6d and e show the composite curves of the
logarithmic storage and loss moduli (logE' and logE") and
log(tan ) (tand = E"/E') of P(BA-EA)-CD (10, 89, 1) and PBA-
CD (10, 1)DPEA (89) obtained from dynamic mechanical
analysis (DMA; see ESI{ for detail). The composite curves of
the E' and E” were constructed following the time (angular
frequency)-temperature ~ superposition  principle:  each

Relaxable component

Residual components

o, (MPa) 7(s) g 0. (MPa)
P(BA-EA)-CD (10, 89, 1) 0.67 140 0.29 0.15
PBA-CD (10, 1)DPEA (89) 1.33 30 0.29 0.07
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modulus was a horizontally shifted modulus using the
horizontal shift factor, o, and a reference temperature (20
°C). Since the time-temperature superposition principle gave
well-fitted composite curves, here we discuss the dynamics of
polymer chain using the composite curves. Relaxations of E’
and E” for PBA-CD (10, 1)DPEA (89) were observed at higher
frequency than those of P(BA-EA)-CD (10, 89, 1). In addition,
PBA-CD (10, 1)DPEA (89) showed higher peaks of tand than
P(BA-EA)-CD (10, 89, 1). These results showed a faster and
larger relaxation mode of PBA-CD (10, 1)DPEA (89) at w =
107°-10* rad per s. In addition, PBA-CD (10, 1)DPEA (89)
exhibited a lower activation energy than P(BA-EA)-CD (10, 89,
1) (Fig. S48%), suggesting lower energy barrier for the
relaxation. These results supported the effective stress
dispersion over a longer movable range to realize high
toughness. PEA-CD (99, 1) and PEA-CD (10, 1)DPEA (89) also
showed similar tendencies in their DMA results (Fig. S47 and
S48t).

2-7. Preparation of the KP elastomers with immiscible
polymers and their mechanical properties

As mentioned above, the homogeneity of PBA-CD (10,
1)DPEA (89) was improved by the movable cross-links that
connected the primary and secondary polymers. Herein,
PEA and PS were employed as primary and secondary
polymers, respectively. The combination of these polymers
was reported to have very low miscibility (<0.01 wt% of
PEA in PS)."*°

The polymer blend without cross-links PS (20)/PEA (80)
showed phase separation, forming heterogeneous domains
on the order of 0.1 mm (Fig. 7a). The KP elastomers PS-CD
(20, 1)DPEA (79) with immiscible polymers were white
elastomers without heterogeneous domains on the order of
0.1 mm. These results confirmed an (i) improved miscibility
and (ii) phase separation in the obtained elastomer. PS-CD
(20, 1)DPEA (79) showed a 170 + 30 times increase in

(@)

\PEA-CD (20, 1)DPEA (79) )
4
. e 4

\_PS-CD (20, 1)DPEA (79)
(S5

\_ PS(20)/pEA (80) )

Fig. 7
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toughness and 1.6 + 0.3 times increase in the Young's
modulus of PS (20)/PEA (80), indicating the formation of
movable cross-links between the primary and secondary
polymers (Fig. 7b, S49, and Table S11}). Interestingly, PS-CD
(20, 1)DPS (79) exhibited a 1.6 + 0.3 times increase in
toughness and a 8.2 + 0.4 times increase in the Young's
modulus of the KP elastomers with similar polymers PEA-CD
(20, 1)DPEA (79).

To obtain further insight into the phase separation, we
performed DSC measurements. PS-CD (20, 1)DPEA (79)
showed three T, steps at -12, 40 and 101 °C (Fig. S50%).
The transition at -12 °C represented the T, of the PEA
secondary polymer in PS-CD (20, 1)DPEA (79). The high
mobility of the secondary polymer resulted in effective
stress dispersion by the movable cross-links. The SAXS
measurements of PS-CD (20, 1)DPEA (79) showed the
dethreading of the secondary polymer upon deformation,
supporting the high mobility of the secondary polymers
and movable cross-links (Fig. S517). The transition at 101
°C represented the 7, of the PS primary polymer, which
acted as a hard domain to give a high fracture stress and
Young's modulus. The transition at 40 °C represented a
compatible phase between PEA and PS in PS-CD (20,
1)DPEA (79). In contrast, heterogeneous PS (20)/PEA (80)
did not show this step. In DMA measurements of PS-CD
(20, 1)DPEA (79), E' and E" at 60 °C drastically decreased
beyond to fit composite curves (Fig. S52%1). These results
supported that the movable cross-links improved the
compatibility of the polymers, enabling the multiphase
structure to  work collaboratively. The improved
compatibility was also supported by the one pyrolysis step
of PS-CD (20, 1)DPEA (79) in the TGA results (Fig. S537).
The higher compatibilities allows the improvements of
thermal stabilities of PEA chains by chain transfer, in
which terminal radicals of depolymerizing PEA chains
were trapped by tertiary protons in PS chains.'*'""*?

Consequently, movable cross-links between immiscible
(b)
45 - AN PVt N
40 A
B Shina® W4
o
) < 30 {PEA-CD (20, 1) ~
3 = SPEA (79) PG (20, 1)
° % 25 1 DPEA (79)
%]
® 515 -
g 3
< 210 a
5 A PS(20)/pEA(80)
0 T T T 1

0 10 20 30 40
Young's modulus / MPa

(a) Photographs and (b) plots of the toughness and Young's modulus of PS-CD (20, 1)DPEA (79) (red filled circle), PEA-CD (20, 1)D>PEA (79)

(blue filled circle), and PS(20)/PEA(80) (black open rhombus). (c) DSC curves of PS-CD (20, 1)DPEA (79) (red line), PEA-CD (20, 1)DPEA (79) (blue

line), and PS(20)/PEA(80) (gray line).
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polymers realized a  three-phase structure to
simultaneously achieve a high toughness and Young's
modulus.

Conclusion

We conducted free-radical polymerization of a main chain
monomer in the presence of a linear polymer with TAcyCD
(primary polymer). The post polymerized chains (secondary
polymer) penetrate the TAcyCD units and act as movable
cross-links that connect the two dissimilar polymers. The
obtained KP elastomers have a longer movable range than
the one-pot fabricated materials with movable cross-links
(Fig. 8). The secondary polymers have no bulky stopper,
allowing dethreading upon tensile deformation. The larger
movable range results in faster and more effective stress
dispersion to achieve higher toughness. In addition, we
successfully prepared even tougher and stiffer materials
using movable cross-links to connect immiscible polymers
(PEA and PS). These materials contain a three-phase
structure: PEA, PS and a mixed phase. The PEA phase
contributes to effective stress dispersion by the movable
cross-links on account of its low T, and high mobility. The PS
phase contributes to a high fracture stress and Young's
modulus as a hard domain with a high T, (~100 °C). The
movable cross-links connect the two phases and result in a
mixed phase, enabling each phase to work together. These
findings should provide design strategies for simultaneously

742 | Mol Syst. Des. Eng., 2022, 7, 733-745
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enhancing the toughness, stiffness, and compatibility of
polymeric materials and their composites.
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