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synergistic interactions: from mechanical
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Semi-crystalline polymers (SCPs) with anisotropic amorphous and crystalline domains as the basic skeleton
are ubiquitous from natural products to synthetic polymers. The combination of chemically incompatible
hard and soft phases contributes to unique thermal and mechanical properties. The further introduction
of supramolecular interactions as noncovalently interacting crystal phases and soft dynamic crosslinking
sites can synergize with covalent polymer chains, thereby enabling effective energy dissipation and

dynamic rearrangement in hierarchical superstructures. Therefore, this review will focus on the design
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1. Introduction

SCPs with alternating amorphous and crystalline domains as
the basic skeleton are omnipresent in nature, such as protein,
starch, cellulose, etc.'” For instance, ordered protein structures
originate from adjacent amino acid chain-folding as crystalline
motif configuration, which can be facilitated and stabilized by
the thermodynamically driven assembly process based on
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overview of possible future directions and potential material applications.

a series of weak interactions.* For synthetic polymers, materials
science has developed rapidly since the proposal of the concept
of a “macromolecule” by Staudinger in 1920, i.e., long chain
molecules composed of structural units connected by covalent
bonds.> Nowadays, more than two-thirds of commercial poly-
mers are semi-crystalline, such as polyolefin (PO),* poly-
caprolactone (PCL),” polyurethane (PU),® and polyamide
(nylons)® are extensively utilized as commercial products (such
as packaging and electronics) and industrial materials (such as
aerospace and gas pipelines).

The anisotropic alignment of polymer chains is the funda-
mental mechanism for SCPs. In the amorphous soft matrix,
crystalline hard domains as physical crosslink sites can not only
ensure dimensional stability and solvent resistance, but also
improve network toughness, thus contributing to unique
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thermal and mechanical properties of SCPs.'® Nevertheless, for
conventional covalent polymers which are usually composed of
thermodynamically incompatible blocks, the formation of the
crystalline domain is attributed to chain mobility driven by
thermodynamic equilibrium and weak interchain van der
Waals forces. The resulting SCPs undergo unavoidable external
force-induced network cavitation and damage over time, which
causes degradation in mechanical properties and eventually
results in material failure.”> To overcome the performance
limitation and irreversible resource waste, the construction of
dynamic polymer materials based on supramolecular chemistry
is an effective strategy."*'* Besides weak van der Waals force,
diverse supramolecular interactions (such as H-bonds, m-m
stacking, and hydrophobic associations) with tunable bonding
association and directionality can be introduced into polymer
networks and participate in the formation of SCPs in two ways:
(1) as soft dynamic crosslinking sites among rigid covalent
chain crystal phases; (2) forming noncovalently interacting
crystal phases in a soft polymeric matrix. Therefore, the intro-
duction of supramolecular chemistry into crystalline interlayers
and two-phase interfaces enables effective energy dissipation
and rearrangement by exchange dynamics into superstructures
of a hierarchical nature, which extends supramolecular syner-
gistic SCPs (SSCPs) from mechanical toughening to dynamic
smart applications including self-healing, shape memory, ion
transport, recyclability, etc.*>™”

In recent years, SCPs have gained ever-growing interest due
to their simple synthesis chemistry and tailoring process
compared to liquid crystalline elastomers (LCEs). Although
numerous promising SCPs have been developed to achieve
material performance improvement and multi-field applica-
tions, there have been few systematic reviews to summarize the
structure, mechanism, and application of SCPs besides several
engineering papers.'>*® Herein, we focus on the supramolecular
synergic construction strategies of SCPs and the underlying
chemistry mechanism (Fig. 1). Then, state-of-the-art functional
applications for mechanical toughening and dynamic smart
materials are summarized and highlighted. Finally, future
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opportunities and challenges are proposed for SSCPs with
multidisciplinary applications. Notably, we focus on the
recently emerged construction strategies and a fraction of
representative applications as high-performance dynamic
materials instead of a comprehensive review of SCPs. Organic
crystals and metal-organic frameworks that are generally
considered high crystalline static structures, LCEs, and multi-
phase composites are beyond the scope of this review.

2. Molecular design principles

In nature, semi-crystalline structures are normally formed
spontaneously via the self-assembly of nanoscale molecular
precursors driven by van der Waals interactions, H-bonding,
electrostatic forces, hydrophobic interactions, solvation
effects, etc.” For example, spider silk with a two-phase structure
is considered one of the toughest natural materials, in which
the anisotropic B-sheet crystalline phase embedded in amor-
phous regions plays a key role in mechanical properties.”**
Similar to the formation mechanism of natural polymers, the
nanostructures of synthetic SCPs are composed of at least two
chemically independent domains, ie., robust ecrystalline
domains as a crosslinker and flexible chains as a soft matrix.>>**

For representative linear semi-crystalline polymers such as
PO and PCL,**** driven by enthalpic and entropic contributions
to thermodynamic equilibrium, flexible chains with high
symmetry and regularity tend to be close together and shorten
the interchain distance, thus promoting the formation of crys-
talline domains via increased van der Waals forces. The polymer
chain length is critical to the formation of the crystalline phase
and affects the topology, e.g., shorter polymer chains act as soft
domains, while the introduction of rigid structures induces
interchain crystallization. Long polymer chains tend to form
intrachain crystallization through chain-folding.

Another typical class of hybrid structures comes from the
block copolymerization of alternating thermodynamically
incompatible segments, which has emerged as a major topic in
polymer chemistry due to the resulting fascinating equilibrium
and metastable morphologies over the past 60 years.***® Block
incompatibility (Flory-Huggins interaction parameter x) and
the polymerization degree (N) are crucial for microphase sepa-
ration. The soft chain mobility allows the block copolymers to
arrange the microdomains in an ordered fashion. The size,
distribution and strength of crystalline domains can be tailored
by modifying the structure and proportion of hard/soft blocks,
as well as crosslinking types (including covalent crosslinking
and supramolecular crosslinking), thus generating ordered
nanostructures such as lamellar, gyroid, cylindrical, and
spherical morphologies.”

Although the crystalline domain can act as a physical
crosslink site, conventional linear and covalent crosslink
structures may cause irreversible damage to the polymeric
network during stretching. Therefore, the introduction of
additional weak interactions can synergize with the crystalline
domains for crystalline configuration regulation and effective
energy dissipation, thus endowing the polymer with enhanced
mechanical and dynamic properties." Noncovalent bonding

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Schematic illustration of the structure design and construction strategies of SSCPs and their advanced applications as dynamic functional

materials.

motifs are commonly incorporated in polymer mainchains and
sidechains (including brush and branched polymers), or func-
tionalized as end groups. Herein, molecular design principles
will be discussed according to the representative supramolec-
ular interactions, which assemble into dynamic crystalline
motifs or trigger the nanoscale crystalline domains of polymer
chains in a synergic way, thus promoting efficient energy
dissipation as well as dynamic rearrangement.

2.1. H-bonding

As one of the simplest and most versatile noncovalent interac-
tions, H-bonds are ubiquitous in natural semi-crystalline
structures, such as proteins, cellulose, etc.”®* Compared to
other weak interactions, H-bonds are easily introduced from
polar groups such as carboxyl, urethane, urea, etc. Therefore, it
has emerged as a common approach to construct high-
performance synthetic polymers such as nylon and poly-
urethane.”*® For instance, Liu and coworkers designed
poly(urethane-urea) polymers containing multiple acylsemi-
carbazide (ASCZ) and urethane moieties linked with alicyclic
hexatomic and aromatic spacers (Fig. 2a).?* The stiff segments
bearing abundant H-bond donors and acceptors as well as
alicyclic hexatomic spacers with higher flexibility contributed to
higher density of distinctive hard domains that exhibit smaller
sizes but involve denser H-bonds. The high-density H-bond
arrays vigorously strengthened the polymeric networks and
dissipated substantial energy via dynamic rupture and refor-
mation, thus enabling exceptional mechanical robustness
comparable to natural spider silk.

© 2024 The Author(s). Published by the Royal Society of Chemistry

Unlike conventional linear polymers, the steric congestion of
the sidechain enables suppression of the backbone entangle-
ment, which promotes the self-assembly of well-ordered struc-
tures with characteristic nano-domains.*" Winey and co-workers
designed a functional polyethylene having a precise architec-
ture with pendant carboxylic acid sidechain groups precisely at
every 21st backbone carbon atom (Fig. 2b).** The mainchains
were folded in a hairpin manner near each carboxylic acid
group to obtain a semi-crystalline morphology with multiple
embedded layers of functional groups that have an interlayer
distance of 2.5 nm, which was roundly verified by atomistic
molecular dynamics simulations with experimental X-ray scat-
tering and Raman spectroscopy. The intriguing multilayered
adjacent-reentry structure may be caused by the H-bond
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Fig. 2 (a) Typical nanostructure of synthetic poly(urethane-urea)
composed of stiff and soft segments. Copyright 2021, Wiley-VCH.
Reproduced with permission from ref. 22. (b) Polyethylene brush

polymer with precise hairpin architecture. Copyright 2017, American
Chemical Society. Reproduced with permission from ref. 32.
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template provided by carboxyl groups between the crystal-
amorphous interface. The resulting layers of acid groups could
act as two-dimensional pathways for effective ion or molecular
transport within polymeric crystals.

Despite the low bonding energy of single H-bonds, the
binding affinity, directionality and multivalency can be tunable
in a wide range via controlling the H-bonding sites and donor
(D)/acceptor (A) sequence.® The most representative example is
2-ureido-4[1H]-pyrimidinone ~ (UPy), a  complementary
quadruple H-bond pioneered by Meijer et al.** The AADD H-
bonding array endows UPy with a high association constant
up to 6 x 10" M~ " in chloroform. Because of its high binding
affinity and modifiability, UPy-based noncovalent moieties have
been widely introduced in polymer chains to provide multiple
H-bonding crystalline domains.*® For example, Meijer and
coworkers designed multiblock poly(ethylene glycol) (PEG)-
based amphiphilic copolymers containing UPy moieties
within the backbone and investigated the evolution of the
crystal phase during hydration (Fig. 3a).*® Cryo-transmission
electron microscopy (cryo-TEM) and small-angle X-ray scat-
tering (SAXS) measurements verified the persistence of the
nanometer-scale phase separation across a broad spectrum of
conditions. Specifically, the dry polymer network exhibited
a lamellar morphology composed of alternating crystalline and
amorphous PEG segments. Throughout the hydration process,
PEG crystalline regions preferentially absorbed water and
underwent gradual dissolution, ultimately becoming an amor-
phous matrix. Meanwhile, the hydrophobic segments segre-
gated into nanoscale domains to form small spherical
compartments with a ~2-5 nm diameter, which consist of UPy
dimers flanked by the dense oligo-methylene hydrophobic
segments to shield the water from disrupting the H-bonding.
The UPy dimers embedded in segregated hydrophobic
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Fig. 3 (a) Hydration triggered crystal-phase evolution of multiblock
PEG-based amphiphilic copolymers containing UPy moieties. Copy-
right 2014, American Chemical Society. Reproduced with permission
from ref. 36. (b) Dual dynamic networks composed of quadruple H-
bonds and crystalline physical interactions, whose morphology is
determined using the arm-length. Copyright 2020, Elsevier. Repro-
duced with permission from ref. 40.
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domains dispersed within the PEG matrix offered nanoscopic
physical crosslink sites, jointly driving the cumulative
mechanical properties of both dry polymers and hydrogels.

For branched structures, a high degree of cross-linking tends
to discourage chain stacking and inhibit crystallization,
resulting in amorphous networks instead of ordered
structures.®~* Interestingly, Chung and co-workers constructed
dual dynamic networks composed of quadruple H-bonds and
crystalline physical interactions using UPy terminated semi-
crystalline branched PCLs (Fig. 3b).** The arm-length was
crucial for the phase transition and cross-linking density of the
network; specifically, the network changed from UPy-stacked
crystals to an amorphous phase and further to chain-folding
polymeric crystals with increasing arm-length, along with the
enhanced healing capability at the same time. In addition, well-
controlled arm-length could provide a mechanically rigid semi-
crystalline supramolecular network with efficient healing
properties due to reversible dual dynamic features, associated
with the re-association of UPy quadruple H-bonds and resto-
ration of crystalline physical bonds during healing.

2.2. - stacking

-7 stacking is a kind of non-covalent interaction arising from
the intermolecular overlap of p orbitals in aromatic group-
based conjugated systems.*' The intrinsic rigid plane structures
of aromatic compounds (e.g. benzene, naphthalene, and pyr-
ene) are commonly used to construct highly crystalline conju-
gated systems with excellent photoelectric properties.*” For
most conjugated polymers, the amorphous phase (o) typically
coexists with aggregated crystalline regions originating from
strong intermolecular interactions between functional units or
aromatic rings in the polymer backbone. However, it's chal-
lenging to efficiently tune the polymorphism of conjugated
polymers in aggregated, semi-crystalline phases due to their
conformational freedom and anisotropic nature. To solve the
above issue, Janssen and coworkers designed a diketopyrrolo-
pyrrole-alt-quaterthiophene polymer (D-PDPPAT-HD), which
could generate two aggregated, semi-crystalline phases (B, and
B,) by precisely tuning the solvent quality (Fig. 4).** To be
specific, with the addition of 1,2,4-trichlorobenzene (TCB) into
chloroform (CF) from 0 vol% to 100 vol%, D-PDPPAT-HD

Fig. 4 The gradual B;—a—B, phase transition of D-PDPP4T-HD by
adding TC into CF from 0 vol% to 100 vol%. Copyright 2019, Springer
Nature. Reproduced with permission from ref. 43.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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showed a gradual ,-a-f3, phase transition. The phase evolution
was ascribed to more extended configuration of D-PDPPAT-HD
in TCB, which facilitated polymer crystallization via -7 inter-
action. Therefore, the B, polymorph exhibited a lower optical
band gap, enhanced photoluminescence, a reduced 7-stacking
distance, a higher hole mobility in field-effect transistors and
improved photocurrent generation in polymer solar cells.
Moreover, emerging D-A w-conjugated polymers have been
developed to tune the configuration and size of the 7w—7 stacked
crystalline phase for tailored mechanical and photoelectric
properties.**

On the other hand, introducing rigid aromatic motifs into the
soft matrix offers extra opportunities for semi-crystalline poly-
mers. For example, azobenzene (azo), as a typical photo-
responsive compound, shows reversible photoisomerization
characters.*® The trans isomers with a higher degree of symmetry
tend to form tightly packed crystal phases via w—m stacking, while
UV irradiation induced cis isomerization breaks the symmetrical
structure, thus regulating the crystalline domains via reversible
cis-trans transitions. Azo-terminated flexible polymer chains
provide sufficient free volume for photoisomerization in the
solid state, which may trigger the melting point (7,,) or glass
transition temperature (Ty) change of the resulting polymers and
the subsequent solid-liquid transition and other dynamic
responsive behaviors.**®* Meijer and coworkers designed a series
of azo-functionalized siloxane oligomers of discrete length and
explored substituent effects on aggregated structures (Fig. 5a).*°
Specifically, well-ordered lamellar semi-crystalline morphology
in which monolayers of crystalline azobenzene were exfoliated
using liquid siloxane oligomers was obtained due to synergistic
phase segregation and azo crystallization. UV irradiation could
cause a rapid solid-liquid transition, which was reversible under
blue light. In contrast, the introduction of terminal hydroxyl H-
bonds inhibited the formation of crystalline domains, which
resulted in more complex morphologies based on nanophase
segregation alone.

Later, Dong and coworkers reported an azo-terminated PCL
semi-crystalline polymer with photo-switchable T, and
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Fig. 5 (a) Isomerism induced solid—-liquid transition of azo-function-
alized siloxane oligomers under UV/vis irradiation. Copyright 2018,
Wiley-VCH. Reproduced with permission from ref. 49. (b) Photo-
switchable T,, and transparency of azo-terminated PCL. Copyright
2021, Royal Society of Chemistry. Reproduced with permission from
ref. 50.
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transparency (Fig. 5b).*° Under UV irradiation, the T, of azo-
PCL reduced from 58 °C to 48 °C due to the trans-to-cis isom-
erization of azo groups. Meanwhile, the photothermal effects
induced the temperature of the azo-PCL film to increase to 44 °
C, which resulted in polymer chain mobility and partial
melting. Therefore, the resulting polymer exhibited both the
semicrystalline-to-amorphous and opacity-to-transparency
transformations relying on the synergy between the photo-
isomerization and the photothermal effect of the azo groups,
which promoted advanced applications as optically healable
materials, security tags and smart windows.

2.3. Hydrophilic/hydrophobic association

Hydrophilic/hydrophobic association derived from thermody-
namically incompatible constituents can drive the microphase
separation and the ordered morphology at the nanoscale via
spontaneous hierarchical assembly.”** For example, hydro-
phobic side chains in proteins aggregate internally to avoid the
interaction with water molecules, which is essential for the
stability of the protein and affects the maintenance of the
folding and helical configuration. Amphiphilic structures can
be constructed via covalent bonding or physical doping. The
crystalline domain spacing and the uniformity of the assembled
morphology are jointly determined using the proportion and
sequence of hydrophilic and hydrophobic segments, polymeri-
zation degree, solvent environment, etc.

Recently, Wu and coworkers selected polyvinyl alcohol (PVA)
with abundant pendent hydroxyl groups as the hydrophilic hard
crystalline phase and poly(2-methoxyethylacrylate) (PMEA) as
the hydrophobic soft phase to fabricate high-strength amphib-
ious polymer materials (Fig. 6a).>* The combination of solvent
exchange and thermal annealing strategies led to nanophase
separation. The resulting semicrystalline PVA/PMEA inter-
penetrating networks exhibited outstanding mechanical
performance both in the hydrogel and solvent-free plastic
states.

Besides the interpenetration strategies of thermodynami-
cally incompatible polymeric chains, the hierarchical self-
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Fig. 6 (a) Semicrystalline PVA/PMEA interpenetrating networks con-
structed by solvent exchange and thermal annealing strategies.
Copyright 2024, Wiley-VCH. Reproduced with permission from ref. 53.
(b) Ordered ion networks via the self-assembly of amphipathic small
molecules. Copyright 2023, Chinese Chemical Society. Reproduced
with permission from ref. 55.
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assembly of amphipathic precursors offers another effective
chemical pathway.>* Qu's group designed an amphipathic small
molecule via coupling oligopoly(glycine) units with thioctic acid
(TA). The hydrophobic poly(disulfide) skeleton, B-sheet-inspired
H-bonding and terminal ionic bonding were combined to
produce sidechain-engineerable amphiphilic semi-crystalline
ordered networks (Fig. 6b).”> Notably, the interlayer distances
could be readily engineered with nanometer accuracy by varying
the length of the oligopeptide sidechain and exhibited an odd-
even effect within a certain range.

2.4. Metal coordination

Metal complexes are composed of ligands as electron donors
and metal ions/atoms as electron acceptors. Because of the
same nature of the coordination bonds as that of the covalent
bonds, i.e., the sharing of electron pairs between atoms, metal
coordination has high strength and directivity similar to the
covalent bonds.*® Numerous ligands (such as catechol, histi-
dine, pyridinyl and carboxylate) have been proven to coordinate
effectively with metal ions, whose strength can be adjusted in
a wide range by the tailored combination of soft and hard acid
and base.””® For instance, 2,6-bis(10-methylbenzimidazolyl)
pyridine (Mebip), as a polydentate pyridine ligand, can
strongly bind with metals due to the chelation effect. The
resulting supramolecular network exhibits high mechanical
strength but brittleness and an inferior dynamic nature. To
overcome the inherent tradeoff, Schrettl and coworkers
designed two kinds of Mebip functionalized monomers, i.e., the
rigid low-molecular-weight trifunctional building block and the
flexible telechelic poly(ethylene-co-butylene) bifunctional mac-
romonomer (Fig. 7a).*® The mixture of the two components
coordinated with Zn** ions led to a phase-separated micro-
structure where the trifunctional components acted as hard
crystalline domains. The resulting semicrystalline metallo-
supramolecular networks exhibited tailored material proper-
ties including strength, stiffness, toughness, and repairability
via simply varying the ratio of the two constituents.
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Fig. 7 (a) The combination of rigid trifunctional and flexible bifunc-

tional building blocks led to a phase-separated microstructure.
Copyright 2022, Springer Nature. Reproduced with permission from
ref. 59. (b) High-performance supramolecular networks with high
density Fe>"—carboxylic acid complexes as secondary ion clusters.
Copyright 2020, Wiley-VCH. Reproduced with permission from ref.
60.
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On the other hand, the discrete distribution of metal
complexes in the polymerization network is unfavorable to the
formation of hard domains and reduces the mechanical
modulus of the material. Qu and coworkers added high content
of Fe*" ions (1% molar ratio to carboxylate) into solvent-free
supramolecular networks to form high density Fe**~carboxylic
acid complexes as secondary ion clusters (Fig. 7b).** The
resulting dynamic polymer showed dramatically enhanced
mechanical strength over 60-fold maintaining high stretch-
ability and self-repairability. The superior performance was
attributed to the hierarchical distribution of four dynamic
interactions in the network, including dynamic covalent disul-
fide bonds, H-bonds, iron-carboxyl coordination, and ion
cluster interactions.

3. Construction strategies

The material properties stem fundamentally from both their
physical and chemical structures, which are commonly formed
through spontaneous assembly of nanoscale molecular
precursors on multiple length scales.®~** The self-assembly
process is driven by the driving force for a lower Gibbs free
energy state in thermodynamics. However, it is significantly
challenging to control the structures and dimensions when
pushing towards smaller building blocks and periodic
arrangements via structural engineering alone. The competitive
self-assembly may produce a metastable equilibrium state of
resultant morphology instead of the lowest Gibbs free energy
state due to the barrier energy for forming the self-assembled
state. Therefore, the induction process is equally important
for the final network morphology in addition to intrinsic ther-
modynamic factors, where the kinetic pathway controls the self-
assembly behaviors in principle.*** Some typical process-
dependent construction strategies are discussed as follows.

3.1. Polymerization-induced microphase separation (PIMS)

PIMS is an advantageous strategy to develop unique nano-
structures with highly useful morphologies through the
microphase separation of emergent block copolymers during
polymerization.***® This strategy, ie. combining
polymerization-induced phase separation with in situ block
polymer formation, has been proposed by Hillmyer since 2012
to overcome the lack of long-ranged continuity in hard and soft
domains.®” Reversible addition-fragmentation chain transfer
(RAFT) polymerization is the most common approach to
promote chain extension and form block copolymers.®® For
instance, Motokawa and co-workers reported the phase transi-
tion of homogeneous solution-disordered-lamellar-cylin-
drical-spherical during continual chain extension via living-
radical bulk block copolymerization of poly(methyl methacry-
late)-block-polystyrene (Fig. 8a).**”® The crosslinking process
induces the kinetic arrest of block segments as well as inde-
pendent control over domain sizes and total domain volume to
access highly structured co-continuous multiphase morphology
with percolating domains, resulting in a vast inventory of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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radical bulk block copolymerization of poly(methyl methacrylate)-block-polystyrene. Copyright 2016, American Chemical Society. Reproduced
with permission from ref. 70. (b) Controlled nanoscale morphology transition using light mediated 3D printing. Copyright 2022, Wiley-VCH.
Reproduced with permission from ref. 74. (c) Precise control over the microphase separation behavior by varying the chain length of the
macroCTA. Copyright 2022, Springer Nature. Reproduced with permission from ref. 75. (d) A variety of equilibrium microphase separated
structures achieved with multi-arm block copolymers. Copyright 2022, Wiley-VCH. Reproduced with permission from ref. 76.

porous materials with well-defined pore sizes, narrow pore
distributions and distinct channels for mass transfer.

The integration of the PIMS mechanism and a variety of pro-
cessing techniques provides a facile chemical strategy to precisely
control the nanoscale structural features. For example, the
compatibility with 3D printing techniques bridges the gap
between the high nanostructural tunability of PIMS and the
simplified and versatile production methods of 3D printing for
advanced materials manufacturing across multiple size scales.””
With the advancements in RAFT photochemistry, Boyer and co-
workers reported a novel PIMS approach for the fabrication of
materials with controlled nanoscale morphologies across all rele-
vant length scales using light mediated 3D printing without
specialized equipment or process conditions.” The tunable phase
separation process drove the material morphologies from disor-
dered macrophase separation, to discrete elongated nanoscopic
domains, and further to bicontinuous nanodomains (Fig. 8b).
Despite successful 3D printing, limited control over the material
nanostructure was demonstrated with a lack of ability to finely
tune nanoscale features. Boyer's group further achieved a high
level of control over the microphase separation behavior by varying
the chain length of the macroCTA (Fig. 8c).” A scaling law was well

© 2024 The Author(s). Published by the Royal Society of Chemistry

identified to describe the nano-morphology transition from glob-
ular and discrete elongated domains to bicontinuous domains
with increasing macroCTA chain length and volume fraction.
Importantly, the transition displayed a correlation with the bulk
mechanical properties, where bicontinuous interpenetrating
domains resulted in enhanced mechanical properties due to the
increased interfacial interaction between soft and hard domains.
Besides conventional linear macroCTA architectures, multi-arm
block copolymers can lead to a variety of equilibrium micro-
phase separated structures unachievable with linear block copol-
ymers. The same group designed multi-arm (1-, 2-, and 4-arms)
macroCTAs to mediate PIMS and prepare nanostructured mate-
rials via photoinduced 3D printing (Fig. 8d).”* As evidenced by
atomic force microscopy (AFM) and small-angle X-ray scattering
(SAXS), the characteristic length scale of microphase-separated
domains is determined using the macroCTA arm length, while
nanoscale morphologies are controlled by the macroCTA archi-
tecture. To be specific, varying the macroCTA architecture, arm
length, and weight percentage led to the resulting materials with
tunable domain spacing and nanoscale bicontinuous and phase-
inverted morphologies, which have not been previously observed
in PIMS systems.
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3.2. Strain-induced crystallization

The above molecular engineering strategy focuses on intro-
ducing the energy dissipation mechanism via refined chemical
modification of block structures, which lacks universality and
extensibility in large-scale industrial production. For disor-
deredly entangled polymer chains, strain-induced crystalliza-
tion provides an alternative general approach of facile
morphology programming for the transformation from
randomly distributed isotropic nanostructures into hierarchi-
cally oriented crystalline domains, which is usually accompa-
nied by visible material whitening.”””” The underlying
mechanism is the slide and alignment of linear polymer chains
along the tensile direction and the rearrangement of interchain
weak interactions (e.g. H-bonding). Tang and co-workers con-
structed a class of ultra-strong elastomers from biomass-
derived long-chain polyamide copolymers with pendant polar
hydroxyl or non-polar butyrate groups (Fig. 9a).%° The butyrate
pendant groups facilitated an elastic amorphous matrix instead
of a highly crystalline structure. The packing of linear alkyl
chains as well as H-bonding among amide/hydroxyl side groups
jointly contributed to the formation of nanocrystalline domains
for high mechanical strength. The crystallization properties of
resultant polyamides could be precisely tuned via changing the
copolymerization ratios. More importantly, the mechanical
strength could be exponentially enhanced to over 210 MPa via
uniaxial step-cycle tensile deformation. The underlying mech-
anism of mechanical enhancement is the rearrangement and
alignment of crystalline microstructures through van der Waals
interactions and H-bonds (Fig. 9b). Moreover, densely clustered
electron-rich amide groups led to strong luminescence of
aliphatic polyamides due to the aggregation-induced emission
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(AIE) effect.*®* In addition to high-density crosslinked solvent-
free polymers, strain-induced -crystallization also provided
a robust toughening strategy for hydrogels with high-water
content (50-70%), low polymer concentration and inhomoge-
neous network structures.®* Wang and co-workers fabricated
tough poly(N-acryloylsemicarbazide-co-acrylic acid) hydrogels
with high hydrogen bond energy via strain-induced phase
conversion and multiple H-bond reconstruction. Notably,
strain-induced microphase separated domains at the crack
point can effectively hinder crack growth during the tearing
process, leading to high tear resistance (Fig. 9c).

A nanocrystallite in a highly stretched state efficiently stores
entropic energy,* which greatly enhances toughness and
damage resistance and further expands the cutting-edge appli-
cation as an actuator. Bao and co-workers reported one-way
shape memory polymers (1W-SMPs) with a high energy density
of 19.6 MJ m ™ and shape fixity/recovery above 90% based on the
formation of strain-induced supramolecular nanostructures.®
The alignment of polymer chains during strain led to the
formation of strong directional dynamic bonds, creating stable
supramolecular nanostructures and trapping stretched chains in
a highly elongated state. Upon heating, the dynamic bonds break
and stretched chains contract to their initial disordered state
(Fig. 9d). This work addressed the challenge of producing high
energy density SMPs that simultaneously possess high recovery
stress and large recoverable strain.

3.3. Evaporation-induced self-assembly

Hierarchical self-assembly is a fundamental topic in both bio-
logical and artificial supramolecular systems as the resulting
ordered polymeric materials are of great significance in next-

Direction of mechanical force

Crystalline region

Cyclic tension

deformation —<*~
—_—

5
VA
)

High energy density
( shape memory polymer

o o
a2 Oy
MPU

PPG

Permanent shape Directional dynamic bonding

) stretching ~____ Temporary shape
L 5 —p e——————
= Heating (=

~ - | = = = = 4
Amorphous and Strain-induced
entangled morphology supramolecular structures
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rearrangement and alignment of crystalline microstructures through van der Waals interactions and H-bonds during cyclic tension deformation.
Copyright 2019, Springer Nature. Reproduced with permission from ref. 80. (c) The strain-induced microphase separation of hydrogels at the
crack point, effectively hindering crack growth during the tearing process. Copyright 2023, Wiley-VCH. Reproduced with permission from ref.
83. (d) Strain-induced SMPs with high energy density. Copyright 2021, American Chemical Society. Reproduced with permission from ref. 85.
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generation functional materials, such as ion-transport films,
soft actuators, etc.»*® Ordered self-assembly normally involves
two key issues: (i) multiple interactions with different binding
affinities for thermodynamically driven distinct spatial distri-
bution;®” (ii) the kinetically driven self-assembly process in time
scales.®® In this case, the evaporation-induced self-assembly of
thermodynamically incompatible building blocks provides
a facile construction strategy to precisely direct the ordered
assembly pathway.***® Ho and co-workers reported a new
approach to thermodynamically and kinetically regulate self-
assembled morphologies by introducing the competitive inter-
actions of - junctions.’* Specifically, block incompatibility,
intermolecular interactions between chain ends or junctions,
and kinetic control jointly regulate the final morphologies. In
regard to the kinetic study, the process-dependent kinetics for
morphological evolution is thus systematically investigated
from the aspect of polymer chain dynamics with the control of
the solvent evaporation rate (Fig. 10a). As shown in TEM
micrographs and the corresponding 1D SAXS profiles, fast
solvent evaporation (1 mL h™"') promoted the microphase-
separated phase but with irregular microdomain texture at
a low long-range ordering, and moderate evaporation (0.1 mL
d™") gave rise to hexagonally packed helices with long-range
order, while slow evaporation (0.03 mL d ') led to a disor-
dered structure. The above results indicated the important role
of solvent evaporation rate for resultant morphology, and the
fast evaporation-induced concentration increase resulted in
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immediate microphase separation once reaching the critical
micelle concentration (CMC). In contrast, slow evaporation
offered enough time for junction stacking, thus overcoming the
thermodynamic driving force for microphase separation and
leading to the decay of structural ordering.

The hierarchical self-assembly of small molecules repre-
sented a desirable but challenging pathway to introduce
sophisticated structural information into a simple molecular
backbone.””®* Qu and co-workers designed an amphiphilic
dynamic small molecule “sodium thioctate” as an ideal
precursor building block towards highly ordered supramolec-
ular layered networks.”® During the slow evaporation process,
the synergy of multiple supramolecular interactions and
evaporation-induced interfacial confinement effect contributes
to layered structures with long-range order at both macroscopic
and molecular scales (Fig. 10b). The resulting supramolecular
layers are able to bind water molecules as structural water,
which acts as an interlayer lubricant to modulate the material
properties, including mechanical performance, self-healing
capability, and actuating function. Moreover, dynamic disul-
fide backbones can be degraded into monomers and reformed
through a water-mediated route, exhibiting full recyclability in
a facile, mild, and environmentally friendly way.**** Moreover,
Terashima and co-workers reported the first example of multi-
layered lamellar thin films of random copolymers which
provided a general strategy for nanostructured functional
materials (Fig. 10c).* Random copolymers bearing octadecyl
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groups and hydroxyethyl groups induced crystallization-driven
microphase separation via simple solution evaporation to
form lamellar structures, in both bulk and thin film states, with
controlled crystalline domain space at the 0.1 nm level.

In addition to the above representative examples, some more
general pathways have been reported. For example, a facile and
large-area fabrication method containing the diffusion-driven
mixing process followed by freezing-induced gelation and
microphase separation can inspire the design of materials with
various functionalized surfaces.'® Specifically, in the diffusion-
driven mixing process, polystyrene (PS) substrates at the contact
interface were dissolved in the poly(vinyl alcohol) (PVA)/N-
methylpyrrolidone (NMP) solution, leading to the interpene-
tration of PVA and PS chains to form a diffusion layer. The
subsequent freezing induced a microphase separation in the
diffusion layer, ie., the collapsed PS chain at the interface
separated from the crosslinked PVA/NMP gel to form a multi-
scale structure, whose surface was fixed with further gelation.
The novel strategy of freezing-induced microphase separation
addressed the challenge of complicated manufacturing
processes and specific material modeling for the design and
large-scale fabrication of nano-structured hydrogel surfaces.
Overall, the chemical tunability of precursor structures, the
diversity of the induction pathway, and interfacial supramo-
lecular interactions jointly inspire semi-crystalline morphol-
ogies towards dynamic materials with sophisticated functions.

4. Advanced applications as dynamic
functional materials

4.1. Mechanical toughening

Mechanical properties are the fundamental material properties
to determine practical applications, containing multiple key
parameters including strength, modulus, elongation, tough-
ness, etc.'® Strength refers to the maximum external force at
fracture, and modulus reflects the resistance ability of elastic
deformation, which can be facilitated by the stable and dense
covalent cross-linking structure of polymeric networks, while
the restriction of polymer segment movement reduces the
stretchability and toughness of the materials.'”> Elongation
reflects the stretchability of the material at fracture, and it can
be enhanced via replacing strong covalent crosslinking with
weak sacrificial bonds but it also usually decreases the
mechanical strength.'® That is to say, there is always a tradeoff
between mechanical strength and stretchability, and thus it's
challenging to construct highly tough materials which are in
substantial demand for various applications. Well-designed
SCNs provide a multiscale strategy to overcome the above
inherent compromise. The synergy of rigid phase-separated
nanostructures and weak interactions crosslinked in a soft
matrix can balance the mechanical strength and stretchability,
thus fabricating ultra-strong polymers with high strength and
toughness, satisfactory stretchability, and elasticity.'***"
Inspired by natural load-bearing materials (e.g. tendons)
with anisotropic hierarchical structures across multiple length
scales,'® He and co-workers presented a toughening strategy to
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produce a multi-length-scale hierarchical hydrogel architecture
via a freezing-assisted salting-out synergic treatment
(Fig. 11a)."*® Directional freezing caused PVA to be aligned and
highly concentrated, and subsequent salting out strongly
induced the aggregation and crystallization of PVA by phase
separation to form nanofibrils. The HA-PVA hydrogels
demonstrated an ultimate toughness of 210 & 13 MJ m >, stress
of 11.5 £ 1.4 MPa and strain of 2900 + 450%. The strengthening
mechanism was mainly structural densification caused by H-
bonds and crystalline domain formation, and the toughening
mechanisms were pull-out, bridging and energy dissipation by
the fibrils, which are typical for highly anisotropic materials.
Moreover, the dynamic breakage and reformation of sacrificial
H-bonds during deformation enabled the reversibility and
reusability of the HA-PVA hydrogels, and the highly fatigue-
resistance over 30000 tensile cycles was ascribed to the crys-
talline domains and networks of fibres as strong barriers to
cracks.

Furthermore, the effective synergy of multiple dynamic
bonds in a single system can achieve a significant improvement
in the material performance.’®"® Qu's group proposed
a supramolecular strategy of introducing a zipper-like sliding-
ring mechanism in a H-bond-crosslinked PU network.'” A
very small amount (0.5 mol%) of pseudo[2]rotaxane crosslinker
could dramatically increase both the mechanical strength and
elongation of this H-bond-crosslinked PU network by nearly one
order of magnitude (Fig. 11b). As demonstrated by the
decreased scattering peaks in the X-ray diffraction (XRD) profile,
the enhancement was ascribed to a unique molecular-level
zipper-like ring-sliding motion, during which the breakage of
the H-bonding crystalline domain efficiently dissipated
mechanical work in the solvent-free network. The novel
molecular zipper strategy not only provides a distinct and
general strategy for the construction of high-performance
elastomers but also paves the way for the practical application
of artificial molecular machines toward solvent-free PU
networks.

4.2. Dynamic adaptivity

For the development of a sustainable economy, it's highly
demanded to fabricate dynamic high-performance polymers to
improve the reliability of materials and prolong their service
life."****> However, mechanical and dynamic properties, as key
performance parameters, are intrinsically opposite. For most
supramolecular designs, strong interactions result in rigid but
less dynamic networks and weak interactions afford dynamic
behaviors, but yield soft materials. Multiphase hierarchical
assembly is an efficient supramolecular synergy strategy,"”
where the program of dynamic motifs (e.g. H-bonding and w-7
stacking) in hard-soft multiple systems can dissipate energy via
dynamic fracture and rearrangement, thus bringing about not
only enhanced toughness, but also dynamic reversibility for
self-healing, reprocessability, and recyclability.*****

For instance, Sun and co-workers designed a high-strength
reversible elastomer containing polyimide (PI) as an ideal
rigid segment and poly(urea-urethane) (PUU) as a H-bonded

© 2024 The Author(s). Published by the Royal Society of Chemistry
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soft segment.'** The resultant PI-PUU copolymer exhibited
a record-high tensile strength of =142 MPa and an extremely
high toughness of =527 MJ m >, as well as excellent scratch
and puncture resistance, which enhanced the practical dura-
bility of the elastomers. Meanwhile, accelerated by the mobility
and diffusion of polymer chains, the H-bonds on the fractured
surface were broken and reformed in solvent and under heat,
thereby endowing the PI-PUU elastomers with efficient self-
repairability and recyclability to restore the mechanical prop-
erties, prolong service life and reduce materials consumption.

Nevertheless, external interventions are usually required to
promote intrinsic healing behaviors, such as heat, light, solvents,
external pressure, etc."'*™*® Even so, intrinsic self-healing mate-
rials under ambient conditions are generally soft and deformable
hydrogels or elastomers. It's a formidable challenge to fabricate
high-strength polymeric materials that could heal damage
intrinsically under ambient conditions, due to the significantly
hindered diffusion of polymer chains and incompact contact
between fractured interfaces. To address the above challenges,
Sun and co-workers designed an intermediary healing agent with
the same composition as the target material to repair rigid pol-
y(acrylic acid)-poly(allylamine hydrochloride) (PAA-PAH) copol-
ymers under ambient conditions based on reversible
supramolecular interactions.””* Commercially available PAA and
PAH were tunably complexed to produce two distinct states, i.e.,
the rigid glassy PAA-PAH copolymer with a tensile stress of
~67 MPa and an elastic modulus of ~2 GPa, strengthened by
phase-separated nanostructures, and viscoelastic PAA-PAH
copolymer as a healing agent via electrostatic and H-bonding.
Therefore, this rigid semi-crystalline copolymer could be fully
repaired via inner noncovalent complexation under ambient
conditions without external assistance (Fig. 12a).

© 2024 The Author(s). Published by the Royal Society of Chemistry

In addition to self-healing and recyclability as well-known
dynamic properties, more adaptive behaviors such as
softness-stiffness switchability are available via the dynamic
aggregation of the nanoscale crystalline segments. Learning
from sea cucumber dermis, Yan's group designed an impact-
protective supramolecular polymer material (SPM) containing
a poly(ethylene glycol/propylene glycol) triblock copolymer as
a flexible soft matrix and UPy dimer as a supramolecular hard
motif (Fig. 12b).*> The UPy dimer can not only promote the
aggregation of rigid segments as cross-linked domains, but also
provide enhanced energy-dissipation due to rapid kinetic
reversibility. Therefore, the multiscale energy-dissipation
pathways (i.e., breakage of the H-bonding, remodeling of hard
domains, and realignment of soft strands) endowed the semi-
crystalline SPM with unique impact-hardening and reversible
stiffness switchability.

4.3. Shape memory

As a class of representative dynamic smart materials, SMPs can
transform between temporary and permanent shapes under
a specific stimulus, which is jointly determined using the block
structures, reversible mobility changes, conformational
entropy, and programming.’” SMPs normally contain two
components: (i) permanent network crosslinks consisting of
chemical crosslinks, physical crosslinks or crystals to maintain
material stability; (ii) reversible segments that regulate molec-
ular mobility to fix/release temporary shapes via crystallization/
melting or vitrification transitions. Two-way SMPs (2W-SMPs)
exhibit reversible and programmable shape-shifting behaviors
superior to 1W-SMPs, thus promoting advanced applications
such as actuators, artificial muscles, drug delivery, etc.*** SCN is
one of the main molecular strategies towards the preparation of
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2W-SMPs, which was first proposed by Mather in 2008,"** and
has aroused increasing interest due to its universal structural
design and simple tailoring process compared to liquid crys-
talline polymers (LCPs).***"?* The SMP networks consist of
netpoints, crystalline crosslinking domains, and amorphous
switching domains. Similar to LCPs, crystallization-induced
elongation (CIE) and melting-induced contraction (MIC)
under constant stress or stress-free conditions contribute to the
two-way shape memory behaviors of SCN, and another
requirement is that the stresses formed by structure change
must be equivalent to those caused by entropy elastic recovery.

Xie and co-workers created a single-component robot
without macroscopic component assembly using a program-
mable semi-crystalline SMP with thermo- and photo-reversible
bonds (Fig. 13).** The semi-crystalline PU networks
comprised ample esters and cinnamates, where the cinnamates
undergo photo-reversible dimerization, and both urethane and
ester linkages can be triggered thermally by the catalyst (dibu-
tyltin dilaurate), used in the network synthesis, for reversible
bond exchanges. These two kinds of noninterfering reversible
bonds synergistically programmed the shape-morphing behav-
iors, i.e., the thermo-reversible bonds created the 3D shaped
structural support via plastic deformation, and photo-reversible
bonds can be activated in a spatio-selective manner to create
network anisotropy, leading to precisely controlled local actu-
ation via the reversible shape memory mechanism, thereby
producing more sophisticated soft robots and reversible actu-
ators. More recently, the same group constructed a zero-set
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reversible shape memory material via introducing a trans-
esterification catalyst into a network containing two crystalline
phases: poly(e-caprolactone) (PCL) and poly(w-pentadeca-
lactone) (PPDL).** The network can be programmed by two
mechanisms: (i) the transesterification catalyzed by [1,8-
diazabicyclo[5.4.0Jundec-7-ene] (DBU) at elevated tempera-
tures provided chemical mechanisms allowing permanent
shape reconfiguration; (ii) the high melting transition PPDL
phase allows physical programming for network anisotropy,
which was reversibly actuated by the low melting PCL phase.
The synergic mechanism expanded the scope for future multi-
functional shapeshifting devices.

4.4. Ion-transport

Soft ionic conductors have been widely used in wearable iono-
tronic devices, stretchable touch panels, actuators, etc., due to
their ion-conducting and sensory functions, as well as
outstanding environmental adaptability.’****” Ion transport
relies on polymer polarity and the segmental motions, often
accompanied by the existence of a large amount of liquid.
However, the mechanical strength and stability of materials are
usually based on a stable covalent crosslinked network, thereby
generating an inherent conflict between ionic conductivity and
mechanical performance. The semi-crystalline multiphase
structures afford an eminent chemistry strategy to improve the
compatibility between ionic conductivity and mechanical
properties in polymer electrolytes.'**** In this case, mobile soft
segments are responsible for ion transport and hard crystalline
domains contribute to the mechanical stability. The dual-phase
design performs its own functions in a synergic manner, thus
defeating the conflict between ionic conductivity and mechan-
ical compatibility. Ding et al. designed a novel ionic conductive
elastomer via the phase-lock strategy,'*' wherein locking the
soft phase polyether backbone conducted Li" transport and the
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synergy of dynamic disulfide metathesis and quadruple H-
bonds in the hard phase contributed to the self-healing
capacity and mechanical performance. Huang et al. addressed
the conflict between mechanical strength and ionic conduc-
tivity in ionogels via the adoption of lithium ions,*** which not
only promoted ionic conductivity through interchain transport
but also formed a microphase-separated microstructure by
forming lithium bonds with carbonyl oxygens on the polymer
chains (Fig. 14a).

Furthermore, the precise control of chain folding
morphology can produce ordered crystalline layers and ion
channels with controllable thickness, thus achieving efficient
and selective transport of protons, ions and small molecules
with appropriate chemistry selection. Winey and co-workers
designed sulfonated polyethylene with sulfonic acid groups
pendant to precisely every twenty-first carbon atom, thereby
inducing well-controlled methylene chain segment folding for
crystallization and highly uniform hydrated acid layers of sub-
nanometre thickness.™® The resultant high proton conductivity
is on par with that of Nafion 117, the benchmark for fuel cell
membranes (Fig. 14b). This layered polyethylene structure
provided an innovative and versatile design paradigm for
functional polymer membranes for efficient and selective ion
transport. Furthermore, Shi et al. combined disulfide-mediated
ring-opening polymerization with B-sheet-like H-bonding self-
assembly to construct an ordered layer ionic network as ion-
transport membranes.”® The stacked H-bonding crystalline
domain synergizing hydrophilic terminal groups facilitated the
formation and ordering of interlayer water channels, endowing
the resulting membranes with high efficiency in transporting
ions. Moreover, intrinsic dynamic poly(disulfide) backbones

allowed chemical recycling to monomers under mild
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Fig. 14 (a) A tough ionogel with high ionic conductivity promoted by
lithium ions. Copyright 2023, Wiley-VCH. Reproduced with permission
fromref. 132. (b) Layered sulfonated polyethylene with well-controlled
methylene chain segment folding for crystallization and highly uniform
hydrated acid layers for high proton conductivity. Copyright 2018,
Springer Nature. Reproduced with permission from ref. 133.
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conditions, thus leading to a novel example of high-
performance polyelectrolytes with closed-loop chemical
recyclability.

5. Conclusions and outlook

Throughout this review, we have summarized the design strat-
egies of SSCPs and their state-of-the art advances as dynamic
functional materials. Learning from nature, the synergy of
alternating amorphous and crystalline domains in multiphase
skeletons can balance the tradeoff among mechanical strength,
network flexibility and dynamic properties based on rational
chemical design, thereby bringing more opportunities for
dynamic high-performance polymers as potential candidates
for next-generation smart applications.

Despite numerous encouraging advances, the exploration of
SSCPs is still in its infancy. A few issues remain unsolved and
could potentially hinder further scientific development and
valorization. Although SSCPs have emerged with increasing
interest owing to their simple synthetic chemistry and tailor-
ability, their material performance needs to be further
improved (e.g. in regard to shape memory behaviors, SC
networks exhibit lower elongations and required higher
external tension than LCEs). Therefore, rational structural
design, an accurate assembly program, and clear characteriza-
tion of structure-property relationships are urgently required to
expand the realms of functionality and application for SSCP
materials.

The crystalline interlayers and the soft/hard domain inter-
faces are mainly crosslinked by H-bonds which are the most
representative supramolecular interactions due to definite
directivity, reversible bonding associations and broadly tunable
binding affinities. However, the well-established dynamic
chemistry toolbox should not be ignored. Host-guest interac-
tions, electrostatic forces, dynamic covalent bonds, and even
multiple synergies can be further used for molecular block
design to expand the programmable dynamic behaviors.

Unlike sophisticated life and nature systems, the simplicity
of artificial molecular structures and the limitation of the
assembly pathways make it difficult to achieve accurate control
of the semi-crystalline phase morphology (such as the size,
distribution and configuration of the crystalline domains) for
desired functions. Although some precise nanostructures have
been designed at the microscopic level and in solution systems,
there are still great challenges to achieve the scale-span regu-
lation of macroscopic materials (such as bulk polymers with
great practical engineering application prospects). This is
because complex nanostructures formed by molecular assembly
or polymerization are determined by a delicate balance of block
structures, hard/soft segment ratio, intermolecular interac-
tions, and interchain topological entanglement. Therefore,
advanced characterization methodologies as well as theoretical
models will become increasingly important in the exploration of
the nanostructure dynamics of bulk SSCPs.

Overall, opportunities and challenges coexist in the
advancement of SSCPs. The joint collaboration of theoretical
chemists, analytical chemists, and synthetic chemists is
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significantly important for deeply digging into the underlying
molecular behaviors and expanding integrated and well-
structured architectures, thus pointing in the right direction
for future development of next-generation smart SSCPs.
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