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Emergence, evidence, and effect of junction
clustering in supramolecular polymer materials

Amir Jangizehi, /2 Mostafa Ahmadi‘2 * and Sebastian Seiffert (2 *

A significant fraction of biomaterials consists of supramolecular polymers and networks formed by non-
covalent interactions between associative motifs. They typically contain complex structures in which on
top of binary associations, phase-separation and aggregation of associative junctions occur. Such
hierarchical assemblies have significant influences on the dynamics as well as the physical and
mechanical properties of the materials. Similar to supramolecular biomaterials, aggregation of
associative junctions has also been frequently reported to occur in synthetic supramolecular polymers
and networks. Engineering of such secondary structures in a sense to create and control the extent of
hierarchical assemblies can be a powerful approach not only to alter the physical and mechanical
properties of these materials but also to regulate novel functions like self-healing. To implement this
approach, a deep knowledge about the physical origin of clusters and the subsequent manifestation in
the properties and functions of the materials are required. To this end, we review a multitude of reports
on the formation of hierarchical assemblies in supramolecular polymeric materials such as networks,
thermoplastic elastomers, and gels. We classify motives for phase-separation and development of
clusters and the possible subsequent hierarchical assemblies, as well as their influence on the materials’
physical and mechanical properties. We summarize the specific characterization methods and present
selected example applications of supramolecular materials that operate based on such hierarchical

structures. This overview proposes a high potential for designing supramolecular polymeric materials

rsc.li/materials-advances

1. Introduction

Organization of building blocks via supramolecular self-assembly
driven by noncovalent interactions is ubiquitous in nature."* Such
organization follows a stepwise process, known as hierarchical
self-assembly. This process commonly initiates by the self-
assembly of building blocks via non-covalent interactions between
two associative groups. In subsequent steps, phase-separation
between the building blocks and binary associations followed by
the aggregation of binary associations into separated domains
known as clusters may occur.>* On top of that, ordered hierarchical
assemblies may form and grow inside clusters in the following if
some prerequisites are provided. In collagen, for example, three
polypeptide chains fold into triple-stranded helixes, which then, in a
subsequent process, self-assemble into collagen fibrils. These fibrils
further aggregate to form fibers.>® Another well-known example of
hierarchical self-assembly in nature is the tobacco mosaic virus, in
which following a stepwise process, protein subunits are associated
onto a single RNA chain.”® The assembly process includes the
binding of RNA to a short helical aggregate consisting of protein
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with tuned properties and specified functions based on the formation of clusters.

coating. Likewise, amphiphilic molecules commonly show hier-
archical self-assembly in biological systems.”* In the early steps,
molecules self-assemble into micelles or bilayers, and then these
units further aggregate to form larger and more complex
structures.

The phase-separation between building blocks and associa-
tive groups, and the subsequent aggregation of associative
moieties, which are commonly found in the hierarchical struc-
ture of biomaterials, can induce specific properties and/or
functions."" In spider silk, for instance, the primary structure
of proteins has alternating hydrophilic and hydrophobic blocks
in their core domains. Hydrophilic blocks have numerous intra-
and inter-chain hydrogen bonding, which form crystalline
domains and phase separate from the hydrophobic part. Specific
mechanical properties of spider silk such as high elasticity and
toughness are attributed to such a hierarchical structure, where
crystalline domains with B-sheet content are dispersed in tan-
dem with a disordered protein sequence.’? In the same way, the
main protein component of mussel byssus threads has a block-
copolymer structure. The copolymer contains a central collagen
domain, variable flanking domains, and histidine-rich domains.
The latter coordinates to transition metal ions like zinc and
copper. With such a multi-domain structure, the byssal threads
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show high stiffness and self-healing properties at the same time,
which protect marine mussels in wave-swept seashore habitats."?

Inspired by nature, hierarchical self-assembly has been
widely used to construct synthetic materials with well-defined
associations and increasing levels of structural complexity."**"'*
Hartgerink and coworkers investigated a peptide system that
replicates all levels of self-assembly that are usually seen in a
natural collagen: from peptide chains to triple helixes, to nano-
fibers, and finally to hydrogels."® The collagen mimetic peptide
consists of 36 amino acids based on lysine, aspirate, glycine,
proline, and hydroxyproline. The hydrogen bonds between lysine
and aspirate stabilize the triple helix structure within the nano-
fibers. The aggregated nanofibers self-assemble into hydrogels
that can be degraded by collagenase at a similar rate than that of
rat-tail collagen, suggesting a potential application as tissue-
engineering scaffolds.’®> Gu and coworkers utilized the self-
assembly of end-functionalized linear polypeptides and peptide
dendrimers to form amphiphiles. The amphiphiles then self-
assemble into virosome-like nanostructures, in which peptide
dendrimers aggregate. In water, these so-called peptidesome
nanoparticles mimic viral capsids and have potential applica-
tions to be used as gene vectors with high gene transfection
efficiency."®

In all these natural biomaterials and synthetic, bio-inspired
supramolecular polymer materials, phase-separation phenomena
and following aggregation of building blocks into clusters of
supramolecular junctions are critical steps to organize and
stabilize complex structures. In the work of Gu and coworkers,
for example, the peptide dendrimer is hydrophilic generation-2
poly(i-lysine) and the linear peptide is hydrophobic poly(r-
leucine) functionalized with glutamic acid. The weak hydrogen
bonding between poly(i-lysine) and glutamic acid is essential for
the self-assembly process, but not strong enough to form capsid-
like biomimicking nanoparticles. On top of these weak interac-
tions, the formation of such structures in water is mainly driven
by the phase-separation and the subsequent aggregation of
hydrophobic and hydrophilic parts. The aggregation of hydro-
philic dendrimers forms a layer that protects hydrogen bonds
from weakening or dissociation due to the interaction with
surrounding water by the shielding effect.’® In addition, phase-
separation and aggregation of hydrophilic and hydrophobic
peptides in water arrange associative groups close to each other,
which promotes the hierarchical assembly of associative motifs.
Formation of such clusters has a significant influence on physical
and mechanical properties of the complex supramolecular
structures.”

In addition, the engineering of functional supramolecular
materials by pushing associative groups to form cluster
domains can lead to the appearance of new functions like
self-healing."”'® Chen and coworkers designed supramolecular
polymer networks based on brush copolymers of poly(styrene) and
poly(amide-functionalized butyl acrylate)."® They demonstrated
that each chain collapses into a core-shell-like morphology with
a hard poly(styrene) core and a poly(amide-functionalized butyl
acrylate) shell. By self-assembly of amide groups, a two-phase
nanostructure is formed, which shows self-healing features. In
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addition, their results revealed that the mechanical properties of
the network and the self-healing efficiency can be adjusted by the
ratio of the poly(styrene) and poly(amide-functionalized butyl
acrylate) and with that the degree of clustering.'

In summary, the aggregation of associative junctions within
the microstructure of supramolecular polymers and networks is
a robust approach to tune their physical and mechanical
properties and to introduce specific functions into these materials.
Employing this approach, however, requires an intensive under-
standing of the origin and the dynamics of such clusters. The
target of this review is to highlight the importance and potential
applications of clusters in supramolecular polymer materials such
as thermoplastic elastomers and gels by summarizing numerous
studies in which aggregation of supramolecular junctions into
clusters is reported. This review is structured in four sections. In
the first section, the physical origin of the cluster formation in
different supramolecular polymer materials is discussed. In the
second section, different methods for the characterization of
supramolecular clusters are summarized. The effect of such
clusters on the dynamics, physical, and mechanical properties of
supramolecular polymer materials is discussed in the third
section. Finally, in the last section, approaches for the applica-
tion of such clusters in designing functional supramolecular
networks are elaborated.

2. Origin

Supramolecular polymeric materials consist of self-assembled,
small-molecule functional units or oligomeric/polymeric building
blocks functionalized with associative groups that can form
reversible noncovalent bonds. The latter can be divided into
two main types: “main-chain” and ‘“side-chain” supramolecular
systems. In the first, the polymeric backbone is constructed by
noncovalent bonds between telechelic elements. In the second,
the polymer backbone is covalently jointed, and supramolecular
associative motifs are grafted as side-groups along that
backbone.**' Supramolecular polymeric materials are tradition-
ally classified based on the type of their reversible interactions.
Examples of different supramolecular bonds are numerous,
whereby the frequently employed ones are hydrogen bonding,
n-m interaction, metal-ligand coordination, ionic interactions,
host-guest interactions, and hydrophobic association. Even more,
several supramolecular polymer systems are developed by inte-
grating multiple transient bonds or even their orthogonal
combinations.”

Regardless of their type, non-covalently associating units in
supramolecular polymeric materials follow specific reaction
pathways to form large assemblies, comparable with the synthesis
mechanisms of covalent polymers.”*** The simplest growth
manner is the multistep isodesmic mechanism, where the binding
constants are independent of the degree of association, and so all
chains grow gradually in parallel by binding to new monomers or
by combining with each other. This reaction pathway is quite
analogous to the classical step-growth polymerization, where long
chains can only be obtained at ultimate conversions. In contrast, in

© 2021 The Author(s). Published by the Royal Society of Chemistry
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many supramolecular systems that form ordered chiral assemblies,
additional supramolecular interactions with dominant binding
constants emerge when the association degree reaches a specific
threshold. This cooperative nucleation-elongation mechanism has
several analogies to the classical chain-growth polymerization
mechanism, e.g., the preferential addition of monomers to the
growing chains instead of forming new ones, since even if the
nucleation is not thermodynamically unfavorable, it has a slower
rate constant compared to the growth.>® Moreover, large associa-
tion degrees can be found at all conversions, which results in faster
structure formation in contrast to materials formed through the
isodesmic pathway. Unlike the classical polymerization methods,
these reaction lanes are not monomer specific, and depending on
many factors like electronic effects, spatial limitation, or the
polarity of the medium, unique types of supramolecular moieties
may choose any of the growth pathways.

Irrespective of the formation pathway, aggregation of supramo-
lecular associations provides a heterogeneous structure that exhib-
its different properties compared to a system of homogeneously
distributed binary associations. Polymer networks, either chemical
or physical, generally contain inevitable degrees of inhomogeneities
on the local and global scales.** The former consists of network
defects, like unreacted dangling ends, network misconnectivities,
and different types of loops, at length scales of 1-10 nm. The latter
includes inhomogeneity in the spatial distribution of network
junctions, which result from concentration fluctuations during
the network formation, on scales of 10-100 nm.>*"*® On top of
that, aggregation of supramolecular associations causes another
type of heterogeneity in supramolecular polymer networks, as
schematized in Fig. 1. Due to the differences between the
thermodynamic specificities of the supramolecular associations
and the polymer precursors, often supramolecular units phase-
separate into domains of irregular aggregates referred to as
clusters. The irregular aggregates inside clusters can sub-
sequently rearrange and create hierarchical assemblies by

Aggregation into
irregular domains

Binary
associations

Hierarchical assembly
into ordered structures

Clusters

Fig. 1 Definition of the terms used in this review: binary associations are
formed by combination of two supramolecular units, either homo- or
hetero-complementary. Thermodynamic specificities force binary asso-
ciations to phase-separate into irregular aggregates known as clusters. The
presence of secondary forces can encourage aggregates to form ordered
hierarchical assemblies.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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secondary forces and form clusters of ordered structures, as
illustrated in Fig. 1. Therefore, these aggregates are different from
the pre-shaped clusters such as polyoxometalates (POMs), fullerene
(Cen), or polyhedral oligomeric silsesquioxane (POSS), which are
formed by the covalent bonding of inorganic building blocks, and
are frequently integrated in polymer matrixes to add specific
functions like catalytic, optical, and electronic activities that such
clusters offer.”

In nature, biological materials integrate supramolecular
bonds in such hierarchical designs as well, thereby functioning
coordinately on several time and length scales. For instance,
the double helix of DNA can assemble into ordered chiral
structures in aqueous solutions due to the cooperation of
lateral hydrogen bonding and hydrophobic interactions.*?
Similarly, the hard coating of mussel byssal threads is based
on irregular clusters rich in catechol-iron complexes, which
exhibits a remarkable combination of hardness and extensibility.>°
The emergence of alike clusters in synthetic supramolecular
materials, either in ordered or irregular morphologies, can
similarly change multiple essential properties that are less
discussed and developed so far compared to the supramolecular
polymers based on simple binary associations. Therefore, it is
necessary to understand the mechanisms for the formation of
such clusters either to avoid or to purposely integrate them in a
tunable fashion if required. Regardless of the type of the utilized
supramolecular group or the physical state of the material—either
it is a gel swollen in a solvent or it is in the solid state—there are
similar design concepts to create and control the extent of cluster
formation in supramolecular materials, which are discussed in
this section. The fundamentals of the initial phase-separation step
are the same for both clusters of irregular aggregates and
ordered hierarchical assemblies, as discussed in Section 2.1.
The possibility of forming hierarchical assemblies aided by
secondary forces is determined by additional design concepts
that are discussed in Section 2.2.

2.1. Phase-separation into irregular domains

In classical block copolymers, phase-separation normally happens
upon decreasing temperature, which is aided either by crystal-
lization of a hard block or simply by thermodynamic incompat-
ibility of blocks. Consequently, even with unentangled constituting
copolymers, a robust network of interconnected phase-separated
microdomains with tunable mechanical properties can be pre-
pared. Such materials are classified as thermoplastic elastomers
(TPEs) and have several industrial applications.*" These benefits of
phase-separation in block copolymers have encouraged researchers
to control the morphology and thereby the mechanical properties
of supramolecular polymeric systems in the same way.>> The
simplest analogy includes ABA-type block copolymers with hard
A blocks and a soft B block, which can form a percolated network
when the hard blocks phase separate into hard nanoscopic
domains. Similarly, in supramolecular polymeric systems, the
strength of transient interactions of kinds as discussed above is
expected to be enhanced if they form phase-separated nanoscopic
domains. In one of the first examples, Stadler and coworkers
reported about the synthesis of polybutadiene (PBd) randomly
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grafted by phenyl urazole derivatives, where a thermo-reversible
elastomeric network forms due to phase-segregation of the highly
polar urazole groups.® This notion has inspired many researchers
to form mechanically robust thermo-reversible networks based on
weakly interacting supramolecular associative groups.

2.1.1. Phase-separation in supramolecular polymers based
on hydrogen bonding. Hydrogen bonding motifs are prone to
phase separate specifically when grafted on nonpolar polymer
precursors.>® For instance, Rowan and coworkers have reported
on the synthesis of linear poly(tetrahydrofuran) (PTHF)
end-grafted with various nucleobases including thymine
(Thy), adenine (Ade), and cytosine (Cys).*>>° All systems including
blends of precursors with hetero-complementary functions and
homo-complementary equivalents form brittle films. However,
despite their very small association constants, the single-
component systems based on Ade and Cys with aromatic amide
linkages demonstrate high toughness and fiber-forming ability.
Even the addition of up to 20 wt% of monofunctional chain
stoppers does not eliminate the fiber-forming ability, which rules
out the isodesmic mechanism of self-assembly. Therefore, the
authors concluded that additional noncovalent interactions and
ordering effects should be involved on top of the weak hydrogen
bonding. The combination of temperature-variable FTIR, wide
angle X-ray scattering (WAXS), and rheological studies reveals that
the segregation of nucleobase chain ends in hard phases is
responsible for the favorable mechanical properties of these
homo-aggregated systems.>®

Boutieller and coworkers have further clarified the effect of
structural design parameters on the phase-separation scope, by
grafting bisurea groups through aromatic linkers on
poly(dimethylsiloxane) (PDMS). The hydrogen bonding groups
are either grafted along the backbone to form side-chain
supramolecular polymers or as end groups on linear chains
to create telechelic precursors.>” This work demonstrated that
specific requirements have to be met to obtain phase-segregated
TPEs. Although the side-chain systems create physical crosslinks
by ordered phases of hydrogen-bonded bisureas, they are not as
ordered as telechelic systems are. Moreover, too short or too long
telechelic PDMS chains do not create strong TPEs, due to the
lack of entanglement in the former and insufficient concen-
tration of physical crosslinks to form a percolated network in the
latter. Similarly, Goldansaz, Ahmadi and coworkers have studied
diblock copolymers based on poly(n-butyl acrylate) (PnBA) and
poly(hydroxyethyl acrylate) (PHEMA) segments, where the latter is
functionalized by strong hydrogen bonding Ureido-pyrimidinone
(UPy) motifs.*® The studied materials set up a three-dimensional
network through segregation of UPy-functionalized PHEMA blocks
only at a specific length of the hydrophobic PnBA segments: too
short PnBA segments do not form a percolated network due to
lack of entanglement, whereas too long PnBA blocks deteriorate
the network percolation by lowering the segregation tendency of
PHEMA blocks.

More recently, Binder and coworkers have studied the impact
of phase-separation in supramolecular polymeric systems based
on mono- and bifunctional poly(isobutylene) (PIB) chains grafted
with weak hydrogen bonding motifs like Thy, diaminotriazole,
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barbituric acid, and a Hamilton wedge.'”*>*® All their studies
report a similar pattern that despite the low association con-
stants, the undirected supramolecular interactions of the
homo-aggregated motifs form clusters with diverse irregular
shapes and architectures, as illustrated in Fig. 2a. By contrast,
formation of clusters is suppressed in blends due to the strong
directional interaction between the hetero-complementary
motifs. The size of micellar homo-aggregates can be reduced
by introduction of hetero-complementary supramolecular
chains, which results in TPEs with a percolated network due
to the enhanced connectivity between clusters.”” Moreover, the
phase-separated systems show stronger temperature dependences
compared to the hetero-complementary hydrogen-bonded ones.
This is attributed to the lower temperatures for the onset of cluster
fragmentation in the former compared to the relatively high
dissociation temperature of the strong binary hydrogen bonds
in the latter.

2.1.2. Phase-separation in supramolecular polymers
based on metal-ligand coordination. Although coordinating
ligands, even those with heteroatoms, are usually not as polar
as hydrogen bonding motifs, when coordinated with metal ions,
they demonstrate comparable phase-separation tendencies. As an
example, Rowan and coworkers have studied structure formation
upon phase-separation in a series of ditopic monomers consisting
of a penta(ethylene oxide) (PEO) polymer core and 2,6-bis
(1"-methylbenzimidazolyl)pyridine (Mebip) ligand.*" The authors
report that the connectivity increases from bis to tris if
lanthanides are used instead of transition metal ions to
form metal-ligand complexes. However, the combination of
different characterization techniques suggests that gelation
also occurs in the systems based on bis-complexes via
coagulation of semicrystalline spherulitic structures, which
form by aggregation of the Mebip motifs, as shown in Fig. 2b.
Such fragile assemblies are very sensitive not only to
temperature but also to the mechanical perturbation and
therefore show a strong thixotropic behavior. Interestingly, the
size of the phase-separated spherulites can be significantly
reduced by a mechanical trigger like sonication, which causes
a higher elastic modulus and stronger thixotropy. A similar
design with a poly(ethylene-co-butylene) (PEB) core instead,
shows a similar microphase-separated lamellar morphology in
the solid state with a melting point that depends on the type and
fraction of the crosslinking metal cation and the type of the
counteranion.*

2.1.3. Phase-separation in supramolecular polymers based
on ionic interactions. In addition to hydrogen-bonding and
metallo-supramolecular networks, cluster formation is also
frequently reported in supramolecular polymeric materials based
on ionic interactions. Stadler, Bailly, and coworkers have studied
the time-dependent aggregation of carboxylic acid-modified
telechelic PBd chains upon neutralization with different alkaline
metal hydroxides.”® The plateau modulus increases significantly
and the terminal relaxation time, manifested by the inverse of
the cross-over of the frequency-dependent storage and loss
moduli, prolongs up to seven orders of magnitude upon neu-
tralization, as shown in Fig. 2c. This observation confirms that

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Representative examples of phase-separated supramolecular polymeric systems: (a) in hydrogen bonding-based systems, the nondirectional
assembly of homo-aggregated diaminotriazine units forms segregated domains with irregular shapes, whereas its directional association with thymine
suppresses phase-separation.® (b) In metal-ligand coordination-based systems, phase-segregation of Zn®*—bis(Mebip) and Eu** —tris(Mebip) complexes
forms a 3D network from telechelic precursors.®® (c) In ionic interaction-based systems, aggregation of polar end-groups with counterions prolongs the
terminal relaxation for more than seven orders of magnitude.*® Panel (a) adapted from ref. 39; copyright 2010, American Chemical Society. Panel
(b) adapted from ref. 99; copyright 2012; American Chemical Society. Panel (c) taken from ref. 43; copyright 2009, American Chemical Society.

mechanisms different from simple disentanglement of polymer
chains control the terminal relaxation of the neutralized systems.
The fact that no change is observed in T, upon neutralization,
along with the emergence of distinct peaks in small angle X-ray
scattering (SAXS), suggests that the main phase is composed of
pure PBd chains whereas the polar end-groups aggregate
together with the counterions, as schematically shown in
Fig. 2c. The effect of aggregation clearly depends on the type of
ion, and stronger clusters require longer times to reach the
thermodynamic equilibrium. Besides the terminal relaxation,
there is another drop in the plateau modulus at a high-
frequency region that the authors have assigned to be the onset
of cluster rearrangement upon surpassing their glass transition.
Similar properties are reported for telechelic linear and star
polyisoprene (PiP) modified with strong zwitterionic groups.**
The significant hindrance of the final relaxation is similarly
attributed to the aggregation of functional groups, whereas the
high-frequency drop in the plateau modulus is associated with
the relaxation of mobile chains that have at least one arm not
participating in the long-lasting clusters. This impression is sup-
ported by the occurrence of a final relaxation of the unmodified
precursors in a similar frequency range.

Likewise, in main-chain ionomer systems based on PTHF
segments that are covalently linked by sulfonated isophthalic
acid units, neutralization with sodium salt results in nine
orders of magnitude prolongation of the terminal relaxation.
In a sharp contrast, equivalent systems with a more polar
poly(ethylene glycol) (PEG) segment just show mild changes
in their rheological behavior. A notable dependence of T, on

© 2021 The Author(s). Published by the Royal Society of Chemistry

the neutralization degree in the PEG-based systems, contrary to
the PTHF-based ones, demonstrates that the ionic associations
reside in the polymer matrix in the former, whereas they create
individual clusters in the latter.”> The aggregation of ionic
groups has been also used as a tunable design parameter to
form ionic hydrogels by mixing ABA-type triblock copolymers
with oppositely charged end blocks. Solubility of the system in
water is guaranteed by utilization of PEG as the middle block.
Mixing solutions of block copolymers with strong ionic groups like
sulfonate and guanidinium in the end blocks forms highly stable
and resilient hydrogels even at low polymer concentrations.*®
Network formation is attributed to the creation of interconnected
clusters of coacervate phases. The extent and lifetime of such
phases are tunable in response to external stimuli such as pH and
salt concentrations. Such a design concept is similarly used in the
formation of robust hydrogels by mixing oppositely charged
natural polymers such as hyaluronic acid and chitosan.*’

In another example, incompatible polyether ionomers
extended with sulfonated isophthalic acid are blended to regulate
the phase-separation.*® The ionic groups are soluble in the polar
PEG matrix and thereby hold the material’s electrical conductivity.
In contrast, ionic groups phase-separate in the apolar PTHF
domains. Consequently, a wide spectrum of combined conduc-
tivity and physicomechanical properties can be obtained by
blending different fractions of PEG- and PTHF-based compo-
nents and even through changing their chemical composition.*®

Analogous methods are used for the formation of double
network hydrogels based on polyampholytes. These hydrogels
are formed by free radical polymerization of oppositely charged
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monomers. Aggregation of the oppositely charged ionic
groups into clusters occurs along the polymerization by con-
tinuous reduction of the overall entropy due to the chain
growth. Therefore, due to different formation histories,
clusters with different sizes are formed throughout the reac-
tion. The distribution of cluster size translates into different
strengths and lifetimes: the stronger clusters impart elasticity
whereas the reversible breakage of the weaker ones integrates
toughness.*’

2.1.4. Further insights from confronting relaxation models
and experiments. A molecular-level understanding about the
formation mechanism and relaxation process of microphase-
separated clusters can be obtained from confronting model
predictions and experimental results. The structure of reversible
networks of interconnected clusters or micelles is theoretically
mimicked by employment of telechelic chains with terminal
supramolecular groups, commonly called stickers, with limited
functionality above two.?>>' Such models are normally applied to
supramolecular polymeric systems at thermodynamic equili-
brium. Therefore, the relaxation induced by rearrangements in
cluster size and morphology upon surpassing the T, of the hard
domains is normally captured neither by detailed simulations
like molecular dynamics,”®> nor by more coarse-grained
approaches like tube-based models.”>* Recently, Wang and
coworkers have developed a detailed simulation for the
dynamics of unentangled telechelic chains that are able to form
clusters.”® They demonstrated that the traditional picture of
relaxation process of such phase-separated systems,>*>> which
is based on hopping of a single sticker from one cluster to the
other, is energetically unfavorable. Instead, the final relaxation is
achieved by partner exchange through reversible dissociation of
clusters into smaller fragments. This has been recently verified
by the experimental studies of Saalwiichter and coworkers.** This
process is still faster than sticker hopping despite its characteristic
time is significantly longer than the average lifetime of a binary
association. More interestingly, the authors suggest that the
terminal relaxation time can be significantly slowed down if the
stickers are avoided from forming large aggregates, but instead are
forced to create a larger number of smaller clusters.
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Besides the reversible fragmentation, the colloidal diffusion
of clusters is another way of stress relaxation specifically in
systems based on unentangled or monofunctional precursors,
which do not form a percolated network of interconnected
micelles.”®"* Nevertheless, the final relaxation is not experi-
mentally accessible in entangled systems that contain long-
lasting aggregates.’®”” In those cases, a low-frequency plateau
modulus is observable, which can be correlated with the
fraction of chain segments that are trapped between long-
lasting clusters, as shown in Fig. 3.®°° These segments can
only partially relax according to the Constraint Release Rouse
(CRR) process.”® This process includes the lateral motion of the
trapped segments by the Rouse mechanism, which is activated
once the free neighboring chains are relaxed. In such cases, the
entanglement of polymer precursors is reported to induce an
upper limit for the fraction of trapped segments.>®>8

More recently, van Ruymbeke and coworkers used a combi-
nation of different techniques including dielectric spectro-
scopy, SAXS, and rheology to propose a general picture of the
microstructure of entangled side-chain supramolecular polymeric
materials.®® The material basis of their study includes PnBA
bearing different fractions of weakly hydrogen bonding carboxylic
acid side-groups. Quantitative agreement between the specific
dielectric relaxation modes of a pure poly(acrylic acid) (PAA) and
the modified PnBA systems suggests that distinct acrylic acid (AA)
domains are embedded in a pure PnBA matrix. However, retarda-
tion of segmental motion found in rheology and a slight increase
of T, upon increasing the fraction of AA units suggests that the
binary associations and free AA units are also present in the PnBA
matrix. The temperature-dependent evolution of the structure and
dynamics demonstrate a pattern similar to the former reports by
Stadler and Rowan.*®*** Upon increasing the temperature, the
modulus increases initially followed by a drop beyond a specific
temperature. The drop of the modulus in some cases includes
a two-step process. This pattern can be understood with the help
of a rather historical explanation suggested by Eisenberg and
coworkers for the morphology of random ionomers.*>** This
picture is quite similar to the explanation provided by Spiess
and coworkers about the morphology of ethylene oxide oligomers

Fig. 3 Schematic representation of the phase-separation process in supramolecular polymeric materials: (a) doublet connection; (b) aggregation of
doublets into larger multiplets is limited by the necessary extension of surrounding chain segments; (c) overlapped extended segments form clusters;
(d) interconnected clusters form a percolated network. The highlighted trapped segments can store elastic energy. The matrix can also contain individual

supramolecular bonds, binary associations, or even multiplets.
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that are tethered with imidazole heterocycles, based on the solid-
state NMR studies.®® In this picture, the highly polar supra-
molecular associative groups tend to phase-separate from the
commonly less polar polymer backbone to reach the most stable
thermodynamic equilibrium. This is further encouraged once
secondary interactions can form and thereby lower the Gibbs
free energy even more.®® Binary associations gradually gather
together to form quadruplets, sextuplets, and larger aggregates
called multiplets, as shown in Fig. 3a and b.°"**%%% polymer
segments around multiplets have to significantly extend while
matrix chains have a random coil conformation. Thus, the
limited extensibility of chains sets an upper limit for the growth
of multiplets. At a larger fraction of supramolecular motifs, the
extended chain regions overlap and form clusters that expose
their individual Ty, as illustrated in Fig. 3c. Although clusters
tend to combine and thereby reduce the surface tension, this is
prohibited or at least significantly slowed down in the polymeric
environment due to the entanglement of neighboring chains and
entrapment of polymer segments between long-lasting clusters,
as highlighted in Fig. 3d.”®*° The extended polymer layer is free
of supramolecular associative groups, whereas the inter-cluster
region may contain free motifs, binary associations, and even
individual multiplets, as noted in Fig. 3d. By increased polymeric
dynamics at high temperatures, those individual entities find the
chance to join the existing clusters. This results in a frequently
reported initial modulus upturn upon increasing temperature.***
Annealing the sample at such temperatures brings the cluster
closer to the most stable configuration. However, this is normally
hard to be experimentally accessed, specifically in the presence of
entanglements.” By further increase in temperature, clusters
finally disappear beyond a temperature threshold once the elastic
energy of the extended polymer segments around multiplets
compensates the gain in Gibbs free energy upon the destruction
of clusters. The binary associations, however, may still exist until
temperatures beyond which the association equilibrium lies on
the dissociation side. This process may be reflected as a two-step
relaxation process in the rheological behavior.

2.2. Hierarchical assembly into ordered structures

Examples of biological materials that employ a combination of
different supramolecular motifs to function adaptively in versatile
conditions are numerous. Inspired by such biomaterials,
researchers have been and still are encouraged to combine
multiple noncovalent forces to form nanoscopic microstructures
by the hierarchical assembly of supramolecular groups.>*°®%”
Such molecular designs normally lead to regular arrays of
supramolecular bonds, if spatial constraints allow. Often, multiple
design principles are coupled to obtain the desired microstructure.
Several design factors can be extracted from the existing diverse
reports by a thorough examination. In the following, we decouple
such design principles.

2.2.1. Stacking-reinforced hydrogen bonding and vice
versa. Several researchers have reported on the hierarchical
process of nucleation by hydrogen bonding followed by the
lateral growth of supramolecular assemblies via orthogonal n—n
stacking of aromatic rings. This cooperative structure formation

© 2021 The Author(s). Published by the Royal Society of Chemistry
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is also widely observed in natural materials like in the chain-
folding polypeptide building blocks of proteins, which is facili-
tated by urea-aromatic stacking interactions.®®®®

Aida and coworkers have reviewed the formation of highly-
ordered shape-persistent nanostructures by the cooperative
assembly of small-molecule associative units that orthogonally
employ hydrogen bonding and n-r stacking.®® Such structures are
incorporated in polymeric systems either as individual modifiers,
like nucleating agents for promoting crystallization,”® or as
covalently grafted supramolecular units. One of the associative
motifs that have been widely studied for its orthogonal assembly
is the quadruple hydrogen bonding UPy group. The self-
complementary association of small-molecule UPy monomers in
chloroform results in a significant viscosity enhancement due to
the formation of extended linear chains, when bifunctional
monomers are used, and the creation of a three-dimensional
network in case where trifunctional monomers are utilized.”*
Moreover, viscosity is reported to decrease upon addition of
monofunctional stoppers, which suggests that the self-
assembly of UPy monomers follows the isodesmic growth mecha-
nism. In contrast, coupling of the same motif on n-conjugated
oligo(p-phenylenevinylene) (OPV) results in unidirectional growth
of polymer-like ribbons through hydrogen bonding reinforced n-n
stacking, as shown in Fig. 4a.”> Here, monofunctional monomers
create ordered structures, whereas bifunctional monomers,
formed by chemical linking of UPy motifs with a hexamethylene
spacer, provide less ordered chiral stacks.”® Similarly, mono- and
bifunctional OPVs with ureidotriazine supramolecular functional
groups form chiral stacks in nonpolar solvents like dodecane.”

Benzene-1,3,5-tricarboxamide (BTA) is another famous associa-
tive motif, which forms nanorods in solution and solid by n-n
stacking of benzene groups fortified by triple, rather weak, lateral
hydrogen bonds.” Introduction of bulky side groups in BTA is
reported to add helicity to the columnar aggregates. Meijer and
coworkers have studied the structure formation in main-chain and
side-chain supramolecular polymeric systems based on PEB back-
bones and BTA associative motifs.””> The integration of BTA in
amorphous PEB systems also results in their orthogonal assembly
into phase-segregated nanorods and the consequent appearance
of elastomeric properties.”>”®

2.2.2. Hydrophobic shielding of hydrogen bonds. Shielding
hydrogen bonds through the utilization of a hydrophobic micro-
environment is one of the widely observed tricks in nature to
stabilize hierarchical structures in aqueous media.””””® Inspired
by such biological designs, Meijer and coworkers have used the
advantage of hydrophobic shielding by linking an aromatic side-
group on mono- and bifunctional small-molecule ureidotriazine
hydrogen bonding monomers.”””® Although these monomers
are soluble in DMSO, extended linear chains form through the
strong binary association of bifunctional monomers in chloro-
form and even columnar aggregates organize in less polar
solvents like hexane. Moreover, similar columnar aggregates also
form in water. This is due to the solvophobic interactions of
aromatic surfaces, meaning that dissolving the aromatic surface
imparts a large gain of energy. Therefore, aromatic surfaces stack
on top of each other to reduce the total surface exposed to water.
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Fig. 4 Representative examples of hierarchical supramolecular assemblies aided by secondary forces: (a) stacking of aromatic OPV units assisted by
strong hydrogen bonding motifs.”® (b) Quadruple hydrogen bonding UPy groups shielded by hydrophobic alkyl linkers form nanofiber aggregates. 8
(c) Fibrous aggregates form upon stacking of UPy dimers aided by lateral urea hydrogen bonds.8”-%° (d) The polymer core length and compatibility affect
the aggregation strength, which determines whether the mechanical behavior is dominated by supramolecular assemblies or polymeric dynamics.®*°°
(e) Spatial hindrance of the substituent at the sixth position determines the inter-stack’s distance.*°° (f) Metal-ligand complexes are embedded in the soft
matrix of polyacrylate arms in a polymer brush with a PS backbone.’°® Panel (a) taken from ref. 73; copyright 2001, American Chemical Society. Panel
(b) adapted from ref. 81; copyright 2012, Wiley. Panel (c) taken from ref. 89; copyright 2010, Wiley. Panel (d) taken from ref. 93; copyright 2015, Elsevier.
Panel (e) taken from ref. 100; copyright 2011, American Chemical Society. Panel (f) adopted from ref. 108; copyright 2014, American Chemical Society.

Nevertheless, to form columnar aggregates in water it is also
essential to preserve the solubility. This is ensured by grafting
the aromatic rings with three PEO side groups. Nevertheless, the
bifunctional monomers with the hexamethylene spacer are
reported to form stacks with enhanced chirality.”®

Following the same concept, Meijer’s group has also reported
on the formation of hydrogels using UPy functionalized telechelic
PEG chains.®® The hydrophobic shielding of an aliphatic dodecyl
spacer is proposed to be responsible for the preservation of the
columnar m-r aggregates in the aqueous ambiance and thereby
the formation of three-dimensional networks. In a succeeding
study, the same group systematically varied the length of the alkyl
spacer and the PEG backbone. The authors discovered that the
network formation is enhanced by the length of the alkyl spacer
whereas the length of the PEG core has an opposite destabilizing
effect.® The network structure is illustrated as interconnected
bundles of nanofibers that are shielded in a hydrophobic alkyl
spacer pocket, as illustrated in Fig. 4b. A first-order thermal
transition is reported to happen exactly at the same temperature

1432 | Mater. Adv, 2021, 2, 1425-1453

where rheological data show a gel-sol transition. This transition is
correlated to the dissociation of bundles, which can be inverted
upon cooling, but with a time delay of up to several days.*' The
size of phase-separated bundles can be reduced by introducing a
monofunctional supramolecular precursor. This enhances the
inter-nanofiber connectivity and consequently improves the network
strength and stability.?> This modification approach is quite
analogous to the integration of the unidirectional hetero-
complementary associating hydrogen bonds to the phase-
separated network of undirected self-complementary counter-
parts, thereby enhancing the network connectivity with the
expense of decreasing the size of supramolecular aggregates.*’
Such reinforcing effect is also in accordance with the conclusion
of Wang and coworkers that preventing stickers from associating
into large aggregates significantly slows down the stress
relaxation.”® The side-chain variant of this supramolecular
design also shows phase-separated UPy clusters shielded by alkyl
spacers. However, the chemical linkage between nanofibers
promotes network connectivity and results in much stronger
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and resilient TPEs in the solid state and tough hydrogels upon
immersion in water.®* In the same way, Bouteiller and coworkers
have recently prepared supramolecular nanorods by the self-
assembly of tris(urea) stickers connected on both sides through
alkyl spacers of different lengths to short PS arms.®* They have
shown that long supramolecular nanorods can be obtained when
a nine carbons spacer is used, whereas five times shorter
nanorods are achieved with a spacer of only five carbons, and
even only spherical nanoparticles are formed in the absence of
the spacer. This is attributed to the spacer’s hydrophobic shielding
of the hydrogen bonding associations.

Hydrophobic shielding is also reported to play an important
role in stabilizing weak hydrogen bonds in aqueous media. This
can be achieved by a delicate manipulation of the structure of
supramolecular groups even through the addition of a small
hydrophobic alkyl substituent adjacent to the associative motif.
This design concept has been frequently used to form tough hybrid
hydrogels.**®*® For instance, polymerization of methacrylic acid
(MAACc) in aqueous media leads to the formation of polymer-rich
aggregates containing multiple hydrogen bonds that are stabilized
by hydrophobic interactions due to the presence of the a-methyl
groups in poly(MAAc).*®

2.2.3. Integration of complementary lateral hydrogen
bonds. Inspired by results of Boutellier’” and Rowan®® on the
formation of strong supramolecular TPEs upon the phase-
separation of weak hydrogen bonds into microscopic domains,
Meijer and coworkers have studied the supporting effect of
weak lateral hydrogen bonds on the clustering of the strongly
associating UPy motif.®” As anticipated, the simple functionali-
zation of unentangled PEB chains with terminal bisurea or urea-
urethane groups creates brittle solids with distinct melting
transitions, which can be attributed to a microphase-
segregated structure. Oppositely, despite no melting point
emerges in UPy modified counterparts, a substantial increase
in viscosity confirms the formation of long extended chains
through the binary association of UPy motifs. In sharp contrast
with these two examples, when UPy motifs are grafted via an
additional urea linkage, an elastic solid with a distinct melting
point forms, which has a significantly higher modulus and strain
at break compared to the bisurea modified system. The superior
mechanical properties are attributed to the stacking of UPy
dimers aided by supplementary lateral urea hydrogen bonds,
as schematically shown in Fig. 4c. This is confirmed by atomic
force microscopy (AFM), which demonstrates micrometer long
nanofibers at room temperature, and also by rheology that
discloses deviation from the Maxwellian terminal relaxation. In
contrast, the presence of free carbonyls peaks in the FTIR spectra
of systems based on the urethane linked UPy groups, and their
corresponding lower mechanical strength, suggest that the
respective fibrillar aggregates are less densely packed compared
to the system constructed by the urea linkages.®”

Unexpectedly, a telechelic supramolecular polymeric system
utilizing UPy motifs linked through urethane linkages on a
polar polycaprolactone (PCL) precursor has also demonstrated
the formation of fibrillar aggregates as inferred from the
emergence of a low-frequency plateau modulus in the
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rheological spectra.®® The presence of fibrous aggregates is
further confirmed by AFM imaging through the application of
an amorphous PCL counterpart. In contrast, another systematic
study on the aggregation of small-molecule monofunctional
UPy motifs, containing a hydrophobic aromatic tail, reveals
that the presence of the urea linkage is necessary for the
formation of one-dimensional stacks in various solvents,
whereas the urethane linked counterpart is incapable of
aggregation.’® The synergistic effect of solvophobic shielding
and supplementary lateral hydrogen bonds on the formation of
fibrous UPy aggregates was subsequently used for the development
of tough hydrogels, as discussed in the previous section.?***

2.2.4. Effect of polymer core length and compatibility. The
type and the length of the polymer backbone are critical
parameters that influence the phase-separation tendency of
supramolecular associative units. In the classical sense, longer
chains with more apolar structures promote the phase-
separation affinity term of yN in the solution theory of Flory-
Huggins, where x is the interaction parameter, and N is the
degree of polymerization. However, in supramolecular polymers,
the enhanced polymeric dynamics of longer chains can over-
come the association tendency of supramolecular units and
thereby decrease the extent of phase-separation.”®®" Moreover,
in supramolecular polymeric hydrogels, the polar polymer
precursor is responsible for assuring the system’s solubility,
which undermines the phase-segregation affinity of the supra-
molecular units.*® Therefore, the effect of the polymer core
length and incompatibility on enhancing the aggregation of
associative motifs can be compromised by the enhanced polymeric
dynamics and the increased solubility, respectively. For instance, a
monofunctional rod-coil block copolymer with an aromatic
dendron-like tail is reported to form fibrillar aggregates due to
the stacking of the aromatic tails, reinforced by lateral hydrogen
bonds, even at very low concentrations.®” In contrast, without the
rod segment, the polymer dissolves completely whereas an
insoluble material is obtained once the polar coil segment is
excluded.

Following the original report of Boutieller and coworkers®”
on the phase-separated bisurea functionalized systems, Callies,
Creton, and coworkers have studied the structure and morphology
of center-functionalized PnBA chains with weak bisurea and
strong triurea supramolecular motifs.”> For either system, there
is a molar mass threshold below which the assembly of supramo-
lecular motifs into large bundles of rod-like aggregates controls
the materials’ mechanical properties, as illustrated in Fig. 4d. In
samples based on the strongly associating triurea motifs, this is
manifested by the appearance of a low-frequency plateau
modulus. Increasing the molar mass in this regime reduces
the segregation tendency and consequently decreases the viscosity
due to the effect of enhanced polymer dynamics.”” In contrast,
above the critical molar mass, although randomly oriented small
rods may appear in the strongly bonded supramolecular systems,
the viscoelasticity is mainly controlled by entangled polymer
chains, as depicted in Fig. 4d. Consequently, the terminal relaxa-
tion time and the viscosity increase with the molar mass in both
systems.”>°> Meijer and coworkers have recently investigated the
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temporal structure development of UPy functionalized telechelic
PEG systems in aqueous environment by using a combination of
several microscopy and spectroscopy techniques.’® The authors
demonstrate that the length of PEG chains destabilizes fibrillar
aggregates of supramolecular units due to the steric and entropic
effects. More interestingly, mixing monofunctional UPy modified
PEG precursors with increasing amounts of bifunctional counter-
part results in the destabilization of ordered fibers that are
obtained from the sole monofunctional precursors.

Incompatibility of the polymer core is the other factor that can
align supramolecular assemblies in ordered structures. For
instance, the presence of the urea linkage is reported to be
necessary to form fibrillar UPy aggregates in telechelic PCL and
PEB systems.’”®® In contrast, aggregation of UPy groups takes
place in the nonpolar PDMS system without any supplementary
urea linkages.”” This is in accordance with former reports that
reveal bisurea groups are capable to phase separate into micro-
domains with a sharp melting peak in telechelic PDMS systems.””
Along with the former discussion on the effect of chain length, the
authors have shown that by increasing the molar mass of PDMS
chains and the respective enhancement of the polymeric dynamics,
fibrillar UPy aggregates turn into constrained spherical domains.””

In a systematic study, Meijer’s group has evaluated the effect of
the media’s polarity on the self-assembly of small-molecule BTA
motif in solution and when incorporated in telechelic polymeric
systems.”® The medium polarity was gradually changed by varying
the solvent composition in solution, and by replacing the nonpolar
PEB polymer core with relatively more polar PTHF and PCL in the
solid state. The size and stability of nanorods gradually decrease by
increasing the polarity and eventually supramolecular associations
disappear in most polar systems. Similarly, aggregation of mono-
functional UPy monomers into one-dimensional stacks signifi-
cantly diminishes upon the replacement of the hydrophobic
aromatic tail with a hydrophilic triethylene glycole (TEG) group.®
Besides the lack of adequate solvophobic shielding, this is attrib-
uted to the competing hydrogen bonding of TEG groups which
undermines the UPy dimerization. Likewise, in the side-chain UPy
functionalized polyacrylates, it is reported that the fraction of
trapped segments decreases in the presence of free HEMA units.
This is interpreted as the reduction of UPy stacking due to the
competitive hydrogen bonding of free hydroxyls on HEMA
groups'56,57,98

In the same way, other types of supramolecular motifs demon-
strate escalated phase-separation and clustering when attached to
a more incompatible polymer core. For instance, telechelic
metallo-supramolecular polymeric systems based on Mebip ligand
show much longer relaxation times and larger storage moduli
once PTHF core is replaced by an apolar PEB.****° This is also
accompanied by the appearance of a higher number of Bragg
peaks in the SAXS spectrum, which confirms larger microphase-
separated domains with a long-range order compared to the case
where PTHF core was employed.*®

2.2.5. Effect of steric hindrance. The pioneering report of
Sijbesma and coworkers on the telechelic UPy functionalized
PCL supramolecular polymeric systems demonstrated that the
ability of dimeric associations to form long fibrillar aggregates
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entirely eliminates once a bulky adamantyl group is grafted on
the sixth position of the cytosine ring.*® Motivated by this
study, Meijer and coworkers carried on a systematic investiga-
tion to identify the effect of steric hindrance on the stacking of
UPy motifs in a telechelic PEB system.'® The authors found
that the formation of nanofibers is a hierarchical process,
starting by the phase-separation of UPy-dimers, followed by
their stacking into one-dimensional arrays, and succeeded by
the assembly of multiple stacks, as illustrated in Fig. 4e. Final
nanofibers consist of a bundle of stacks that are spaced apart
by the substitution in the sixth position. Formation of stacks is
exclusively discarded once a substitution; even as small as a
methyl group, is introduced at the fifth position. In a similar
system with a PBd core, nanofiber assemblies gradually dis-
appear by increasing the size of the substituent on the sixth
position from a methyl to a n-octyl.**!

Along the same lines, a low-frequency plateau emerges in
unentangled side-chain UPy grafted poly(lauryl methacrylate)
(PLMA) systems due to the aggregation of UPy dimers, which
diminishes upon introduction of the bulky adamantyl group in
the sixth position.® Surprisingly, this modification works
oppositely in entangled systems. The low-frequency plateau in
such systems is addressable to segments that are trapped
between long-lasting clusters. Therefore, although the presence
of a bulky substitute decreases the ordering of phase-separated
domains, the fraction of trapped segments does not change
significantly.

2.2.6. Confining supramolecular bonds in multiphase
systems. Although morphology and consequential properties
of traditional block copolymers can be controlled by the
combination of volume ratio and phase-separation affinity of
the blocks, the difficulty in processing and long annealing
times required for reaching the equilibrium structure limits
their application. As an alternative approach, linking different
blocks with supramolecular bonds not only facilitates their
high-temperature processing but also offers a new range of
accessible morphologies and subsequent applications due to
the stimuli-responsiveness of the reversible bonds.>*'°> More-
over, phase-separation of different blocks results in unprece-
dented changes in the properties of supramolecular assemblies
due to confinement effects.’” A straightforward strategy is to
link two incompatible polymer blocks with different supramo-
lecular end groups via hetero-complementary interactions. It
has been reported that such modification avoids macrophase-
separation.’®>'® A homogeneous microstructure is obtained
when unentangled blocks are employed, whereas a phase-
segregated morphology, stabilized at the microscale, is
observed in well-entangled counterparts.'®™% In the same
course of research, a highly temperature-sensitive and self-
healable supramolecular polymer blend is reported to form
upon mixing of polyimide (PI) and telechelic polyurethane (PU),
where electron-deficient diimide groups of the former and
electron-rich pyrenyl units of the latter establish a n-n stacking
that is reinforced by lateral hydrogen bonds.'**'*” The emergence
of a deep-red color upon mixing the colorless precursor solutions
confirms the charge transfer between two species upon the
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establishment of supramolecular bonds. SAXS studies demon-
strate a nanophase-separated morphology, which confirms the
confinement of supramolecular clusters in the inter-phase layer.

In another variant of the multi-phase supramolecular poly-
meric design, supramolecular bonds are embedded in one of
the phases so that the unique specificity of the other phase can
be independently employed. For instance, Guan and coworkers
have designed a polymer brush with polystyrene (PS) backbone
and amide functionalized PnBA arms, where the hard back-
bone segments phase-separates into microspheres dispersed in
the matrix formed by the soft arms. The weak hydrogen bond-
ing of amide groups provides a rapid self-healing in the virtue
of the dynamic environment, whereas hard blocks strengthen
the material.’® In an alternative design, as shown in Fig. 4f, an
imidazole motif is embedded in poly(ethyl acrylate) arms,
which can form relatively weak reversible metallo-
supramolecular bonds via coordination with a metal ion like
Zn”* and provide similar self-healing properties."*®

3. Structural characterization

Characterization of supramolecular polymers is usually challenging
since stimuli from the surrounding environment significantly
influence their molecular organization."” This argument is valid
as well for supramolecular networks. In addition, the common
hierarchical assembly of supramolecular units of these networks, as
discussed in Section 2, makes their characterization more difficult
than conventional polymers. Structural characterization of the
supramolecular polymer networks that contain aggregation of
associative motifs and clusters must therefore be performed by
the convergence of multiple techniques,®'™! as mentioned
already by Stadler probably for the first time in 1998.""> To
introduce the most important characterization techniques applied
in such networks, this section is divided into four subsections based
on the type of methods including thermal analysis, spectroscopy,
scattering, and microscopy.

3.1. Thermal analysis

One of the most common thermal-based analysis methods for
characterization of (supramolecular) polymers is differential
scanning calorimetry, DSC. This technique is generally used to
determine thermal properties of materials such as heat
capacity."*? In a typical DSC measurement, temperature varies
with a constant rate, such that the probe sample and a
reference one, with known thermal properties, follow a similar
temperature profile. When the probe sample undergoes a
thermal transition, a temperature lag occurs in the sample
compared to the reference. To compensate this lag, the thermal
power applied to the sample is changed. The difference
between the initial and the new thermal powers is used to
determine the heat capacity of the transition.'*****> Polymer
properties like the glass transition temperature, Ty, melting
point, crystallization temperature, or the degree of crystallinity
are commonly characterized by DSC. These data can be even
correlated to the morphology of the probed sample. As an
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example, DSC of a semi-interpenetrating network or a blend
of two polymers may show two T,s, due to the existence of two
polymeric phases. These Tgs can be shifted in comparison to
the T, of the individual components. The origin of this shift is
the hindrance of the polymeric segmental mobility of one phase
due to the additional interactions with the other polymeric
phase. Therefore, the magnitude of the shift is a criterion
showing the degree of interpenetration or miscibility of two
polymeric components and indirectly describes the phase-
separation phenomenon in such systems.'"®

DSC is widely used to characterize supramolecular polymer
material as well, since this technique can indirectly provide
valuable information about their microstructure. Specifically,
aggregation of associative groups in these materials can be
characterized by DSC if they form crystalline domains. Besides,
the variation of T, of the polymeric building blocks upon
functionalization with associative groups can be studied by DSC.

Accordingly, DSC has been employed to study the clustering
of PTHF with Ade and Cyc as weak hydrogen bonding associa-
tive groups.®® In a first heating run of an PTHF-Ade sample,
endothermic transitions at 86 °C, 108 °C, and 135 °C were
observed. The second heating exposes reduced melting peaks at
108 °C and 135 °C. The first DSC heating of PTHF-Cys sample,
however, reveals only one melting transition at 88 °C.*® It has
been concluded from these observations that the difference in
the number of endothermic transitions between these two
samples provides evidence of different aggregation types or
aggregation mechanisms. Crystalline domains formed by stacking
of UPy groups melt upon heating and can thereby be characterized
by DSC. The enthalpy of melting is considered as a measure of the
stability of stacks.®®

In a library of UPy-urea functionalized telechelic polymers with
an amorphous PEB backbone (M, = 3500 g mol "), the hierarchical
self-assembly of UPy groups has been investigated by different
techniques including DSC."® While PEB is an amorphous polymer,
DSC results of supramolecular associative samples demonstrate
melting transitions, which confirms the stacking of UPy groups into
crystalline domains. By change of the substituent at the sixth
position of the UPy groups, melting points and corresponding
melting enthalpies are significantly varied (81-130 °C and 9.33-
0.09] g~ ', respectively). To investigate the kinetics of stacking and
nanofiber formation in more detail, the authors used DSC to study
the crystallization of these polymers as a function of time. Again,
samples with various UPy groups with different substituents on
the six position of their cytosine ring show different crystallization
kinetics. They either reach the thermodynamic equilibrium in
24 h or show no crystalline domains even after several days.

Other characterization methods such as spectroscopy or scat-
tering might be performed upon variation of temperature. In such
a hybrid approach, structural characterization of supramolecular
polymer materials can be achieved as a function of temperature.
This strategy is discussed in the corresponding subsections.

3.2. Spectroscopy methods

Spectroscopy is a characterization technique based on the inter-
action between matter and electromagnetic waves. In infrared (IR)
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spectroscopy, data originate from the vibration of the atoms of a
molecule."” In this technique, the probe sample is irradiated by
an IR beam, and the resulting interaction is characterized by the
fraction of the incident radiation that gets absorbed at a particular
energy. For “IR-active” molecules, this interaction leads to varia-
tion of the molecular dipoles associated with vibration and
rotation of chemical bonds. Molecules with this criterion have
their own specific IR spectrum including distinct characteristic
peaks, each having a frequency that matches the stretching/
bending vibration of a specific atomic bond. The main application
of IR spectroscopy is the identification or characterization of
organic molecules, polymers, and biological units."”*'?

In supramolecular polymers and networks, IR spectroscopy is
commonly utilized to characterize hydrogen bonding between
associative motifs.'*® Usually, stretching of hydrogen-bonded
carbonyl or amine groups shows characteristic peak at lower
wave numbers (approximately 20 cm~') compared to non-
bonded ones. Variation of the intensity and/or position of the
IR peaks by temperature are reliable proofs of association or
dissociation of hydrogen-bonding interactions. In many examples
of research on supramolecular polymeric networks, IR spectro-
scopy has been utilized for such temperature-dependent charac-
terizations. One of the well-known historical examples is the work
of Stadler and coworkers who studied IR spectra of PBds
modified with phenylurazole groups. The authors observed
that stretching of free and bonded carbonyl groups appear at
1723 ecm ™' and 1701 cm™ ', respectively. By increasing the
temperature, the intensity of the bonded carbonyl peak
decreases, while that of the free carbonyl peak increases. The
authors also demonstrate that the mole fraction of bonded and
free urazole groups can be calculated from the area underneath
the absorption peaks.'™® IR spectroscopy was also employed to
study PTHF functionalized with Ade and Cyc derivatives. At
35 °C, N-H stretching of PTHF-Ade appears at 3455, 3371, and
3298 cm ™ . The first and the two latter peaks correspond to the
free and hydrogen-bonded N-H, respectively. At this tempera-
ture, carbonyl stretching shows three peaks at 1734, 1699, and
1661 cm'. Similarly, the first and the two latter values are
consistent with the stretching of unbound and hydrogen-bonded
aromatic/aliphatic carbonyl groups. Upon heating up to 90 °C,
the stretching vibration of unbounded N-H at 3455 cm
disappears. Moreover, the hydrogen-bonded characteristic peaks
merge to a broader peak centered at 3311 ecm ™' for N-H and at
1680 cm ™ for carbonyl stretching.®® This observation is attrib-
uted to the rearrangement of phase-separated domains, which
includes integration of the free associative units inside existing
clusters.

Temperature-variable IR spectroscopy can also be utilized to
indirectly investigate the hierarchical assembly upon the aggre-
gation of associative groups like UPy. For UPy groups linked to
PEB building blocks via urea linkages, the characteristic peak of
urea carbonyls at 1630 cm ' shifts to higher wavenumbers
upon heating to 140 °C, which indicates a loss of lateral urea
hydrogen bonds and hence destruction of the UPy stacks. When
the sample at the melt state is cooled down, vibration at 1630 cm ™"
is recovered, as shown in Fig. 5a.'® The time required for this
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recovery depends directly on the crystallization kinetics of the UPy
groups. As another example, IR spectroscopy has been used to
characterize the complexation of chain-folding PI with pyrenyl
end-capped PU, where a network forms via intercalation of the
pyrenyl end groups into the chain-folds of PI by n-r stacking.
Temperature-variable IR spectroscopy of this blend demon-
strates the reduction of the intensity of bonded N-H and
carbonyl peaks upon increasing temperature from 25 °C to
120 °C. In addition, the intensity of the peak correlated to the
free carbonyl bond increases simultaneously.'**'%”

Nuclear magnetic resonance (NMR) is another spectroscopic
method in which properties of certain nuclei are exploited. The
nuclei are spin 1/2 isotopes such as *H, **C, N, *F, or *'P that
exhibit magnetic dipole moments.*® The diverse interactions
of nuclear spins with themselves and with their surroundings
including chemical shifts, dipole-dipole couplings, or J-couplings
can provide information about the structure and dynamics of the
probed sample.

One of the important applications of NMR is structural
characterization and study of the dynamics of supramolecular
materials."*""'**> One dimensional NMR in solution is commonly
utilized to characterize physical bonds such as hydrogen
bonding,">>"** host-guest interactions,"*® or metal-ligand
coordination.”® As an example, Stang and coworkers have
developed a hierarchical supramolecular polymerization by the
combination of coordination self-assembly and hydrogen bonding.
In their work, the structure of the synthesized UPy-functionalized
coordination donor and coordination acceptors as well as the
structure of the self-assembled unites with two different geometries
(thomboid and hexagonal) were studied by "H NMR. Besides, the
formation of linear chains upon further self-assembly of rhomboid
units with two UPy end groups was confirmed by 'H NMR."”
Moreover, Stang and coworkers utilized a 2D diffusion-ordered
"H NMR approach to investigate the formation of low molar mass
cyclic oligomers (instead of long linear chains) and to measure the
dimensions of polydisperse aggregates."®” In this sense, more
examples discussing the application of NMR in measuring the size
of supramolecular polymers have been reviewed by Zhang and
coworkers."® As another example, complex multiple hydrogen
bonding in the solid state can be characterized by "H-double
quantum NMR. Spiess and coworkers have illustrated that the
keto and the enol tautomeric forms of the UPy group are distin-
guishable with this technique and the distance between four
protons involved in the quadruple hydrogen bonds of this group
can be measured. Moreover, the authors have studied the changes
of hydrogen bonds in the solid state in response to the variation of
temperature.”®® In another work, Spiess, and coworkers have
illustrated that non-ordered and ordered clusters (resulted from
the hierarchical self-assembly) can be distinguished by NMR. By
studying telechelic ethylene oxide oligomers functionalized with
imidazole groups by 'H-double quantum NMR, the authors
proposed the existence of three regions in the microstructure of
such materials. In the first region, the imidazole groups form
dimerd by strong hydrogen bonds. The subsequent hierarchical
assembly of these dimers by slightly weaker hydrogen bonds leads
to the formation of ordered structures. In the second region,

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Representative applications of different characterization techniques for evaluation of supramolecular polymer networks subject to stacking of

their associative groups: (a) temperature-variable infrared spectroscopy and (b) UV-vis spectroscopy of telechelic PEB functionalized with UPy groups.

100

(c) SAXS spectra of monofunctional PIB with 2,6-diaminotriazine motifs and the corresponding proposed morphology.*® (d) AFM image of
UPy-functionalized PEB demonstrates nanofibers while that of urea-functionalized does not.®” (e) Dielectric spectroscopy of PnBA functionalized with
AA groups and the proposed general picture of the morphology.®° Panels (a and b), (c, d, and e) reprinted from ref. 100, 40, 87 and 60, respectively.

Copyright 2011, 2014, 2006, and 2016, American Chemical Society.

dimers are not linked with lateral bonds, and therefore, imidazole
dimers form disordered aggregates rather than ordered structures.
In the third region, imidazole groups do not form any hydrogen
bonding and exist as free end groups.®

Ultraviolet-visible (UV-vis) spectroscopy is another analytical
spectroscopy technique based on the absorption of near-
ultraviolet or visible light radiation. This radiation provides
energy as required for electronic transitions. Most of these
transitions involve the promotion of n or n electrons to a m*
excited state, which is observed commonly in organic molecules
with delocalized m electrons such as aromatic and conjugated
aliphatic species. In addition, some inorganic compounds that
have inherent absorption in the visible radiation region such as
transition metals and their complexes can be detected by this
technique.'*®

UV-vis spectroscopy is mainly used for quantification of
organic and inorganic constituents by making a correlation
between the absorbed radiation and the concentration of

© 2021 The Author(s). Published by the Royal Society of Chemistry

absorbents. This technique is also widely used in the characteri-
zation of supramolecular polymer networks containing metal-
ligand complexes, n-n interactions, or other associative motifs
that actively absorb radiation in this regime. As one example,
UPy dimers have a characteristic absorption at 212 nm and a
shoulder at 240 nm in UV spectroscopy.'® In contrast, the
monomeric tautomer of UPy has a characteristic absorption at
290 nm. Therefore, this technique can be utilized to characterize
dimerization of UPy groups. Meijer and coworkers have shown
that after melting of PEB-UPy supramolecular polymers, and
therefore, disappearance of the characteristic absorption at 212
and 240 nm, the reappearance of the original UV spectrum upon
cooling, as shown in Fig. 5b, resembles the time-dependent
crystallization behavior of UPy stacks.'® As another example, the
visible spectrum of the blend of chain-folding PI and pyrenyl end-
capped PU demonstrates an adsorption at 525 nm due to the
charge transfer between the m-electron rich and n-electron deficient
species.'®'”” UV-vis spectroscopy is also widely used for the
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characterization of supramolecular polymers formed by metal-
ligand complexation.”® As an example, the charge transfer
between Fe** and terpyridine complex has a characteristic absorp-
tion peak at 558 nm."*" By replacing Fe** with Zn>*, this peak shifts
to lower values below 350 nm.'""*>

Another spectroscopic characterization technique is dielectric
spectroscopy, which is based on the interaction of matter with
electromagnetic waves with a frequency range of 10 °-10"* Hz."**
The data of this technique is commonly expressed by a complex
dielectric function/dielectric permittivity (¢*), composed of a real
part (¢') and an imaginary part (¢"). The dielectric relaxation takes
place as a consequence of reorientational motions of molecular
dipoles. One of the main contributions of this technique in physics
and materials science is to access the molecular dynamics in a
frequency range of 10 °~10'> Hz, which exclusively separates
different relaxation processes that take place on the local scale
such as o or P relaxations.'?*3*

Dielectric spectroscopy provides a deep insight into the
dynamics of supramolecular polymer networks at the molecular
level."”*® With this technique, independent investigation of the
dynamics of individual binary association units and clusters is
possible.®® Stadler and coworkers studied PBds functionalized
with phenyl urazole hydrogen bonding groups by dielectric
spectroscopy. The authors observed an additional relaxation pro-
cess (o) in the dielectric spectrum of supramolecular polymers
that was not detected for non-associating counterparts. The
relaxation strength of this additional process is correlated to the
number of associated dimers."*® Similarly, Tress and coworkers
observed a third relaxation process at elevated temperature in the
dielectric spectrum of telechelic PDMS with carboxylic acid end
groups when the end groups were grafted to the polymer chains
via urethane linkages. This peak was attributed to the phase-
separation of associating motifs.">>"*” As another example,
entangled PnBAs functionalized with different contents of AA
have been studied with dielectric spectroscopy. In these samples,
the o* relaxation process is composed of at least three different
relaxation modes: ao,*, o,,*, and o;*. The obtained results demon-
strate a quantitative agreement between the o* relaxations (o;*
and o3*) with the o and B relaxations of a pure PAA. Accordingly,
the authors concluded that in these supramolecular polymer
networks, PAA domains are embedded in a PnBA-rich matrix, as
illustrated in Fig. 5e.®° In another instance, Sokolov and coworkers
have recently studied a series of supramolecular polymer networks
with dielectric spectroscopy to characterize the segmental relaxa-
tion and lifetime of the stickers. The authors showed that one of
the main advantages of this technique is to identify the timescale
of the dissociation of transient bonds, even if the open stickers
re-associate to their original partners. Simply put, dielectric
spectroscopy can detect a process, which is invisible to the
mechanical measurements like rheology as it does not contribute
to the stress relaxation.'*®

3.3. Scattering methods

Generally, scattering is caused by the interaction of incident
radiation (such as light, X-ray, and neutron) and structures within
a sample."* Scattering techniques can provide information about
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the average structural and dynamic properties of a material.
With that, scattering techniques are particularly powerful to
assess inhomogenous structures in polymer materials, including
networks and gels.'*°

X-ray scattering is a structure characterization method based
on the interaction of X-ray radiation with matter.'*" As
described by the Bragg formula (nl = 2dsin0; n is an integer
multiple, 4 is the radiation wavelength, d is the interplanar/
lattice distance, and 26 is the scattering angle), the length scale
characterized by this method depends on the scattering angle.
Wide-angle X-ray scattering, WAXS, provides structural informa-
tion of the probed sample on the sub-nanometer scale (0.1-1 nm)
such as atomic, crystal packing or amorphous structures, whereas
small-angle X-ray scattering, SAXS, gives structural information on
the length scale of 10-100 nm."*'** In the field of polymeric
materials, this length scale covers structures like crystalline lamel-
lae or microphase-separated domains in block copolymers. With
this possibility, the structure of a wide range of materials like
nanomaterials, colloidal suspensions, block copolymers, poly-
meric gels, or polymer nanocomposites can be studied by X-ray
scattering.*!

X-ray scattering techniques are widely used to characterize
supramolecular polymer materials when the self-assembly process
leads to the formation of crystalline clusters or even non-ordered
aggregates. The domains formed by such clusters usually cause
characteristic peaks in SAXS or WAXS spectra. The position of
these peaks, the ratio between the position of peaks, and the
log-log slope of the SAXS pattern at very low scattering vectors, g =
4nsin(f)/A, are common data that gives important information
about the microstructure of such networks. As an example, Herbst
and coworkers studied the structure of PIB functionalized with
2,6-diaminotriazine and Thy groups by SAXS.*° In the SAXS
pattern of mono-functionalized PIB with 2,6-diaminotriazine, the
ratio between the observed scattering peaks is 1:./2:./3, which
can be assigned to a BCC (body-centered cubic) lattice, as shown
in Fig. 5c. Formation of such a BCC microstructure is typical for
block copolymers made by the combination of a long and a short
block. Therefore, the authors considered this sample as a block
copolymer where one block is the PIB segment and the other is the
2,6-diaminotriazine moiety. SAXS patterns of the equimolar
mixture of Thy and 2,6-diaminotriazine-functionalized PIB reveal
excess scattering, but without a well-ordered structure. In addi-
tion, Herbst and coworkers observed that increasing the molar
mass of the PIB building blocks disrupts the BCC morphology of
2,6-diaminotriazine-functionalized PIB and shifts the excess
peak of an equimolar mixture of Thy- and 2,6-diaminotriazine-
functionalized sample to lower g. Further SAXS investigation of
samples with almost similar chemistry demonstrates that the
unspecific interactions between Thy and 2,6-diaminotriazine
monofunctional PIB form micelles, as illustrated in Fig. 5c.*°
In the case of bifunctional telechelic PIB with these hydrogen
bonding groups, the interaction between micellar aggregates
leads to network formation and emergence of solid-like
properties.

The complimentary method of WAXS serves for the character-
ization of supramolecular polymer networks as well. For example,
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in PTHF functionalized with Ade derivatives, the WAXS pattern
shows two characteristic peaks corresponding to distances of 3.6 A
and 7.15 A, respectively. The former is consistent with -
stacking between nucleobases, whereas the latter is assigned to
stacks of hard domains that are held together by n—r interactions
and amide hydrogen bonds. This peak is not observed in the
WAXS pattern of PTHF-Cys, which illustrates that this sample has
no regular n-7 stacking.*®

Similarly, X-ray scattering techniques have been extensively
used to characterize UPy-based supramolecular polymer networks.
For PEB functionalized with UPy groups, temperature-dependent
SAXS and WAXS were utilized to reveal the ordering of nanofibers
and the order within them, respectively.'° In SAXS, the correlation
peak corresponding to ~7 nm can be attributed to the character-
istic dimension of the nanofibers. Upon melting, this peak shifts
to larger g (shorter distances). For samples in which the re-
aggregation of UPy groups is confirmed by DSC, the correlation
peak in SAXS shifts back to lower ¢ (larger distance) upon cooling
from the melt. By annealing at room temperature, this peak
further shifts to lower g, which shows that objects with larger
diameters develop upon annealing. Meijer and coworkers
assigned this observation to the aggregation of UPy-urea end
groups into nanofibers."® The WAXS profile of the PEB-UPy
supramolecular polymers is dominated by a broad halo due to
the amorphous structure of the PEB backbone, but a weak
reflection is observed at ¢ = 13.8 nm', corresponding to
0.455 nm. This length scale correlates well with the hydrogen
bonding in supramolecular bisurea polymers. Therefore, the
authors correlated this peak with the urea hydrogen bonds and
the inter-planar distance of two UPy dimers stacked on top of each
other. In addition, a second reflection attributed to a distance of
1 nm is observed in WAXS patterns, which grows by increasing the
size of the substituent at the sixth position. This length scale
corresponds to the stack-to-stack distance within the aggregated
nanofibers (distance between UPy cytosine alkene proton at the
fifth position to the pyrimidinone carboxylate of its neighboring
dimer). Because the stack-to-stack distance within nanofibers
depends on the substituent type, the authors concluded that this
substituent resides in between the stacks. This conclusion can
explain the reduced crystallization rate of the polymers with
sterically demanding substituents at the sixth position. To
investigate the effect of backbone crystallinity on the clustering
of UPy groups, telechelic oligocaprolactan functionalized with
UPy was studied by Sijbesma and coworkers."** Based on WAXS
measurements, the authors proposed a similar microstructure as
the one described by Meijer and coworkers for amorphous PEB
building blocks functionalized with UPy groups.

As another example of the application of X-ray scattering
techniques in the characterization of supramolecular networks,
the SAXS pattern of chain-folding PI and pyrenyl end-capped PU
complex shows a characteristic peak at g = 0.08 A™", which
confirms a phase-separated morphology with a domain spacing
on a 10 nm length scale. The WAXS pattern of this system
represents several characteristic peaks including 5.1 and
3.4 A™*. These peaks can be assigned to the urea-urethane
hydrogen bonding and n-m stacking of the supramolecular
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polymers, respectively. SAXS has been also employed to char-
acterize the microstructure of PnBAs with different molar
masses (5-85 kg mol '), center functionalized with triurea
hydrogen bonding groups.®® As already mentioned, the authors
of that investigation determined a molar-mass threshold for
these samples (20 kg mol™ "), below which SAXS patterns show
an intense characteristic peak, confirming the existence of
long-range order with a well-defined characteristic distance.
The scattering vector and the intensity of this peak decrease by
increasing the molar mass of PnBA, which demonstrates
diminishing of the hierarchical supramolecular structures. In
addition, samples with molar masses of 8-18 kg mol~ " show a
second characteristic peak at g = \/ 3q*, where g* is the scattering
vector of the main characteristic peak. The authors attributed
such a pattern to hexagonal packing of nanofibers. While the
sample with the molar mass of 85 kg mol * does not show such a
peak, the ultra SAXS, obtained at very low scattering vectors,
demonstrates that for ¢ < 0.2 nm ™" and 0.1 nm ' < g¢
< 1 nm™', the scattering intensity scales with ¢~** and ¢,
respectively. Accordingly, the authors suggested that non-ordered
rod-like scattering entities with characteristic dimensions in the
order of several nanometers exist in the microstructure of the high
molar mass samples.”*

Another scattering technique is small angle neutron scattering
(SANS). Some of the specific features of neutron scattering com-
pared to X-ray scattering include a high penetration power and
sensitivity to elements and isotopes. With that, by labeling sam-
ples with isotopes (like ’D), different parts of them can be
selectively highlighted.* This advantage is very useful for study-
ing gels, as the scattering contrast can be boosted by simply
preparing gels in deuterated solvents.'** Similar to X-ray scattering
techniques, SANS has been widely used to study the microstruc-
ture of supramolecular polymers. Krutyeva and coworkers have
studied mixtures of telechelic PEG functionalized either with DAT
or with Thy groups by SANS. Analysis of the data reveals that the
probability of the formation of Thy-DAT hetero-complementary
association is about three times of that of DAT-DAT or Thy-Thy
homo-associations."*® Sijbesma and coworkers have employed
SANS to characterize the microstructure of multiblock segmented
copolymers of hydrophilic PEG and hydrophobic dimer fatty acid.
Phase-separation of hydrophobic and hydrophilic parts make a
physically crosslinked structure, which is stable in water. Hence,
such copolymers can form mechanically stable, tough hydrogels.
Using SANS, the authors could determine the average radius of
hydrophobic domains, the average distance between them, and the
average number of hydrophobic units in these micelles."*” In earlier
work, Weiss and coworkers have studied random copolymers of N-
isopropylacrylamide and 2-(N-ethlylperfluorooctansulfonamido)ethyl
acrylate (FOSA) as well as random copolymers of dimethyl
acrylamide and FOSA. In these copolymers, hydrophobic FOSA
units form clusters that act as physical crosslinks.***'*° Forma-
tion of FOSA nanodomains linked by N-isopropylacrylamide or
dimethyl acrylamide have been confirmed by SAXS and SANS
measurement. Details on the microstructure of the phase-
separated domains, however, could only be recognized by SANS,
where the contrast between different phases could be tuned

Mater. Adv., 2021, 2,1425-1453 | 1439


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0ma00795a

Open Access Article. Published on 11 1 2021. Downloaded on 2025-11-08 6:30:42.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

using different ratios of D,O/H,0 as the solvent. This approach
provides the possibility to selectively investigate the microstruc-
ture of these hydrogels. As an example, for a random copolymer
of dimethyl acrylamide and 9.7 mol% of FOSA, a mixture of D,O
and H,O with the volume ratio of 27/73 matches the scattering
length density of dimethyl acrylamide units, and therefore, FOSA
nanodomains dominate the scattering pattern. By analyzing the
SANS data, the authors proposed that nanodomains have a core-
shell architecture, in which FOSA cores are surrounded by water-
depleted acrylamide chains. Later on, the same group studied
structural changes for a dimethyl acrylamide-FOSA hydrogel by
in situ SANS during stress relaxation in the step-strain experi-
ment. During the structural relaxation, the anisotropy of the
scattering intensity peaks that are correlated with the size of the
FOSA domains and spacing between them, have been observed,
which allowed studying their relaxation process. In addition,
changing the size and spacing of nanodomains during stretching
and after relaxation were studied by SANS. The authors found
that after relaxation, nanodomains recover their size, however,
their spacing is smaller compared to the non-stretched state.'*°

3.4. Microscopy techniques

One of the important microscopy techniques commonly used
to characterize the microstructure of supramolecular polymers
is atomic force microscopy, AFM. It is a scanning probe micro-
scopy technique in which a fine tip attached to a cantilever
spring is swept over a sample surface."® The tip-to-surface
distance can be in the order of 10-100 nm (non-contact mode)
or a few angstroms (contact mode). Attractive vs. repulsive
interaction between the sample and tip changes the bending
of the cantilever, which is commonly detected by a laser beam
focused onto the end of the cantilever. Accordingly, the force
between the sample and the tip can be calculated. In AFM, the
topography of the surface is obtained by measuring the sample
height within a sub-nanometer resolution. In addition, the
bending of the cantilever can be recorded as a function of its
distance from the surface in the form of a force-distance
152,133 AFM based single-molecule force spectroscopy is
another method for characterization of supramolecular polymers.
In this method, supramolecular polymer chains can form a bridge
between an AFM tip and a substrate (like Au). By separation of the
tip and the substrate, polymer chains are stretched. The obtained
force-extension curve is utilized to determine the effective degree
of polymerization and the rapture force of associative motifs like
UPy groups.1°9’154

AFM imaging of supramolecular polymer materials can
directly show existence of aggregates and clusters. As one
example, AFM images of PCL functionalized with UPy groups
revealed that stacking of UPy groups into long fibrils is promoted
via urethanes and urea hydrogen bonding linkages.*® Similarly,
the AFM imaging of low-T, oligomers (such as PEB) functiona-
lized with UPy groups demonstrates the presence of well-defined
nanofibers with a diameter of 6 to 7 nm, as demonstrated in
Fig. 5d.*” Formation of this morphology depends on the micro-
structure of the UPy groups; if a bulky group resides on the
cytosine ring, then stacking is not possible anymore, and only

curve.
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phase-separated UPy domains can be observed in AFM images. As
another example, AFM images of PnBAs centers functionalized
with a triurea hydrogen bonding group confirm the existence of
nanofibers in all samples regardless of the precursor length.
However, only for samples with molar masses of 5-18 kg mol %,
nanofibers are organized in bundles parallel to each other and
form a hexagonally packed structure.®*

Transmission electron microscopy (TEM) is another micro-
scopy technique that is used to visualize the morphology and
microstructure of self-assembled materials. Very recently, Zhu,
Binder, Chen, and coworkers have studied the morphology of
supramolecular particles prepared by an emulsion-solvent eva-
poration method using TEM. The authors synthesized comb-
shaped supramolecular polymers made from a poly(styrene)
randomly functionalized with barbiturate, as the backbone, and
mono-functionalized poly(dimethyl siloxane) with Hamiltonian
wedge end group, as side branches. TEM images from a stoichio-
metric mixture of these polymers in chloroform illustrate for-
mation of irregular aggregates due to the self-assembly of
barbiturate and Hamilton wedge groups. This supramolecular
polymer solution can be emulsified by an aqueous solution of
poly(vinyl alcohol). Upon evaporation of chloroform, the supra-
molecular polymer is solidified and adopts particle shapes. The
morphology evolution of these particles by changing the ratio of
associative groups, or by adjusting the temperature during
solvent evaporation, or by the selective disassembly of Hamilton
groups were investigated by TEM."

The sample preparation of the conventional TEM, which
includes drying and staining steps, may affect the microstruc-
ture and morphology of the resulting sample. In cryogenic TEM
(cryo-TEM), in contrast, an aqueous solution of the sample is
preserved in a frozen hydrated state via a rapid cooling process
known as vitrification, and as such does not interfere with the
morphology of the sample.'”® Meijer, Dankers, and coworkers
have utilized cryo-TEM to investigate the structure of self-
assembled UPy-based macromers in water. The macromers
were PEG oligomers with one or two UPy end groups connected
via a hydrophobic alkyl spacer to induce the shielding effect, as
explained in Section 2.2.2.%° Introduction of urea groups
besides the hydrophobic alkyl spacers results in the self-
assembly of macromers in water into a hierarchical structure.
This is realized by the hydrogen bonding of UPy groups, phase-
separation of UPy dimers from the water-soluble PEGs, which is
promoted by hydrophobic spacers, and the subsequent m-n
stacking of UPy dimers that is assisted by the lateral hydrogen
bonding of urea groups. Comparison of the cryo-TEM images of
the self-assembled structures of mono- and bifunctional macro-
mers reveals that long fibrillar structures with diameters of
5 nm or 14 nm are created by the former, whereas, shorter
structures with the diameter of 7 nm form by the latter. The
authors have attributed the diameter of 14 nm to the bundle of
dimers and the diameter of 7 nm or 5 nm to the single dimers.”®
Very recently, Meijer, Bottcher, and coworkers utilized cryo-TEM
with advanced cryo-electron tomography analysis to study details
of the structure of another supramolecular polymer in water.">”
In this analysis method, multiple views from different directions

© 2021 The Author(s). Published by the Royal Society of Chemistry
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of the self-assembled aggregates are combined to provide three-
dimensional information. The authors investigated the self-
assembly of amphiphile units based on BTA core and different
aliphatic tails. Using the cryo-TEM, the same research group had
shown before that the self-assembly of such structures in water
forms fiber structure with some periodicity."® However, employing
the cryo-electron tomography analysis they realized that these units
can form micrometer-long, double helix structures with a pitch size
that is tunable by the choice of the tail compositions."*”

Another microscopy technique that is widely used for studying
supramolecular polymer materials is fluorescence microscopy
including confocal microscopy and high-resolution fluorescence
microscopy such as stochastic optical reconstruction microscopy
(STORM)."*® Hamachi and coworkers studied the self-assembly of
peptide-based and lipid-like gelators into nanofibers and further
the self-sorting of these nanofibers by in situ imaging of a confocal
microscope. They found that both fibers form orthogonally inter-
penetrating networks due to the hydrogen bonding and m-n
interactions of peptide-based gelators and hydrogen bonding
and hydrophobic interactions of lipid-like gelators.'®

Meijer, Albertazzi, and coworkers have used the multicolor
ability and the resolution enhancement of STORM to investigate
the monomer exchange pathway between 1D fibers formed from
the self-assembly of BTA-based monomers.'®" The authors studied
the structural details of the supramolecular fibers and the mono-
mer exchange between them on a sub-aggregates scale. They
mixed green and red fluorescence-labeled BTA units and probed
the resulting fibers for a period of 24 h. At time zero, fibers could
be observed with either red or green color. However, after 24 h, all
fibers contained both monomers and no single-color fiber was
observed. In addition, analyzing STORM images demonstrated
that the monomer exchange along the polymer backbone is
homogenous with no evidence of fragmentation-fusion or poly-
merization-depolymerization mechanisms.'®" Similar monomer
exchange process has been observed later by the same group for
the supramolecular fibers formed from the hierarchical assembly
of mono- and bifunctional UPy-based monomers.’® Analysis of
STORM images of fibers that each monomer forms confirmed
their different sizes as suggested by cryo-TEM images.

4. Manifestation of clustering in
dynamics and mechanical properties

The dynamics of supramolecular polymers and networks is
composed by the interplay between the reversible crosslinking
and the contribution of the underlying non-associative poly-
meric relaxation.'®® The former is typically defined by the
dissociation rate of the transient bonds in the supramolecular
network,'®® while the latter is a hierarchical process that
depends on the molecular architecture of the polymer
precursor.'®*'®® This relaxation starts by conformational
changes of short segments and proceeds over time until the
length of the relaxing segments reaches the critical entangle-
ment length. Further relaxation is prohibited once the length of
the relaxing segment exceeds this threshold, since then the
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change in the conformation requires dragging of the neighboring
entangled chains. Later on, the relaxation process is continued by
a new process, once chain segments can diffuse back and forth
along the axis of the confining hypothetic tube formed by
entangled neighboring chains, which is known as the reptation
mechanism."®>'®” To precisely describe the relaxation process,
other mechanisms like the thermally activated fluctuations of free
ends, known as contour length fluctuation (CLF), and the loss of
entanglements due to the motion of surrounding matrix chains,
referred to as constraint release (CR), should be also taken into
account."****

Generally, the presence of transient crosslinks induces
additional friction against all the mentioned polymeric relaxa-
tion mechanisms, which slows down the chain motion and the
diffusive relaxation of polymer segments in both the melt state
(i.e., in elastomers) and in the presence of solvent (i.e., in
gels).”>'”° Different models have been developed for main-
chain and side-chain supramolecular polymers and networks
to describe their relaxation based on the interplay between the
kinetics of associative groups and the dynamics of polymeric
constituents. In a first approach, the dynamics of entangled
main-chain supramolecular polymers subjected to random
scission and recombination can be assessed by application of
a model by Cates that is actually devoted to wormlike micelles
of surfactants.'””"'”?> This model proposes scaling laws for
dynamic parameters like the terminal relaxation time, the
self-diffusion coefficient, or the viscosity as a function of the
concentration of the polymeric building blocks that are func-
tionalized with associative end-groups. Alternatively, the
dynamics of side-chain supramolecular polymer networks in
the melt, dilute, semi-dilute unentangled, and the semi-dilute
entangled states can be described by the sticky Rouse, sticky
reptation, or hindered fluctuation models developed by several
authors.””®'7*77> Like the Cates model, these models propose
several scaling laws for the dependence of dynamic parameters
on structural factors like the sticker concentration, precursor-
polymer molar mass, and the polymer concentration. Such
models are normally confirmed on macro- as well as micro-
scopic scales by experiments that reveal the effects of the
sticker association kinetics on the diverse multiscale dynamics
of supramolecular networks.

On the macroscale, viscoelastic properties of transient networks
such as their terminal relaxation time or viscosity are measured by
following the networks’ responses to different types of deformation
as regularly applied in oscillatory shear rheology, creep, or dynamic
mechanical temperature analysis (DMTA) experiments.'®*'’® On
the microscale, parameters such as the translational polymer-chain
diffusion coefficient are measured by microscopy-based techniques
like fluorescence recovery after photobleaching (FRAP) or forced
Rayleigh scattering (FRS)."””""®

In summary, the macroscopic properties of supramolecular
polymer materials are closely tied, not only to the structure and
dynamics of the polymer backbone but to that of the supramolecular
bonds. However, in dilute conditions, where the entanglement of
the polymer precursor is negligible and as such the polymeric
dynamics is hardly traceable on experimental timescales, the
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macroscopic dynamics is only controlled by the supramolecular
bonds. Thereby, following the dynamics of side-chain supra-
molecular polymer networks, transiently bonded by multiple
small-molecule pincer crosslinkers, Craig and coworkers
showed that the macroscopic behavior obeys a universal pattern,
which is defined by the dissociation rate of the supramolecular
bonds."®"7® Later on, by decoupling the association and dis-
sociation processes in supramolecular polymer networks based
on host-guest interactions, Appel and coworkers suggested that
the mechanical strength is determined by the energetic barrier to
dissociation of the supramolecular bonds."**'®" In the follow-up,
Olsen, and coworkers highlighted that the dynamics of transient
bonds in the gel environment is different from that of the small-
molecule motifs in the dilute solutions and that the dynamics in
the gel is the one which governs the macroscopic properties of
supramolecular polymer networks.'®?

Clustering of the associative motifs in supramolecular polymer
networks causes additional microstructural inhomogeneity that
imposes extra friction against polymer relaxation. In such cases,
the disengagement rate from clusters, which is commonly much
longer than the dissociation rate of binary assemblies, should be
considered as the main relaxation process.”® On the microscopic
scale, formation of clusters can alter the translational polymer-
chain diffusion due to the cooperative reduction of free volume
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and trapping of a fraction of polymeric segments within the long-
lasting bonds.”®'”” On the macroscopic scale, such clustering
enhances the plateau modulus and prolongs the terminal relaxa-
tion time.3%183

4.1. Macroscopic dynamics and mechanical properties

Among a series of papers published by Stadler and coworkers
about the viscoelastic properties of PBd modified with hydrogen
bonding phenyl-triazoline-dione side groups,**!119.184.185
Ref. 33 is a pioneering work that systematically addresses the
effect of clusters on the dynamics and mechanical properties of
model supramolecular polymer networks (Fig. 6). Stadler and
coworkers observed that with the integration of hydrogen bonding
side-groups, the plateau modulus enhances and extends to lower
frequencies. In addition, the slope of the storage modulus versus
frequency in a log-log plot decreases in the terminal flow region.
Moreover, the zero-shear viscosity increases and the transition
from the Newtonian to the non-Newtonian regime shifts to lower
frequencies. These effects are escalated by increasing the degree of
modification and eventually at high contents of associative groups
no zero-shear viscosity is observed in the accessible experimental
range. To investigate the effect of inter-chain hydrogen bonding
on the aforesaid properties, three chemically different associative
groups were utilized, as illustrated in Fig. 6a. Comparison of the
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(a) Three different hydrogen bonding phenyl-triazoline-dione associative motifs utilized in ref. 33 and (b—d) schematic representation of the

thermo-rheological properties of the polymers studied in that work. Polymers functionalized with associative motifs of 1 and 2 are crosslinked via binary
hydrogen bonds, whereas in the case of motif 3, triple hydrogen bonds form a three-dimensional network. (b) Storage modulus of non-associative PBd
with a molar mass of 35 kg mol™* (A), and the functionalized polymer with 1 mol% of the associative motif 1 (@), the associative motif 2 (x), and the

associative motif 3 (+). (c) Viscosity of the same samples, and (d) master

curve of G’ and G” of the sample based on the associative motif 3, where

horizontal shift factors of G” are applied on G’, which highlights the thermo-rheological complexity. The original figures with the original data can be

found in ref. 33.
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thermo-rheological properties of the resulting supramolecular
polymer networks revealed that the number of hydrogen bonds
shared between two associative groups is a key parameter that
strongly influences the dynamics and mechanical properties. The
associative motif 1 can form double hydrogen bonds (see Fig. 6a)
and the corresponding supramolecular network shows simple
thermo-rheological properties, which means that all molecular
processes contributing to the viscoelastic relaxation have the same
temperature dependencies. Therefore, a unique master curve can
be constructed, where shift factors obtained at different tempera-
tures follow the Williams-Landel-Ferry (WLF) equation. When
PBd is functionalized with the associative motif 3, which has an
additional hydroxyl group on the phenyl ring, an extra hydrogen
bond forms between the two associative groups, and each network
junction is formed by triple hydrogen bonds. The thermo-
rheological behavior of this network is complex, and the shift
factors required for the construction of master curves cannot be
explained by a single equation like WLF. For this sample, the
construction of master curve of the loss modulus, G’, using
experimental shift factors obtained for G’, or the other way round,
fails, as demonstrated in Fig. 6d. Moreover, this network exhibits a
significantly broader rubbery plateau and larger zero-shear viscosity
compared to the network obtained by the associative motif 1. These
observations have been attributed to the existence of extended
clusters of hydrogen bonds, which form a three-dimensional net-
work structure.*® To further confirm this hypothesis, the polymer
precursor was also modified with the associative motif 2, which has
a NO, group on the phenyl ring close to the hydroxyl group. The
resulting supramolecular network showed simple thermo-
rheological behavior very similar to the network formed by the
associative motif 1. The authors attributed this similarity to the
internal hydrogen bonds between OH and NO,, which practically
decreases the number of effective hydrogen bonds between the
polymer chains.

As a summary, aggregation of associative groups into clusters
in a supramolecular polymer network escalates the variation of
dynamics and mechanical properties of polymeric precursors/
building blocks upon grafting with supramolecular motifs. In
addition, clusters may impose extra complexity in the thermo-
rheological properties through inducing additional relaxation
mechanisms. This line of thought has been pursued later in
different supramolecular network elastomers and gels with
either main-chain or side-chain architectures. In the following,
some of these works are described.

4.1.1. Main-chain supramolecular polymers. Among tele-
chelic supramolecular polymers based on PTHF end functionalized
with Cyc and Ad derivatives, viscoelastic properties of the former
are similar to a critical gel over a broad temperature range,
showing parallel and constant G’ and G” versus frequency on a
log-log scale.*® For the PTHF functionalized with Ade deriva-
tives, however, such properties are observed only at high tem-
peratures between 90 and 120 °C. At lower temperatures of 50—
90 °C, a thermo-rheologically simple behavior in agreement with
the principle of time-temperature superposition is observed.
Nevertheless, this sample shows no terminal region, and its
relaxation time exceeds 10° s, just like a highly entangled linear

© 2021 The Author(s). Published by the Royal Society of Chemistry
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polymer. Considering the very low association constant of Cyc
and Ad nucleobase derivatives (1.5-5 M) and along with their
thermo-rheological properties, their IR spectroscopy as well as
X-ray scattering data, a phase-segregated microstructure is
proposed for the Ade functionalized system, which consists of
hard semi-crystalline stacked Ade end groups. However, a frac-
tion of Ade end groups cannot form hydrogen bonds, and
therefore are not involved in ordered stacks. Consequently, the
concentration of stacks is lower than the percolation threshold,
and the material behaves as a highly entangled linear polymer.
Upon increasing temperature within 70-90 °C, the ordered
stacks break into a larger number of smaller and more disorder
clusters. With this process, chain ends that have been trapped in
the non-hydrogen bonded mode can form transient bonds.
Increasing the number of hydrogen bonds as well as enhancing
the number of disordered stacks above the percolation threshold
lead to the gel-like behavior.*>® As another example for telechelic
supramolecular polymers based on weak hydrogen bonding
groups, the dynamic properties of mono- and bifunctional PIBs
with Thy and 2,6-diaminotriazine groups have been investigated
by rheology.®® In the case of the monofunctional PIB, the
viscosity is enhanced compared to the pure PIB. Logically, such
an increase in viscosity is not expected from a simple specific
connection of two polymers by a single hydrogen bond. There-
fore, it is suggested that large aggregates of chains are formed
due to non-specific interactions. For 2,6-diaminotriazine-
functionalized PIB, the increase of viscosity is stronger than that
of the Thy functionalized one. This sample shows no zero-shear
viscosity in the experimentally accessible frequency range. In
addition, the corresponding temperature dependence of the
horizontal shift factors is similar to that of the unfunctionalized
PIB, which reveals that clusters are non-dynamic and stable even
at high temperature up to 90 °C. The same research group used
SAXS and rheology to study the microstructure and dynamics of
telechelic PIB chains functionalized with barbituric acid groups
and found that the aggregation of associative groups into
micelles in the melt state makes a densely connected
network.""" The systematic variation of the molar mass of the
PIB building blocks reveals that elastic properties of the net-
works are mainly controlled by the molar mass of the polymer
precursor, which inversely correlates with the weight fraction of
stickers, while the terminal relaxation of the networks is mainly
controlled by the dynamics of its associative groups.

The influence of clustering on the dynamics and mechanical
properties of main-chain supramolecular polymer networks
formed by strong associative groups has been also studied.
For instance, when PCL building blocks are functionalized with
UPy end groups through urethane linkages, the UPy groups
form clusters.®® In such samples, the low-frequency terminal
flow is replaced by a second plateau modulus, which extends to
lower frequencies once the concentration of UPy groups is
raised by decreasing the molar mass of the PCL building block.
At low UPy contents, however, the second plateau is replaced
with a parallel drop of moduli on a log-log scale (G' ~ G”
.28 Stacking of UPy groups and the formation of long
fibers were also reported to enhance the mechanical properties
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in UPy functionalized PEB systems.®”°”**¢ In diblock copolymers
of poly(styrene-b-butyl acrylate) in which the acrylate block is
end-functionalized with UPy groups, self-assembly of UPy groups
creates a triblock supramolecular copolymer with a phase-
separated microstructure. Stress-strain experiments on such a
material show significantly enhanced mechanical properties in
comparison to a control sample in which self-assembly is
avoided through utilization of a UPy motif with a specific
structure."”®

4.1.2. Side-chain supramolecular polymer networks.
Inspired by the pioneering work of Stadler and coworkers, the
effect of clustering on the dynamics and mechanical properties of
side-chain supramolecular polymer networks has been extensively
studied.** As an example, Shabbir and coworkers have studied the
response of an entangled PnBA functionalized with different
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contents of AA groups to different types of deformation in the
linear and non-linear viscoelastic regimes.'®® The presence of
associative groups enhances the rubbery plateau and low-
frequency moduli and prolongs the terminal relaxation. In addi-
tion, the power-law exponents of G’ and G’ in dependence on
frequency are lowered in the low-frequency regime when the
fraction of associative groups increases. For samples with high
AA content, the dynamic moduli drop in parallel with a slope of
0.5 on a log-log scale, and this parallel drop is followed by the
emergence of a second plateau modulus at low frequencies, as
demonstrated in Fig. 7a. The appearance of the parallel moduli
drop and the low-frequency plateau modulus may be considered
as a signature for the presence of clusters, however, the authors
did not discuss this hypothesis in detail. On the basis of this work,
van Ruymbeke and coworkers developed two different types of
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associative side-groups.®%18 (b) lllustration of the test chain and different types of polymer segments that are required to theoretically describe the
dynamics shown in panel (a).>® (c) Dynamic moduli of PLMA copolymers with different extent of entanglements, (2—11 denoted as P2—P11) with different
UPy contents (3-10 mol% denoted as U3-U10).® (d) Decoupling the contribution of binary associations and clusters: Vacuve is the fraction of active
stickers contributing to the elasticity of the network including binary associations and clusters, Vo, is the fraction of clusters among the active stickers.
The abscissa, Nyax features the total number of network junctions including transient associations and chain entanglements.®® (e) Viscoelastic properties
of PnBA center functionalized with triurea hydrogen bonding groups. Samples behave as viscoelastic fluid or gel depending on the possibility of
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American Chemical Society. Panel (b) adopted from ref. 59; copyright 2016, Society of Rheology. Panels (c, d, and e) reprinted from ref. 56, 58 and 95;
copyright 2019, 2019, and 2015, respectively. Wiley and American Chemical Society.
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time marching algorithms (TMA) founded on the classical tube-
based models, to describe the dynamics of side-chain supramole-
cular polymer networks. In the first approach, AA aggregation was
neglected, and instead, the model accounts for the effect of
hindered fluctuations besides the traditional sticky Rouse and
sticky reptation mechanisms.”® The results indeed demonstrated
a power-law exponent of 0.5 for the frequency dependence of the
dynamic moduli before the terminal relaxation; however, the
model was not able to predict the experimentally observed low-
frequency plateau modulus. Inspired by these results, in the
second variant of the TMA model, the aggregation of AA associa-
tive groups was accounted, as illustrated in Fig. 7b. The results of
this model could reflect both the intermediate power-law depen-
dency of the moduli on frequency and the emergence of the
second plateau modulus at low frequencies.>

The parallel drop of the moduli (G/, G' ~ ®%°) and the
emergence of the second plateau at low frequencies have not
been commonly reported for side-chain supramolecular polymer
networks formed by weak associative groups like AA, in the
absence of clustering. Anthamatten and coworkers have investi-
gated the influence of the number and the association strength
of sticky groups on the dynamics and mechanical properties of
side-chain PnBA supramolecular networks.'®” In this work,
supramolecular polymers bearing weak hydrogen bonding
groups like AA displayed liquid-like properties very similar to
the non-sticky precursors, although at higher contents of sticky
groups the crossover of the dynamic moduli shifts to lower
frequencies. One of the main differences between this work
and ref. 183 is the length of the precursor polymers. The absence
of entanglements in Anthamatten’s work'®” seemingly results in
the appearance of Maxwellian terminal relaxation in sharp contrast
to the other works with highly entangled backbones.>*%6%183

The interplay of chain entanglement and transient associa-
tion on the dynamics of side-chain supramolecular polymer
networks has also been investigated for PLMA functionalized
with UPy side groups on a macroscopic scale by oscillatory
shear rheology.>® The results showed that networks formed
from low or medium molar mass backbones (42 and 76 kg mol )
do not reveal terminal relaxation in the experimentally
accessible frequency range if the backbone is functionalized
with a high UPy content (10 mol%). A similar dynamics was
also observed for the networks with a high molar mass back-
bone (164 kg mol ) regardless of the UPy content. Instead of
the terminal flow, these networks demonstrate a parallel drop
of the moduli, and even a second plateau modulus emerges at
low frequencies as shown in Fig. 7c. The emergence of the low-
frequency plateau modulus is related to segments that are
unable to relax the applied deformation, as they are trapped
between clusters. The effective number of UPy junctions,
including both individual binary associations and clusters,
which contribute to the network elasticity enhances upon
increase of the UPy content regardless of the backbone length.
However, the ratio of the active to the available UPy associa-
tions (0.5 x UPy content determined by 'H NMR) strongly
depends on the total number of network junctions, including
chain entanglements and transient associations.’® This is
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related to the likelihood of having free UPy groups that may
merge into existing clusters rather than forming new binary
associations in the limit of the high molar mass precursor
chains.® Close to this comprehensive work, a TMA model was
also developed to decouple the contribution of individual
binary associations from those of clusters on the dynamic
properties.”® This algorithm quantifies the fraction of active
stickers and determines the fraction of clusters among them.
The obtained master-curve of the fraction of effective UPy
groups versus the total number of network junctions follows
an overshoot, while the fraction of clusters reaches a plateau, in
agreement with the experimental analysis of ref. 56, as shown
in Fig. 7d. These results reveal how the dynamics and viscoelastic
properties of side-chain supramolecular polymer networks can
be controlled by tuning the formation of clusters through varia-
tion of the extent of entanglements and the sticker content.

Supramolecular polymeric networks formed by center func-
tionalized PnBA chains including different hydrogen bonding
groups expose a similar interplay between the polymeric and
the supramolecular dynamics. Samples with a molar mass
lower than 20 kg mol™" resemble soft elastic solids, even at
low frequencies. In contrast, those with a molar mass higher
than 40 kg mol " behave like viscoelastic liquids demonstrating
terminal flow at low frequencies, as illustrated in Fig. 7e. Con-
sidering the entanglement molar mass of PnBA, the authors
attributed the elastic behavior of low molar mass samples to the
molecular organization of the supramolecular groups into
ordered bundles of hydrogen bonding arrays extending up to
1 um.”® Comparison of the rheology and SAXS results demon-
strated that these bundles disappear at a temperature at which
the material properties shift from solid-like to liquid-like. This
confirms that the aggregation of associative groups into parallel
bundles, rather than their distinct binary associations, controls
the mechanical properties of these materials.

The static stress-strain curves of hydrogen bonded brush
copolymers constructed from a hard PS backbone and soft
amide-modified PnBA brushes are similar to those of classical
TPEs with an initial high stiffness followed by a large elastic
deformation.” Such multiphase supramolecular networks
show enhanced mechanical strength in comparison to
thermo-reversible TPE systems. By variation of the weight
fraction of the hard backbone and the soft brush, the mechan-
ical properties can be tuned such to vary the Young modulus
between 9.8 and 35.7 MPa and the strain at the break between
310% and 1570%."

In the same manner, clustering of associative groups has a
significant influence on the dynamics and mechanical proper-
ties of supramolecular polymer gels. As an example, Seiffert and
coworkers have studied supramolecular gels formed by transi-
tion metal-mediated linking of tetra-arm PEG end-capped with
terpyridine moieties."®® The authors examined different metal
ions including Mn>*, Zn*", and Co*" as the crosslinking agents to
form supramolecular gels in different solvent mixtures. Nano-
scopic structural inhomogeneity was observed in the Co**-based
network, which has the strongest association affinity among the
studied sample series. In addition, the Co**-based network does
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not show the onset of terminal relaxation in the experimentally
accessible frequency range. The authors attributed these obser-
vations to the aggregation of the network junctions.

4.2. Microscopic dynamic properties

Similar to the macroscopic dynamic properties, as discussed in
Section 4.1, the dynamics of supramolecular polymer networks
on microscopic scales, which is revealed for instance by the
translational diffusion coefficient, is influenced by aggregation
of associative groups. The interplay of chain entanglement and
the transient association on these properties has been investi-
gated in supramolecular polymer networks based on PnBA
functionalized with UPy side groups through probing the
diffusion of polymeric tracers with almost identical chemical
composition, molar mass, and UPy content as the network
matrices by fluorescence recovery after photobleaching.’® The
authors found that the diffusion of tracers is decelerated by
increasing UPy content due to the enhanced transient bonding
of tracers to the matrix chains. However, this deceleration gets
weaker at a greater extent of chain entanglement. Conse-
quently, the presence of chain entanglement apparently out-
weighs the influence of transient interactions on the dynamics
of these associating networks in the melt state. This observa-
tion has been attributed to the likelihood of free UPy groups to
assemble to existing clusters in the presence of chain entangle-
ments rather than forming new ones. The authors concluded
that the major consequence of an increasing the extent of
entanglement is promotion of the participation in aggregates
of associative groups, which therefore drastically reduces
chains mobility, such that it is not observed within the time-
scale of the FRAP experiment.

The temperature corresponding to the onset of the micro-
scopic segmental mobility is T,. Therefore, in addition to being a
specific physical parameter, T, can be considered as a dynamic
property. The presence of transient associations within the
microstructure of a supramolecular polymer is expected to
increase the T, of the precursor polymer, either by slowing down
the chain dynamics or simply due to steric effects on the back-
bone. In copolymers of butyl acrylate and a UPy-functionalized
acrylate comonomer, a linear increase in T, with increasing UPy
content has been reported by Feldman and coworkers,"®® con-
sistent with prior reports on UPy-functionalized random
copolymers.'*'®° Such an increase in T, was later demonstrated
for supramolecular polyacrylate systems based on weak hydro-
gen bonding groups like AA, aminopyridine, and carboxyl ethyl
acrylate.’®” In contrast, the study of PBds functionalized with
hydrogen bonding phenylurazole groups or PEB functionalized
with UPy have not shown such an increase of T,.'°”'®* The
origin of such independence of T, from transient associations
was not discussed in these works. We have observed a similar
effect in polymethacrylate derivative-based side-chain supramo-
lecular networks formed by UPy associations.’® Despite the effect
of transient crosslinking on the rheological behavior was evident
from the parallel drop of the moduli and/or the emergence of a
low-frequency plateau, DSC results revealed a negligible change
of T, in comparison to the non-associating precursor polymers.
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This observation was attributed to strong phase-separation of the
UPy groups from the non-polar polymer backbone, which forms
a matrix enriched by non-polar polymeric segments and nano-
domains of associated UPy motifs.

5. Applications

5.1. Self-healing

One of the unique properties of supramolecular polymeric
materials is their self-healing ability, which is triggered by forced
increase in the local dynamics of the reversible supramolecular
bonds, generally by raise of temperature. Logically, there is an
inherent compromise between the mechanical robustness and
the self-healing ability.'®’ ™ Therefore, specific design concepts
have to be devised to preserve the required mechanical perfor-
mance once dynamic self-healing ability is integrated in a
system.'*

One of the widely used design concepts is to fortify supra-
molecular polymer networks based on relatively weak supra-
molecular bonds by the phase-separation of associative groups
in microscopic domains. In this context, telechelic systems
based on a low-T, polymer core like PDMS and weak hydrogen
bonds like Ade, Cys, Thy, aminotriazine that make phase-
separated undirectional homo-aggregates, demonstrate excep-
tional low-temperature self-healing ability."”*® Such materials
reflect strongly temperature-dependent properties, in sharp
contrast to their equivalent hetero-complementary blends that
have much lower phase-segregation tendencies.**** The extent
of clustering in homo-aggregated systems can be tuned by the
introduction of unidirectional hetero-complementary counter-
parts.”® In the same manner, the supramolecular polymer blend
of a chain-folding PI and a telechelic pyrenyl-functionalized PU,
which are linked through nanophase-separated, weak n-m stack-
ing interactions, demonstrates autonomous room-temperature
self-healing.'® In contrast, phase-separated metallo-supra-
molecular polymeric systems based on a PEB core and Mebip
ligand reveal self-healing features only when exposed to UV light.
This is the consequence of the light-driven electronic excitement
of the metal-ligand complex, which locally converts to heat.*”

An alternative design concept for achieving autonomous
self-healing, besides the favorable mechanical strength, is to
deliberately integrate weak supramolecular bonds in one of the
phases in a multi-phase supramolecular polymeric system. In
the variant where the supramolecular bonds are located in soft
domains, the dynamic association of reversible bonds provides
room-temperature self-healing capacity, while good mechanical
performance is guaranteed by the presence of non-associating
hard domains. Examples include multiphase polymer brushes
with PS backbone and polyacrylate derivative arms. In this
design, weak transient interactions, either made by amide
hydrogen bonds or the coordination of zinc ions to imidazole
ligands, are embedded along the arms.'®'®® The low-T, of
polyacrylate arms provides room-temperature self-healing
properties. Similarly, blends of main-chain supramolecular
polymers based on PEG and PTHF building blocks that are
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extended by ionic groups fall into the same category, since ionic
groups inside PTHF domains phase-separate into strong
aggregates.*®

In another variant of multiphase self-healing materials,
reversible bonds are inversely incorporated in hard
domains.”® In this “phase-locked dynamic bonds” design,
supramolecular bonds are protected inside the viscoelastic
hard phase, which can be thermally unlocked to actuate the
self-healing process. This concept is used to lock down the
dynamic bonds in the hydrogen-bonded hard-segments of a PU
elastomer. The resulting material exhibits superior transparency
due to the small size of the segregated hard domains, high
extensibility due to the presence of the soft matrix, and fast self-
healing at 70 °C.'°> In the same manner, hierarchical hydrogen
bonds including urethane, urea and UPy functions are
embedded as side-groups in rigid domains of a segmented PU
with PTHF soft segments, as illustrated in Fig. 8a. The obtained
material demonstrates high mechanical strength even after
experiencing a thermally activated self-healing process.'® Such
materials have shown a great potential to be applied as protective
transparent coatings in a variety of fields like optics and electro-
nics. The self-healing ability is specifically useful in rechargeable
batteries since the lifetime of many of such products are limited
by the formation of fractures due to the thermal expansion during
multiple cycles of charging. Accordingly, Bao and coworkers have
remarkably increased the lifetime of a rechargeable lithium
battery by coating the silicon microparticle anodes with a thin
layer of self-healing polymer based on weak amide hydrogen
bonds."”’

5.2. Electronics

Nanostructured assemblies based on stacking of m-conjugated
supramolecular units have promising applications as
molecularly-designed semi-conductors in electronics.®® How-
ever, not only a perfect fit between the n-conjugated elements is
required, but a decent hierarchical association into ordered
clusters is crucial for achieving the desired anisotropic con-
ductivity at the macroscopic scale. This is realized by proper
coupling of m-m stacking with secondary transient forces,
according to the design concepts discussed in Section 2.2,
which can result in the desired spatially ordered microstruc-
ture. Widely used strategies include supplementing the n-n
stacking either by lateral hydrogen bonds in the solid state or
by hydrophobic shielding in aqueous media.*

Following this concept, bifunctional thiophene and OPV
derivatives with weakly associating amide side-groups are
reported to self-assemble into nanowires with unique aniso-
tropic electrical response, as illustrated in Fig. 8b.'*® Similarly,
OPV derivatives supplemented with strong quadruple hydrogen
bonds have shown promises to form semiconducting nanor-
ibbons that transport charge on long distances.”>”® Following
the same concept, side-chain supramolecular polymeric mate-
rials based on a PEG polymer core and UPy motifs that are
shielded by alkene spacers form tough hydrogels, which are
good candidates to be used as electrolytes in lithium-ion
batteries.®
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5.3. Biomedicine

Supramolecular polymer hydrogels have been increasingly
employed for the delivery of therapeutics and cells in drug
delivery and tissue engineering applications.'**°° Traditionally,
the cargo is released from the covalent hydrogel either through
simple diffusion, in case of small-molecule drugs, or through
degradation of the chemical network in case of large cells,
growth factors, and proteins. Supramolecular polymer hydrogels
employed as carriers in such designs have the advantage of
releasing the load upon the dissociation of reversible crosslinks.
Such reversible links either form the network or connect network
segments to the load itself. The reversible dissociation of supra-
molecular bonds activates the diffusion of large-sized loads in
the former, and assists the release of small-molecule cargos in
the latter. Moreover, delivery can be site-specific by employing
stimuli-responsive reversible bonds. These bonds dissociate
either autonomously upon reaching the target tissue or organ,
which can have a different pH, temperature, or concentration of
enzymes, or through the application of external stimuli.***

One of the supramolecular designs that are frequently
employed as a tunable carrier in drug-delivery applications is
based on the phase-separated strong hydrogen bonds in aqueous
media. Dankers and coworkers have reported on the utility of
main-chain and side-chain UPy functionalized PEG systems,
supported by the cooperative effects of lateral urea hydrogen
bonds and the hydrophobic shielding of dodecyl spacers, in
intrarenal drug delivery.®* Such a design constitutes a percolated
network of overlapping high-aspect ratio fibrous aggregates that
forms even at low concentrations by the lateral stacking of UPy
dimers upon immersion in water. Accordingly, the network
erodes through dynamics of supramolecular aggregates and
thereby the physically trapped cargo is released. This, however,
follows different timescales for the main-chain and the side-
chain design variants. The fast degrading unentangled telechelic
system shows promises for short-term release purposes, whereas
the entangled side-chain variant is more suitable for long-term
release applications.

The same group has systematically varied structural para-
meters of associating units to apply the optimal design in the
delivery of a thermally encapsulated protein.®® Since the decent
network structure simply destructs under shear and reforms at
break, it can be locally disposed in the desired organ via
injection. Moreover, such hydrogels show a reversible gel-sol
transition when pH is switched from neutral to slightly basic
values. This unique feature has been also employed for the
delivery of therapeutics by injection. As such, the solution of
supramolecular polymers at basic pH values around 8.5 demon-
strates in-situ gelation upon injection into physiological
systems.?®* After the desired time, which is conveniently tunable
by varying the structural design parameters, the hydrogel cannot
be further identified and the cargo is delivered along with the
network erosion.

Similarly, these UPy functionalized polymers with the capa-
city of forming a network of nanofibrillar aggregates in water,
have been widely used as films and electrospun scaffolds in
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tissue engineering applications.?**>% The great advantage of
such systems is that different biological properties of the
scaffold can be tuned simply by adding and matching UPy
modified additives. For instance, UPy modified PEG derivatives
are introduced for separate tuning of the cell and protein adhesion
of a thin layer of UPy functionalized PCL supramolecular
polymer.”®* Similarly, UPy modified bioactive peptides with short
oligo(ethylene glycol) (OEG) linkers reside on the surface of
fibrillar UPy aggregates and tune their interaction with cells.**
In a similar fashion, UPy modified chemical anchors are used to
covalently link various additives to fibrillar UPy aggregates
through different types of click reactions. For instance, an anti-
fouling additive is introduced in a telechelic UPy modified PCL
system through a reactive UPy modified tetrazine anchor (UPy-Tz).
This anchor can be modularly incorporated in fibrous aggregates
from its UPy end, thereby leaving the tetrazine group on the other
end available for the subsequent post-modification. Accordingly,
bicyclononyne modified PEG (PEG-BCN) derivatives are selectively
attached on the surface of nanofibers as anti-fouling agents via an
inverse electron demand Diels-Alder cycloaddition, as shown in
Fig. 8¢.205:206

In a different approach, phase-separated complex coacervate
hydrogels, which are formed by solution mixing of oppositely

1448 | Mater. Adv, 2021, 2, 14251453

charged polyelectrolytes, are employed in tissue engineering
applications. Jeon and coworkers have reported on the in situ
entrapment of a growth factor inside a phase-segregated hydro-
gel based on two oppositely charged natural polymers, including
an oxidized methacrylated alginate and a methacrylated
gelatin.”®” Fluorescence microscopy clearly reveals that individually
segregated coacervate microdroplets rich in gelatin form upon
photo-crosslinking of acrylate functions, as schematically shown
in Fig. 8d. The physical entrapment of the growth factor inside
segregated gelatine microdroplets significantly prolongs the release
process compared to the alternative case, where it is loaded in the
oxidized alginate matrix. Such tunability of the release profile
provides a useful strategy to manage the fate of encapsulated cells
for tissue regeneration applications.

6. Conclusions and perspective

Clustering of associative motifs in complex, hierarchical self-
assembled biomaterials is an important step in the organization
of structures, which introduce specific properties and/or func-
tions. Analogously, in designing bio-inspired, artificial supra-
molecular polymer materials engineering such clusters is a

© 2021 The Author(s). Published by the Royal Society of Chemistry
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powerful approach to adjust dynamics as well as the physical and
mechanical properties. In addition, by using this strategy certain
functions such as self-healing ability can be added to the
synthesized networks. Considering this example, clusters of
supramolecular assemblies provide the additional possibility of
regulating the mechanical properties of supramolecular materials
in addition to the self-healing that is provided by the reversible
bonds. In this sense, understanding different mechanisms at the
molecular level that can be employed to rationally motivate
aggregation of associative motifs into clusters, as discussed in
Section 2, is essential. For example, to synthesize a self-healing
material for a specific application, the Flory interaction parameter
determines the tendency and extent of the phase-separation
(immiscibility) between the building blocks and associative
motifs. In addition, the order of aggregates can be adjusted by
rational incorporation of secondary forces, such as lateral hydro-
gen bonds or hydrophobic shielding, into the chemical structure
of the supramolecular group. All these design concepts define how
the material performs in its target application, as described by
several examples in this review. The success of the selected design
approach can be examined either by characterization of the
clusters by the methods described in Section 3 or by studying
the mechanical and dynamic properties of the designed material
as discussed in Section 4. Nevertheless, clustering of associative
motifs frequently impedes achieving the desired unique micro-
structure by inducing extra temporal and structural complexity
into supramolecular polymer networks. This complexity generates
many challenges to engineering functional supramolecular polymer
networks. Influence of crystallinity, glass transition temperature,
and polarity of polymer building blocks on the degree of clustering,
the interplay of the molar mass of polymer building blocks and
associative groups on the formation and dynamics of clusters and
controlling the degree of trapped segments between two clusters
are examples of these challenges. We hope that the highlighted
examples in this review triggers new ideas and guidelines to
address such challenges and to develop new supramolecular
polymer networks with specific properties and functions via
engineering the aggregation of associative junctions into irregular
or ordered clusters.
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