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Abstract:

Supramolecular adhesive materials (SAMs) have garnered significant research interest
owing to the outstanding attributes offered by dynamic bonds, including self-healability,
stimulus responsiveness, and reversible adhesion. Urea groups with adjustable
hydrogen bond strength, directional assembly ability, readily synthesized and amenable
to scale-up, represent crucial dynamic bond constituents; this review provides a
comprehensive summary of SAMs based on urea assembly. Meanwhile, a
comprehensive overview of SAMs’ structures, properties, and applications is also
provided. SAMs are categorized into four distinct types following the quantity of urea-
based assembly sites: one assembly site, two assembly sites, three assembly sites, and
multi-assembly sites. Deduced out urea-based assembly promotes molecular weight
and cross-linking points increase, which are the main factors for improving the
performance of SAMs. The SAMs’ limitations, challenges, and prospective directions

are also briefly outlined.
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1 Introduction

Adhesive materials (AMs) form bonds between materials of the same or different
properties through adhesion on the object’s surface. In the past decades, AMs have been
utilized in a progressively broader scope of uses, ranging from everyday life to
sensors[1-3], electronic skin[4, 5], and medical fields[6, 7]. In response to the
increasingly complex and diverse application scenarios, researchers have commenced
investigations into novel multifunctional AMs. Supramolecular adhesive materials
(SAMs), one kind of AMs, which contain numerous non-covalent interactions[8], have
attracted widespread attention among various adhesives due to their reversible
bonding[9], self-healing ability[10], strong adhesion[11], and other characteristics[12].
These unique and excellent properties are due to the non-covalent interactions in
supramolecular materials[13].

Typically, the non-covalent interaction in SAMs can enhance their performance.
These non-covalent interactions include hydrogen bonding[14], host-guest
interaction[ 15], metal coordination interaction[16], and so on[17]. Among them, SAMs
featuring hydrogen bonds have garnered substantial attention due to their versatile
bonding mechanisms and robust dynamic reversibility. Typically, hydrogen bond
interactions play a crucial role in SAMs’ thermal and mechanical properties, enabling
effective control over their adhesive performance[18]. Introducing a solid but reversible
non-covalent hydrogen bond component into the structure can lead to SAMs with
improved performance, such as adhesion. For example, Qu et al. achieved robust
adhesive properties by introducing distinct hydrogen bond networks (carboxylic acid
or hydrazide) in dynamic covalent polymers, demonstrating significant influences of
different forms of hydrogen bonds on adhesion efficacy, with respective strengths of
2.5 MPa and 18.0 MPa[19, 20]. As a crucial form of hydrogen bonding, urea-based
hydrogen bonds distinguish themselves from traditional hydrogen bonds (carboxylic,
hydroxyl, amino, etc.), exhibiting more robust and unique directionality and
complementarity. Simultaneously, the binding energy associated with most hydrogen
bonds typically falls within the range of -11.20 to -43.05 kJ-mol![21, 22]. In contrast,

urea derivatives, such as ureido-pyrimidinone (UPy), exhibit considerably higher
2
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binding energies, registering at -161 kJ-mol™ in a vacuum and -69 kJ-mol in aqueous
environments[23]. This disparity underscores the superior strength of the urea hydrogen
bond compared to most conventional hydrogen bonds. Moreover, the hydrogen bonding
exhibited by urea derivatives imparts a notably greater enhancement to surface energy
compared to straightforward polar functional groups, such as the carboxyl group[24].
Concurrently, urea hydrogen bonds offer the added benefits of facile synthesis and
tunable strength[25], affording the ability to control shear strength within SAMs within
the range of 5.20 kPa to 30 MPa[26, 27]. UPy, the typical self-complementary
hydrogen-bonded urea derivative with a strong association constant (6x107 M in
chloroform)[28], originally discovered by Meijer, Sijbesma, and colleagues[29] as a
well-known self-complementary quadruple hydrogen bond group and has shown
remarkable thermal responsiveness in SAMs[30]. UPy can be decorated onto both sides
of the oligomer and lead end-to-end assemble to stable long supramolecular polymer
chain[29]. Combined with suitable oligomers, such supramolecular polymers can be
used as SAMs[31]. Urea hydrogen, connected to highly electronegative nitrogen,
readily forms stable hydrogen bonds with other carbonyl oxygen atoms. Owing to its
advantages, such as easy of synthesis, controllable hydrogen bond numbers, and
adjustable building blocks, urea-based hydrogen bonding has been widely applied in
polymer self-assembly[32], self-repairing glass[13], self-healing elastomers[33], and
other related fields[34]. Furthermore, urea hydrogen bonding has gradually emerged in
adhesive development, serving as a significant non-covalent interaction in the context
of SAMs[35]. The orientation of two urea groups, parallel or antiparallel, can be
reinforced by the spacer connecting them, resulting in the formation of elongated one-
dimensional supramolecular assemblies. This assembly process allows for a controlled
increase in molecular weight and the modulation of mechanical properties[36]. Urea
groups facilitate the self-assembly of small molecules or oligomers into larger
structures, thereby increasing cohesive forces and enhancing the adhesion properties of
SAMs[37]. In addition, urea groups serve as robust cross-linking points, further

enhancing SAMs adhesion by enabling the cross-linking of macromolecules or
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oligomers into intricate three-dimensional structures[38]. Furthermore, adhesion
constitutes a multifaceted process contingent upon numerous factors, including
interfacial adhesion, polymer strength, viscosity, surface tension, and other related
parameters. As an exemplar urea derivative, UPy has been empirically validated to
augment the internal stress and polymer viscosity of viscous materials through its
characteristic hydrogen bonding[39, 40]. Additionally, UPy has demonstrated the
capacity to substantially elevate surface energy[24], thereby amplifying interfacial
adhesion and reinforcing adhesive strength.

Here in this review, we present a comprehensive overview of the state-of-the-art
progress in urea-based SAMs, categorized into two principal types: the molecular
weight growth type and the dynamic cross-linking increase type, based on the
functional role of urea within SAMs (Table 1). The molecular weight-increasing type
can be further subcategorized into two subtypes: the one assembly site type, where urea
groups are located within the cores of the oligomer, and the two assembly sites type,
where urea groups exist at both ends. Meanwhile, based on the number of assembly
sites in the SAMs, the dynamic cross-linking increase type can be divided into three
assembly sites and multi assembly sites. Based on this classification, the molecular
design of urea-based SAMs is described, laying the foundation for further research on

urea assembly-based SAMs.



Table 1. Classification and schematic diagram of urea-based SAMs.
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2 SAMs based on urea assembly

2.1 Enhancing cohesion through urea self-assembly to molecular weight increase
For SAMs with linear assembly, the aggregates’ molecular weight significantly
influences the adhesive strength. Studies have demonstrated that the adhesive strength
increases with the molecular weight of the adhesive when the adhesive force exceeds
the cohesive force[41]. Taking advantage of the excellent directionality of urea
hydrogen bonding, oligomers decorated with urea can self-assemble into one-
dimensional supramolecular polymers (Fig. 1a), thereby significantly changing the

molecular weight and rheology of the supramolecular polymer and obtaining higher
5



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

and tunable adhesive strengths, which is classified as ‘one assembly site’ type.
Costantino Creton and colleagues observed that the elevation in the viscosity of self-
assembled urea-based molecules correlates with prolonged relaxation times.
Meanwhile, they identified an associated increase in energy dissipation corresponding
to the heightened viscosity, thereby suggesting the potential utility of biurea-
functionalized molecules as pressure-sensitive adhesives[37]. Furthermore, oligomers
furnished with bifunctional ends can interconnect, forming larger polymers through the
paired assembly of urea derivatives, particularly those involving Upy. This assembly
significantly enhances the molecular weight and bestows the resulting structure with
exceptional adhesive strength, categorized as the ‘two assembly sites’ type. These
oligomers, through hydrogen bonding interactions between urea moieties or
coordination between bis-urea ligands and phosphate ions, are designed and
synthesized for multi-functional adhesives, such as pressure-sensitive adhesives
(PSAs)[42], self-healing materials[43], photo-responsive reversible adhesives[44],
adhesive biomaterials, ion-coordination-driven gels, and other applications[45].

2.1.1 one-assembly site

The urea group, serving as the fundamental structural unit in urea-induced SAMs,
plays a decisive role in shaping the adhesive strength of one-assembly site SAMs. One
assembly site means that multiple urea groups can be contained at the same site.
Research indicates that the number of urea groups in the assembly core significantly
influences the molecular weight and dynamics of the resulting supramolecular
polymer[25]. In non-aqueous systems, dual or ternary urea groups exhibit an optimal
balance between strength and dynamics, providing the linear assemblies with the
necessary mechanical robustness while ensuring sufficient flexibility and
responsiveness[46].

In a significant contribution by Costantino Creton et al., they successfully
synthesized a low molecular weight polyisobutylene (PIB) decorated bis-urea in the
middle by reacting toluene diisocyanate with PIB amine (Fig. 1b)[37]. Through urea-

induced self-assembly, high molecular weight supramolecular polymers were obtained.



10

11

12

13

14

15

16

17

18

19

20

21

22

23
24

Rheological and adhesive performance characterization revealed that this
supramolecular polymer exhibits adhesion on low-adhesive surfaces (such as silicone),
making it a promising candidate for the next generation of highly interactive and
dissipative PSAs. Afterwards, they used a series of polymers decorated with bis-urea
with different spacers to systematically study the strength effect of the supramolecular
interactions on the debonding properties, revealing the significance of noncovalent
bond strength in the dynamics of scission and recombination[47]. Subsequently, they
substituted tri-urea for bi-urea and compared the impact of these two urea derivatives
on assembly, they highlighted that the stronger hydrogen bonding exhibited by tri-urea
is conducive to the formation of longer assemblies, to affording higher viscosity[48].
The aforementioned conclusions are notably pronounced in urea-modified poly(butyl
acrylate) (PBA), exhibiting distinctions from the polyisobutylene (PIB) system. It was
observed that biurea-modified PBA fails to assemble into a long-range ordered
structure[49]. Further investigations revealed that when the molecular weight of PBA
is below 40 kg-mol’!, the system forms an oriented hexagonal structure, elucidating the
solid-state gel behavior of these polymers at elevated temperatures[50]. They also
found that this smaller PBA (Mn < 40 kg-mol™) is conducive to the formation of larger
assemblies, and pointed out that these assemblies could be applied in adhesives[51].
Further adhesion study revealed that the assemblies (from polymer with Mn < 40
kg/mol) exhibited a noticeable softening effect under large deformations and explained

the debonding properties of these SAMs[52].

(a)

Hydrogen bonding

l

Figure 1. (a) Urea self-assembly diagram of ‘one assembly site’ type SMAs. (b) Molecular structure
of bis-urea functionalized low molecular weight polyisobutylene.[37]
7
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Although SAMs based on urea-directed one-dimensional assemblies exhibit good
dynamic properties, their cohesive forces are insufficiently robust. The cohesive forces
of linear supramolecular polymers can be significantly enhanced, and supramolecular
adhesives’ (SAs) performance can be improved by introducing cross-linking into the
building blocks. Callies et al. accomplished this by introducing epoxy groups into the
building blocks for chemical cross-linking and exploring new PSAs[53]. Double-end
atom transfer radical polymerization (ATRP) initiator decorated bis-urea was used to
initiate the copolymerization of butyl acrylate (BA) and glycidyl methacrylate (GMA),
resulting in building blocks capable of one-dimensional assembly induced by urea
hydrogen bonding while simultaneously being cross-linked by 1,5-diamino-2-
methylpentane. The effect of the proportion of cross-linking points (epoxy groups) in
the building blocks on the adhesive was systematically studied, and the results showed
that chemical cross-linking could increase the debonding energy threefold (30 J/m? to

90 J/m?) while increasing the fibril stability in extension (Table 2).

Table 2. Overview of the performance and applications of ‘one assembly site’ type SAMs.

Experiments were performed using various test layouts and substrates.

Name Applications Method Substrate Strength  Ref.

PIBUT Soft viscoelastic Probe tack test Glass/stainless steel 1.0 MPa [37]
adhesive

PIB XYL N/A Probe tack test Glass/stainless steel 70 J-m?  [47]

PBA 3U N/A Probe tack test Glass/stainless steel ~ 35J-m? [52]

PBA 2U PSAs Probe tack test Glass/stainless steel 90 J-m?  [53]

PIBUT: bis-urea poly(isobutene ureido toluene); PIB XYL: xylyl bis-urea modified PIB; PBA 3U:
PBA decorating three urea; PBA 2U: PBA decorating two urea and cross-linking group.

2.1.2 Two assembly sites

Usually, urea derivatives can be assembled into pairs through weak interactions,
such as hydrogen bonding[54] or anion coordination, where the urea ligand self-
assembles through coordination with the phosphate anion, and the assembles are then
assembled into supramolecules by intermolecular hydrogen bonding[55]. By
decorating these urea derivatives to both ends of small molecules or oligomers, SAMs
can be achieved via end-to-end association, termed two assembly sites SAMs.

The most appealing aspect of SAMs is their dynamic nature. Therefore, in addition
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to their application as bio-adhesive materials, dual-end modified UPy SAMs can also
be utilized as stimuli-responsive adhesives, achieving on-demand bonding or
debonding. Heinzmann et al. exploited the stimulus-responsive behavior of urea
hydrogen bonds to develop photo-responsive adhesives. They synthesized UPy-PEB-
UPy oligomers (PEB is the abbreviation of poly(ethylene-co-butene), but the quadruple
hydrogen bonds of UPy do not exhibit significant photo-responsiveness since pure UPy
does not absorb light beyond 320 nm. However, the binding between UPy units can be
weakened through heating. Therefore, the authors introduced a photosensitizer (Tinuvin
326) during the assembly of UPy-PEB-UPy oligomers, facilitating the conversion of
UV light into heat and achieving light-triggered adhesion adhesives (Fig. 2a, b).
Ultimately, their adhesive demonstrated a shear modulus of 0.9-1.2 MPa on quartz,
glass, and stainless steel. The samples debonded within seconds when the overlapped
joints were subjected to a load and exposed to light or heat (Fig. 2¢). They could be re-

adhered by exposure to light or heat and regain their original adhesive performance[44].

(a)

Hydrogen bonding hvorT

—_—
m
—_— —
—

Assembled Disassembled

Figure 2. (a) Urea self-assembly diagram of ‘two assembly sites’ type SMAs, assembly and
decomposition diagram under light or heat response. (b) The chemical structures of UPy-PEB-UPy
polymers and photosensitizers. (c) Photographs of lap joints bonding and debonding under light or
thermal conditions[44].
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Although we categorize all SAMs assembled with both end-urea modifications as
two assembly sites type SAMs, it is difficult to confirm the end-to-end assembly.
Specifically, the rigid ortho-phenylene-bridged bis-urea and the phosphate group can
be coordinated through twelve N(H)-O hydrogen bonds to form a triple helix assembly
structure, as exemplified by Gao et al.’s supramolecular adhesive conductive gel
preparation, where the end-urea-modified compounds exist in trimeric form after
coordination[55]. A hierarchical self-assembly strategy has been developed to develop
a novel approach for designing and manufacturing ion-coordination-driven gels with a
wide range of mechanical strengths and tenability. In their study, a series of C»-
symmetric urea ligands were designed and synthesized, self-assembling them into
helical trimers through coordination with phosphate anions. The resulting trimers can
form gels through multiple intermolecular hydrogen bonds, exhibiting effective and

stable adhesive performance, selective wetting properties, and conductivity (Fig. 3).

0,250
N
HN,,FO
"Q,0"
N @®-=roz2
... ilediocs, 578
@ CH,CN
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-
NH
DA'NH
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LM R= fﬂk LHept R = g‘NJW\/\
H H

Figure 3. Scheme of the hierarchical self-assembly of anion-coordinated helicates and subsequent
gelation from hydrogen bonding[55].

Besides assembling into trimers or long-chain supramolecular polymers, end-urea-
decorated molecules can also assemble into three-dimensional network structures. Urea
groups without complementary hydrogen bonds tend to assemble with multiple groups,
and bis-end-urea-decorated oligomers will assemble into spatially interconnected
structures. Wayne Hayes’s group incorporated 4-(2-aminoethyl)morpholine into
isocyanate-terminated pre-polymers for introducing urea linkages to provide strong

hydrogen-bonding motifs, successfully got supramolecular polyurethane (SPU) as

10
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SAMs for hydrogen-bond-driven self-assembly, and exhibiting a storage modulus of 3
MPa at room temperature[54]. When it increases to 50 °C, the physical cross-links
disassemble rapidly, resulting in a significant decrease in the storage modulus by
several orders of magnitude. The material fully recovers its mechanical properties
within 60 minutes at body temperature (37 °C).

Moreover, human fibroblast experiments demonstrate excellent biocompatibility
of the material, highlighting its significant potential for essential applications in self-
adhesive biomedical materials. Following this, Hayes et al. incorporated trioxide
tetraoxide into the SAMs and employed an oscillating magnetic field for controlled
heating, enabling the dynamic adhesive to achieve on-demand debonding[56].
Meanwhile, they also utilized self-assembling of both end-urea-decorated
polyurethanes with bulky groups, resulting in SAMs whose performance can be
controlled through processing. The pairing of urea groups via hydrogen bonding
increased the molecular weight, and the benzene groups supplied further
supramolecular cross-linking through n-n stacking, enhancing the cohesion and making
the material a promising candidate for adhesive applications[57]. They also investigated
the structural attributes of the urea group employed for end-capping and assembly
purposes. It was elucidated that the nitro group within the terminal moiety can
effectively engage in hydrogen bonding competition with the urea group. This
phenomenon finely modulates assembly strength and crystallinity, ultimately obtaining
reversible adhesives characterized by a shear strength of up to 5.70 MPa[58]. Zhao et
al. adopted a comparable approach to fabricate low-temperature responsive SAMs.
Diverging from above, they utilized UPy for end-capping and incorporated carbonate
and urethane bonds into the polymer matrix. These additional groups exhibited the
ability to vie with UPy for hydrogen bonding, resulting in an adhesive material that
demonstrated a remarkable shear strength of 7.23 MPa (Table 3) and facilitated

controlled debonding at low temperatures (60°C)[34].

Table 3. Overview of the performance and applications of ‘two assembly sites’ type SAMs.
Experiments were performed using various test layouts and substrates.

Name Applications Method Substrate Strength  Ref.
UPy-PEB-UPy  Light- and heat-responsive Lap joints  Stainless 1.2 MPa [44]

11
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adhesives steel

Phosphate Viscous conductive gel Lap joints PMMA 0.275 [55]

assemblies MPa

SPU-M Biomedical adhesive Peel test Porcine skin  0.02 MPa [54]

SPU-M Magnetic response adhesive  Lap joints  Glass 1.43 MPa [56]

SPU-bB Heat reversible adhesive Peel test Metal 740 J-m?  [57]

SPU-tMN Self-healing elastomer Lap joints  Glass 5.70 MPa [58]
adhesive

ou Temperature activating skin Lap joints  Stainless 7.23 MPa [34]
dressing steel

SPU-M: SPU capped with morpholine. SPU-bB: SPU capped with bis-Benzyl; SPU-tMN: SPU
capped with 2,4,6-trimethyl-3-nitroaniline; OU: oligo urethane.

2.2 Increasing cohesion by urea self-assembly leading cross-linking

Increasing the cross-linking density is an effective method for improving the
properties of traditional AMs. Drawing inspiration from this approach, scholars adjust
the adhesive strength of SAMs by varying the number of non-covalent cross-linking.
Multi-urea (>=3) decorated small molecules or oligomers self-assemble through
hydrogen bonding to form dynamic, non-covalent, cross-linked networks. The increase
of dynamic cross-linking enhances the cohesive forces, improving adhesion
performance. These urea-based SAMs can be categorized into three assemble sites style
and multi-assemble sites type. Typically, these SAMs exhibit excellent self-healing,
reprocessability, and responsiveness to stimuli. They have been utilized for designing
and fabricating multifunctional adhesives, including adhesives[59], hot-melt adhesives
(HMA)[60], viscoelastic adhesives[61], self-healing adhesives[62], responsive
reversible adhesives[44], adhesive electrode protection films[63], tissue adhesives[64],
supramolecular HMA[65], flame-retardant adhesives[66], fluorescent adhesive
gels[67], and other adhesive-related applications.

2.2.1 Three assembly sites

Trifunctionality molecular assembly can lead to cross-linking exponentially, and
the oligomer can be designed with tri-arms and decorated urea derivatives at the end to
obtain dynamic SAMs with increased cross-linking points efficiently. Three-
dimensional supramolecules are assembled through the interaction of urea hydrogen
bonds in the tri-arms oligomers, which can exhibit excellent cohesion in SAMs. Urea

1s linked via short alkane chains to form tri-arms molecules and assembled to obtain a

12
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UV-responsive hard vitrimer. Balkenende et al. synthesized a low-molecular-weight tri-
UPy decorated tri-arms unimer and obtained a UV-responsive transparent vitrimer
through self-assembly of this unimer (Fig. 4a), which can serve as an adhesive for
achieving light-stimulated reversible adhesion[68]. In order to obtain room-temperature
solid adhesion, Zhang et al. tried to introduce ionic liquids (IL) into urea-decorated tri-
arms molecules, and they pointed out that this modification significantly increased the
adhesive strength to 12.20 MPa. Meanwhile, they incorporated carbon nanotubes,
resulting in electrical-responsive detachment of the adhesive[69].

Introducing polydimethylsiloxane (PDMS) into the middle of UPy and cross point,
the final material exhibits some properties of PDMS except dynamic. Liu et al.
synthesized PDMS tri-arms oligomers and modified the end of each arm with urea or
urea derivative groups, UPy. Using the self-assembly of end-group multiple hydrogen
bonding, they obtained silicone elastomer thin films with adhesiveness and self-
repairing properties[70]. They pointed out that UPy first assembled into dimers and
then further crystallized with the assistance of other hydrogen bonds, enhancing the
material’s mechanical properties. In the presence of water, the crystallization involving
dimers can be disrupted, leading to improved self-repairing ability of the material.
Atomic Force Microscope (AFM) results showed an increased adhesive force of the
material from 3 nN under dry to 4.6 nN in the presence of water. The researchers
developed this material into a damage-healable, oil-repellent supramolecular silicone
(DOSS) coating with good substrate adhesion[27]. Due to the higher content of free
UPy and lower content of PDMS chains in the bottom layers, the surface layer of UPy
exhibited relatively lower content and tended to form dimers, while the PDMS main
chain content was higher. As a result, the surface and bottom layers showed different
adhesive strengths (adhesion force of 8.3 nN for the bottom layer and 0.31 nN for the
surface layer). This property allows the coating to maintain its oil repellency while
retaining the ability to adhere to various surfaces. Furthermore, as an adhesive, this
material demonstrated a shear strength exceeding 20 MPa on all metal surfaces and

even 10 MPa on polytetrafluoroethylene (PTFE) surfaces.
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In addition to the self-assembly of tri-arms PDMS oligomers for adhesive material
preparation, tri-arms polycarbonate, polyether copolymers, poly(propylene oxide)
(PPO), and polyurethanes can also serve as oligomeric scaffolds to fabricate high-
performance SAMs. Li et al. functionalized the end of tri-arms polycarbonate and
polyether copolymers with UPy to obtain SAMs[59]. They prepared tri-arms
copolymers and dimeric and tetrameric oligomers to regulate the adhesion strength.
They emphasized that the number of oligomer arms and the proportion of polycarbonate
significantly influenced the adhesive strength. The surface energy was negatively
correlated with the proportion of polycarbonate and the number of oligomer arms, while
the cohesive force positively correlated with these factors. Considering all aspects, the
tri-arms oligomer with a polycarbonate content of 44% (termed as 3UPy-CO2-44%)
exhibited the optimal adhesive strength (with shear strengths reaching 7.5 MPa and 9.7
MPa on stainless steel and wood substrates, respectively). Diana et al. designed and
synthesized two kinds of tri-arms molecules with PPO (440 g/mol or 3000 g/mol)
(termed as M1 and M2) in the middle and UPy at the end (Fig. 4b); the mixture of them
with different ratios showed tailoring mechanical properties and afforded materials with
storage moduli of 37-609 MPa. The materials are suitable for reversible adhesives, for
their melt viscosities are 11 Pa-s at 140 °C[71]. Yuan et al. utilized UPy end-capped tri-
arms polyurethane (TPU) and conducted a comparative study with tri-arms
polyurethanes end-capped with fluoropyridine (FPy), chloropyridine (CPy), and
methylpyridine (MPy). They confirmed that UPy, characterized by its quadruple
hydrogen bonding capability, is the most suitable candidate for fabricating HMA, with
a shear strength of up to 6.8 MPa. Remarkably, even after undergoing five repetitions,

the shear strength was still maintained at 70%][72].
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Figure 4. (a) Urea self-assembly diagram of ‘three assembly sites’ type SMAs, assembly and
decomposition diagram under light or heat response. (b) Chemical structures of two tri-arms
molecules modified by UPy with PPO (440 g/mol or 3000 g/mol) in the middle and UPy at the
end[71].

Introducing additional hydrogen bonds in UPy-decorated tri-arms oligomers
enhance SAMs’ performance. Chen et al. designed and synthesized a series of UPy-
decorated tri-arms polyether oligomers for this purpose[60]. As an improvement, they
incorporated varying quantities of ureas in the polyether segments. These ureas and
terminal UPy units formed a hierarchical hydrogen-bonded assembly system, imparting
high stiffness to the elastomer due to the abundance of hydrogen bonds. This elastomer
exhibited a significantly higher Young’s modulus (148.8 MPa) than other
supramolecular polymers and fracture energy comparable to alloys (187 kJ/m?). The
multitude of reversible hydrogen bonds endows this elastomer with adhesive
capabilities suitable for diverse substrates, offering exceptionally high strength,
excellent reusability, and remarkable environmental adaptability. As a HMA for
bonding metal sheets, the lap shear strength of the elastomer reached 20.7 MPa (Table
4).

Table 4. Overview of the performance and applications of ‘three assembly sites’ type SAMs.
Experiments were performed using various test layouts and substrates.

Name Applications Method Substrate  Strength Ref.

(UPyU);TMP  Photo-responsive polymer glass Lap joints Glass 1.2 MPa [68]

Tri-HT Electrically conductiveionic  Lap joints Ceramics 122 MPa  [69]
liquid adhesive

(UP);T Self-healing elastomer AFM N/A 4.6 nN [70]

DOSS Self-healing oleophobic coating Lap joints Glass >30 MPa  [27]

3UPy-CO»- Light and heat-responsive Lap joints Wood 9.7 MPa [59]
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44% adhesive

M1/M2 Reversible supramolecular glass Lap joints Stainless 5 MPa [71]
steel

TPU HMA Lap joints Stainless 6.8 MPa [72]
steel

TP3 HMA Lap joints Iron 20.7 MPa  [60]

(UPyU)sTMP: UPy functionalized 1,1,1-tris (hydroxymethyl) propane; Tri-HT: IL in urea-
decorated tri-arms molecules; (UP);T: UPy terminated tri-arms PDMS; TP3: UPy-decorated tri-

arms polyether oligomers, 3 refers to the different numbers of D400 on each of the arms.

2.2.2 Multi-assembly sites

Multi-assembly sites SAMs often require the incorporation of urea-derived onto
polymers, employing four modification strategies: 1. attaching urea-derived to polymer
side-chains, 2. introducing urea into the polymer backbone, 3. decorating urea group
onto nanoparticles, 4. introducing urea into the chemical cross-linked network polymers.
While these four methods differ significantly in the synthetic approach, they share the
same underlying principle for enhancing the properties of SAMs. Four methods aim to
provide abundant dynamic cross-linking points through numerous hydrogen bonds,
thereby improving the performance of AMs.

Urea decorated on the side-chain

Compared to incorporating urea groups into the polymer backbone, modifying
urea to polymer side-chain is more prevalent in academic research. To provide a more
straightforward description of these side-chain urea-decorated SAMs, we have
categorized them in the order of urea introduction methods, strategies for enhancing
SAMs' performance, and approaches for introducing functional groups into SAMs.

1) Introduction of urea

Copolymerization of urea modified acrylate or methacrylate

Better than the UPy decorated oligomers, the exploration of polymer side-chain-
branched UPy, which facilitates multiple hydrogen bonding self-assembly, has
witnessed substantial advancement since its initial report by Meijer in 1997[29]. Among
these developments, the copolymerization of acrylate or methacrylate functionalized
UPy stands out, particularly in SAMs. As early as 2003, researchers introduced UPy
into polymers to create supramolecular PSAs. Koji et al. copolymerized methacrylate-

functionalized UPy with BA, resulting in a thermos-responsive supramolecular
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polymer[73]. They demonstrated its potential as PSAs and emphasized that the content
of UPy in the polymer significantly influences the adhesive’s properties (with
polyethylene terephthalate (PET) as the membrane and glass as the substrate, the 90-
degree peel strength was 1.0, 2.0, and 3.0 J/m? for UPy contents of 0%, 2.5%, and 3.3%,
respectively). Faghihnejad et al. synthesized adhesive supramolecular polymers by
copolymerizing BA and UPy derivatives; acrylic acid esters base UPy derivatives were
used, wherein the connecting chains for UPy were modified to hexyl groups[24]. These
modifications increased chain flexibility, facilitating UPy moieties’ assembly.
Employing a surface forces apparatus, they conducted a more comprehensive analysis
of the SAs’ surface properties and adhesion mechanism. They highlighted the robust
intermolecular interactions of UPy, leading to a significant enhancement in the surface
energy of dry, smooth PBA, elevating it from 31-34 mJ/m? to 45-56 mJ/m?. Furthermore,
the adhesion strength of butyl acrylate and Upy-acrylate copolymer (PBA-UPyA) was
influenced not only by the UPy content but also by factors such as contact time,
temperature, and humidity levels. Remarkably, the adhesion strength of PBA-UPyA
exhibited a recovery of 40%, 81%, and 100% within 10 seconds, 3 hours, and 50 hours,
respectively. Except for UPy, copolymers composed of PBA and other tetrahydroxyurea
derivatives can also exhibit significant cohesive strength. Zhang et al. introduced
ureido-cytosine (UCy) into PBA polymers to create PBA-UCy with quantitatively
controlled UCy content. Systematic studies demonstrated that introducing quadruple
hydrogen bonding can significantly enhance material cohesion and thermal stability,
making it more suitable for use as adhesives and thermoplastic elastomers[74].
Beyond BA, other monomers can be copolymerized with UPy monomers to
synthesize SAMs. Heinzmann et al. achieved the preparation of reversible SAMs by
copolymerizing either butyl methacrylate (BMA) or hexyl methacrylate with UPy-
functionalized hydroxyethyl methacrylate (HEMA) through hexamethylene
diisocyanate (HDI) linkage[75]. They emphasized that the supramolecular cross-
linking resulting from UPy dimeric assembly significantly enhanced the adhesive

strength of the rubbery state of the adhesive. In contrast to homopolymers lacking
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dynamic cross-linking, which rapidly deteriorate above their glass transition
temperature (7g), UPy-cross-linked poly-alkyl-methacrylates exhibited sustained
adhesion strength over a wide temperature range. Moreover, benefiting from the
temperature-responsive quadruple hydrogen bonding of UPy, the resultant SAs
demonstrated temperature and UV-triggered debonding. Addressing the challenge of
incorporating UPy monomers, which are typically solids, into efficient
copolymerization with other monomers, Heinzmann introduced a solution by linking
methyl methacrylate and UPy with amine-terminated oligo(propylene glycol) (OPG),
yielding liquid UPy-modified methyl methacrylate monomers. These liquid monomers
were subsequently copolymerized with benzyl methacrylate (BnMA), BMA, hexyl
methacrylate, and HEMA in bulk, developing photo-thermally responsive SAMs[76].
Mechanical and bonding tests demonstrated that an increased UPy content significantly
elevated the system’s mechanical performance. Additionally, adhesive experiments
indicated that when the UPy content reached 5 mol%, the system displayed complete
reversibility under heating or UV light exposure.

Ring-opening polymerization of urea modified monomers

Besides copolymerizing urea-functionalized acrylate, urea groups can be
introduced into polymer side-chains through other polymerization methods, such as
epoxy ring-opening or grafted onto natural macromolecules. Sun et al. achieved the
ring-opening polymerization of epoxy resin using amine-modified UPy and
polyethylene glycol (PEG)amine, resulting in a robust and reusable supramolecular
epoxy adhesive (SEA) with remarkable properties (Fig. 6b)[77]. The adhesives
exhibited an exceptionally high bonding strength of 10.2 MPa, retaining 80%
reusability after six cycles and demonstrating 5-minute rapid adhesion. Building upon
this work, Han et al. modified the adhesive by introducing UPy and enhancing chemical
cross-linking by incorporating hyperbranched epoxy resin (MHER), increasing
adhesive strength[65]. Their research demonstrated that with increasing content of
MHER, the tensile strength, fracture elongation, and toughness of hyperbranched epoxy

hot melt adhesive (HEA) thin films initially increased and then decreased. The optimal
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performance was achieved at an MHER content of 8 wt%, resulting in a tensile strength
of 10.7 MPa. Polyamide, polyurethane, and other polymers containing numerous amide
groups can be used as adhesives. Introducing urea into polyamides for strong hydrogen
bonding assembly, instead of conventional chemical cross-linking, can lead to
developing SAMs (Fig. 6a). Tan et al. devised a strategy by incorporating UPy and
carboxyl groups into polyurethane, resulting in an elastomeric adhesive with
hierarchical dynamic hydrogen bonding. This adhesive exhibits toughness, extensibility,
and repairability[61]. The rich hydrogen bonding increases adhesive strength without
additional curing or heating steps. These functional groups’ presence enables bonding
with various materials, including glass, wood, steel, and polymer substrates, making
this material a potential candidate for surface adhesive applications. Eisenreich et al.
utilized a small quantity of azobenzene-modified UPy (Azo-UPy) molecules grafted
onto the side-chains of flexible polysiloxanes. Intramolecular hydrogen bonding within
the UPy molecules was converted through photo-induced conformational changes in
the azobenzene, enabling the fabrication of light-controllable liquid-to-solid transition
elastomers. Upon exposure to 365 nm UV light, the adhesive achieved an adhesive
strength of approximately 0.1 MPa, representing a fivefold increase compared to the

0.02 MPa observed under dark conditions[78].
Urea-modified natural macromolecules

For natural macromolecules, polymer modification is more effective for grafting
urea on polymer. Nishiguchi et al. grafted UPy onto porcine tendon collagen (TG)
molecules to create an injectable thermo-sensitive tissue adhesive[79]. In their research,
a tissue adhesive was obtained with a debonding temperature slightly above body
temperature by adjusting the grafting concentration of UPy and the length of the
molecular chain connecting UPy to TG. This adhesive could debond at 40 °C and adhere
at 37 °C. Furthermore, this tissue adhesive exhibited excellent biocompatibility and
remained stable under physiological conditions for extended periods. It also effectively
prevented postoperative adhesions between rats’ cecum and abdominal wall. They
proceeded to prepare tissue-adhesive decellularized extracellular matrix ({AECM)-based

biological patches by further mixing the SAs UPy functionalized TG (TGUPy) with
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urinary bladder matrix (UBM) powder in dimethyl sulfoxide (DMSO)[80]. These
patches demonstrated exceptional mechanical properties similar to the SAs and
exhibited the degradability of the biomaterial. Zhao et al. prepared dual physically
cross-linked hydrogel adhesives by complexing UPy-grafted gelatin (GTU) and
dopamine-grafted polyethylene glycol (PEGSD)[26]. These hydrogel adhesives
exhibited excellent self-healing, shape-adaptive, injectable, and near-infrared (NIR) or
pH-responsive properties. When the ratio of PEGSD to GTU was 2:5, the material
exhibited a maximum adhesive strength of 5.20 kPa on porcine skin (Table 5), and NIR
irradiation or acidic solution assistance facilitated easy removal of the adhesive from

the substrate.

Table 5. Overview of the performance and applications of ‘multi assembly sites/ introduction of
urea’ type SAMs. Experiments were performed using various test layouts and substrates.

Name Applications Method Substrate Strength Ref.

PBA-UPyMA  Heat sensitive  Peel test Glass 3Jm? [73]
adhesive , PSA

PBA-UPyA Self-healing Tensile testing  N/A 11 MPa [24]
adhesive

PBA-UCy Thermoplastic N/A N/A N/A [74]
elastomer adhesive

UPy-HDI- Photothermal Lap joints Stainless steel 4.1 MPa [75]

HEMA response adhesive

UPy-OPG- Photothermal Lap joints Glass 2.86 MPa  [76]

MAA response adhesive

SEA HMA Lap joints Stainless steel  10.2 MPa  [77]

HEA HMA Lap joints Stainless steel  10.7 MPa  [65]

UPy-CPU Self-healing Lap joints Wood 1 MPa [61]
elastomer adhesive

Azo-UPy- Photo-responsive Lap joints Glass 0.1 MPa [78]

PDMS adhesive

TGUPy Tissue adhesive Tensile testing ~ Tissue 4-5 kPa [79]

UBM-TGUPy  Tissue adhesive Tensile testing  Tissue 6 MPa [80]

PEGSD/GTU Removable wound Lap joints Tissue 5.20 kPa [26]

hydrogel dressings

PBA-UPyMA: copolymer of butyl acrylate and Upy-methacrylate; UPy-HDI-HEMA: UPy-
functionalized HEMA through HDI linkage; UPy-OPG-MAA: UPy modified methacrylamide
through OPG linker; UPy-CPU: UPy modifie carboxylated polyurethane; Azo-UPy-PDMS: Azo-
UPy functionalized PDMS; UBM-TGUPy: mixture of UBM and TGUPy.

2) Strategies for enhancing SAMs’ performance
Increase polarity and cross-linking density
Enhancing polymer polarity and increasing chemical cross-linking are effective

strategies for improving the performance of SAMs. Zhu et al. concurrently
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implemented these two enhancement strategies in their SAs, resulting in a remarkable
adhesive with self-healing capability[81]. Through the introduction of UPy units linked
with poly(ethylene glycol) methacrylate (PEGMA) of varying molecular weights, they
synthesized PEGMA-UPy monomers, which were subsequently copolymerized with
PEGMA and N, N’-Methylenebis(acrylamide) (MbiA) to obtain a polymer with both
adhesive and self-healing properties (Fig. 5b). Their findings revealed that longer PEG
side-chains increased molecular polarity and surface energy (from 38 to 81 mJ/m?) yet
led to relatively lower cohesive forces, resulting in a reduction in adhesive performance
(at room temperature, peel strength decreased from 355 kN/m? to 63 kN/m? upon 180°
peeling). In addition to serving as a conventional SAs, Using the UPy reduction by
lithium, wang et al. have further developed PEGMA and PEGMA-UPy copolymer
adhesives (LiPEO-UPy) for use as a high-rate, high-capacity lithium metal anode
protective layer in lithium-ion batteries[63]. Within the protective layer, the UPy
hydrogen bonds provide robust cohesion through assembly and react in situ with the
lithium anode to form extra adhesive forces, significantly enhancing stability.
Ultimately, the electrode protective layer they obtained demonstrates excellent self-
stability and strong adhesion.

Synergistic enhancement of multiple weak bonds

Multiple weak bond synergistic effects represent a practical approach for
enhancing the mechanical properties of SAMs. Jiang et al. have fabricated a dual-layer
hydrogel adhesive, where the base layer’s high strength is derived from a dual hydrogen
bond cooperative network composed of weak hydrogen bonds between N, N-dimethyl
acrylamide (DMAA), and acrylic acid (AAc) units, as well as multiple solid hydrogen
bonds between UPy units (Fig. 5¢)[82]. The orchestrated hydrogen bond network
contributes to energy dissipation, resulting in excellent toughness exhibited by the gel.
Tensile fracture results indicate that the gel can maintain a fracture elongation of 840%
even when cut to one-third of its original size. Additionally, this gel material
demonstrates exceptional adhesion, securely binding to various solid surfaces (such as

glass, AlO3 ceramics, and stainless steel), and tissues like pig skin and pig kidney,
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showing promising potential for biomedical applications. Besides the synergistic dual
hydrogen bond network, orthogonal hydrogen bonding coupled with metal coordination
can also bestow AMs with multi-stimuli responsive properties. Han et al. introduced
tridentate pyridine groups (TPy) and UPy into PMMA via free radical polymerization,
achieving tunable interfacial adhesion through orthogonal supramolecular forces
involving TPy coordination with Zn** and hydrogen bonding between UPy[83]. They
introduced competitive small molecules (cyclen and excess UPy monomers) into the
copolymer to disrupt TPy coordination within the polymer and UPy dimers to achieve
multi-stimuli responsiveness. The interface adhesion was further modulated by

adjusting the ratio of TPy and UPy units within the polymer.

Flgure 5. (a) The self-assembly diagram of ‘urea decorated on the side-chain’ type SMAs, assembly
and decomposition diagram under light or heat response. (b) The structural formulas of the UPy-
functionalized monomer and PEGMA with different molecular weights[81]. (c¢) Two kinds of
hydrogen bonds in the double network[82].

Multi-network interpenetrating adjustment

Interpenetrating networks can be used to enhance the performance of adhesive
polymer materials. Dominik Konkolewicz’s group introduced a dynamic covalent bond
network based on reversible Diels-Alder (re-DA) covalent bonds into the framework of
a network formed by UPy quadruple hydrogen bonds, thereby enhancing the toughness
of adhesive polymer materials[38]. Their studies underscored the role of the dynamic
covalent bond network in improving material toughness. Additionally, they investigated
the influence of weak hydrogen bond quantity on the overall material performance by

comparing poly(ethyl acrylate) (PEA) and poly(2-hydroxyethyl acrylate) (PHEA) as
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the base polymer. The results demonstrated that, under similar UPy substitution degrees,
the toughness, fracture energy, and self-healing capacity of the PHEA-based material
were inferior to those of PEA. This observation suggests that the effects derived from
the quality of hydrogen bonds far surpass those derived from quantity. They also
assessed the impact on the thermomechanical properties of the material through
systematic comparisons of network types, chain lengths, dynamic bond compositions,
crosslink densities, and crosslink distributions[84]. They highlighted the significant
role of polymer network architecture in material performance for interpenetrating
network materials. The coordinated and complementary interaction between hydrogen
bonds and thiol-maleimide bonds increased the material’s adhesive capabilities, and the

material exhibited adhesive stress of up to 9 MPa on aluminum (Table 6.).

Table 6. Overview of the performance and applications of ‘multi assembly sites/ strategies for
enhancing SAMs’ performance’ type SAMs. Experiments were performed using various test layouts
and substrates.

Name Applications Method Substrate Strength  Ref.
P(PEG-UPy)  Self-healing adhesive Peel test Stainless steel 335kPa [81]
LiPEO-UPy High capacity lithium metal N/A N/A N/A [63]

anode protective film
DN hydrogel  Tissue hydrogel adhesives  Peel test Stainless steel 1290 Pa [82]

P(TPY-UPy)  Multi-stimulus  response N/A N/A N/A [83]
adhesive

PEA, PHEA Self-healing elastomer N/A N/A N/A [38]

UPy IPN Heat response adhesive Lap joints Aluminum 9 MPa [84]

P(PEG-UPy): copolymer of PEGMA and Upy-methacrylate; DN hydrogel: double network
hydrogel; P(TPY-UPy): copolymer of terpyridine-acrylate and UPy- methacrylate; UPy IPN:
interpenetrating network contains UPy.

3) Introducing designed functions into SAM

Introducing functional networks into the system

The resulting material will exhibit corresponding functionalities if the second
interpenetrating network possesses distinct properties. Chen et al. introduced a
poly(pyrrole) secondary network into a UPy-modified PEGMA network, yielding an
elastomer with rapid self-healing capabilities and inherent adhesiveness, further utilized
in sensor applications for its conductivity[85]. The self-complementary quadruple
hydrogen bonds between UPy units were utilized as cross-linking points for forming a
flexible elastomeric matrix, and the bond’s reversibility imparted rapid self-healing
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properties to the composite material. Additionally, dynamic hydrogen bonding
facilitated exceptional and repeatable adhesion to various substrates, including glass.
Apart from enhancing mechanical strength, the poly(pyrrole) network also provided
electronic conductivity. The coexistence of these two networks endowed the material
with remarkable strain propagation capabilities. The introduction of metal ions can also
yield adhesive conductive materials in the UPy-modified PEGMA network; Chen et al.
incorporated lithium bis(trifluoromethane sulfonyl)imide (LiTFSI) into a network
composed of PEG-UPy and polyethylene glycol diacrylate (PEGDA), resulting in a
polymer gel electrolyte with excellent mechanical strength, high conductivity,
outstanding self-healing capability, and this electrolyte exhibits exceptional lithium
metal adhesive ability (Fig. 6¢)[86].

Copolymerizing functionalized monomer in the system

Besides introducing a functional network, incorporating functional monomers into
urea-modified polymers can yield self-healing and tailored functionalities SAMs.
Dopamine, a crucial catechol donor, is commonly employed to prepare underwater
adhesives; Balkenende et al. copolymerized dopamine and UPy into amphiphilic
copolymers, creating adhesive patches with a wet tissue bonding strength of 122 kPa
by adjusting the proportions of dopamine, UPy, hydrophilic, and hydrophobic
monomers (Table 7)[64]. UPy contributed to high-strength cohesion through self-
assembly cross-linking, while the catechol structure facilitated mussel-like tissue
adhesion. Effective phase separation between hydrophilic (UPy/alkane) and
hydrophilic dopamine methacrylamide (DMA)/ oligoethylene glycol (OEG) phases
allowed the material to exhibit strong adhesion on high-humidity tissue surfaces.
Phosphorus-containing compounds often possess excellent flame-retardant properties;
Yu et al. prepared a reversible flame-retardant adhesive by copolymerizing acrylate
phosphoric ester monomers with acrylate UPy monomers and BA/MA monomers[66].
The UPy-modified flame-retardant adhesive copolymer exhibited a 40% increase in
peel strength and a 200% increase in shear strength compared to the unmodified

copolymer, and it was suitable for various substrates. Furthermore, flame-retardancy
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tests indicated that incorporating phosphoric esters led to a 14.6 to 22.4-22.7% increase
in Limiting Oxygen Indices (LOIs) for PET films coated with a thin layer of flame-
resistant adhesives. Incorporating functional groups with aggregation-induced emission
(AIE) properties into UPy-modified polymers can imbue AMs with AIE characteristics.
Zhang et al. introduced poly benzoxazole-based chromophores (PBHZ, traditional AIE
monomer) into UPy-cross-linked polymers through methyl methacrylate free-radical
polymerization, resulting in multi-color fluorescent supramolecular adhesive gels
(MSAG)[87]. Thanks to the aggregation-induced restricted emission (AIRE) effect,
they tuned the fluorescence colors from blue to bright green by adjusting the
concentration of PBHZ groups within the polymer. Simultaneously, the self-healing and
adhesive properties afforded by UPy assembly allowed for the assembly of different gel
blocks, yielding gel blocks with diverse information patterns suitable for encrypted
materials, including information codes, biomimetics, and data patterns. Incorporating
acid-responsive rhodamine derivative, UV-responsive spirobenzopyran derivative, and
Fe**-responsive rhodamine derivative into the UPy modified polymethyl methacrylate
(PMMA)-supramolecular adhesive gel imparts vinegar vapor responsiveness, UV
responsiveness, and Fe** responsiveness to the gel, respectively. Zhang et al. used these
three types of gels to process three fragments of a quick response (QR) code and used
gel adhesion to bond the fragments into a complete QR code, achieving triple

information encryption[88].

Table 7. Overview of the performance and applications of ‘multi assembly sites/ introducing
designed functions into SAMs’ type SAMs. Experiments were performed using various test layouts
and substrates.

Name Applications Method Substrate  Strength  Ref.
PPy/PEG-UPy Conductive adhesives Lap joints Stainless 53 kPa [85]
steel

P(PEG-UPy)  and Self-healing adhesive gel N/A N/A N/A [86]
PEGDA electrolyte

DUOE Wet tissue adhesive Lap joints Tissue 122 kPa [64]
UFR-PAcr-1 Flame retardant adhesive Lap joints PET 1.09 MPa [66]
PPBHZ-r-PMMA-r- Responsive fluorescent N/A N/A N/A [67]
PUPy gelss

Gel QR code Information encryption N/A N/A N/A [88]

PPy/PEG-UPy: composite of polypyrrole and P(PEG-UPy); DUOE: copolymer of DMA, Upy-
methacrylate, OEG, and 2-ethylhexyl methacrylate; UFR-PAcr-1: copolymer of Upy-methacrylate,
diethyl(acryloyloxymethyl)phosphonate, 2-ethylhexyl acrylate, BA, methyl acrylate, and AAc;
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PPBHZ-r-PMMA-1-PUPy: copolymer of PBHZ, methyl methacrylate, and Upy-methacrylate; Gel
QR code: assembly of three color “turn-on” supramolecular polymer gels.

Urea decorated in the backbone

Compared to branched polymers, linear polymers with the same molecular weight
typically exhibit higher crystallinity, greater packing density, increased strength, and
higher melting points. Besides side-chain modifications in polymers, Urea groups can
also be incorporated into the polymer backbone. This backbone modification can
maintain polymer regularity, provide strong hydrogen bonding cross-linking sites, and
retain polymer packing density (Fig 8a).

Many researchers frequently modify the siloxane backbone with urea groups due
to its outstanding stability, flexibility, and biocompatibility, resulting in the preparation
of high-performance SAMs.Yan et al. prepared urea-spaced HDI-PDMS by reacting
amino-modified PDMS with HDI. HDI-PDMS can rapidly bond to glass, iron, PET,
and PTFE underwater due to chemical cross-linking and numerous hydrogen bonds.
The adhesive strength on PET reaches up to 2.8 MPa[89]. Lv et al. prepared tunable
materials by introducing aromatic thiol-urea and urea into PDMS. A systematic study
highlighted the synergistic effect between thiol-urea and urea in maintaining the
material’s mechanical and dynamic properties. When used as a recyclable glass
adhesive, the adhesive strength of the material reached 7.1 MPa[90]. The synergistic
interaction between dynamic covalent bonds and multiple hydrogen bonds can impart
materials with enhanced responsiveness to stimuli and more excellent self-healing
capabilities. Dai et al. utilized the synergistic multiple dynamic covalent bonds and
hydrogen bonds by introducing urea into PDMS, further incorporating dynamic imine
and disulfide bonds to create AMs with excellent tensile properties (368%), room
temperature (98.1% after 5 hours), and water environment (96.4% after 5 hours) self-
healing abilities. This adhesive material maintains good stability in various solvent
environments, with a glass adhesive strength of up to 300 kPa in ambient air, and
repeated experiments demonstrate its excellent cyclic stability (Fig. 6d)[91]. The

presence of aromatic carboxyl groups can significantly influence the adhesives. Xu et

26



1 al. prepared PSAs based on urea-spaced PDMS and polypropylene glycol (PPG)

2 copolymers with varying carboxyl group contents. They observed that as the aromatic

3 carboxyl groups increased, the 180° peel strength and shear strength increased by 180.0%

4 and 46.2%, respectively[42]. Introducing quadruple hydrogen-bonding UPy into the

5  backbone can provide stronger hydrogen bonds and modify the mechanical properties

6 of PDMS. Guo et al. achieved a tensile strength of up to 7.28 MPa in their

7 supramolecular siloxane elastomer (SPSO) by introducing both urea and UPy into the

8  PDMS backbone, which induced phase separation and physical cross-linking through

9  UPy quadruple hydrogen bonding interactions. Numerous hydrogen bonds in SPSO
10  also resulted in a reversible adhesive strength of up to 4.8 MPa when applied to wood

11 surfaces (Table 8)[39].
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13 Flgure 6. (a) Preparation schemes of MHER UPy modified polyether, and HEA[65]. (b) Chemlcal
14 structure and synthesis of SEA[77]. (c) The synthesis process of PEG-UPy, and schematic diagram
15  of gel electrolyte[86]. (d) Modified PDMS molecular chain structure, and force diagram of self-
16 healing silicone rubber[91].

17

18 In addition to PDMS, many other polymers can be enhanced by introducing urea

19  into the backbone to enhance mechanical strength and adhesive properties. He et al.
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synthesized polyurea oligomers using Priamine 1074 and isophorone diisocyanate
(IPDI) and controlled the mechanical properties, processability, and reusability of the
adhesive by competing hydrogen bonding between urea groups through the
incorporation of carvacrol oils. When the urea and carvacrol oils were in a 1:1 ratio, the
PSAs achieved 1.2 MPa adhesive stress on a glass surface, which is six times that of
commercial 3M double-sided tape. Their adhesive also possesses antibacterial
properties due to the incorporation of carvacrol oils, exhibiting rapid contact killing
(99.9% within 15 minutes) and long-term controlled release capabilities (up to 70
days)[92]. IPDI and amine-terminated PPG were used by Zhang et al. to synthesize a
urea-spaced linear polymer, followed by amide linkage of pyridine. They developed a
dual dynamic network adhesive elastomer through metal-ligand interactions with iron
ions and hydrogen bonding interactions of UPy (Fig. 7)[87]. Their material exhibited
elongation up to 40 times without fracture, rapid self-healing capability with 80%
recovery in 5 minutes at room temperature, and remarkable tear resistance, among other

exceptional properties.
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Figure 7. The structure of the adhesive elastomer and the energy dissipation diagram during

stretching[87].

Urea-spaced polyurethane, where urea and urethane synergistically form multiple
hydrogen bonds, can enhance elastomers’ strength and adhesive properties. Li et al.

prepared a water-soluble polyurethane (WPU-CHZ-NAGA) containing various forms
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of hydrogen bonds by incorporating serial tri-urea units through carbonyldihydrazide
(CHZ) into polyurethane and introducing side-chain amide bonds using N, N-bis(2-
hydroxyethyl)-3-aminopropionylglycinamide (HO-NAGA-OH). This polyurethane,
owing to the distinct forms of hydrogen bonds, exhibits excellent adhesive capabilities
without heating or curing agents, achieving a reversible bonding strength of 1.5 MPa
on wood at room temperature[93]. Wei Jiang’s group introduced acylthiourea (ASCZ)
groups into the polyurethane backbone to enhance the adhesive performance. Unlike
UPy, ASCZ tends to form larger hydrogen-bonded aggregates, and tensile strength and
toughness were enhanced for the dense hydrogen bonding interactions. However, the
closely packed hard segments reduce the dynamics of hydrogen bonds, limiting the self-
healing capability. Therefore, they adjusted the hydrogen bond density by introducing
an asymmetric structure to improve the self-healing performance (Fig. 8b). The
synthesized energetic polymer adhesive (EPA) exhibits outstanding comprehensive
performance, achieving reversible bonding strength of up to 3 MPa on steel
surfaces[94]. They further prepared a self-healing adhesive to achieve high dynamic
properties at room temperature by introducing asymmetric alicyclic structure and
multiple urea groups. This adhesive demonstrates excellent room-temperature self-
healing capability (no visible scratches after 72 hours of repair) while maintaining a

relatively high adhesive strength (adhesion strength on PMMA surface is 1.2 MPa)[62].
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Figure 8. (a) The self-assembly diagram of ‘urea decorated in the backbone’ type SMAs. (b)
Schematic illustration showing the aggregation of hard segments of GAP series adhesives[94].

Table 8. Overview of the performance and applications of ‘multi assembly sites/ heteroatoms in the
backbone’ type SAMs. Experiments were performed using various test layouts and substrates.

Name Applications Method Substrate strength Ref.
HDI-PDMS Underwater adhesives  Tensile PET 2.8 MPa [89]
testing

PDMS-PDITC-IPDI  Self-healing glass Lap joints Glass 7.1 MPa  [90]
adhesive

PDMS-APD-TPA-IP Elastomer adhesive Lap joints  Glass 300 kPa [91]

PDMS-PPG-MCAP PSA Lap joints  Stainless steel 87.2kPa  [42]

SPSO Elastomer adhesive Lap joints Mood 4.8 MPa  [39]

PU-C Reusable antibacterial Lap joints  Glass 1.2MPa  [92]
adhesive

DPPy-Fe Self-healing elastomer Lap joints ~ Aluminum 0.158 [87]
adhesive MPa

WPU-CHZ-NAGA  Self-healing Lap joints Mood 1.5MPa  [93]
fluorescent adhesive

GAP-HI-IPDH Energetic polymer Lap joints Stainless steel 3 MPa [94]
adhesive (EPA)

GPU Energetic polymer Lap joints PMMA 1.2MPa  [62]

adhesive (EPA)

PDMS-PDITC-IPDI: copolymer of PDMS, p-phenylene diisothlocyanate, and IPDI; PDMS-APD-
TPA-IP: copolymer of di-amine-PDMS, 4,4'-diamino diphenyl disulfide ether, 1,4-phthalaldehyde,
and isophorone diisocyanate; PDMS-PPG-MCAP: copolymer of PDMS, 4-methacrylamidophthalic
acid, and PPG; PU-C: polyurea-carvacrol; DPPy-Fe: polyamide-urea elastomer with FeCls; GAP-
HI-IPDH: copolymer of glycidyl azide, 4,4’-methylenebis (cyclohexyl isocyanate), IPDI, and
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isophthalic dihydrazide; GPU: glycidyl azide polymer-based polyurethane.

Urea decorated on nano-particles

Modifying nano-particles with urea is a strategic approach to overcome some
disadvantages associated with nano-particles. It can enhance their stability,
biocompatibility, and controlled release capabilities, making them more suitable for
various medical and materials science applications. Due to a substantial number of
hydrogen bonds in urea-derived derivatives, such modified nano-particles have found
application in the research of AMs.

Deng et al.’s work convincingly demonstrates stability enhancement through urea
modification. In their study, a SAMs UPy modified polyacrylic acid (PAA-UPy)
copolymer was employed to encapsulate silicon nano-particles. When used as
electrodes, these encapsulated nano-particles exhibited remarkable stability (Fig. 9b),
maintaining a high capacity of 2638 mAh-g ' even after 110 cycles. As an adhesive
agent, the 180° peel strength is 12 N on the surface of the electrode[95]. Wang et al.’s
study demonstrates the application of urea-modified nano-particles as SAMs in drug
delivery. In-situ prepared a copolymer of poly(N-isopropylacrylamide) (PNIPAM) and
UPy on oxidized graphene nano-sheets, where UPy provided strong cohesion and
adhesion capabilities, while PNIPAM conferred thermal responsiveness to the nano-
particles. The SAMs exhibited a shear strength of 2.5 kPa on pigskin, and the stimuli-
responsive release of doxorubicin hydrochloride exhibited potent cytotoxicity against
tumor cells[96]. Yao’s work demonstrates that UPy-modified polyethyleneimine (UPy-
PEI) can self-assemble into nanostructures in aqueous solutions and be used as SAMs
with sustained antibacterial capabilities. These SAMs exhibit muscular bonding
strength (35 kPa on mouse skin), are exudate-sensitive, and can continuously release
antimicrobial particles[97]. Their further research indicates that UPy-PEI can co-
assemble with oxidized graphene to prepare conductive tape (UPy-PEI-GO). This tape
exhibits an adhesion strength of up to 700 kPa on copper surfaces, three times that of
3M double-sided tape. Simultaneously, this tape can also be utilized as an on-skin

sensor, precisely monitoring various physical and physiological conditions at different
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body parts[98]. Fu et al.’s work elucidates the application of urea-modified carbon
nanotubes (urea-g-MWCNTSs) in conjunction with polyurethane composite materials as
self-healing sealants for electronic devices. In their research, the urea-g-MWCNTs
serve as physical cross-linking points, enhancing the composite material’s mechanical
strength and self-healing properties. Additionally, the photothermal effect of MWCNTs
imparts photo-induced healing capability to the material. As an adhesive, the shear
strength remains high at 1.01 MPa (on a glass surface) even after soaking in water for
6 hours (Table 9)[99]. Zhang et al. prepared coatings with strong fouling resistance and
strong adhesion to various substrates by grafting perfluoroalkanes, PEG, and urea onto
siloxane. The coating exhibited muscular adhesion strength (3-15 MPa) on various

substrates, including glass, ceramics, steel, Ti, and epoxy resin[100].
(a)

{:)J\ Hydrogen bonding

Lithiation

Delithiation

Figure 9. (a) The self-assembly diagram of ‘urea decorated on nano-particles’ type SMAs. (b)
Chemical structure of PAA-UPy supramolecular polymer and schematic illustration of the charge-
discharge process of silicon anodes using PAA-UPy polymer as binder[95].

Table 9. Overview of the performance and applications of ‘multi assembly sites/ on nano-particles’
type SAMs. Experiments were performed using various test layouts and substrates.

Name Applications Method Substrate strength Ref.
PAA-UPy Self-healing adhesives Peel test Stainless 12N [95]
steel
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GO-HSH Heat- and Ph-responsive bio- Lap joints  Porcine 2.5 kPa [96]

adhesives for drug delivery skin
UPy-PEI Antibacterial adhesive Lap joints Mouse skin 35kPa [97]
UPy-PEI-GO Skin sensor tape Lap joints Aluminum  816kPa [98]
U-MWC-PUS  Self-healing sealant for Lap joints Glass 1.01MPa  [99]
electronic devices
STPU-Ns Anti-protein and bacterial Tensile Glass 14.40MPa [100]
contamination coatings testing

GO-HSH: graphene oxide hybrid supramolecular hydrogels; U-MWC-PUS: complex of urea-g-
MWCNTs and poly(urethane-sulfide); STPU-Nso: bis-silane-terminated polyurea with the weight
ratios of methyltriethoxysilane (MTES) and phenyltricthoxysilane (PTS) is 50%.

Urea decorated on three-dimensional network polymers

Three-dimensional network polymers typically exhibit strong mechanical
properties, but high cross-linking density often prevents reprocessing, while low cross-
linking density results in poor mechanical performance. The introduction of non-
covalent bonds in three-dimensional network polymers is an effective improvement
strategy. Xia et al. achieved a polymer with both efficient self-healing capabilities and
excellent mechanical properties by introducing urea hydrogen bonding and metal
coordination interactions in a copolymer of PPG and PEG. They pointed out that the
introduction of coordinating metals not only supplied the cross-linking points but also
catalyzed the dynamic exchange of urea bonds (Fig. 10), resulting in an increase in the
healing efficiency from 48% to 90%. Preliminary lap shear adhesion measurements
experiments showed that the adhesive, after cooling, exhibited a shear strength of 3.2
MPa on an aluminum substrate, and after 3 cycles, the adhesive strength did not show

a significant decrease[101].
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Figure 10. (a) The self-assembly diagram of “urea decorated on three-dimensional network polymers’
type SMAs. (b) Schematic diagram of polymer containing urea group and metal coordination. (c)
Metal-ligand coordination, multiple hydrogen bonds and reversible urea bonds in the cross-linked

network. (d) Molecular structure of polymer containing urea group and metal coordination[101].

3. Conclusion and outlook

This review selects some examples to summarize and demonstrate how urea and
its derivatives function in the self-assembly of SAMs (such as adhesives, adhesive
coatings, self-adhesive sensors, etc.) through hydrogen bonding. In this review, we
categorize these materials into four major classes (one assembly site (section 2.1.1),
two assembly sites (2.1.2), three assembly sites (2.2.1), and multi assembly sites (2.2.2))
based on the form of urea derivative assembly (the number of assembly sites) and
discuss their molecular design, structure, properties and applications accordingly,
highlighting that urea components primarily enhance the adhesive properties by

increasing the molecular weight of the assemblies, introducing additional cross-linking,
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and providing hydrogen bonds at the adhesive interface. For multi-assembly-sites type,
we conducted a more detailed categorization-dividing them into side-chain type,
backbone type, nanoparticle type, and three-dimensional polymer type based on the
position of the urea groups.

Regardless of the specific classifications, the study of urea-based self-assembled
SAMs is not only about the internal structure and properties but also the
characterization of its adhesion properties. This requires the use of accurate
characterization methods. Employing universally applicable and diverse performance
characterization methods becomes paramount to advancing the understanding and
development of urea-based SAMs. A comprehensive, systematic, and diversified
assessment of bonding properties can facilitate a thorough comparison of adhesive
materials across various dimensions.

Beyond shear strength testing, essential evaluations encompass tensile strength,
peel strength, repeated-use assessments, and solvent resistance examinations. The
criteria for these diverse assessments should be meticulously selected in alignment with
the specific application requirements of adhesive materials, considering factors such as
curing methods, operational conditions, and environmental contexts. For example, in
the case of hot melt adhesives, a thorough consideration is warranted for the influence
of shear strength, reusability, solvent resistance, and temperature on bonding efficacy.
Conversely, in the case of light- and thermally-responsive adhesives, special attention
should be directed towards assessing the impact of temperature on shear strength and
peel strength under conditions of light or thermal exposure.

In addition to adhesion properties, majority of urea assembly based SAMs,
manifest notable advantages over conventional AMs, such as stimulus responsiveness,
self-healing, reversible adhesion, etc. However, we also need to acknowledge the
conspicuous limitations of these materials. These limitations encompass diminished
long-term adhesion performance, compromised resistance in adverse environmental
conditions, imprecise stimulus response, difficult synthetic processes, elevated

production costs, challenges pertaining to large-scale manufacturing, and the inherent
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non-sustainability of their reactant.

The cooperative interaction between urea-based hydrogen bond networks and
dynamic covalent bond networks holds promise for improving urea-based AMs’ poor
long-term adhesion performance. The efficient dynamics of urea-based hydrogen bonds
endow the materials with excellent self-healing properties, while the covalent bonds
ensure the stability of AMs during extended service. Protecting urea-based derivative
groups with hydrophobic, aromatic, and other groups enhances their resistance to harsh
environments. Introducing various stimulus-responsive functional groups will possibly
endow the urea-based AMs with multi-level and multi-stimulus precise-responsive SAs.
Developing new synthesis methods to improve the preparation efficiency of urea-based
derivatives, reduce their preparation complexity, and minimize the use of toxic
compounds like isocyanates, and substitute bio-based compounds for petroleum-based
ones holds promise as an effective approach to address the synthesis, promotion, and
environmental sustainability problem. In summary, the future research direction for
urea-based SAMs should primarily consider aspects such as supramolecular stability,
dynamics, precise responsiveness, cost-effectiveness, environmental friendliness,
diversification of applications, and so on.

Declaration of Competing Interest
The authors declare that they have no known competing financial interests or

personal relationships that could have appeared to influence the work reported in this

paper.

Data availability

No new data were created in this study. Data sharing is not applicable to this article.

Acknowledgements

This work was funded by the Fundamental Research Funds for the Central
Universities (2572022BB02, 2572023CT05-03) and Key R&D Program of
Heilongjiang Province (GZ20220134, JD22A009).

36



© 0O N O oM WON B

A A D DD WO W WWWWWWWWNDNDNDNDNDDNDNNDNDNNNNRERERRERRERRERERERERERRE R
A WONEFE O O 0 NO o WNEFEP O OO NOO oD WP OO oo No o b OODN - O

Reference

[1] S. Wang, S. Li, H. Wang, H. Lu, M. Zhu, X. Wu, H. Liang, X. Liang, Y. Zhang, Highly adhesive

epidermal sensors with superior water-interference-resistance for aquatic applications, Advanced

Functional Materials 33 (2023), 2302687. https://doi.org/10.1002/adfm.202302687.

[2] Q. Zhang, X. Liu, L. Duan, G. Gao, Ultra-stretchable wearable strain sensors based on skin-

inspired adhesive, tough and conductive hydrogels, Chemical Engineering Journal 365 (2019) 10-

19. https://doi.org/10.1016/j.cej.2019.02.014.

[3] M. Liao, P. Wan, J. Wen, M. Gong, X. Wu, Y. Wang, R. Shi, L. Zhang, Wearable, healable, and

adhesive epidermal sensors assembled from mussel-inspired conductive hybrid hydrogel framework,

Advanced Functional Materials 27(48) (2017), 1703852. https://doi.org/10.1002/adfm.201703852.

[4] B. Ryplida, K.D. Lee, I. In, S.Y. Park, Light-induced swelling-responsive conductive, adhesive,

and stretchable wireless film hydrogel as electronic artificial skin, Advanced Functional Materials

29(32) (2019), 1903209. https://doi.org/10.1002/adfm.201903209.

[5] X. Pan, Q. Wang, P. He, K. Liu, Y. Ni, L. Chen, X. Ouyang, L. Huang, H. Wang, S. Xu, A bionic

tactile plastic hydrogel-based electronic skin constructed by a nerve-like nanonetwork combining

stretchable, compliant, and self-healing properties, Chemical Engineering Journal 379 (2020),

122271. https://doi.org/10.1016/j.cej.2019.122271.

[6] S. Nam, D. Mooney, Polymeric tissue adhesives, Chemical Reviews 121(18) (2021) 11336-

11384. https://doi.org/10.1021/acs.chemrev.0c00798.

[7] C. Ghobril, M.W. Grinstaff, The chemistry and engineering of polymeric hydrogel adhesives for

wound closure: a tutorial, Chemical Society Reviews 44(7) (2015) 1820-1835.

https://doi.org/10.1039/c4cs00332b.

[8] C. Shi, Q. Zhang, H. Tian, D. Qu, Supramolecular adhesive materials from small-molecule self-

assembly, SmartMat 1(1) (2020) e1012. https://doi.org/10.1002/smm2.1012.

[9] Z. Liu, F. Yan, Switchable adhesion: on-demand bonding and debonding, Advanced Science

9(12) (2022), 2200264. https://doi.org/10.1002/advs.202200264.

[10] E. Feng, W. Gao, J. Li, J. Wei, Q. Yang, Z. Li, X. Ma, T. Zhang, Z. Yang, Stretchable, healable,

adhesive, and redox-active multifunctional supramolecular hydrogel-based flexible supercapacitor,

Acs Sustainable Chemistry & Engineering 8(8) (2020) 3311-3320.

https://doi.org/10.1021/acssuschemeng.9b07153.

[11]J. Yang, R. Bai, B. Chen, Z. Suo, Hydrogel adhesion: a supramolecular synergy of chemistry,

topology, and mechanics, Advanced Functional Materials 30(2) (2020), 1901693.

https://doi.org/10.1002/adfm.201901693.

[12] C. Heinzmann, C. Weder, L.M. de Espinosa, Supramolecular polymer adhesives: advanced

materials inspired by nature, Chemical Society Reviews 45(2) (2016) 342-358.

https://doi.org/10.1039/c5¢s00477b.

[13] T. Aida, E.W. Meijer, S.I. Stupp, Functional supramolecular polymers, Science 335(6070)

(2012) 813-817. https://doi.org/10.1126/science.1205962.

[14] J. Xu, G. Wang, L. Zhu, G. Jiang, Y. Lei, Z. Zeng, L. Xue, Superwetting reduced graphene

oxide/alginate hydrogel sponge with low evaporation enthalpy for highly efficient solar-driven

water purification, Chemical Engineering Journal 455 (2023), 140704.

https://doi.org/10.1016/j.cej.2022.140704.

[15] X. Ji, M. Ahmed, L. Long, N.M. Khashab, F. Huang, J.L. Sessler, Adhesive supramolecular

polymeric materials constructed from macrocycle-based host-guest interactions, Chemical Society
37



© 0O N O o~ WON B

A A DD DD W W WWWWWWWWNDNDNDNDNDNDNDNNDNDNNNNRERRRERERERERERERRE R
A WONNEFE O O 0O NO 0o M W NEFEP O OO NO oD W NDNPEP OO oo No oo b~ ownND - o

Reviews 48(10) (2019) 2682-2697. https://doi.org/10.1039/c8cs00955d.

[16] P. Sun, S. Mei, J. Xu, X. Zhang, A bio-based supramolecular adhesive: ultra-high adhesion
strengths at both ambient and cryogenic temperatures and excellent multi-reusability, Advanced
Science 9(28) (2022), 2203182. https://doi.org/10.1002/advs.202203182.

[17] H. Fan, J. Wang, Z. Tao, J. Huang, P. Rao, T. Kurokawa, J. Gong, Adjacent cationic-aromatic
sequences yield strong electrostatic adhesion of hydrogels in seawater, Nature Communications 10
(2019), 5127. https://doi.org/10.1038/s41467-019-13171-9.

[18] H. Liu, H. Geng, X. Zhang, X. Wang, J. Hao, J. Cui, Hot melt super glue: multi-recyclable
polyphenol-based supramolecular adhesives, Macromolecular Rapid Communications 43(7) (2022),
2100830. https://doi.org/10.1002/marc.202100830.

[19] Q. Zhang, C. Shi, D. Qu, Y. Long, B. Feringa, H. Tian, Exploring a naturally tailored small
molecule for stretchable, self-healing, and adhesive supramolecular polymers, Science Advances
4(7) (2018), eaat8192. https://doi.org/10.1126/sciadv.aat8192.

[20] Y. Deng, Q. Zhang, C. Shi, R. Toyoda, D. Qu, H. Tian, B. Feringa, Acylhydrazine-based
reticular hydrogen bonds enable robust, tough, and dynamic supramolecular materials, Science
Advances 8(4) (2022), eabk3286. https://doi.org/10.1126/sciadv.abk3286.

[21]1Y. Luo, H. Ma, Y. Sun, P. Che, X. Nie, T. Wang, J. Xu, Understanding and measurement for the
binding energy of hydrogen bonds of biomass-derived hydroxyl compounds, Journal of Physical
Chemistry A 122(3) (2018) 843-848. https://doi.org/10.1021/acs.jpca.7b10637.

[22] C. Sun, Y. Zhang, X. Jiang, C. Wang, Z. Yang, A new method for quick predicting the strength
of intermolecular hydrogen bonds, Science in China Series B-Chemistry 52(2) (2009) 153-160.
https://doi.org/10.1007/s11426-009-0017-z.

[23] H. Sun, H. Lee, I. Blakey, B. Dargaville, T.V. Chirila, A.K. Whittaker, S.C. Smith, Multiple
hydrogen-bonded complexes based on 2-ureido-4[ 1 H]-pyrimidinone: a theoretical study, Journal of
Physical Chemistry B 115(38) (2011) 11053-11062. https://doi.org/10.1021/jp2061305.

[24] A. Faghihnejad, K.E. Feldman, J. Yu, M.V. Tirrell, J.N. Israelachvili, C.J. Hawker, E.J. Kramer,
H. Zeng, Adhesion and surface interactions of a self-healing polymer with multiple hydrogen-
bonding  groups, Advanced Functional = Materials 24(16) (2014)  2322-2333.
https://doi.org/10.1002/adfm.201303013.

[25] S. Han, E. Nicol, F. Niepceron, O. Colombani, S. Pensec, L. Bouteiller, Oligo-urea with no
alkylene unit self-assembles into rod-like objects in water, Macromolecular Rapid Communications
40(3) (2019), 1800698. https://doi.org/10.1002/marc.201800698.

[26] X. Zhao, Y. Liang, Y. Huang, J. He, Y. Han, B. Guo, Physical double-network hydrogel
adhesives with rapid shape adaptability, fast self-healing, antioxidant and NIR/pH stimulus-
responsiveness for multidrug-resistant bacterial infection and removable wound dressing, Advanced
Functional Materials 30(17) (2020), 1910748. https://doi.org/10.1002/adfm.201910748.

[27] M. Liu, Z. Wang, P. Liu, Z. Wang, H. Yao, X. Yao, Supramolecular silicone coating capable of
strong substrate bonding, readily damage healing, and easy oil sliding, Science Advances 5(11)
(2019), eaaw5643. https://doi.org/10.1126/sciadv.aaw5643.

[28] S.H.M. Sontjens, R.P. Sijbesma, M.H.P. van Genderen, E.W. Meijer, Stability and lifetime of
quadruply hydrogen bonded 2-ureido-4[1H]-pyrimidinone dimers, Journal of the American
Chemical Society 122(31) (2000) 7487-7493. https://doi.org/10.1021/j2000435m.

[29] R.P. Sijbesma, F.H. Beijer, L. Brunsveld, B.J. Folmer, J.H. Hirschberg, R.F. Lange, J.K. Lowe,
E.W. Meijer, Reversible polymers formed from self-complementary monomers using quadruple

38



© 0 N O o & WON B

A A DM DD W W WWWWWWWWNDNDNDNDNDNDNNDNDNNNNRERRPRPRERRERERERERERRE R
A WONNEFE O O 0O NO o M WO NEFEP O OO NO oD W NP OO oo No oo O - O

hydrogen bonding, Science 278(5343) (1997) 1601-1604.
https://doi.org/10.1126/science.278.5343.1601.

[30] P.Y.W. Dankers, Z. Zhang, E. Wisse, D.W. Grijpma, R.P. Sijbesma, J. Feijen, E.W. Meijer,
Oligo(trimethylene carbonate)-based supramolecular biomaterials, Macromolecules 39(25) (2006)
8763-8771. https://doi.org/10.1021/ma0610780.

[31] S. Spaans, P.P.K.H. Fransen, B.D. Ippel, D.F.A. de Bont, H.M. Keizer, N.A.M. Bax, C.V.C.
Bouten, P.Y.W. Dankers, Supramolecular surface functionalization via catechols for the
improvement of cell-material interactions, Biomaterials Science 5(8) (2017) 1541-1548.
https://doi.org/10.1039/c7bm00407a.

[32] K.B. Manning, N. Wyatt, L. Hughes, A. Cook, N.H. Giron, E. Martinez, C.G. Campbell, M.C.
Celina, Self assembly-assisted additive manufacturing: direct ink write 3D printing of epoxy-amine
thermosets, Macromolecular Materials and Engineering 304(3) (2019), 1800511.
https://doi.org/10.1002/mame.201800511.

[33] A. Rekondo, R. Martin, A.R. de Luzuriaga, G. Cabanero, H.J. Grande, I. Odriozola, Catalyst-
free room-temperature self-healing elastomers based on aromatic disulfide metathesis, Materials
Horizons 1(2) (2014) 237-240. https://doi.org/10.1039/c3mh00061c.

[34] C. Zhao, R. Zhang, S. Han, X. Yan, K. Zhao, X. Zhu, L. Han, Low-temperature activable,
carbon dioxide based, highly adhesive and degradable oligo-urethane and its potential application
as an auto-detachable dressing, Materials Chemistry Frontiers 6(12) (2022) 1658-1671.
https://doi.org/10.1039/d2qm00063f.

[35] J. Verjans, R. Hoogenboom, Supramolecular polymer materials based on ureidopyrimidinone
quadruple hydrogen bonding units, Progress in Polymer Science 142 (2023), 101689.
https://doi.org/10.1016/j.progpolymsci.2023.101689.

[36] L. Bouteiller, Assembly via hydrogen bonds of low molar mass compounds into supramolecular
polymers, Hydrogen Bonded Polymers 207 (2007) 79-112. https://doi.org/10.1007/12_2006 110.
[37] J. Courtois, I. Baroudi, N. Nouvel, E. Degrandi, S. Pensec, G. Ducouret, C. Chaneac, L.
Bouteiller, C. Creton, Supramolecular soft adhesive materials, Advanced Functional Materials
20(11) (2010) 1803-1811. https://doi.org/10.1002/adfm.200901903.

[38] S.C. Cummings, O.J. Dodo, A.C. Hull, B. Zhang, C.P. Myers, J.L. Sparks, D. Konkolewicz,
Quantity or quality: are self-healing polymers and elastomers always tougher with more hydrogen
bonds?, Acs Applied Polymer Materials 2(3) (2020) 1108-1113.
https://doi.org/10.1021/acsapm.9b01095.

[39] R. Guo, D. Li, W. Qi, G. Chen, Q. Li, Z. Zhou, Fabrication of high-strength and multi-
recyclable supramolecular polysiloxane by incorporating quadruple hydrogen bonds into main-
chains for adhesive and oil-water separation, Polymer 277 (2023), 125954.
https://doi.org/10.1016/j.polymer.2023.125954.

[40]Y. Wu, L. Wang, X. Zhao, S. Hou, B. Guo, P.X. Ma, Self-healing supramolecular bioelastomers
with shape memory property as a multifunctional platform for biomedical applications via modular
assembly, Biomaterials 104 (2016) 18-31. https://doi.org/10.1016/j.biomaterials.2016.07.011.

[41] T. Todorovic, E. Malmstrom, L. Fogelstrom, Effect of hemicellulose molecular weight on
bonding properties in biobased wood adhesives, Acs Sustainable Chemistry & Engineering 10(47)
(2022) 15372-15379. https://doi.org/10.1021/acssuschemeng.2c03991.

[42] C. Xu, M. Lu, X. Cui, X. Wu, E. Jiao, E. Zhang, K. Wu, J. Shi, Mussel-inspired novel high
adhesive UV-curable polyurethane/polysiloxane pressure sensitive adhesive, Progress in Organic

39



© 0O N O o & WON B

A A DM DD W W WWWWWWWWNDNDNDNDNDNDNDNNDNDNNNNRERRPRRERRERERERERRE R
A WONNEFE O O 0O NO o M W NEFEP O OO NO oD WNDNPE OO oo No oo WD - O

Coatings 165 (2022), 106692. https://doi.org/10.1016/j.porgcoat.2021.106692.

[43]S. Wang, Z. Liu, L. Zhang, Y. Guo, J. Song, J. Lou, Q. Guan, C. He, Z. You, Strong, detachable,
and self-healing dynamic crosslinked hot melt polyurethane adhesive, Materials Chemistry
Frontiers 3(9) (2019) 1833-1839. https://doi.org/10.1039/c9qm00233b.

[44] C. Heinzmann, S. Coulibaly, A. Roulin, G.L. Fiore, C. Weder, Light-induced bonding and
debonding with supramolecular adhesives, Acs Applied Materials & Interfaces 6(7) (2014) 4713-
4719. https://doi.org/10.1021/am405302z.

[45] W. Zhang, J. Zhao, D. Yang, Anion-coordination-driven assembly: from discrete
supramolecular self-assemblies to functional soft materials, Chempluschem 87(11) (2022),
€202200294. https://doi.org/10.1002/cplu.202200294.

[46] M. Bellot, L. Bouteiller, Thermodynamic description of bis-urea self-assembly: competition
between two supramolecular polymers, Langmuir 24(24) (2008) 14176-14182.
https://doi.org/10.1021/1a802367r.

[47] X. Callies, E. Ressouche, C. Fonteneau, G. Ducouret, S. Pensec, L. Bouteiller, C. Creton, Effect
of the strength of stickers on rheology and adhesion of supramolecular center-functionalized
polyisobutenes, Langmuir 34(42) (2018) 12625-12634.
https://doi.org/10.1021/acs.langmuir.8b02533.

[48] S. Catrouillet, C. Fonteneau, L. Bouteiller, N. Delorme, E. Nicol, T. Nicolai, S. Pensec, O.
Colombani, Competition between steric hindrance and hydrogen bonding in the formation of
supramolecular  bottle brush polymers, Macromolecules 46(19) (2013) 7911-7919.
https://doi.org/10.1021/ma401167n.

[49] X. Callies, C. Fonteneau, C. Vechambre, S. Pensec, J.M. Chenal, L. Chazeau, L. Bouteiller, G.
Ducouret, C. Creton, Linear rheology of bis-urea functionalized supramolecular
poly(butylacrylate)s: Part 1 - weak stickers, Polymer 69 (2015) 233-240.
https://doi.org/10.1016/j.polymer.2014.12.053.

[50] C. Vechambre, X. Callies, C. Fonteneau, G. Ducouret, S. Pensec, L. Bouteiller, C. Creton, J.M.
Chenal, L. Chazeau, Microstructure and self-assembly of supramolecular polymers center-
functionalized  with  strong stickers, Macromolecules 48(22) (2015) 8232-8239.
https://doi.org/10.1021/acs.macromol.5b01584.

[51] X. Callies, C. Vechambre, C. Fonteneau, S. Pensec, J.M. Chenal, L. Chazeau, L. Bouteiller, G.
Ducouret, C. Creton, Linear rtheology of supramolecular polymers center-functionalized with strong
stickers, Macromolecules 48(19) (2015) 7320-7326.
https://doi.org/10.1021/acs.macromol.5b01583.

[52] X. Callies, C. Fonteneau, S. Pensec, L. Bouteiller, G. Ducouret, C. Creton, Adhesion and non-
linear rheology of adhesives with supramolecular crosslinking points, Soft Matter 12(34) (2016)
7174-7185. https://doi.org/10.1039/c6sm01154c.

[53] X. Callies, O. Herscher, C. Fonteneau, A. Robert, S. Pensec, L. Bouteiller, G. Ducouret, C.
Creton, Combined effect of chain extension and supramolecular interactions on rheological and
adhesive properties of acrylic pressure-sensitive adhesives, Acs Applied Materials & Interfaces 8(48)
(2016) 33307-33315. https://doi.org/10.1021/acsami.6b11045.

[54] A. Feula, X. Tang, I. Giannakopoulos, A.M. Chippindale, I.W. Hamley, F. Greco, C.P. Buckley,
C.R. Siviour, W. Hayes, An adhesive elastomeric supramolecular polyurethane healable at body
temperature, Chemical Science 7(7) (2016) 4291-4300. https://doi.org/10.1039/c5sc04864h.
[55]1Y. Gao, J. Zhao, Z. Huang, T.Y. Ronson, F. Zhao, Y. Wang, B. Li, C. Feng, Y. Yu, Y. Cheng, D.

40



© 0 N O o~ WN B

A A DM DD W W WWWWWWWWNDNDNDNDNNDDNDNNDNDNNDNNNNRERRPRERRERERERERRFR R
A WONNEFE O O 0O NO 0o M WO NEFEP O OO NO OodD WNPEFE OO oo N oo b~ ow NN - o

Yang, X. Yang, B. Wu, Hierarchical self-assembly of adhesive and conductive gels with anion-
coordinated triple helicate junctions, Angewandte Chemie-International Edition 61(22) (2022),
€202201793. https://doi.org/10.1002/anie.202201793.

[56] S. Salimi, T.S. Babra, G.S. Dines, S.W. Baskerville, W. Hayes, B.W. Greenland, Composite
polyurethane adhesives that debond-on-demand by hysteresis heating in an oscillating magnetic
field, European Polymer Journal 121 (2019), 109264.
https://doi.org/10.1016/j.eurpolym;j.2019.109264.

[57] X. Tang, A. Feula, B.C. Baker, K. Melia, D.H. Merino, I.W. Hamley, C.P. Buckley, W. Hayes,
C.R. Siviour, A dynamic supramolecular polyurethane network whose mechanical properties are
kinetically controlled, Polymer 133 (2017) 143-150. https://doi.org/10.1016/j.polymer.2017.11.005.
[58] M. Hyder, A.D. O'Donnell, A.M. Chippindale, .M. German, J.L. Harries, O. Shebanova, [.W.
Hamley, W. Hayes, Tailoring viscoelastic properties of dynamic supramolecular poly(butadiene)-
based elastomers, Materials Today Chemistry 26 (2022), 101008.
https://doi.org/10.1016/j.mtchem.2022.101008.

[59] X. Li, Y. Wen, Y. Wang, H. Peng, X. Zhou, X. Xie, CO2-based biodegradable supramolecular
polymers with well-tunable adhesive properties, Chinese Journal of Polymer Science 40(1) (2022)
47-55. https://doi.org/10.1007/s10118-021-2641-9.

[60] H. Chen, Z. Sun, H. Lin, C. He, D. Mao, Neuron inspired all-around universal telechelic
polyurea with high stiffness, excellent crack tolerance, record-high adhesion, outstanding
triboelectricity, and AIE fluorescence, Advanced Functional Materials 32(36) (2022), 2204263.
https://doi.org/10.1002/adfm.202204263.

[61] M.W.M. Tan, G. Thangavel, P.S. Lee, Rugged soft robots using tough, stretchable, and self-
healable adhesive elastomers, Advanced Functional Materials 31(34) (2021), 2103097.
https://doi.org/10.1002/adfm.202103097.

[62] J. Yang, G. Zhang, X. Zhou, L. Xiao, G. Hao, J. Luo, H. Zong, Y. Wang, W. Jiang, Simultaneous
configuration of high room-temperature self-healing efficiencies and tough mechanical properties
of energetic adhesives for energetic composites, Acs Applied Polymer Materials 5(4) (2023) 3005-
3014. https://doi.org/10.1021/acsapm.3c00178.

[63] G. Wang, C. Chen, Y. Chen, X. Kang, C. Yang, F. Wang, Y. Liu, X. Xiong, Self-stabilized and
strongly adhesive supramolecular polymer protective layer enables ultrahigh-rate and large-capacity
lithium-metal anode, Angewandte Chemie-International Edition 59(5) (2020) 2055-2060.
https://doi.org/10.1002/anie.201913351.

[64] D.W.R. Balkenende, S.M. Winkler, Y.R. Li, P.B. Messersmith, Supramolecular cross-links in
mussel-inspired  tissue  adhesives, Acs Macro Letters 9(10) (2020) 1439-1445.
https://doi.org/10.1021/acsmacrolett.0c00520.

[65] X. Han, Y. Wu, H. Han, Z. Xu, T. Li, Y. Jiang, S. Chen, D. Zhang, Super-strong reusable hot
melt adhesives prepared from hyperbranched epoxy resin, Materials Chemistry Frontiers 7(13)
(2023) 2676-2682. https://doi.org/10.1039/d3gm00090g.

[66] J. Yu, S. Zheng, K. You, Y. Mi, W. Zhu, Z. Cao, Strong and flame-resistant thermoplastic
polymer adhesives based on multiple hydrogen bonding interactions, Acs Applied Polymer
Materials 4(5) (2022) 3520-3531. https://doi.org/10.1021/acsapm.2c00131.

[67] H. Zhang, H. Liu, Z. Hu, X. Ji, Multicolor fluorescent supramolecular adhesive gels based on
a single molecule with aggregation-induced ratiometric emission, Supramolecular Materials 1 (2022)
100018. https://doi.org/10.1016/j.supmat.2022.100018.

41



© 0O N O o WON B

A A DM DD W W WWWWWWWWNDNDNDNDNDNDNDNDNNDNDNNNNRERRPRPRRERRERERERERRE R
A WONNEFE O O 0O NO o M W NEFEP O OO NO oD W NDNPEP OO oo No oo OO DN - O

[68] D.W.R. Balkenende, C.A. Monnier, G.L. Fiore, C. Weder, Optically responsive supramolecular
polymer glasses, Nature Communications 7 (2016), 10995. https://doi.org/10.1038/ncomms10995.
[69]]. Zhang, W. Wang, Y. Zhang, Q. Wei, F. Han, S. Dong, D. Liu, S. Zhang, Small-molecule ionic
liquid-based adhesive with strong room-temperature adhesion promoted by electrostatic interaction,
Nature Communications 13(1) (2022), 5214. https://doi.org/10.1038/s41467-022-32997-4.

[70] M. Liu, P. Liu, G. Lu, Z. Xu, X. Yao, Multiphase-assembly of siloxane oligomers with improved
mechanical strength and water-enhanced healing, Angewandte Chemie-International Edition 57(35)
(2018) 11242-11246. https://doi.org/10.1002/anie.201805206.

[71] D.K. Hohl, A.C. Ferahian, L.M. de Espinosa, C. Weder, Toughening of glassy supramolecular
polymer networks, Acs Macro Letters 8(11) (2019) 1484-1490.
https://doi.org/10.1021/acsmacrolett.9b00710.

[72]Y. Yuan, S. Zhu, J. Zhu, P. Niu, A. Sun, X. Liu, L. Wei, Y. Li, An impact-strengthening, reusable
hot-melt structural adhesive derived from branching polyurethane-based supramolecular topology
capped by self-complementary hydrogen bonding UPy motifs, European Polymer Journal 196
(2023), 112253. https://doi.org/10.1016/j.eurpolym;.2023.112253.

[73] K. Yamauchi, J.R. Lizotte, T.E. Long, Thermoreversible poly(alkyl acrylates) consisting of self-
complementary multiple hydrogen bonding, Macromolecules 36(4) (2003) 1083-1088.
https://doi.org/10.1021/ma0212801.

[74] K. Zhang, M. Chen, K.J. Drummey, S.J. Talley, L.J. Anderson, R.B. Moore, T.E. Long, Ureido
cytosine and cytosine-containing acrylic copolymers, Polymer Chemistry 7(43) (2016) 6671-6681.
https://doi.org/10.1039/c6py01519k.

[75] C. Heinzmann, U. Salz, N. Moszner, G.L. Fiore, C. Weder, Supramolecular cross-links in
poly(alkyl methacrylate) copolymers and their impact on the mechanical and reversible adhesive
properties, Acs Applied Materials & Interfaces 7(24) (2015) 13395-13404.
https://doi.org/10.1021/acsami.5b01939.

[76] C. Heinzmann, I. Lamparth, K. Rist, N. Moszner, G.L. Fiore, C. Weder, Supramolecular
polymer networks made by solvent-free copolymerization of a liquid 2-ureido-4[ / H]-pyrimidinone
methacrylamide, Macromolecules 48(22) (2015) 8128-8136.
https://doi.org/10.1021/acs.macromol.5b02081.

[77] P. Sun, Y.Q. Li, B. Qin, J.F. Xu, X. Zhang, Super strong and multi-reusable supramolecular
epoxy hot melt adhesives, Acs Materials Letters 3(7) (2021) 1003-1009.
https://doi.org/10.1021/acsmaterialslett.1c00277.

[78] J.J.B. van der Tol, T.A.P. Engels, R. Cardinaels, G. Vantomme, E.W. Meijer, F. Eisenreich,
Photoswitchable liquid-to-solid transition of azobenzene-decorated polysiloxanes, Advanced
Functional Materials 33(36) (2023), 2301246. https://doi.org/10.1002/adfm.202301246.

[79] A. Nishiguchi, H. Ichimaru, S. Ito, K. Nagasaka, T. Taguchi, Hotmelt tissue adhesive with
supramolecularly-controlled sol-gel transition for preventing postoperative abdominal adhesion,
Acta Biomaterialia 146 (2022) 80-93. https://doi.org/https://doi.org/10.1016/j.actbio.2022.04.037.
[80] A. Nishiguchi, S. Ito, K. Nagasaka, T. Taguchi, tissue-adhesive decellularized extracellular
matrix patches reinforced by a supramolecular gelator to repair abdominal wall defects,
Biomacromolecules 24(4) (2023) 1545-1554. https://doi.org/10.1021/acs.biomac.2¢c01210.

[81] D. Zhu, Q. Ye, X. Lu, Q. Lu, Self-healing polymers with PEG oligomer side chains based on
multiple H-bonding and adhesion properties, Polymer Chemistry 6(28) (2015) 5086-5092.
https://doi.org/10.1039/c5py00621j.

42



© 0O N O o WON B

A A DM DD W W WWWWWWWWNDNDNDNDNDDNDNNDNDNNNNRERRPRRERRERERERERERRE R
A WONNEFE O O 0 NO o M W NEPE O OO NO oD W NP OO o NOoO o b~ owDNDBEF- o

[82] Z. Jiang, Y. Li, Y. Shen, J. Yang, Z. Zhang, Y. You, Z. Lv, L. Yao, Robust hydrogel adhesive
with dual hydrogen bond networks, Molecules 26(9) (2021), 2688.
https://doi.org/10.3390/molecules26092688.

[83] W. Han, J. Fan, Z. Hu, H. Zhang, S. Dong, X. Ji, Tunable interfacial adhesion based on
orthogonal supramolecular forces, Polymer Chemistry 13(41) (2022) 5923-5930.
https://doi.org/10.1039/d2py01028c.

[84] N.D.A. Watuthanthrige, D. Dunn, M. Dolan, J.L. Sparks, Z. Ye, M.B. Zanjani, D. Konkolewicz,
Tuning dual-dynamic network materials through polymer architectural features, Acs Applied
Polymer Materials 4(2) (2022) 1475-1486. https://doi.org/10.1021/acsapm.1c01827.

[85] J. Chen, J. Liu, T. Thundat, H. Zeng, Polypyrrole-doped conductive supramolecular elastomer
with stretchability, rapid self-healing, and adhesive property for flexible electronic sensors, Acs
Applied Materials & Interfaces 11(20) (2019) 18720-18729.
https://doi.org/10.1021/acsami.9b03346.

[86] X. Chen, L. Yi, C. Zou, J. Liu, L. Yang, Z. Zang, X. Tao, Z. Luo, B. Chang, Y. Shen, X. Wang,
Boosting the performances of lithium metal batteries through in-situ construction of dual-network
self-healing gel polymer electrolytes, Electrochimica Acta 446 (2023), 142084.
https://doi.org/10.1016/j.electacta.2023.142084.

[87] L. Zhang, D. Wang, L.Q. Xu, A. Zhang, A supramolecular polymer with ultra-stretchable,
notch-insensitive, rapid self-healing and adhesive properties, Polymer Chemistry 12(5) (2021) 660-
669. https://doi.org/10.1039/d0py01536a.

[88] H. Zhang, Q. L1, Y. Yang, X. Ji, J.L. Sessler, Unlocking chemically encrypted information using
three types of external stimuli, Journal of the American Chemical Society 143(44) (2021) 18635-
18642. https://doi.org/10.1021/jacs.1c08558.

[89]Y. Yan, J. Huang, X. Qiu, D. Zhuang, H. Liu, C. Huang, X. Wu, X. Cui, A strong underwater
adhesive that totally cured in water, Chemical Engineering Journal 431 (2022), 133460.
https://doi.org/10.1016/j.cej.2021.133460.

[90] C. Lv, Y. Qi, R. Hu, J. Zheng, Robust, healable and hydrophobically recoverable
polydimethylsiloxane based supramolecular material with dual-activate hard segment, Science
China-Technological Sciences 64(2) (2021) 423-432. https://doi.org/10.1007/s11431-020-1674-7.
[91] S. Dai, M. Li, H. Yan, H. Zhu, H. Hu, Y. Zhang, G. Cheng, N. Yuan, J. Ding, Self-healing
silicone elastomer with stable and high adhesion in harsh environments, Langmuir 37(46) (2021)
13696-13702. https://doi.org/10.1021/acs.langmuir.1c02356.

[92] W. He, Z. Wang, C. Hou, X. Huang, B. Y1, Y. Yang, W. Zheng, X. Zhao, X. Yao, Mucus-inspired
supramolecular adhesives with oil-regulated molecular configurations and long-lasting antibacterial
properties, Acs Applied Materials & Interfaces 12(14) (2020) 16877-16886.
https://doi.org/10.1021/acsami.0c00531.

[93]1 Y. Li, Y. Jin, W. Zeng, H. Jin, X. Shang, R. Zhou, Bioinspired fast room-temperature self-
healing, robust, adhesive, and AIE fluorescent waterborne polyurethane via hierarchical hydrogen
bonds and use as a strain sensor, Acs Applied Materials & Interfaces 15(29) (2023) 35469-35482.
https://doi.org/10.1021/acsami.3c05699.

[94] J. Yang, X. Zhou, J. Yang, J. Chen, Z. Sun, Y. Cheng, L. Yang, H. Wang, G. Zhang, J. Fu, W.
Jiang, A microscale regulation strategy for strong, tough, and efficiently self-healing energetic
adhesives, Chemical Engineering Journal 451 (2023), 138810.
https://doi.org/10.1016/j.cej.2022.138810.

43



© 0O N O o~ WON B

NN NN R P R B R 2R Rl
W NP, O O Oowm~NO® o M wWNREO

[95] G. Zhang, Y. Yang, Y. Chen, J. Huang, T. Zhang, H. Zeng, C. Wang, G. Liu, Y. Deng, A
quadruple-hydrogen-bonded supramolecular binder for high-performance silicon anodes in lithium-
ion batteries, Small 14(29) (2018), 1801189. https://doi.org/10.1002/smll.201801189.

[96] Y. Chen, W. Cheng, L. Teng, M. Jin, B. Lu, L. Ren, Y. Wang, Graphene oxide hybrid
supramolecular hydrogels with self-healable, bioadhesive and stimuli-responsive properties and
drug delivery application, Macromolecular Materials and Engineering 303(8) (2018), 1700660.
https://doi.org/10.1002/mame.201700660.

[97] C. Hou, W. He, Z. Wang, B. Yi, Z. Hu, W. Wang, X. Deng, X. Yao, Particulate-aggregated
adhesives with exudate-sensitive properties and sustained bacteria disinfection to facilitate wound
healing, Acs Applied Materials &  Interfaces 12(28) (2020)  31090-31098.
https://doi.org/10.1021/acsami.0c04920.

[98] C. Hou, C. Cao, R. Ma, L. Ai, Z. Hu, Y. Huang, X. Yao, Press-N-Go on-skin sensor with high
interfacial toughness for continuous healthcare monitoring, Acs Applied Materials & Interfaces 15(8)
(2023) 11379-11387. https://doi.org/10.1021/acsami.2c22936.

[99] Q. Yan, Q. Fu, J. Hu, H. Fu, A self-healing flexible urea-g-MWCNTs/poly(urethane-sulfide)
nanocomposite for sealing electronic devices, Journal of Materials Chemistry C 8(2) (2020) 607-
618. https://doi.org/10.1039/c9tc05255k.

[100] Z. Zhang, Q. Xie, G. Zhang, C. Ma, G. Zhang, Surface-enriched amphiphilic polysiloxane
coating with superior antifouling ability and strong substrate adhesion, Acs Applied Polymer
Materials 5(5) (2023) 3524-3533. https://doi.org/10.1021/acsapm.3c00199.

[101] M. Yang, X. Lu, Z. Wang, G. Fei, H. Xia, A novel self-catalytic cooperative multiple dynamic
moiety: towards rigid and tough but more healable polymer networks, Journal of Materials
Chemistry A 9(31) (2021) 16759-16768. https://doi.org/10.1039/d1ta03729c¢.

44



