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Abstract: Equipping a polymeric material with the ability to heal an inflicted damage is a crucial advantage
for many applications. The incorporation of reversible and dynamic supramolecular interactions into polymeric
systems has proven to be a promising route towards such materials. In this article, recent developments in the
field of healable materials are highlighted with a particular focus on the design principles, driving forces, and

mechanisms that allow healing to occur.
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1. Introduction

Continuous exposure to stresses inevitably causes materials to
wear and experience damage at some point during use. Healable
polymer materials that allow for the repair of defects have ac-
cordingly attracted considerable interest,[!-% and potential appli-
cations of such materials range from engineering plastics to soft
electronics and biomedical technology.[191 In recent years, signifi-
cant progress has been made in the preparation of such polymers
and different principles and processes that impart a material with
the ability to heal have been established. Generally, two categories
can be distinguished based on the type of healing mechanism.
Materials that display extrinsic healing are those that feature
(encapsulated) reactive components that become activated when
damage occurs.l'!l By contrast, intrinsic healing is observed for
materials that contain reversible covalent bonds or dynamic non-
covalent interactions whose reconfigurations (partially) restore
the structure after damage.[12]

In the context of this article, we focus on polymeric solids that
display intrinsic healing on the basis of non-covalent (supramo-
lecular) interactions and, following the definition by Rubinstein
and coworkers, “can revert to their original state with full or par-
tial recovery of mechanical strength”.l31 The reversible nature
of non-covalent interactions potentially allows these polymers
to undergo many repair cycles without diminished properties, !4
rendering them particularly interesting candidates for the devel-
opment of healable materials. Furthermore, a broad variety of in-
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teractions can be exploited, including metal-ligand complexation,
hydrogen-bonding, ionic-, 7t-, hydrophobic-, and host—guest inter-
actions, which feature variable strengths that enable the develop-
ment of materials with tailored properties.

Notably, a conceptual division has been made between ma-
terials that display stimuli-induced (e.g. thermal, optical, or pH)
or autonomous healing, even though both are often referred to as
‘self-healing’ materials.!'5! As discussed below, the conditions for
efficient healing are fundamentally a question of relative activa-
tion energies, and ‘self-healing’ will be herein exclusively used
for materials that heal at ambient conditions without an external
stimulus. As the number of self-healing or healable supramo-
lecular polymers has virtually exploded in the last decade, we
illustrate the state of the field of solid healable supramolecular
polymers by highlighting selected recent examples. The healing
process is then outlined and discussed based on practical findings
on different length scales, i.e. from the macroscopic to the micro-
scopic level. Since the healing of gels is significantly facilitated
by large quantities of solvents, the latter are outside the scope of
the present article and the interested reader is referred to a recent
review on this class of materials.[1¢]

2. Supramolecular Interactions for Healing

As outlined above, a broad range of supramolecular motifs
have proven useful in the development of healable polymer ma-
terials.[!:2] In metallosupramolecular materials, metal ions are co-
ordinated to suitable ligands that are covalently incorporated into
a polymer backbone. A variation of the metal-ion or ligand gives
rise to different coordination geometries and allows for tuning of
the binding strength of such complexes across a large range.['718]
For example, healing efficiencies of poly(ethylene-co-butylene)
with 2,6-bis(1'-methylbenzimidazolyl)pyridine (Mebip) ligands
at the termini upon exposure to UV light were dependent on the
choice of metal ion,!!! with more dynamic 3:1 Mebip:La* com-
plexes displaying improved healing over 2:1 Mebip:Zn** com-
plexes. In both cases, the soft polymer core phase separates from
the hard phase of the metal-ligand complexes, which reinforces
the materials and impedes creep under ambient conditions (see
Section 3.3). In a recent effort that exploited the multi-dentate
nature of metal-ligand complexes, Bao and coworkers employed
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poly(dimethylsiloxane)s that were cross-linked by coordina-
tion complexes between 2,6-pyridinedicarboxamide ligands and
iron(1r) ions (Fig. 1a).297 The complexes feature interactions of
different strengths, i.e. a strong pyridyl—iron coordination as well
as weaker interactions between the nitrogen and oxygen atoms of
the carboxamide groups and the iron ion. Consequently, the iron—
carboxamide bond interactions can break and reform, while the
iron centers remain attached to the pyridine ligands. This enables
retaining a high elasticity in the cross-linked material through a
dynamic and reversible unfolding and refolding of chains, while
at the same time allowing for self-healing to occur. A healing ef-
ficiency of 90 + 3% was observed after 48 hours at ambient con-
ditions.

Individual hydrogen bonds are rather weak when compared
to metal-ligand complexes and usually insufficient for the for-
mation of supramolecular polymers. Consequently, moieties
that combine multiple hydrogen bonds in a directional manner
such as the strongly dimerizing quadrupole hydrogen bond-
ing 2-ureido-4[1H]-pyrimidinone (UPy) and sextuple hydrogen
bonding Hamilton wedge-barbiturate pair are employed.[!.2521]
Nonetheless, the vast majority of healable materials based on hy-
drogen-bonding interactions are thermoplastic elastomers, with
relatively low strength and stiffness, also because the binding mo-
tifs are usually combined with low-glass-transition-temperature
telechelics.l®) With the goal to access more rigid healable poly-
mers, the preparation of healable supramolecular polymer glasses
was recently reported.[22] Thus, functionalizing a low-molecular-
weight monomer with three UPy moieties furnished materials with
a room temperature storage modulus of up to 3.65 + 0.51 GPa
that heal upon exposure to UV irradiation. Further expanding the
regime of attainable properties, Aida and coworkers described a
novel class of healable poly(ether-thiourea)-based materials with
high mechanical robustness.[?31 The high density of hydrogen
bonds in these low-molecular weight poly(ether-thioureas) re-
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sulted in a highly cross-linked, yet healable material. The partic-
ular zigzag hydrogen-bonding arrays between thiourea moieties
prevented their crystallization into hard domains that arrests the
dynamic characteristics of the non-covalent interactions in related
materials (Fig. 1b). Among the derivatives investigated, polymers
that feature a triethylene glycol spacer between neighboring
thiourea motifs were found to display a particularly interesting
combination of properties. The spacer was found to facilitate the
exchange between hydrogen-bonded pairs, resulting in materials
that completely heal under ambient conditions within 6 hours,
while at the same time showing a high mechanical robustness of
up to 45 £ 8 MPa and elongation at break of up to 393 + 5%.

The incorporation of multiple orthogonal types of supramo-
lecular interactions in a single material is an approach towards
materials that exploit the dynamics between different types of
non-covalent interactions for efficient healing.l2!l Moreover, this
promises to enable both a fine-tuning of materials properties and
the development of more complex and hierarchical networks. For
example, hydrogen-bonding interactions and metal-ligand com-
plexes were incorporated into the same material by functionaliza-
tion of the termini of a three-armed poly(propylene oxide) with
either Mebip ligands or UPy groups.[2l The cross-linking was
established by complex formation between Mebip ligands and
Zn** ions, while the UPy dimerization furnishes a separate, hy-
drogen bonding network (Fig. 1¢). The independent disassembly
of metal-ligand complexes and UPy dimers allowed for selec-
tive and tunable healing behavior in addition to double and triple
shape-memory effects.

The highlighted examples showcase that reversible and dy-
namic non-covalent interactions are exceptionally suitable for the
development of healable polymer materials. The range of avail-
able interaction types with variable binding characteristics allows
systematically tuning the conditions of healing and the materials
properties. Recent efforts have significantly expanded the attain-
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Fig. 1. (a) Schematic structure of the 2,6-pyridinedicarboxamide/iron-complexes (Fe(Hpdca),*) undergoing reversible rupture and reformation during

tensile deformation (top) and the structure of the material and proposed mechanism for chain folding and sliding (bottom). Reproduced and adapted
with permission from ref. [20]; Copyright 2016 Nature Publishing Group. (b) Schematic representations of the hydrogen bonding interactions in poly-
mers that feature either thiourea or urea moieties. Reproduced and adapted with permission from ref. [23]; Copyright 2018 American Association

for the Advancement of Science. (c) Schematic structure of the three-armed poly(propylene oxide) with either Mebip ligands or UPy groups and the

network formation by supramolecular cross-linking (Mebip/Zn?* complexes or UPy dimerization). Cartoons of the orthogonal responses of such net-

works to chemical stimuli or heat. Reproduced and adapted with permission from ref. [24]; Copyright 2018 American Chemical Society.



LaureaTes: Junior Prizes oF THE SCS FaLL MEeeTing 2018

279

CHIMIA 2019, 73, No. 4

able property regime of this class of polymers, and the healing
process and key aspects that impart materials with the ability to
heal will be discussed in the following.

3. Elucidating the Healing Process

In order to optimize the properties of healable materials, an
understanding of the healing process is required. Essentially, heal-
ing of supramolecular materials takes place via dissociation and
recombination of the supramolecular motifs, and the process is
accordingly influenced by the strength and dynamic character of
the employed interactions. In solid films, however, the motions of
the polymer chains, as well as additional secondary factors such
as phase separation and crystallization play an important role and
complicate the analysis of healing processes. In this section, first
the theoretical framework for healing will be discussed, followed
by an analysis of the processes during healing at different length
scales starting at the macroscopic level, and then zooming in to-
wards the microscopic level.

3.1 Theoretical Considerations

A thermodynamic description of the conditions necessary for
healing of supramolecular materials was provided by Yang and
Urban.B! In their approach, the change in free energy AG (as-
suming AG = -TAS) was correlated with the concentration of free
(surface A) and bound chain ends (surface B), the number of chain
segments N, as well as the flexibility f of chains as depicted in Fig.
2a. At sites where damage occurred, chains of lower molecular
weight with a high mobility (above the grey AG = 0 plane) are
present in high concentrations. This leads to spontaneous flow of
chains and repair of the damage. As the healing progresses and
non-covalent motifs recombine, an increase of the number of chain
segments N and a concomitant decrease of the individual chain
flexibility f is observed. The process continues up to a thresh-
old value of a given N when a stable equilibrium state (AG = 0)
is reached.

On the basis of models that are employed to describe mac-
romolecular motion in polymeric solids, healing is considered
to essentially rely on the diffusion of polymer chains across an
interface.l3l De Gennes derived the molecular weight dependence
of the diffusional motion of entangled macromolecules. The time
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required for complete renewal of the chain conformation was to be
t o< M? on the basis of the reptation model, according to which the
movement of individual polymer chains is constrained to a ‘tube’
with sideways movements restricted by the tube diameter.[25]
Chain diffusion across an interface is the main factor that drives
the healing process, and the healing time therefore correlates with
t that scales exponentially with the molecular weight. Considering
the processes that occur throughout healing a polymer—polymer
interface, Wool and O’Connor described five different phases:
segmental surface rearrangements, surface approach, wetting,
diffusion, and randomization.[2¢] The intrinsic equilibrium of su-
pramolecular polymers between chain-extended species and mac-
romonomers of lower molecular weight is the driving force for
healing processes in these materials. The challenge of a theoreti-
cal description of healing processes in supramolecular systems
is to account for the influence of the dissociation and recombina-
tion events of the supramolecular binding motifs, which change
the apparent molecular weight and thereby significantly influence
diffusive chain motion.

A model developed by Leibler, Rubinstein, and coworkers
considers classical telechelic polymers with binding motifs at the
termini for which one end (‘sticker’) of each chain is fixed in
space, whereas the other end is available to form a pairwise re-
versible bond.!3! As illustrated in Fig. 2b, damaging the material
breaks supramolecular bonds and consequently increases the con-
centration of free binding motifs at the freshly ruptured surface.
Healing then takes place by polymer diffusion and recombination
of these motifs. The diffusive motion of supramolecular polymers
can be described as segmental chain dynamics (Rouse dynamics),
and a distinction is made between non-covalent interactions of
different bond strengths €. Thus, systems with weak (€ << k,7TInN)
or intermediate (k,7InN < & < 2k TInN) bond strengths always
feature a significant fraction of dissociated binding motifs in the
bulk, while materials with high bond strengths (k, 7InN << €) only
have very few dissociated binding motifs. In the case of weak or
intermediate bond strengths, a high availability of binding sites
renders the recombination independent of their concentration
and dominated by the chain dynamics (anomalous subdiffusive
Rouse dynamics). In the case of high bond strengths, however,
recombination is mainly limited by the low availability of free

Original

Fig. 2. (a) Plot of the changes in Gibbs free energy (AG = -TAS) for free (surface A) and tethered chain ends (surface B) as a function of the number of
polymer chain segments (N) and their flexibility parameter f. The grey plane represents AG = 0. Reproduced with permission from ref. [3]; Copyright
2013 The Royal Society of Chemistry. (b) Schematic representation of the healing process of a supramolecular polymer. Damaging the material
results in unbound moieties at the ruptured surface (red circles) whereas these moieties re-associate once they are brought into contact, result-

ing in healing of the material (blue pairs of circles). Reproduced with permission from ref. [13]; Copyright 2013 The American Chemical Society. (c)
Schematic representation of polymers with weak bond strength (left) and high bond strength (right). In the first case, there are many unbound moi-
eties (red circles), whereas in the latter, there are almost none. Reproduced with permission from ref. [13]; Copyright 2013 The American Chemical

Society.
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binding sites. Thus, a ‘hopping’-type mechanism that requires
an exchange of binding partners is employed to describe the re-
combination of two strong binding motifs (Fig. 2c). Accordingly,
healing in supramolecular polymers is assumed to be based on the
high energy of damaged interfaces and is an efficient process un-
der conditions where the binding motifs are sufficiently dynamic
to provide for a high concentration of available binding sites or a
rapid exchange between binding partners.

3.2 The Role of Interfacial Properties

On a macroscopic level, the initial adhesion between damaged
surfaces is an important step in the healing process. However, ad-
hesion alone does not result in efficient healing with restoration of
bulk mechanical properties since a significant fraction of binding
motifs may recombine on the same interface, instead of recombin-
ing with motifs on the opposite interface. Thus, the number of free
binding motifs at a damaged surface is expected to decrease with
waiting time after fracture and low concentrations are present at
unfractured and equilibrated surfaces.!'3] Indeed, various supra-
molecular systems display a decreased healing efficiency with in-
creased waiting time after damage.[?”-281 For example, the healing
efficiency in glassy materials with reversible hydrogen bonding
interactions between complementary amidoethyl imidazolidone,
di(amido ethyl) urea, or diamido tetraethyl triurea functionalized
fatty acid dimers was observed to significantly decrease when
waiting for 6 or 18 hours before fractured pieces were brought
into contact.[?8]

Considering that the interface of freshly damaged samples is
assumed to have a high surface energy, a correlation between ad-
hesive strength and surface energy was investigated for healable
polymers. Thus, a self-healing poly(hydroxyethyl acrylate) and
poly(ethylene glycol methacrylate) with 10 mol% of hydrogen-
bonding UPy motifs and a variable side chain length showed high
surface energies, but no direct relation between surface energy
and adhesive strength was found.[?! On the contrary, an increase
of both the surface energy and improved adhesive properties was
reported upon increasing the number of hydrogen bonds in a side
functionalized poly(butyl acrylate) with 4.0 and 7.2 mol% of UPy
side chains.[31 While a clear relation between surface energy and
adhesive properties could not be established for these systems,
efficient healing independent of the waiting time was reported for
the poly(dimethylsiloxane) with 2,6-pyridinedicarboxamide-Fe**
metal-ligand coordination complexes.20] Thus, after a waiting
time of 24 hours and subsequent healing for 48 hours at room
temperature, the healing efficiency was found to be 90 + 3%, a
value similar to the healing efficiency of freshly damaged sam-
ples. Moreover, even undamaged surfaces of this material were
found to heal with an efficiency of up to 57 + 2%, suggesting that
a dynamic exchange of bonds is in this case taking place even at
equilibrated surfaces. One might conclude that the initial adhesion
between the surfaces is an important factor, but healing efficiency
and recovery of materials properties appears to more heavily de-
pend on the dynamic nature of the employed interactions.

3.3 Structural Considerations

In addition to the non-covalent cross-linking itself, the incor-
poration of supramolecular binding motifs into soft polymer ma-
trices often furnishes secondary interactions as the moieties ag-
gregate, phase separate, and possibly crystallize. Effectively, this
microphase separation into a hard phase of binding motifs acts as
an additional physical cross-linking of the typically soft polymer
phase.l3!l The latter is generally advantageous for the mechani-
cal properties of supramolecular polymers and can prevent the
unwanted creep often observed in materials composed of a soft
polymer core and intrinsically dynamic supramolecular interac-
tions.2”] However, ‘freezing’ of non-covalent interactions into a
hard phase dramatically alters their dynamics and consequently

the healing properties. Healing in phase-separated materials can
in principle take place either via dissociation and recombina-
tion of individual supramolecular interactions or by disorder-
ing and reformation of the hard phase, i.e. independent of the
reversible non-covalent interactions.32 In order to gain insights
into the relation between these different relaxation processes and
the healing kinetics, investigations were performed with a tele-
chelic poly(isobutylene) carrying hydrogen-bonding barbituric
acid groups at the termini.[33 Thus, bulk samples of this poly-
mer feature micellar aggregates of the binding motifs, and the
interconnected nature of these aggregates was found to increase
the mechanical strength of the material that displays self-healing
properties. Detailed investigations by nonlinear rheology showed
that the time-scale of macroscopic healing thereby correlates with
the kinetics of the exchange of binding motifs between the mi-
cellar aggregates. Similarly, Rowan and coworkers investigated
a telechelic poly(tetrahydrofuran) that had been terminally func-
tionalized with adenine or cytosine hydrogen-bonding moieties
and it was shown that the binding motifs phase segregate from the
soft phased formed by the telechelic polymer.3* The relaxation
processes of this material were found to strongly depend on the
dissociation frequency of the binding motifs from the hard phase,
rather than the dynamics of the non-covalent interactions.

In phase-separated block copolymers, the healing properties
can be influenced by deliberately placing reversible supramolecu-
lar interactions in either the hard or the soft phase. Thus, Binder
and coworkers investigated a multiblock copolymer with soft and
hard segments that featured barbiturate/o, »-Hamilton wedge in-
teractions at the phase boundary.[3] In this system, samples were
heated to temperatures close to the T, of the hard domains in or-
der to efficiently heal the material. On the other hand, Guan and
coworkers incorporated zinc—imidazole interactions in the soft
segments of a hard/soft two-phase brush copolymer and observed
efficient self-healing.[30] The latter was attributed to the combina-
tion of the fast ligand exchange kinetics of these types of metal—
ligand complexes and to the mobility of the soft polymer segments
at ambient conditions. Thus, the dynamic binding characteristics
of the non-covalent interactions and polymer diffusion dominate
the healing efficiency when the binding motifs are sufficiently
mobile. If the latter themselves phase separate into a hard domain,
mobility is restricted by the dissociation kinetics from the hard
phase as the limiting factor.

3.4 The Role of the Binding Strength

Typically, the binding strength of supramolecular interactions
is characterized by their equilibrium association constant K in
solution.[?7l However, the solution-phase association between
binding motifs is not necessarily a reliable measure for the be-
havior in the solid state. As outlined in the preceding section,
phase separation can play a crucial role in the solid state, but ad-
ditional effects might be at play as illustrated by a comparison
of the association strength between telechelic poly(n-butyl acry-
late)s functionalized at the termini with either thymine (THY) or
2,6-diaminotriazine (DAT) as hydrogen bonding motifs.[38] While
self- and hetero-complementary binding can occur between these
motifs, the hetero-complementary THY-DAT hydrogen bonds
are found to preferentially form in solution. In the polymer melt,
this preference was found to be negligible. Thus, self- as well
as hetero-complementary binding was observed and resulted in
similar bulk material properties. The variation in solution phase
binding strengths appears to be compensated by secondary ef-
fects in the polymer melt, possibly through differences in polarity,
aggregate formation, or related secondary interactions between
binding motifs.

In an effort to determine the influence of the supramolecular
binding strength on the dynamics of polymer networks, Seiffert
and coworkers studied poly(N-isopropylacrylamide)s functional-
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ized with supramolecular moieties of varying strengths.l3% The
polymers were non-covalently cross-linked by using either mo-
tifs based on the relatively weak bis-maleimide/diaminotriazine
hydrogen bonding interactions, medium strength cyanuric acid/
Hamilton wedge hydrogen bonding interactions, or strong metal—
ligand complexes between terpyridine ligands and Mn** ions.
Investigations of gels based on these polymers that featured fluo-
rescence labeled chains allowed for a comparison of the chain dif-
fusion coefficients. Their findings showed that the diffusive prop-
erties were only marginally influenced by the strength of the non-
covalent bonds and that the overall dynamics of the systems were
instead mainly controlled by the intrinsic polymer chain dynam-
ics. Thurn-Albrecht, Binder, and coworkers similarly observed a
significant influence of the polymer behavior on the properties of
non-covalent interactions while investigating different polymers
that were connected into supramolecular diblock copolymers by
Hamilton wedge-type hydrogen bonds at one end of each polymer
chain.[*0] Thus, the hydrogen bonding motifs were placed at the
phase boundary between the polymers and an enhanced dissocia-
tion of the non-covalent bonds was observed for those polymer
combinations that display an increased tendency for phase seg-
regation.

The thermodynamic strength of the binding of non-covalent
interactions is significantly influenced by the characteristics of the
polymer backbone. For the process of healing, however, dissocia-
tion and re-association kinetics are much more important than the
thermodynamic strength of the equilibrium structures. This was
strikingly demonstrated by Craig and coworkers who compared
the properties of poly(4-vinylpyridine) that had been cross-linked
with pincer-type complexes of Pd** or Pt** ions with two different
ligands of varying steric hindrance.l*!42! Investigations in solu-
tion showed that the rate of ligand exchange was two orders of
magnitude lower with sterically hindered ligands, while the corre-
sponding association constants of the complexes remained almost
unchanged. A characterization of gels of the materials showed
that the altered dynamics of the non-covalent cross-links of com-
parable strength had a pronounced influence on the viscoelastic
properties of the supramolecular networks. Interestingly, further
studies with these systems showed that the bulk mechanical prop-
erties are more significantly influenced by the frequency of cross-
link dissociations and, hence, relaxations of the network structure,
while the fraction of dissociated binding motifs was less conse-
quential.[*3 These findings nicely confirm the theoretical models
in that an enhanced ability of chain segments to diffuse is the key
parameter that determines a material’s healing efficiency.

4. Conclusions

As hopefully illustrated by the examples highlighted in this
article, the reversible and dynamic characteristics of non-covalent
interactions are exceptionally suited for the development of poly-
mer materials that display autonomous or stimuli-induced healing
with often complete recovery of the bulk mechanical properties.
Based on the available range of interactions with their variable
binding characteristics, the material properties and the conditions
under which healing occurs can be readily tuned. Fundamental
investigations of healable polymer systems offer some guide-
lines with respect to the relation between the characteristics of
the reversible non-covalent interactions, the healing process,
and the key aspects that impart materials with the ability to heal.
Confirming theoretical considerations, the ability of the polymer
chains to diffuse appears to play the most important role for an
efficient healing. In order to rationally design healable materials,
it is therefore important to consider the type of employed poly-
mer and combine the latter with non-covalent binding motifs that
are suitable for a dynamic reversible cleavage under the desired
conditions of healing. In such tailored polymer networks the re-
versible cleavage should then lead to a high mobility of the cor-

responding polymer backbone and thereby result in very efficient
healing.[*l While the continued interest in healable polymers has
led to the development of many new materials, only few examples
so far meet the challenge of offering the ability to readily heal in
combination with desirable mechanical properties, such as those
attainable with high molecular weight polymers or covalently
cross-linked polymer networks. As outlined in the present article,
the current level of understanding of healing processes offers
useful guidelines for the development of materials that combine
desirable materials properties with the ability to efficiently heal
macroscopic damage. In this context, a wide range of technologi-
cal applications is expected to benefit from polymeric materials
that allow to improve the lifetime of components, their recycling,
as well as reprocessing.
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