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Abstract Supramolecular polymers are an intriguing class of materials with

dynamic behavior as a result of the presence of non-covalent bonds. These bonds

include hydrogen bonds, metallopolymers, ionomers, host–guest as well as π–π
interactions. The strength of these supramolecular bonds can be tuned by varying

the binding motifs. Their reversible and dynamic character can be utilized to

engineer self-healing polymers. This review briefly presents the preconditions for

design of self-healing polymers and summarizes the development of supramolec-

ular self-healing polymers based on various non-covalent interactions. Further-

more, challenges and perspectives for the understanding of self-healing

mechanisms and the preparation of novel materials with enhanced properties are

discussed.

Keywords Host–guest interactions • Hydrogen bonding • Metallopolymers • Self-

healing • Supramolecular polymers

Marcel Enke and Diana D€ohler are equally contributed.

M. Enke, S. Bode, M.D. Hager (*), and U.S. Schubert (*)

Laboratory of Organic and Macromolecular Chemistry (IOMC), Friedrich Schiller University

Jena, Humboldtstrasse 10, 07743 Jena, Germany

Jena Center for Soft Matter (JCSM), Friedrich Schiller University Jena, Philosophenweg 7,

07743 Jena, Germany

e-mail: martin.hager@uni-jena.de; ulrich.schubert@uni-jena.de

D. D€ohler and W.H. Binder (*)

Chair of Macromolecular Chemistry, Faculty of Natural Science II (Chemistry, Physics

and Mathematics), Martin Luther University Halle-Wittenberg, Von-Danckelmann-Platz 4,

06120 Halle (Saale), Germany

e-mail: wolfgang.binder@chemie.uni-halle.de

mailto:martin.hager@uni-jena.de
mailto:ulrich.schubert@uni-jena.de
mailto:wolfgang.binder@chemie.uni-halle.de


Contents

1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

2 Hydrogen-Bonded Supramolecular Self-Healing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

2.1 Hydrogen Bonding Interactions and Their Principal Role in Self-Healing Polymers 62

2.2 Fatty Acid-Based Formation of Thermoplastic Elastomers . . . . . . . . . . . . . . . . . . . . . . . . . 65

2.3 Hydrogen Bonding Interactions Between Nucleobase Analogs and Tailor-Made

Hydrogen Bonding Wedges . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

2.4 Hydrogen Bonding Interactions Between Ureidopyrimidone Synthons . . . . . . . . . . . . 71

2.5 Hydrogen Bonding Interactions Between Acid-, Phenyl Urazole Acid- or Phenyl

Urazole-Functionalized Polymers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74

2.6 Bis(urea)-Based Hydrogen Bonding Interactions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74

2.7 Hydrogen Bonding Interactions Between 2,7-Diamido-1,8-naphthyridine Synthons

and Ureidopyrimidone, Ureido-7-deazaguanine, or the Butylurea of Guanosine . . 75

3 Self-Healing by π–π Stacking Interactions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

4 Self-Healing Ionomers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

4.1 Self-Healing Under Ballistic Impact . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84

4.2 Self-Healing of Ionomers After Nonballistic Impact . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

5 Self-Healing Metallopolymers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89

6 Self-Healing Polymers Based on Reversible Host–Guest Interactions . . . . . . . . . . . . . . . . . . . 97

7 Conclusions and Outlook . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105

1 Introduction

Inspired by nature – more precisely by the greater burdock – the Swiss electrical

engineer de Mestral invented Velcro and enabled the reversible connection of two

textile components. This function is based on the interconnection of many hooks

with the corresponding loops, leading to an effective “binding.” Supramolecular

polymers feature a kind of molecular hook-and-loop fastener because of their

reversible supramolecular interactions (e.g., hydrogen bonds, metal–ligand inter-

actions, and host–guest interactions). These materials offer great opportunities for

the design of smart materials (e.g., stimuli-responsive materials) [1–4] or even self-

healing materials, as a result of their non-covalent secondary interactions within the

polymeric structure [5, 6].

All those interactions feature a dynamic character, which is essential in the

design of self-healing materials [7, 8]. The self-healing mechanism of supramolec-

ular polymers is based on the re-association of non-covalent interactions and

clusters, or on the stimuli-responsive opening and closing of the supramolecular

binding unit, depending on the binding strength of the utilized interaction (Fig. 1).

To achieve a healing response, a sufficient level of chain dynamics is required to

enable mobility of the supramolecular motifs within the bulk material [9], which is

related to the time required to renew the chain conformation under unstrained

conditions and to reestablish the equilibrium [10, 11]. Thus, motion of the whole

polymer chain is controlled by the lifetime and concentration of supramolecular tie

points. However, the polymer chains can also diffuse at timescales longer than the

lifetime of the supramolecular interactions [12, 13].
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Strong supramolecular interactions are associated with a high binding constant

and are comparable to covalent bonds. In analogy to dynamic covalent bonds (e.g.,

Diels–Alder units) [14–16], the self-healing mechanism is not solely based on the

presence of residual supramolecular binding after mechanical damage.

The first accidental approach towards self-healing of supramolecular polymers is

already over 25 years old [17–20] and relies on the use of weak stickers (urazole

moieties) affixed onto butadiene polymers, leading to reversible, sticky moieties

within a thermoplastic material. Without being intentional, such supramolecular

polymers display intrinsic self-healing properties, as demonstrated by their viscoelas-

tic properties [18] and the resulting chain dynamics – an idea taken up later in the

intentional design of rubbers with self-healing properties [21]. A second (old) concept

is based on ionic clusters embedded in the polymeric matrix to achieve dynamic

properties via ionic clusters formed according to the Eisenberg–Moore–Hird model

[22], resulting in self-healing ionomers. In a similar manner, ureidopyrimidone (UPy)

units affixed onto terminal functionalized monomers and bound by strong self-

dimerization with four cooperative hydrogen bonds, lead to significant improvement

in material properties as a result of the additional non-covalent crosslinks and, thus,

can introduce dynamic properties into a thermoplastic material [23].

This chapter presents different supramolecular polymer classes, set apart by the

nature of their non-covalent interactions, that have been used for the design of self-
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Fig. 1 Left: Scheme of the self-healing process. Top right: Supramolecular interactions ordered

by their binding strength. Bottom right: Proposed self-healing mechanism of supramolecular

polymers based on either cluster formation and/or stimuli-responsive opening of the

non-covalent binding unit
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healing materials. We focus on the following supramolecular interactions: Hydro-

gen bonds, π–π interactions, ionic interactions, metal–ligand interactions, and host–

guest recognition. In this context, the state of the art for each class of polymers is

summarized in detail.

2 Hydrogen-Bonded Supramolecular Self-Healing

2.1 Hydrogen Bonding Interactions and Their Principal Role
in Self-Healing Polymers

Supramolecular self-healing concepts offer the possibility to create self-healing mate-

rials that can heal local damage multiple times. Hydrogen bonding interactions in

particular play a key role because of their highly dynamic nature and responsiveness to

external stimuli, in combination with a tunable and directed association strength

[24]. Accordingly, supramolecular polymers with incorporated hydrogen bonding

moieties are at the front line for industrial applications. A selection of different

hydrogen bonding moieties used to induce self-healing are highlighted in Fig. 2.

Fig. 2 Hydrogen bonding moieties useful for incorporating of self-healing properties into poly-

mers: (a) Thymine (THY) and diaminotriazine (DAT), (b) Hamilton wedge and cyanuric/

barbituric acid wedge, (c) two phenyl urazole acids, (d) components forming a self-healing rubber,

(e) ureidopyrimidones (UPy), (f) UPy and 2,7-diamido-1,8-naphthyridine (DAN), and (g) DAN

and ureido-7-deazaguanine (DeUG)
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Thus, a large structural variety of hydrogen bonding moieties exists, which

allows tuning of the stability/lability and, therefore, of the inherent dynamics of

hydrogen-bonded polymers. However, self-healing is not only determined by the

absolute strength of the applied hydrogen bonds [25], but also by phase segregation

effects between the polymeric interphases [26, 27]. The strength of hydrogen bonds

in the solid and melt states of polymers is generally not known and is certainly

different from the values known from polymer solutions. Even “weak” bonds in

solution can exert a significant effect on self-healing, whereas “strong” bonds often

display no or retarded self-healing effects. Thus, nanophase separation between

hard and soft domains within a copolymer or composite material, or the crystalli-

zation or clustering of introduced supramolecular moieties, can introduce a self-

healing response based on the autonomous rearrangement between hard and soft

phases after a damage event.

A representative example of these effects can be seen by comparing association

constants within the well-investigated THY–DAT trivalent hydrogen bonding

system (Fig. 2a). The possible modes of aggregation for the supramolecular groups

A (DAT) and B (THY) in solution and in the melt are schematically illustrated in

Fig. 3.

In solution, the THY–DAT interaction is usually stronger than the self-

association of each building unit with itself (i.e. dimerization), resulting in specific

a interaction according to the lock-and-key model [Kdim1�Kdim2�Kassn., Kdim1

Fig. 3 Possible modes of aggregation for supramolecular groups A and B in solution and in the

melt. Figure reprinted and adopted from [28] with permission from The Royal Society of

Chemistry (Copyright 2012)
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(THY–THY)¼ 70� 14 M�1, Kdim2 (DAT–DAT)¼ 22� 7 M�1, Kassn. (THY–

DAT)¼ 2.6� 1.3� 103 M�1]. In contrast, in the molten state (e.g., the same

polymer system without any solvent) the dynamics of association and, therefore,

the clustering of complementary hydrogen bonding units, often overrides a simple

AB interaction, resulting in self-aggregation of DAT–DAT units or THY–THY

units comparable to that of the THY–DAT system in solution [25].

Thus, combined and detailed rheology and small-angle X-ray scattering (SAXS)

investigations of polymer blends composed of bivalent THY- and DAT-telechelic

poly(isobutylene)s (PIBs) revealed the formation of a supramolecular network of

supramolecular crosslinked disordered micelles (Fig. 4). The formation of linear

supramolecular chains followed by entanglement or the presence of ordered micel-

lar structures could be clearly excluded [26].

Inspired by the design of self-healing polymers with exchangeable and therefore

weak covalent bonds [29, 30], hybrid computational models [31–33] have been

applied to predict the influence of the fraction of permanent and labile bonds, in turn

simulating the mechanism of strain recovery. Thus, a competitive effect between

the extent and the rate of strain recovery was proven via calculations. For an

increasing labile bond energy, related to the increased time scale required for strain

recovery, a tougher material with improved mechanical properties was obtained. In

contrast, an increasing amount of permanent bonds provided better and faster strain

recovery after exposure to several stretch–relaxation cycles. The incorporation of a

small fraction of labile bonds (20–30%) resulted in a significant improvement in

tensile strength, while at the same time creating an additional self-healing response

after tensile deformation. Thus, labile bonds acted as sacrificial species while

dissipating the energy emerging from a rupture event by structural rearrangements

and preserving the overall mechanical integrity [30, 34].

Fig. 4 Crosslinked

supramolecular micelles

composed of bivalent THY-

and DAT-telechelic PIBs.

Figure reprinted and

adopted with permission

from [26] (Copyright (2014)

American Chemical

Society)
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2.2 Fatty Acid-Based Formation of Thermoplastic
Elastomers

Thermoreversible supramolecular polymers with a low glass transition temperature

(Tg) have been formed by hydrogen bonding interactions between polyamide

oligomers prepared from fatty diacids treated with sulfonyl isocyanate and

ethylenediamine [35]. The obtained thermoplastic elastomers (s) exhibited a high

rubbery plateau and the introduced rubber elasticity resulted in 88% recovery of the

tensile strength after keeping reassembled samples at 50 �C for 18 h [35].

In a very similar manner, poly(dimethyl siloxane) (PDMS)-based supramolecu-

lar elastomers associated via multiple hydrogen bonding interactions and therefore

showing a low temperature self-healing response have been prepared. The rubber-

like elastic behavior allowed imposed formations to recover within seconds after

releasing the stress [36]. The preparation of a soft supramolecular rubber [37–40]

by condensing diethylene triamine and urea with a mixture of multiply

functionalized fatty acids (Fig. 2d) has also been reported. The degree of branching

was controlled by the choice of fatty acids and by adjusting their ratio. Thus,

complementary hydrogen bonding units were incorporated in the resulting oligo-

meric material, plasticized with dodecane (11 wt%) to lower its (Tg) to 8 �C.
Complete self-healing of cut pieces was observed within 3 h at room temperature.

The maximum waiting time for keeping cut samples apart from each other before

allowing self-healing was 48 h at 48 �C [37], but healing was completely

suppressed by annealing at 90 �C as a result of equilibrating hydrogen bonding

moieties [41]. Consequently, the required healing time related to the re-association

of hydrogen bonding interactions strongly depends on the mobility of the whole

polymer backbone, as reorganization over a larger length scale within the bulk

material is required [41]. Furthermore, the strength required to separate a formerly

cracked and subsequently healed surface was significantly higher than for a purely

melt-pressed sample, presumably because of its enhanced self-adhesive strength

[41]. Various rheological and NMR investigations proved that this rubber behaves

like a nanophase-separated system consisting of a less mobile part (85%) with a Tg
just below room temperature (corresponding to ongoing mechanical relaxation) and

a more mobile part (15%). It was found that irreversible (chemical) crosslinking

occurred above 110 �C, resulting in an aging effect and, therefore, in weakening of

the self-healing ability [42].

2.3 Hydrogen Bonding Interactions Between Nucleobase
Analogs and Tailor-Made Hydrogen Bonding Wedges

Several supramolecular polymers based on hydrogen bonding interactions between

nucleobases and their analogs and tailor-made hydrogen bonding wedges have been

described [25, 43–51]. The self-healing mechanism is often supported by a second
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principle such as phase segregation phenomena or a second supramolecular inter-

action (e.g., π–π interactions) [26, 28, 52–56].

Self-healing polymers based on weak hydrogen bonding interactions were

accomplished by the synthesis of bivalent PIBs functionalized with barbituric

acid moieties and a Hamilton wedge [28] (Fig. 2b) and investigated via

temperature-dependent melt rheology. The formation of dynamic supramolecular

junction points was confirmed by rheological investigations showing terminal flow

at low frequencies but a rubbery plateau zone at high frequencies. The occurrence

of aggregation could be confirmed by small angle X-ray scattering (SAXS) mea-

surements [26, 28]. Thus, strong and tough self-healing supramolecular polymers

with an increased thermal stability were observed for barbituric acid telechelic

PIBs, although their dimerization is very weak in solution (Fig. 5a). The self-

healing behavior was related to thermoreversible formation of larger aggregates

enhanced by microphase separation between the polar hydrogen bonding synthons

and the nonpolar PIB backbone. Interestingly, the molar mass of the investigated

polymers barely had an effect on the supramolecular bond lifetime or on the

temperature-dependent viscosity behavior. Consequently, freshly cut pieces of

PIBs modified with barbituric acid groups were completely healed within 48 h,

suggesting application as a room temperature self-healing material (Fig. 5b). In

contrast, PIBs bearing Hamilton wedges and barbituric acid moieties behaved like

brittle rubbers. Consequently, terminal flow was only observed at temperatures

above 100 �C [28].

This approach was extended to four-arm star-shaped polymers functionalized

with thymine moieties to investigate the influence of polymer architecture on the

strength of the supramolecular interaction and the subsequent self-healing perfor-

mance, while keeping the density of supramolecular moieties approximately con-

stant (Fig. 6) [56]. Although thymine motifs display an even lower dimerization

tendency than barbiturate moieties in solution, neat four-arm star thymine-

telechelic PIB behaved like a tough rubber with a prominent rubbery plateau at

room temperature. In comparison with bivalent barbiturate-telechelic PIB, the

observed plateau modulus (1.1� 106 Pa) was higher, which was attributed to

supramolecular cluster formation consisting of up to ten hydrogen bonding moie-

ties, as demonstrated via SAXS investigations. Consequently, an increased supra-

molecular bond lifetime of τB¼ 67 s was also observed. Self-healing occurred

within 72 h at room temperature [56].

Four-arm star-shaped polymers have also been utilized for the preparation of

interwoven network-structured self-healing materials, where the self-healing

behavior is related to supramolecular clustering of hydrogen bonding moieties.

These polymers are additionally reinforced by a covalent network formed via a

CuAAC click reaction (Fig. 7). Hence, four-arm star-shaped polymers containing

both thymine moieties and azide end groups have been prepared and crosslinked

with a multivalent star-shaped alkyne-functionalized polymer [56].

Furthermore, the influence of the architecture on the dynamics of association and

clustering, and therefore on the self-healing of supramolecular hydrogen-bonded

polymers, was also investigated by preparing structurally simple supramolecular
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PIB “graft” polymers with 1 mol% of a 4-pyridine substituted styrene monomer

1 (Fig. 8) [54]. Although, on average, less than one crosslinker per chain is present

in PIB-1 (2,800 g/mol), approximately two crosslinkers per chain were found in

PIB-1 (9,000 g/mol). Accordingly, only for polymers with a molar mass higher than

9,900 g/mol a formation of a rubbery plateau was observed related to weak

supramolecular network formation as a result of the pyridine-N–H–N-pyridine

bonds present (Fig. 8d). This was further proven by comparing the theoretical

Fig. 5 (a) Dimerization of two PIB chains functionalized with barbiturate moieties (in solution:

Kdim¼ 12 M�1). (b) Bivalent barbiturate-telechelic PIBs with molar masses of 4,000 – 30,000 g/mol

show a self-healing response at room temperature as a result of formation of supramolecular clusters

containing polar barbiturate moieties. The supramolecular bond lifetime for a bivalent barbiturate-

telechelic PIB with a molar mass of 4,000 g/mol is τB¼ 51 s (bottom left). The viscosity is unaffected
by an increase in molar mass from 4,000 – 30,000 g/mol (bottom right). Figure reprinted and adopted
from [28] with permission from The Royal Society of Chemistry (Copyright 2012)
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segment length between two supramolecular crosslinking points (Mc theo) with the

segment length determined via rheology measurements (Mc plat) [54].

The influence of molecular architecture on the self-healing behavior was probed

by investigating V- and H-shaped supramolecular copolymers. For this purpose, a

molecular design reminiscent of thermoplastic elastomers (TPEs) was utilized.

Furthermore, the influence of the position of the hydrogen bonding moiety on the

self-healing ability was investigated in detail (Fig. 9) [55]. Thus, a V-shaped

Fig. 6 (a) Dimerization of two PIB chains functionalized with thymine moieties (in solution:

Kdim¼ 3.8 M�1). (b) Rheology of tetravalent star-shaped thymine-telechelic PIB with a molar

mass of 8,000 g/mol and supramolecular bond lifetime of τB¼ 67 s (right diagram) shows self-

healing at room temperature. Figure reprinted and adopted with permission from [56] with

permission from Elsevier Ltd. (Copyright 2015)

Fig. 7 Interwoven network structure composed of supramolecular clusters of thymine moieties

and a covalent network created via a CuAAC click reaction between multivalent azide- and

alkyne-functionalized star-shaped polymers. Figure reprinted and adopted from [9] with permis-

sion from Elsevier Ltd. (Copyright 2015)
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barbiturate-functionalized soft–hard–soft triblock copolymer, with the hydrogen

bonding moiety located in the hard block to introduce an additional shape-

persistence, was synthesized via reversible addition-fragmentation chain-transfer

(RAFT) polymerization. The copolymer was blended with a complementary α,ω-
Hamilton wedge telechelic isoprene to obtain an even more sophisticated polymer

architecture. Both, the pure barbiturate-functionalized copolymer and the polymer

blend showed a self-healing response at 30 �C, resulting in a 95% or 91% recovery

of the original strain at break within 24 h, respectively. The V-shaped copolymer

provided better mechanical properties as a result of the higher fraction of the hard

block. These results demonstrate that polymer blends, fixed by matching hydrogen

bonding moieties, can exert self-healing properties, which indicates a useful

approach for tailoring material properties within a self-healing polymer [55].

Fig. 8 PIB copolymers with 1 mol% of a 4-pyridine-substituted styrene monomer 1with (a) molar

mass of 2,800 g/mol (1.0% incorporation) or (b) molar mass of 9,900 g/mol (1.1% incorporation).

(c) Comparison of the molar mass (Mc plat) between the incorporated supramolecular units 1 (deter-

mined via rheology measurements) and the theoretical segment length (Mc theo) between incorpo-

rated units 1 (determined via NMR investigations). χ is the number of comonomer 1 units per chain.

(d) Equilibrium between aggregated/de-aggregated polymer chains. Figure reprinted and adopted

from [54] with permission from John Wiley and Sons (Copyright 2012)
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By investigating adenine-, thymine- and cytosine-modified low molar mass

polyTHFs [52, 53] it was found that only the adenine- and the cytosine-terminated

polymers demonstrated film- and fiber-forming capabilities as a result of hydrogen

bonding interactions. As the supramolecular interactions presented are generally

weak, it was assumed that a second driving force, namely π–π-stacking interactions
of hard crystalline nucleobase chain ends in combination with phase segregation

between the soft polymer backbone and the hard hydrogen bonding moieties, must

have contributed to this self-assembly behavior [52, 53]. Applications of self-

healing adenine-modified polyTHFs were reported, utilizing the temperature sta-

bility of the resulting supramolecular network structures up to 90–120 �C [53].

Fig. 9 (a) V-shaped barbiturate (Ba)-functionalized polymer blend (PS-b-PnBuA)2 and (b)

H-shaped polymer blends consisting of Ba-functionalized (PS-b-PnBuA)2 and bivalent

Hamilton-wedge (HW)-functionalized PI (2:1 blend) prepared via RAFT polymerization show

self-healing at 30 �C within 24 h. (c, d) Tensile tests of pristine V-shaped Ba-functionalized (PS-b-
PnBuA)2 (c) and pristine H-shaped polymer blends consisting of Ba-functionalized (PS-b-
PnBuA)2 and bivalent HW-functionalized PI (d) after 4, 9, 17, and 24 h of self-healing.

Figure reprinted and adopted from [55] with permission from John Wiley and Sons (Copyright

2015)
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2.4 Hydrogen Bonding Interactions Between
Ureidopyrimidone Synthons

Supramolecular polymers functionalized with ureidopyrimidone (UPy) moieties

and their dynamic properties in solution have been intensely studied because of

their high dimerization constant (CHCl3, Kdim¼ 106 M�1) [57, 58]. Consequently,

the generation of supramolecular polymers, polymer networks, or polymeric

nanoparticles have been investigated in the bulk phase [59]. Furthermore, self-

healable polymers as well as supramolecular rubbers based on UPy hydrogen

bonding interactions have been commercialized under the trade names SupraB™
and Kraton® by SupraPolixBV [24, 60].

Thus, the phase separation of bivalent UPy-telechelic PEG (Fig. 10) in hydro-

phobic hydrogen bonding domains consisting of UPy moieties and the PEG back-

bone resulted in the formation of solid-like hydrogels. Self-healing of these

materials was observed at 50 �C when the initial properties switched to those of a

viscous liquid [61, 62].

The formation of supramolecular hydrogen-bonded polymer networks between

trivalent UPy-functionalized PPE-PEO block copolymers and bivalent

UPy-modified PDMS has been reported [23]. The resulting supramolecular

crosslinked materials behaved similarly to entangled linear polymers. Both, gel

formation in solution and crystallization in the bulk phase were observed as a result

of the directionality of the supramolecular interactions [23]. Thus, UPy-telechelic

PDMS formed TPEs with a rubbery plateau and a high activation enthalpy for stress

relaxation [63, 64] caused by lateral stacking of UPy dimers additionally reinforced

by π–π interactions. The observed aggregation behavior leading to assembly of

spherical aggregates or fibers was attributed to the incompatibility of the hard block

consisting of microcrystalline domains of associated UPy dimers and the soft

Fig. 10 (a) UPy-functionalized PEG. (b) Self-healing of an UPy-functionalized PEG heart

(colored by adding a purple dye, 15 wt% in water): Initial heart shape was reestablished after

pressing cut halves together. Figure reprinted and adopted from [61] with permission from

SupraPolix BV and John Wiley and Sons (Copyright 2011)
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PDMS backbone, leading to microphase separation [63, 64]. Similarly,

UPy-telechelic poly(n-butyl acrylate) (PnBA), polystyrene (PS), and poly(butadi-

ene) form micellar clusters of UPy aggregates in the solid state [65], comparable

with observations for DAT/THY systems [25–27].

Investigations of crystalline UPy-modified poly(ethylene adipate) [66] showed

that the self-healing performance depended on the junction unit between the

polymer backbone and the hydrogen bonding moiety, proving the strong influence

of even remote functional groups on the assembly of hydrogen bonds. Thus, self-

healing at room temperature was observed for polymers containing hexamethylene

linkers, related to slower recovery in crystallinity. In contrast, tolyl linkers allowed

a faster recovery of crystallinity, while shifting the healing temperature above the

melt temperature [66].

Bivalent UPy-telechelic perfluoropolyethers (PFPEs) [67] recovered their stor-

age modulus within 2 min of shearing at 130 �C as a result of formation of hard

crystalline UPy domains based on phase separation between the soft polymer

backbone and the hydrogen bonding moieties. In contrast, PFPEs functionalized

with alkylated UPy groups showed suppressed crystallization, resulting in an

increased recovery time of the storage modulus of 18 min after shearing at 110 �C
[67] (Fig. 11).

Fig. 11 (a) Structures of bivalent UPy-telechelic PFPE and bivalent Bn-UPy-telechelic PFPE. (b,

c) Multiple deformation-recovery cycles of bivalent UPy-telechelic PFPE (b) and bivalent Bn-

UPy-telechelic PFPE (c). Figure reprinted from [67] with permission from John Wiley and Sons

(Copyright 2013)
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In bivalent UPy-modified polycaprolactone (PCL), stacking of UPy dimers

supported by hydrogen bonding interactions between urethane linker groups was

observed, however, chain scission proceeded faster than reptation. The materials

obtained showed a rubber plateau zone even at low frequencies and viscous flow as

a result of supramolecular network formation [68]. In contrast, no rubbery plateau

was observed for tri- and tetravalent UPy-urethane modified PCLs because the

crystallization and stacking of UPy dimers was prevented by the polymer architec-

ture, resulting in a too-short lifetime of the supramolecular network [69]. Similarly,

large and bulky substituents interfered with supramolecular assembly due to steric

hindrance [68].

By comparing copolymers composed of n-butyl acrylate (nBA) and an

UPy-functionalized acrylate, acrylamidopyridine, acrylic acid, or carboxyethy-

lacrylate [70], it was found that copolymers containing weak hydrogen bonding

interactions behaved like un-entangled melts, with hydrogen bonding dynamics

faster than rheological chain relaxation. In contrast, copolymers with strong hydro-

gen bonding interactions behaved like entangled polymer networks, resulting in soft

and elastic solids. Flow activation energies increased linearly with increasing

amount of hydrogen bonding moieties showing a dimer lifetime longer than 10 s

[70]. Thus, copolymers prepared from poly(2-ethylhexyl methacrylate) and an

UPy-modified methacrylate revealed an increase in complex viscosity as well as

an increase and a lengthening of the plateau modulus with increasing UPy content

[71]. Similar copolymers composed of nBA and UPy-functionalized acrylate (UPy

content of 7.2%) showed a recovery of the self-adhesion strength of fractured

surfaces up to 100% after a healing time of 50 h [72].

TPEs with a prominent plateau modulus and with bulk properties depending on

the distance between stacked aggregates of UPy dimers were obtained by

copolymerizing UPy-modified nBA with a Boc-protected amine-functionalized

monomer [73]. With increasing UPy content, a linear increase in the plateau

modulus was observed. The effective bond lifetime of hydrogen-bonded aggregates

increased, proving that every UPy side group was active within the network for UPy

contents of 7 mol% or higher [73]. Similarly, the formation of soft rubbers or TPEs

was observed for bivalent UPy-modified poly(ethylene butylene)s [74]; multi-

functionalized poly(ethylene butylene)s carrying urethane, urea, and UPy groups

[75, 76]; and UPy-functionalized amorphous polyesters [77].

UPy-functionalized poly(urethane)s [78] also found application as stress-sensing

systems by incorporating spiropyran units into the polymer backbone, enabling

stress-induced ring-opening that resulted in the merocyanine form, visualized by a

color change. Furthermore, UPy-modified polymers able to dissipate strain energy

were used to mimic the modular structure within titin, as the dissociation of hard

UPy domains consisting of stacked dimers is similar to the unfolding process of

sacrificial bonds in modular biomacromolecules [78]. Thus, a titin-mimicking

modular polymer with high toughness and adaptive behavior, including self-healing

ability, demonstrated full recovery of toughness and strength at 80 �C within

30 s [79].
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2.5 Hydrogen Bonding Interactions Between Acid-, Phenyl
Urazole Acid- or Phenyl Urazole-Functionalized
Polymers

Urazole moieties belong to the first generation of investigated supramolecular

moieties incorporating dynamic (thermoreversible) properties into bulk butadiene

polymers [17–20, 80], thereby guiding the later design of self-healing rubbers

[21, 81, 82]. Viscoelastic properties [80] and a self-healing response were intro-

duced into a thermoplastic material by reversible association of weak urazole

motifs, resulting in multiphased structures as a result of phase separation effects

[83, 84]. As a consequence, time–temperature superposition of rheological data was

impossible even for low concentrations of hydrogen bonding synthons [84], which

was indicative of the strong effect of the few “weak” hydrogen bonds on the

recovery of material properties after applied stress [85, 86]. As a result of the

formation of hydrogen bonding interactions, related to hindrance of local flow

processes, a broadening of the relaxation time up to seconds was observed. Fur-

thermore, an increase in the activation enthalpy was attributed to an increasing

degree of functionalization and, thus, to the formation of supramolecular clusters

with higher stability [85–87].

4-Urazoylbenzoic acid-modified bivalent PIBs [19, 88] able to form hydrogen-

bonded dimers revealedmelting of ordered hydrogen bonding clusters at 110–120 �C.
Within this temperature range a transition from elastic to viscous behavior was

observed, related to the reorientation and breaking of ordered supramolecular

clusters into disordered multiplets of associated hydrogen bonding chains. As

expected, the time–temperature superposition failed and stress relaxation within

the polymer was attributed to the relaxation of multiplets and deformation of

supramolecular clusters [19, 88].

2.6 Bis(urea)-Based Hydrogen Bonding Interactions

Urea-based hydrogen bonds are one of the simplest systems for introducing

dynamic properties into a polymer, as the synthesis only requires a reaction

between isocyanate and amine building blocks, which are widely available in

polymer technology.

Thus, PnBAs functionalized with a bis(urea) group in the middle showed

viscoelastic properties. The viscosity increased with decreasing molar mass up to

20,000 g/mol, which was attributed to hydrogen bonding interactions completely

determining the rheological properties. In contrast, for functionalized PnBAs with a
molar mass higher than 20,000 g/mol, the polymers behaved almost like

unfunctionalized high molar mass PnBAs. Their rheology was controlled by poly-

mer dynamics, while incorporated supramolecular binding motifs simply increased

the terminal relaxation time as a result of hydrogen bonding interactions [89].
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Similarly, PDMS grafted with bis(urea) moieties formed TPEs as a result of

supramolecular crosslinking related to (partial) self-organization of incorporated

bis(urea) units in crystal-like domains [90]. Investigations of poly(urethane)-based

TPEs containing a soft poly(ethylene-co-butylene) middle block [91] showed that

an increase in microphase separation in the bulk led to an increased hydrogen

bonding potential. Thus, an increase in the scattering intensity in SAXS experi-

ments and an increase in the storage modulus were observed when the end group

changed in the order dibutyl<morpholine< diol [91]. Polyurea-urethanes with

triuret blocks displayed a crosslinked structure at room temperature as a result of

hydrogen bonding interactions, whereas de-crosslinking was observed between

105 and 135 �C [92]. In contrast, tetrauret block-containing polyurea-urethanes

resulted in a folded structure as a result of the zigzag conformation, with a higher

thermal stability up to 170–190 �C [92].

Single- or double-stranded structures were also observed for self-healing supra-

molecular silicones prepared by crosslinking of tris(urea)-modified PDMS with

hydrazine units [93] via sextuple hydrogen bonding interactions. These materials

revealed a self-healing ability when cut films were reassembled immediately,

whereas no self-healing behavior was observed after keeping cut surfaces apart

for more than 10 min as a result of equilibrating and reassembling of hydrogen

bonding moieties [93].

Low molar mass bis(urea) moieties as well as PIBs containing bis(urea) func-

tionalities within the polymer backbone formed comb-shaped supramolecular

assemblies at room temperature, resulting in the formation of filaments or tubes.

The length of the tubes could be tuned by varying the concentration and/or the

solvent [94, 95]. The supramolecular association present strongly influences the

bulk properties and, therefore, the self-healing ability within the bulk material could

be estimated as a result of the dissipative nature upon deformation [95, 96]. The

investigated polymers showed a self-organization behavior over a timescale of

days, resulting in viscoelastic soft gels at room temperature, which disrupted at

80 �C but retrieved their structure after 20 h of annealing, highlighting their

potential as dissipative soft adhesives and self-healing materials [96].

Similarly, low molar mass N,N0-disubstituted ureas formed supramolecular poly-

mers comparable to high molar mass poly(urethane)s and behaved like organogels,

showing viscoelastic properties and a relaxation time of several seconds [97–99].

2.7 Hydrogen Bonding Interactions Between 2,7-Diamido-
1,8-naphthyridine Synthons and Ureidopyrimidone,
Ureido-7-deazaguanine, or the Butylurea of Guanosine

By investigating 2,7-diamido-1,8-naphthyridine (DAN) and UPy end-functionalized

PnBAs and poly(benzyl methacrylate)s it was found that the phase behavior and

microstructure in the bulk were controlled by hydrogen bonding interactions [100]
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as well as by temperature changes, directly influencing the compatibility of the

phases [101]. Thus, UPy dimerization led to compatibilization, whereas comple-

mentary hydrogen bonding interactions resulted in significant reduction in macro-

scopic phase separation [100] and in the formation of supramolecular diblock

copolymers [101] or graft polymers [102].

Supramolecular alternating copolymers were formed by hydrogen bonding

interactions between a 1:1 mixture of a bis-UPy-functionalized polyTHF and a

bis-DAN-functionalized low molar mass linker [103]. By increasing the bis-DAN

linker content, the virtual degree of polymerization decreased because the bis-DAN

linker acted as a chain stopper [103]. Accordingly, the concentration dependence of

the virtual degree of polymerization and, thus, the chain length can be blocked in a

defined concentration range by the use of chain stoppers, which enables conclusions

to be drawn about the hydrogen bonding interaction corrected for concentration

effects [104–106]. In contrast, in the case of weaker hydrogen bonding interactions

in urea-modified polyether polyols, no break-up of the supramolecular assembly

was observed because the polymer ends were incorporated in the microphase-

separated hydrogen bonding arrays, resulting in the formation of phase-separated

TPEs [107].

The hydrogen bonding interactions between ureido-7-deazaguanine (DeUG) and

DAN as well as between the butylurea of guanosine (UG) and DAN have been

intensely studied in solution [108–112]. It was found that DAN revealed a redox-

responsive behavior and, therefore, a chemically and electrochemically switchable

high affinity for DeUG in its reduced form and a low affinity for the oxidized form

of DeUG. This characteristic might be interesting and applicable for tailoring self-

healing applications, because the on–off switch ability has already found use in the

control of supramolecular network formation [113].

3 Self-Healing by π–π Stacking Interactions

π–π stacking interactions in non-hydrophilic environments are among the most

important supramolecular interactions, although rated significantly weaker in

strength than hydrogen bonds or ionic interactions [114]. Usually, association

constants for simple π–π systems are ~102 M�1, with some values just exceeding

103 M�1 [115]. Basically, the conventional π–π stacking systems of, for example,

pure aromatic rings are too weak to enable a significant healing effect and, thus, are

not suitable (e.g., PS is not a self-healing polymer below its Tg). A literature study

revealed the use of multivalent “stacked” or chain-folded π-systems (Fig. 12) as

significantly more stable supramolecular systems. Thus, careful molecular design

of π–π-stacking [117] (Table 1, entry 1), mostly induced via the formation of

stacked charge-transfer structures, can lead to significantly enhanced association

constants, even reaching association constants ranging from ~11,000 M�1 [118] to

~100,000 M�1 (Fig. 12c) [116, 119]. Thus, the use of multivalent electron-deficient

naphthalene diimide units in a polymer chain, together with suitably planned
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tweezer-like electron-rich bipyrenyl end groups (Table 1, entries 2, 3, and 5–9) can

lead to strongly enhanced binding constants, additionally supported by the forma-

tion of hydrogen bonding interactions between the amide groups of the naphthalene

diimide-modified acceptors and the carbonyl groups of the pyrenyl-functionalized

donors (Fig. 12a, b) [118–125, 127].

The reversibility [134] of such supramolecular bonds can enable the design of a

reversible healing system that is able to heal after overcoming the required activa-

tion energies, in turn achieving reorganization of (polymer) chains and resulting in

healing. A significant number of different self-healing systems at elevated

Fig. 12 (a) Examples of π–π complexes A–C formed between naphthalene diimide oligomers

(blue) and pyrene or a tweezer-type pyrene-derivative (red) containing two to four face-to-face π–
π stacking interactions. Ka values are 130, 3.50� 103, and 11.0� 103 M�1 for π–π complexes A,

B, and C, respectively. (b) Structure of a bis-tweezer-type pyrene-end-capped polyamide D. (c)

1,5-Dialkoxynaphthalenes and 1,4,5,8-naphthalenetetracarboxylic diimides as aromatic donor and

acceptor units. A pleated secondary structural element based on donor–acceptor interactions is

formed: schematic representation (bottom left) and computer-generated representation (bottom
right). Figure reprinted and adopted with permission from [116] (Copyright (2011) American

Chemical Society) and from [117] (Copyright 1995, Rights Managed by Nature Publishing Group)
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temperatures (75 �C or above) have been designed, leading to reversible healing of

polymer systems [116, 118–133, 135–140] (Fig. 13 and Table 1). Based on the

suitable placement of the (multi)aromatic rings as well as on additional clustering

effects of the aromatic units (segregating from the incompatible polymer chains)

and the usually high activation barrier of (multi)aromatic interactions, healing of a

polymeric material under high thermal loads can be achieved.

Fig. 13 (a) Complementary π–π stacking in polymer blends based on a π-electron-deficient
naphthalene diimide unit (blue) and a π-electron-rich pyrenyl unit (red). In the case of a damage

event, the π–π complex is disrupted and shows a self-healing response upon heating. (b) Formation

of supramolecular polymer blends based on π–π stacking interactions between a π-electron-rich
divalent or trivalent pyrenyl-terminated PEG (red, A or B) and a chain-folding naphthalene

diimide-containing copolymer (grey/blue, C). (c) Polymer films of A, B and C and polymer blends

of A+C and B+C cast from 2,2,2-trichlorethanol (dried at room temperature for 24 h, at 40 �C for

24 h and subsequently heated to 80 �C for 24 h). Figure reprinted from [128] with permission from

The Royal Society of Chemistry (Copyright 2014)

80 M. Enke et al.



One of the first systems displaying self-healing via purely π–π stacking interac-

tions was reported by the group of Hayes, relying on a relatively simple supramo-

lecular blend containing naphthalene tetracarboxylic diimides and a pyrene

molecule [125] (Table 1). PDMS polymers were utilized in these blends, which

showed self-healing behavior at temperatures of ~115 �C (Table 1, entry 10). The

concept was further extended to mixtures of two different polymers (Fig. 13 and

Table 1, entries 11–13), where a multivalent poly(naphthalene tetracarboxylic

diimide) polymer was mixed with bi- and trivalent pyrenyl-functionalized polymers

[126–128], again displaying healing effects at elevated temperatures (200 �C, some

starting at ~50 �C) [128]. In many of these examples, the tensile modulus recovered

up to 95% of the initial value [127], also indicating the contribution of multivalency

effects [128], leading to a higher tensile strength of the final material [130].

A significant contribution to self-healing using these naphthalene tetracarboxylic

diimide/pyrene systems is also given by cluster formation. Clusters with a size of

~10 nm were detected via SAXS [128]. Presumably, self-healing is based on the

cluster formation, because there is no direct linear correlation between the strength

of the supramolecular interaction and the healing temperature or efficiency.

An extension of these systems towards self-healing nanocomposites was enabled

by embedding cellulose nanocrystals with an aspect ratio of ~80 (Table 1, entry 15)

[131] or Au nanoparticles (Table 1, entries 16 and 17) [132, 133] bearing pyrene

functionalities on their surface. Whereas the cellulose whiskers served as a pure

reinforcing element, the Au nanoparticles acted as an additional thermoresponsive

element, facilitating healing by thermal activation. In both cases, percolating

networks of the embedded filler systems were observed (cellulose whiskers at

more than 10%) [131], together with the clustering effects of the Au nanoparticles

(added amount 10–15%) [132, 133]. Although the addition of such large amounts of

fillers led to a strongly reduced healing efficiency at the same temperature, pre-

sumably as a result of formation of percolated nanoparticle networks, which

strongly reduced polymer dynamics and, thus, healing. Overall, despite the rela-

tively simple concept, self-healing within π–π based systems takes place at com-

parable high temperatures (often more than 100 �C), placing the quest for still lower
healing temperatures within the future prospects of development.

4 Self-Healing Ionomers

Compared with the relatively weak π–π-interactions and hydrogen bonds, ionic

interactions show a higher aggregation strength. In general, ionomers are a sub-

group of polymeric material that bear up to 15 mol% of ionic groups within the

polymer. These groups can be distributed randomly as pendant groups or well-

ordered in block copolymer-like architectures. They can also be located in the side

chains or act as end groups [141]. The most common pendant ionic group for self-

healing applications is a carboxylate group neutralized with sodium or zinc ions

[142–145]. Unsaturated monomers containing carboxylate groups can be
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polymerized via radical polymerization techniques. Afterwards, the unsaturated

anions require neutralization with the desired metal counterion to provide the

ionic character of the ionomers [146].

Compared with nonionic polymers, the introduction of ionic groups leads to

significant changes in polymer properties (i.e. thermal and mechanical characteris-

tics) as a result of new inter- and intramolecular interactions [147]. To explain these

unique changes, several models of the inner structure of ionomers have been

suggested. The multiplet-cluster model (Eisenberg–Hird–Moore or EHM model),

which is briefly explained next, is one of the most accepted and reported models for

how ionic groups influence the morphology of these materials [22]. In general, ionic

groups (hydrophilic) show phase separation from the surrounding polymer matrix

(hydrophobic) because of the low dielectric constant and the low Tg of the matrix

[141, 148]. This phase separation leads to aggregation of a certain number of ion

pairs, called multiplets, in which the ion pairs closely interact. On the one hand,

electrostatic interactions of the ion pairs and, on the other hand, elastic forces of the

attached polymer chains affect the formation of these multiplets as well as their size

[22, 149]. A schematic representation of such a multiplet is depicted in Fig. 14 for a

poly(styrene-co-sodium methacrylate) ionomer. The multiplet in the inner dashed
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Fig. 14 Multiplet (inner
dashed circle) surrounded
by the region of restricted

mobility (between inner and
outer dashed circles),
according to the multiplet-

cluster model (reprinted

with permission from [22])
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circle is completely surrounded by the polymer matrix. These fixed points influence

the region between the two dashed circles. Here, the polymer chains have reduced

mobility compared with the outside, where the undisturbed polymer mobility is

present. Furthermore, the multiplets can form clusters beyond a minimum ion

concentration. Thereby, only the regions of restricted mobility overlap and, if the

overlap is large enough, a phase-separated region is generated, which leads to an

additional (higher) Tg of the material [22].

Besides this well-established concept, there are also publications that describe

the behavior of ionomers in a different fashion [150–152]. Han and Williams used

Fourier transform infrared (FTIR) spectroscopy to investigate poly(ethylene-co-
methacrylic acid) copolymers (EMAA) containing several metal ions [153]. The

authors proposed two different mechanisms for the formation of ionomers. The first

mechanism is described by the existing multiplet-cluster model, which is only

applicable for ionomers based on alkali and alkaline earth metals. Ionomers with

transition metal ions can be described with the specific coordinated complex model.

In this model the different coordination structures are considered.

As mentioned above, the ionic content significantly influences the properties of

the polymer and also plays a key role in later self-healing applications. Tadano

et al. investigated the thermal properties of ionomers (EMAA) and demonstrated

that the ionic clusters undergo an order–disorder transition [148]. At room temper-

ature three phases are present: ionic clusters, a crystalline domain (i.e. polyethyl-

ene), and an amorphous domain (Fig. 15). By increasing the temperature, the

ordered character of the ionic cluster disappears at a certain temperature Ti. At
this point, the disordered state is present. During further heating, the polyethylene

crystals melt at the melting point Tm. After cooling from above Tm, the molten

polyethylene recrystallizes at Tc. Further cooling to room temperature does not

Increased temperature

Disordered state Molton stateOrdered state

(ionic crystallites)

T
i

T
m

relaxational

process

T
c

Fig. 15 Model of the order–disorder transition of clusters in ionomers and melting of the

polyethylene domain during heating (reprinted with permission from [148])
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result in any spontaneous transition of the ionic cluster. However, it was shown that

re-formation of the ionic cluster takes approximately 38 days.

4.1 Self-Healing Under Ballistic Impact

Compared with nonionic polymers, ionomers have improved tensile strength,

fracture resistance, toughness, and flexibility [8, 154]. The properties of the

ionomers depend on their material structure, which is strongly influenced by the

utilized ion pairs, the ion content (neutralization level), and the elastic behavior of

the main chain [148, 153, 155].

Thermoplastic EMAA copolymers (Scheme 1) have been widely investigated for

self-healing under ballistic impact [144, 145, 156–159]. Commercially available

nonionic copolymers (Nucrel®) (http://www.dupont.com/products-and-services/plas

tics-polymers-resins/ethylene-copolymers/brands/nucrel-ethylene-acrylic-acid.html)

and ionomers (Surlyn®) [26, 160] have mainly been investigated. The sodium

ionomers differ in their neutralization levels (Surlyn 8940 with 30% and Surlyn

8920 with 60% neutralized acid groups). The ionomers provide excellent clarity,

high toughness, and high stiffness, enabling a variety of different applications (e.g.,

food, cosmetics and medical device packaging, coatings for golf balls or ski boots)

[161]. The self-healing behavior of these commercial materials has been tested in

detail over the last two decades, equipped with the range of properties, knowledge

about the materials, and their easy availability.

Fundamental work from both Fall and Kalista have shown the potential for self-

healing after damage by high impact (i.e. ballistic penetration) [162, 163]. Thin

films of EMAA materials were bombarded with projectiles, which completely

passed through the material. After damage, the resulting hole closed very fast and

only a small scar at the puncture site remained. These findings started several

investigations on utilizing this unique self-healing capacity for healing layers in

space vessels and navy aircraft fuel tanks or in medical applications [162, 164–

166]. To optimize the self-healing ability, an understanding of the healing process

including the mechanism is required. In the early state, the basic model describes

the reversibility of the ionic interactions (i.e., physical crosslinks) as playing a key

role in the ability to self-repair after a damage event. In addition, the free acid

functions can form hydrogen bonds as a second form of reversible crosslink

COOH

n m
COOH

n y
COO

Na

x

NaOH

Scheme 1 Synthesis of the sodium ionomers of poly(ethylene-co-methacrylate acid) (EMAA)

(x + y¼m)
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[146, 154, 167]. Kalista et al. investigated several ionomers and non-ionomers of

EMAA and demonstrated that the ionic content does not correlate with the self-

healing efficiency [168]. Nonionic EMAA polymers also showed self-healing

behavior, whereas higher neutralized ionomers (e.g., Surlyn 8920) featured

decreased self-healing capacity. Consequently, an alternative mechanism was pro-

posed: hydrogen bonds present in nonionic Nucrel act as reversible crosslinks and

enable self-healing properties [144, 146].

It has been proposed that a two-stage mechanism/healing process takes place

after the projectile goes through the material [165, 168]. During impact, the

material close to the bullet hole is heated to temperatures of approximately 92 �C
(above the melting temperature) as a result of viscous dissipation [162]. This effect

was also recently proven by Haase et al. using dynamic puncture tests [169]. After

the projectile has passed through the material, the elastic properties of the materials

cause a “flip back” of the polymer to the pre-impact position during the first stage.

The molten polymer in the impact zone now has the possibility to rebound and close

the hole. The subsequent slow second stage results in a completely sealed film

through reorganization of the polymer chains (Fig. 16). Consequently, the unique

combination of elastic rebound and viscous reflow of EMAA copolymers and other

ionomers enables the self-healing response [159, 165, 168].

Further studies investigated different parameters of the ballistic and environ-

mental conditions to learn more about the self-healing process and gain a deeper

understanding of the underlying mechanism. Kalista et al. investigated the self-

healing behavior after different damage types, including sawing, cutting, and nail

puncture [165]. Cutting does not enable a later rebound of the two fragments. In

contrast, the sawed samples featured self-healing properties as a result of the higher

energy impact generated by frictional processes during sawing. Nevertheless, a

higher energy impact is required to achieve effective self-healing behavior. There-

fore, ballistic conditions were further investigated with respect to their thermal

response and the so-initiated self-healing process. The self-healing capacities of

ionomer films were tested over a range of temperatures. Heating the film reduced its

Fig. 16 Self-healing of

ionomers after high-energy

impact during ballistic

penetration (reprinted with

permission from [159])
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elastic ability to return to its initial position after ballistic puncture. Thus, temper-

atures above 60 �C resulted in obstruction of the healing [144, 165]. To investigate

the behavior of EMAA films at room temperature, Kalista et al. cooled the samples

to 10,�10, and�30 �C, respectively. The authors found that self-healing is possible
even at low temperatures. As a result of the two-stage mechanism, the local area

around the puncture zone has to melt to achieve complete hole closure. Hence, a

larger temperature rise is required for samples starting at�30 �C. Nucrel 925was the
only sample that did not heal at �30 �C, because of the formation of a brittle

puncture zone resulting in a nonelastic behavior after ballistic penetration [165].

In 2008, Varley and van der Zwaag reported a new method for investigating the

self-healing behavior of EMAA ionomers after ballistic treatment [159]. The

method imitates the bombardment of a projectile by the utilization of a modified

hydraulic tensile testing apparatus. Hereby, a disk-shaped object attached to a rod

was pulled in a controlled manner out of the probe. Furthermore, the tool enabled

quantitative information to be obtained about the healing process, because the

damaging object is heatable and can be pulled at different velocities. The findings

correlate with the proposed two-stage mechanism. Later, Varley and van der Zwaag

intensively studied the ionomer Surlyn 8940 with this method [156, 167, 170]. In

addition, the authors investigated the influence on the self-healing process of using

different projectiles of varying size, weight, shape, and velocity. Self-healing

behavior was achieved for all tested parameters. Although the impact morphologies

showed differences depending on the projectile parameters, a similar healing

mechanism was proven. Furthermore, the importance of the presence of ionic

clusters and the resulting unique properties was demonstrated by comparison with

other polymers such as linear low-density polyethylene and polypropylene. In

addition, certain amounts of zinc stearate (a plasticizer) were added to the

ionomers, which reduced the self-healing response after several healing cycles

[156]. Additionally, aliphatic di- and tricarboxylic acid-based modifiers (oxalic

acid, succinic acid, adipic acid, citric acid, and sebacic acid) and the corresponding

amides of sodium-neutralized analogs were added to the ionomer blend (10 wt%).

In situ mechanical evaluation illustrated that only the carboxylic acid derivates

reduced the elastic properties and improved the elastomeric behavior, resulting in

better healing [170]. Further work from Varley and van der Zwaag pointed out that

the penetration of a bullet triggers three contiguous events in the ionomer: an initial

elastic response, an inelastic response, and then pseudo-brittle failure [167].

Di Landro and coworkers analyzed the self-healing behavior of ionomers

blended with semicrystalline poly(vinyl alcohol-co-ethylene) (EVA) or epoxidized
natural rubber (ENR) (15–50 wt%) [171]. In general, the addition of EVA increases

the stiffness whereas ENR reduces it. Ballistic puncture tests demonstrated that

addition of up to 30% EVA still results in self-healing behavior. By increasing the

amount to 50% EVA, the self-healing properties are reduced, resulting in incom-

plete repair of the damage as a result of the higher stiffness of the film. In contrast,

the ENR blends in all investigated compositions show complete self-healing

behavior. The authors assigned this finding to the same or improved crystallinity

of the ionomer phase [171, 172]. It was further demonstrated that EMAA ionomers
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neutralized with zinc ions (10%) and afterwards mixed with ENR did not show any

self-healing property as a result of several crosslinks between the epoxy group of

ENR and the EMAA ionomer, which reduced the molecular mobility

[173]. Recently, different epoxidation levels of ENR (25 mol% and 50 mol%

ENR) were investigated in blends with EMAA ionomers in different compositions.

The studies revealed that the level of epoxidation in ENR has a significant influence

on the self-healing properties of the resulting blends. Only blends with 50 mol%

ENR achieved self-healing [145].

Recently, Kalista et al. tested a large number of nonionic copolymers of EMAA

(Nucrel 925 and Nucrel 960) and ionomers (Surlyn 8940 and Surlyn 8920) using

differential scanning calorimetry (DSC), dynamic mechanical analysis (DMA),

FTIR, and rheological tests [144]. The ballistic puncture was tested at temperatures

ranging from �50 to 140 �C. On the basis of these data, a comprehensive self-

healing “phase diagram” was created showing the healing ability as a function of

the degree of neutralization and of temperature. In general, 30% neutralized EMAA

provided good healing up to the order–disorder transition (Ti¼ 40 �C); 60%

neutralized EMAA showed improved healing above the melting temperature

(Tm¼ 90 �C). A higher amount of crosslinks, resulting from a higher amount of

ionic groups, resulted in stiffer materials and thus further decreased the self-healing

ability. Increasing the temperature induced mobility and, thus, self-healing was

possible. A higher ionic content was suitable for healing at higher temperatures,

whereas a lower ionic content was beneficial for self-healing at lower temperatures.

These findings suggest that hydrogen bonds additionally act as reversible crosslinks

at low temperatures, whereas ionic clusters are the responsible reversible crosslinks

at elevated temperatures.

Furthermore, the two-stage mechanism was extended by a subsequent third

stage: the long-term reorganization of polymer chains, resulting in a stable polymer

structure [144, 146]. To learn more about the last two stages of the mechanism,

acoustic and ultrasonic time-dependent resonant spectroscopy (TSRS) was

performed by Ricci and coworkers [174]. Two ionomers based on EMAA were

measured from 1 kHz to 2 MHz before and after damage. This method facilitates

the investigation of energy dissipation, relaxation, and morphology of self-healing

ionomers. After the damage occurred, the self-healing process began immediately.

During the second stage, the material is welded and finally sealed. Long after these

visible events, TSRS proved the presence of quality factor variations in the reso-

nance spectra resulting from energy dissipation instability (Surlyn 9840 7 h; Surlyn

9820 >18 h), which were ascribed to long-term reorganization within the polymer.

To evaluate ionomers for application in astronautics, hypervelocity ballistic tests

of Surlyn 9840 were performed [175]. It was demonstrated that complete healing of

5-mm thick ionomer films damaged by impact at velocities of 2–4 km/s is possible.

Furthermore, the self-healing ionomer was compared with thin-wall aluminum-

alloy bumpers (AL-7075-T6) [176]. In general, the ionomers showed lower primary

damage than aluminum. However, it was found that aluminum bumpers have better

debris fragmentation abilities than ionomers. Furthermore, Sundaresan

et al. demonstrated the healing ability of a composite material based on EMAA
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and carbon fibers after medium-velocity impact and proposed their utilization for

aerospace applications [177].

4.2 Self-Healing of Ionomers After Nonballistic Impact

As an alternative to ballistic high-energy impact puncture and instantaneous

starting of the self-healing process, a handful of studies have reported self-healing

based on different polymer structures or different testing procedures. Maure

et al. generated a two-component system that included particles or fibers of an

EMAA copolymer (Nucrel 2940) and carbon fiber laminates [178]. The melt of

EMAA generated after heating to 150 �C for 30 min is able to flow into the damage

zone and can act as the healing agent. Therefore, fractured surfaces were re-bound

and initial properties were almost completely restored after heating. The same

phenomenon was observed in systems made by adding EMAA to epoxy resins

[179]. Furthermore, Pingkarawat et al. added EMAA copolymers to carbon fiber-

epoxy laminates to investigate their influence on the material properties and self-

repair capacity [180, 181]. On the one hand, the addition of EMAA improved the

ability to heal delamination cracks after thermal treatment. On the other hand, the

original toughness of the laminates was optimized.

James et al. designed a system (EMAA neutralized with zinc) in which the

ionomer was utilized to restore piezoelectric properties [143]. For this purpose,

zirconium titanate powder was dispersed within the ionomer. After the damage

event, the mechanical properties and the lost piezoelectric properties could be

repaired by thermal healing. Magnetically activated healing of ionomeric elasto-

mers was recently investigated [182]. The self-healing effect was achieved by heat

dissipation of the introduced magnetic nanoparticles and was studied with the help

of tensile experiments. Almost full repair of the tensile strength after 10 min was

possible using electromagnetic treatment. The material is potentially utilizable in

hard-to-reach areas, because of the fast response and the non-contact healing

properties of the system.

Mecerreyes and coworkers reported a new class of supramolecular ionic poly-

mers based on compounds with multiple carboxyl or amine functions [183]. Rheo-

logical tests demonstrated a transition of the formed gel into a viscous liquid

between 30 �C and 80 �C. Initial self-healing tests showed the ability of this

material class to self-heal scratches on the surface or to re-bind two separated

pieces during low energy impact. Furthermore, an ionic network formed by the

combination of citric acid and different aliphatic diamines provided a network with

unique rheological properties, which featured good self-healing potential

[184]. Recently, the authors also expanded the new polymer class with various

chemicals from renewable sources [185].

Bose et al. investigated an ionomeric elastomer with respect to the content of

ionic groups and the influence of the utilized counterion [142]. The authors syn-

thesized poly(butyl acrylate-co-acrylic acid)s with different compositions.
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Neutralization with sodium, zinc, and cobalt resulted in a range of different

ionomers. These materials were studied with temperature-dependent dynamic rhe-

ology combined with simultaneous FTIR analysis. An important parameter, supra-

molecular bond life (τb) (i.e. the time required for cleavage and re-bonding of

reversible bonds), was thought to enclose the required parameters (i.e. dynamic

character of the reversible interactions) for scratch healing, leading to a correlation

between these two factors. A supramolecular bond life of 10–100 s is ideal to enable

enough mobility of the polymer chains for ideal macroscopic healing. Recently, the

same polymer architecture was utilized to investigate the influence of different

amounts of cobalt salts (3, 5, and 7% cobalt) [186]. In this context, chain dynamics

and relaxation lifetimes were calculated and compared with the macroscopic self-

healing behavior of the cobalt ionomers. It was pointed out that the cluster activa-

tion determines the healing kinetics.

Although the EMAA copolymer and its ionomers have been well investigated,

other ionomeric polymer classes receive less interest. New methods, such as 1H

low-field NMR measurements [187], for investigating self-healing ionomers with

respect to their mechanical and self-healing behavior should yield a more detailed

understanding of the mechanism. These results could provide evidence for struc-

tural changes in the polymer itself, which result in improved properties of the

resulting material. Another strategy is to mimic processes found in nature, such

as the self-healing achieved in human bones [188].

5 Self-Healing Metallopolymers

Compared with ionomers, which exhibit cluster formation of the ionic groups, the

reversible character of metallopolymers can have a different origin. Besides the

reversible non-covalent metal–ligand interactions, metallopolymers can also bene-

fit from clusters generated from the metal ions and the corresponding counterion or

simply as a result of phase separation [189]. Thus, metal–ligand interactions as

crosslinks can imbue polymers with tunable mechanical and self-healing properties.

An overview of the state of the art in metallopolymers is presented in Table 2.

In 2005, Varghese et al. demonstrated a self-healing hydrogel based on acryloyl-

6-amino caproic acid (A6ACA) after treatment with a copper(II) chloride solution

at ambient temperature [208]. After 12 h, 75% of the tensile strength was recovered.

If the gel was added to an aqueous solution without the metal salt, no self-healing

behavior was observed. This indicates that the self-healing process was mediated by

the metal ions. Another metallogel was presented by Chen and coworkers

[196]. The authors synthesized 2,6-bis(1,2,3-triazole-4-yl)pyridine (BTP)-

containing polyurethanes via the copper(I)-catalyzed azide–alkyne 1,3-dipolar

cycloaddition (CuAAC). The ligand BTP is incorporated in the polymer backbone

and can be crosslinked with Zn2+, Ni2+, Fe2+, and Ru2+ in a stoichiometry of 1:2

(metal to ligand). Furthermore, crosslinking with Eu3+ leads to 1:3 complexes. Gels
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swollen in acetonitrile or THF and crosslinked with Zn(OTf)2 or Eu(OTf)3 demon-

strated excellent self-healing behavior. Another approach using CuAAC to copo-

lymerize BIP and spiropyran (SP) in a polyurethane backbone was shown

[197]. The addition of Zn2+ or Eu3+ leads to the formation of supramolecular gels

revealing a hard/soft morphology. Zinc-containing gels showed better self-healing

properties compared with Eu3+. Recovery of the original mechanical properties

after treatment with solvent was achieved. Recently, Yang et al. synthesized

BIP-containing polymers via thiol–ene “click” reactions [198]. The corresponding

gel was formed by mixing with Zn2+, Eu3+, or Tb3+ salts. Rheological analyses of

the three gels demonstrated that the storage modulus G0 fully recovers after damage

within 20 min. Terech et al. utilized bis-terpyridine cyclam as tritopic ligand for

nickel ions, resulting in a supramolecular gel [202]. In addition, a fatty acid

organogel based on 12-hydroxy stearic acid (HSA) with similar elasticity was

utilized to compare the self-healing properties. First, the different gels were dam-

aged with a spatula in a test tube, which was then placed upside down. In contrast to

the HSA gel, the metallogel revealed a recovery of the strain after 48 h. The

metallo-supramolecular gel showed a recovery capability of up to 72%, whereas

the HSA gel exhibited only 32%.

Multistimuli-responsive healable hydrogels based on nickel–tyrosine interac-

tions were described by Banerjee and coworkers [206]. Interestingly, TEM studies

indicated nanofibers in the range of 60–150 nm. All hydrogels healed within 30 min

of putting the cut pieces together. Rheological experiments also showed the recov-

ery of up to 83% of their original stiffness. The variation in chain length of the

Table 2 Summary of ligand–metal systems utilized for the design of self-healing metallopolymer

networks

Ligand system Metal References

Catechol Fe3+ [190, 191]

Histidine Zn2+ [192, 193]

Ni2+, Co2+,

Cu2+
[192]

Imidazole Zn2+ [194]

Poly(ethyleneimine) Cu2+ [195]

Pyridine

2,6-Bis(1,2,3-triazole-4-yl)pyridine (BTP) Zn2+, Eu3+ [196–198]

Tb3+ [198]

2,6-Bis(10-methylbenzimidazolyl)pyridine (Mebip) Zn2+, La3+ [199]

4,40-{[(Pyridine-2,6-dicarbonyl)bis-(azanediyl)]bis(methylene)}-

dibenzoic acid

Eu3+, Tb3+ [200]

4-(Pyridin-2-yl)-1H-1,2,3-triazole Fe2+, Co2+ [201]

Terpyridine Ni2+ [202]

Fe2+ [203, 204]

Cd2+ [205]

Tyrosine Ni2+ [206]

L-Valine Zn2+ [207]
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tyrosine derivates influences the self-healing ability (i.e., longer chain length

correlates with faster self-healing). Additionally, the same group investigated the

self-healing properties of a non-polymeric supramolecular hydrogel based on an L-

valine-functionalized ligand and Zn2+ ions [207]. In addition to interesting

multiresponsive gel-to-sol and sol-to-gel transitions, the hydrogel can bear

60-fold its own weight without any change in shape. Furthermore, it exhibits

rapid self-healing behavior at room temperature. Recently, a pyridine-2,6-dicar-

boxylic acid derivate was utilized to design self-healing luminescent supramolec-

ular metallogels [200]. For this purpose, lanthanides (i.e., Eu3+ and Tb3+) were

added in different stoichiometric ratios. The nature of the metal salt influences the

resulting color. The metallogels were further swollen in methanol to enable self-

healing of these materials. Gels with only one metal ion show instantaneous self-

healing after cutting the material. Rheological studies showed that the gel

containing both Eu3+ and Tb3+ is softer than gels with only Eu3+ or Tb3+. However,

all gels provide fast recovery of the initial G0 after damage.

The first photoinduced self-healing of a metallopolymer was reported in 2011

[199]. Here, Burnworth et al. end-functionalized poly(ethylene-co-butylene) with
two 2,6-bis(10-methylbenzimidazolyl)pyridine (Mebip) ligands. The addition of Zn

(NTf2)2 or La(NTf2)3 leads to linear metallopolymers that showed self-healing

under irradiation with UV light (320–390 nm, 950 mW/cm2). The irradiation

induced two different phenomena: Cleavage of the metal–ligand complex and

heating of the polymer (approximately 220 �C). Consequently, the flexibility of

the polymer increased, which enabled healing. After irradiation, both

metallopolymers can rapidly recover their initial mechanical properties (~1 min).

Wang et al. copolymerized nBA and methyl methacrylate with a Mebip-containing

acrylate via RAFT polymerization (approx. 3, 5, or 8% Mebip) [209]. Subsequent

crosslinking with Zn(OTf)2 led to a gel, whereas crosslinking with Eu(OTf)3
resulted in a highly viscous material. This fact indicated that Eu3+ binds more

weakly than Zn2+ to Mebip. Rheological measurements further revealed that the

amount of crosslinks influenced the storage modulus (G0). Thus, a higher Mebip

content, corresponding to a higher crosslinking density, led to higher G0. Further-
more, Tg increased with a higher content of Zn2+ and, similarly, the viscous flow

temperature (Tf) increased. The material showed both shape-memory and healing

properties. For self-healing tests, a copolymer containing 5% of Mebip was used

because of its good mechanical properties. First, a rectangular plate of this material

was damaged with a razor blade and then the plate was bent at an angle of 90� to
separate the crack surfaces. Heating to 140 �C initiated a shape-memory-assisted

self-healing process (SMASH) and healing was obtained within 25 min. Further-

more, the healing ability during irradiation with UV light (300–400 nm, 127 mW/

cm2) was investigated. Here, the polymer was heated to 185 �C, which enabled

healing within 4 min.

Recently, Wang and Urban presented a supramolecular network based on

copper–poly(ethyleneimine) (PEI) interactions. The resulting metallopolymer was

capable of healing under irradiation with UV light [195]. The key step for the

healing process is not the heating of the polymer network during UV irradiation, but
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the UV-induced re-formation of the Cu-amine complexes. UV absorption induces a

square-planar-to-tetrahedral transition of the Cu-PEI complex. The ground state of

the Cu-amine complex has a square-planar geometry as a result of the high energy

difference between dx2–y2and dxz/yz orbitals. After UV irradiation, the energy

difference between these two orbitals is decreased, which leads to transition to

the tetrahedral structure. In the self-healing experiments, the material was

completely cut into different pieces. The combined pieces healed multiple times

under UV light. Furthermore, films of this network were coated onto a glass

substrate and mechanically damaged. Surprisingly, the self-healing process was

only possible two to three times.

Bode et al. synthesized terpyridine-functionalized poly(alkyl methacrylates) via

the RAFT polymerization technique [203]. The polymers containing approximately

10% terpyridine units were crosslinked by the addition of iron(II) sulfate. The

authors utilized methyl-, butyl-, and lauryl methacrylate as comonomers for the

copolymerization. Thus, different Tg values were observed, decreasing with longer

side chains. Therefore, no self-healing behavior of the poly(methyl methacrylate)-

based polymer was observed as a result of the high Tg of 74
�C. In the other two

cases, self-healing was achieved at 100 �C. Films based on butyl methacrylate

revealed the healing of small cracks (length 180 μm, width 10 μm) within 40 min of

damaging the film with a scalpel. However, reducing the temperature to 80 �C led to

a significantly longer healing time (i.e. 30 h). Changing the comonomer to lauryl

methacrylate resulted in a more flexible network. Consequently, the polymer film

healed larger and wider scratches. Moreover, SAXS measurements of the

metallopolymer suggested the presence of (ionic) clusters. Temperature-dependent

Raman spectroscopy indicated that free terpyridine moieties are present during

healing as a result of partial thermal decomplexation. In addition, quantum mechan-

ical/molecular mechanical (QM/MM) simulations were performed to investige two

possible healing mechanisms: (1) Thermal decomplexation of the metal–ligand

interaction and the formation of new crosslinks upon cooling and (2) thermal

dissociation of the ionic clusters (Fig. 17). The possibility of thermal

decomplexation was confirmed by QM/MM simulations. In contrast, these simula-

tions revealed that neither complete thermal cleavage of the relatively stable

ionic cluster nor formation of new crosslinks are possible at the applied temperature

(100 �C) [204].
Further investigations revealed that the self-healing behavior is connected with

the strength of the metal–ligand interaction. As a consequence, variation of ligands

and metal salts are key factors in tuning these intrinsic properties [189]. In the same

manner, the self-healing behavior of terpyridine-containing polymers was

improved by changing the metal ion as well as the counterion. Cadmium acetate

was utilized as the crosslinker, because of weaker metal–ligand interactions (com-

pared with iron). The resulting materials showed multiple healing cycles at 80 �C
[205]. Furthermore, the formation of monoterpyridine complexes was verified,

which are crosslinked via acetate bridges. Recently, an alternative ligand system

was utilized to design self-healing materials [201]. A bidentate triazole-pyridine

was copolymerized with lauryl methacrylate via RAFT. Crosslinking with iron
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(II) and cobalt(II) salts led to self-healing polymers that could heal at temperatures

between 50 and 100 �C.
Further investigation of this system also revealed a correlation between the

supramolecular bond lifetime and the healing behavior of metallopolymers

[210]. For this purpose, a terpyridine-containing poly(butyl methacrylate) was

crosslinked by the addition of 12 different metal salts. Manganese(II), cobalt(II),

zinc(II), and nickel(II) were chosen as cations and chloride, nitrate, and acetate as

the corresponding anions. The healing behavior of these 12 metallopolymers was

investigated. The polymer network crosslinked by manganese(II) chloride featured

the best self-healing behavior. The mechanical properties were studied by rheology

and a crossover of G0 and G00 was demonstrated, which is related to the self-healing

behavior of the metallopolymer.

Guan and coworkers designed a multiphase network consisting of zinc–imidaz-

ole interactions in a hard/soft brush copolymer structure [194]. First, they

copolymerized styrene and 4-vinylbenzyl chloride (5 and 10%) via free radical

polymerization (approximately 140 repeating units). Post-polymerization

Fig. 17 Proposed healing

mechanism of

metallopolymers: (a)

crosslinking by the addition

of a metal salt, (b)

reversibility based on

ligand-exchange, and (c)

reversibility based on ionic

cluster (reprinted with

permission from [204])

Intrinsic Self-Healing Polymers Based on Supramolecular Interactions: State. . . 93



functionalization of the benzyl chloride with potassium ethyl trithiocarbonate

enabled selective introduction of a RAFT chain transfer agent. Subsequently, the

trithiocarbonate was utilized for the RAFT polymerization of nBA with an

imidazole-containing acrylate (approximately 180 repeating units). The imidazole

content was adjusted to 25 or 35 mol%. SAXS measurements revealed the presence

of a broad reflection corresponding to a domain size of 7–20 nm. Furthermore, the

mechanical properties were tuned by varying several polymer parameters (e.g., the

content of imidazole and the ratio between ligand and zinc salt). Self-healing tests

were performed by cutting the material to a depth of 70–90% of the material

thickness. Afterwards, the material was reconnected for 1 min at room temperature.

Recovery of the original mechanical properties was analyzed in a tensile test, which

revealed full recovery of the toughness after 3 h. Interestingly, the Young’s
modulus and the yield stress recovered rapidly.

Scientists are often inspired by nature. On the one hand, macroscopic self-

healing in nature can rehabilitate broken bones or injured skin and, on the other

hand, it can occur on a molecular scale. Repair of DNA through various processes

after self-replication [211], regeneration of hydra (fresh-water polyps) [212], recov-

ery of egg capsules of marine whelks [213], and the self-healing behavior of mussel

byssal threads after stress [214] are just a few of thousands of natural examples.

However, the latter example has been widely discussed in recent years [215–

220]. The material exhibits both the interaction between 3,4-hydroxy-phenylala-

nine (DOPA) and iron ions [190, 221] and histidine–metal interactions

[217, 222]. In detail, mussel byssus consists of several threads and acts as a

shock-absorbing line for mussels in marine environments. Secreted by the mussel

foot, the threads attach the organism to rocks with an adhesive plaque built-up from

several DOPA-containing proteins. Furthermore, the mussel thread consists of a

distal and a proximal region. It was found that the self-healing behavior might be

based on histidine–zinc interactions in a block copolymer-like protein structure

[214, 218, 220, 223].

The first study by Holten-Andersen et al. utilized catechol-Fe3+ and its pH

dependency to form self-healing polymer gels [190]. DOPA-containing star-shaped

branched poly(ethylene glycol) (PEG) chains were synthesized and further

crosslinked with iron(III) chloride. Deprotonation of the hydroxyl groups of

DOPA leads to a variation in the stoichiometry of the DOPA-Fe3+ complexes

(Scheme 2). The changes in the complex structure can be monitored by UV–vis

spectroscopy, which verified the pH values of ~5, ~8, and ~12 for the mono-, di- and

tris-complexes, respectively. Furthermore, resonance Raman spectroscopy of the

hydrogel at high pH values corresponds to results obtained from native mussel

thread cuticles. Self-healing tests demonstrate almost full recovery of stiffness and

cohesiveness after damage.

This system was recently investigated with respect to tenability via control of

crosslinking by variation of the metal ions [191]. For this propose, chloride salts of

iron(III), vanadium(III), and aluminum(III) were added in a ratio of 1:3 (metal to

catechol). The pH was adjusted to 8 to mimic typical oceanic conditions. UV–vis

spectroscopy showed that the vanadium-based gels exhibit tris-catechol complexes
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and that di-catechol complexes were obtained using iron-based gels. In contrast, the

aluminum–catechol interactions were thought to be the weakest, because of the low

UV–vis-absorption of the polymer gel. Resonance Raman spectroscopy measure-

ments supported these results. Therefore, vanadium is an optimal coordination

partner for DOPA-based polymer gels at pH 8. Results showed a tenfold higher

stability of the gel containing vanadium compared with the iron-based system.

These findings illustrate the dependency of the complex structure on both pH and

metal salt. This study provides excellent inspiration for new self-healing materials.

In addition, Krogsgaard et al. utilized DOPA-containing polyallylamine,

crosslinked with FeCl3, to further optimize the self-healing behavior of such

hydrogels [224]. After damaging this hydrogel with a spatula at pH 8, full recovery

of the original shape and mechanical strength was achieved. Tensile tests also

confirmed a fast recovery of the storage modulus G0 of 4,700 Pa.

Another mussel-inspired approach is the utilization of metal–histidine interac-

tions for formation of self-healing materials. Fullenkamp et al. studied a four-arm

star polymer based on terminal-functional histidine-modified PEG [192]. This

polymer was subsequently crosslinked with zinc(II), copper(II), nickel(II), and

cobalt(II) ions in a ratio of 1:2 and 1:4 (metal to histidine). The resulting hydrogels

were investigated via rheology. The authors reported that the rate of self-repair

follows the order Zn2+>Cu2+>Co2+>Ni2+. Recently, Enke et al. developed for

the first time self-healable coatings based on zinc–histidine interactions [193]. For

this purpose, two novel histidine monomers were synthesized. Both histidine

moieties were protected with a triphenylmethyl group (Trt) on the Nτ-position to

optimize their solubility in organic solvents. In the case of the first monomer

(Trt-His-OMe, 1), the acid function is blocked with a methyl ester, whereas the

second monomer (Trt-His-OH, 2) bears free carboxylic acid (Fig. 18).

Afterwards, butyl methacrylate (BMA) and lauryl methacrylate (LMA) were

copolymerized with those histidine monomers via RAFT polymerization. In a

further step, the Trt group was cleaved off in order to visualize the influence of

pH-value5 8 12

1 7 14

Scheme 2 Complexes of iron(III) ions with catechol and their pH-induced crosslinking character
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the protecting group (Scheme 3). Finally, the different copolymers were crosslinked

with several zinc salts in the ratio 1:3 (zinc to histidine) and drop-coated onto

microscope slides. The resulting films were investigated with respect to their crack-

healing behavior. Best self-healing results were found for LMA/1-containing

metallopolymers (40–60 �C within 20 min). In general, LMA copolymers demon-

strate better self-healing as a result of their longer side chain, which mediates higher

flexibility. Furthermore, the counterion is found to have a considerable influence on

the self-healing capacity. Thus, the utilization of zinc(II) nitrate results in the best

N

N

O

H
N
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PhPh

Ph
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N

N
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HN
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Fig. 18 Novel histidine monomers 1 and 2

Scheme 3 Histidine monomers and synthesis of the corresponding copolymers, which were

further crosslinked with several zinc salts (reproduced with permission from [193])
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self-healing properties compared with zinc(II) chloride and zinc(II) acetate. This

fact leads to the suggestion that the binding strength of the counterion is responsible

for this behavior. Cleavage of the Trt group of Trt-His-OMe-containing

metallopolymers leads to an increase in the temperature required for the self-

healing process. The higher binding strength of the formed complexes as a result

of the higher coordination possibilities might require more energy to show revers-

ibility. Another trend was found in the case of Trt-His-OH-containing copolymers.

Here, the self-healing temperature significantly decreased after cleavage of the Trt

group. The authors supposed that the free carboxylic acid function plays a key role

in the structure of the histidine–zinc complexes, which influences the self-healing

behavior extensively. However, this effect should be further investigated in detail to

obtain the required information for enhancing self-healing behavior in a controlled

manner.

In recent years, promising strategies for self-healing metallopolymers have been

developed and further improved. A deeper understanding of the self-healing mech-

anism for each metal–ligand system is a key factor in designing well-defined future

self-healing materials. Furthermore, the processability of the metallopolymers, in

particular of the networks, has to be improved to enable broader applications.

6 Self-Healing Polymers Based on Reversible Host–Guest

Interactions

Compared with metal–ligand interactions, the non-covalent binding between a host

and a guest (i.e. molecular recognition) can be based on several interactions, such as

van der Waals, charge-transfer, ion-dipole, and hydrophobic interactions [225]. A

typical example of a host–guest interaction is the human immune system with its

antibodies, which selectively bind on antigens and finally eliminate pathogens.

Furthermore, enzymes are known for their catalytic influence via selective reactions

(i.e. key and lock model) [226].

Self-healing supramolecular networks based on host–guest interactions are a

relatively new topic, begun with the pioneering work of Harada and coworkers in

2011 [227]. Since then, several macrocyclic hosts (cyclodextrins, crown ethers, and

cucurbit[n]urils) have been used for the preparation of self-healing supramolecular

networks (Fig. 19).

Cyclodextrins (CDs) are water-soluble macrocycles consisting of six, seven, or

eight to 16 glucose units linked by α-1,4-glycosidic bonds. Most utilized cyclodex-

trins are α-, β- and γ-CDs consisting of six, seven, or eight linked units

[228, 229]. Moreover, the possibility of synthesizing polymers containing CDs

via controlled radical polymerizations (e.g., RAFT) or post-polymerization

functionalization offers easy synthetic pathways [230]. The CDs can form inclusion

complexes with a large number of guests through hydrophobic interactions.
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Important guests for self-healing materials are ferrocene and adamantane units

(Fig. 19) [231].

The unique reversibility of the host–guest interaction between β-CD and ferro-

cene (Fc) was utilized by Harada and coworkers to design the first example of those

materials [227]. For this purpose, poly(acrylic acid) was functionalized with either

β-CD or Fc. The two functionalized polymers were mixed together to form a

supramolecular hydrogel. The authors utilized the redox-responsive host–guest

interaction to induce a sol–gel phase transition of the hydrogel. β-CD has a high

affinity for the neutral Fc; however, the complex rapidly dissociates when Fc is

oxidized (Fc+) [232]. The self-healing properties were also investigated. When the

material was cut into two pieces and, subsequently, brought into close contact, the

two halves reconnected within 24 h. The adhesive strength of the material was

recovered up to 84% of the initial strength. To demonstrate the dependency of the

self-healing process on the reversible host–guest interactions, the freshly cut sur-

face was treated with competitive guest and host molecules. After 24 h, the

connected pieces showed no self-healing. In addition, the influence of an oxidizing

reagent was studied with respect to control of the self-healing ability. The addition

of an aqueous solution of sodium hypochlorite to the freshly cut surface resulted in

oxidation of Fc to Fc+, which led to no complex formation with β-CD. Hence, self-
healing was not obtained. The authors discussed the potential utilization of these

materials for drug delivery because of their excellent properties and the biocom-

patibility of cyclodextrin.
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Yan et al. synthesized a water-soluble oligo(ethylene glycol) (OEG)

functionalized with ferrocene (Fc-OEG-Fc) and cyclodextrin (β-CD-OEG-β-CD)
units [233]. By mixing these monomers together an AA–BB-type supramolecular

polymerization was achieved. Furthermore, these polymers showed hierarchical

assembly into nanofibers and self-degradable and self-healing properties under

electrochemical conditions.

Self-healing polymers triggered by electrochemical stimuli, based on poly

(glycidyl methacrylate) modified with Fc and difunctional β-CD, were fabricated

[234]. The self-healing properties of the coated polymer films were investigated

with scanning electron microscopy (SEM). The best self-healing behavior was

obtained by electrical treatment with a 9-V cell for 24 h and subsequent heating

to 85 �C for 24 h. In addition, utilization of the polymer as a self-healing agent in

commercial painting products was tested successfully.

Wang et al. utilized fatty acids modified with β-CD and poly(ethylenimine)

oligomer-grafted Fc, in the design of a supramolecular network with self-healing

properties [235]. After cutting this material into pieces and then bringing the pieces

together, the material healed within 5 min (the presence of absorbed water is

required for self-healing). To determine the importance of the host–guest interac-

tion on the healing process, competitive hosts were added onto the freshly cut

surfaces and resulted in no self-healing even after 24 h. Therefore, the interaction

between the host and the guest plays a key role in the self-healing mechanism. The

authors address the possibility of utilizing the presented system as an efficient

cushioning material. Recently, β-CD and Fc were separately introduced as pendant

groups in a poly(N,N0-dimethylacrylamide) backbone. The resulting hydrogel was

formed by simple mixing of the two polymers in an aqueous solution. Self-healing

was proven by rheological tests; damaged hydrogels could rapidly restore their

initial level. In addition, cytotoxicity measurements demonstrated the biocompat-

ibility of these materials, enabling biological applications such as tissue engineer-

ing and drug delivery [236].

Another important guest for cyclodextrin-based self-healing systems is

adamantane (Ad). Harada and coworkers presented the formation of a hydrogel

by copolymerization of acrylamide and the inclusion complex of a CD monomer

with the guest monomers nBA or N-adamantane-1-yl-acrylamide in water

[237]. After cutting the β-CD-Ad hydrogel into half and then putting the surfaces

together, the surfaces more or less immediately formed one piece again. In contrast,

the rejoined two pieces of the α-CD-nBA hydrogel required several hours to

achieve reattached material. Complete recovery of the gel strength of β-CD-Ad
hydrogel took 24 h, whereas the α-CD-nBA hydrogel restored only 74% of the

initial strength after the same time. The different behavior of the hydrogels is

associated with the higher binding constant of β-CD with an Ad group

(Ka¼ 1,500 M�1) than α-CD with nBA (Ka¼ 57 M�1). In addition, self-healing

of the β-CD-Ad hydrogel was achieved even if the two halves were separately

stored for 20 h and brought together afterwards. Recently, Harada and coworkers

demonstrated a hard self-healing xerogel based on host–guest interactions of β-CD
and Ad [238]. For self-healing tests, the β-CD xerogel and the Ad xerogel were
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mixed together. The molar ratio (mol%) of the host and the guest was varied. The

self-healing capacity of β-CD-Ad xerogels was investigated by tensile tests. The

xerogel containing 0.3 mol% of β-CD and 0.4 mol% of Ad showed an adhesive

strength of 2.8 MPa. After damage, the reattached xerogel demonstrated a recovery

stress ratio of 40% after 1 h and 88% after 48 h.

Himmelein et al. prepared an Ad-modified cellulose polymer that was

crosslinked with cyclodextrin-containing vesicles [239]. This material revealed

shear-thinning and self-healing properties. Recently, Zhang et al. presented a self-

healing conductive network based on small molecules and nanotubes [240]. The

authors utilized single-walled carbon nanotubes containing β-CD and Ad-modified

PEI to fabricate a recyclable supramolecular composite. The material restored its

initial electrical and mechanical properties to over 90% after damage (tensile tests).

Nevertheless, the addition of water is required for the self-healing process. The

authors proposed that the self-healing is based on host–guest interactions as well as

on hydrogen bonds. Rodell et al. modified hyaluronic acid separately with β-CD
and Ad [241]. The Ad unit is bound to the polymer backbone via a peptide chain,

which offers the possibility of proteolytic degradation of the network. After mixing

these polymers, a hydrogel with self-healing behavior is formed. The authors

highlighted the injectability and the biodegradability of the presented material

with the potential for medical applications such as drug or cell delivery.

Zhu and coworkers synthesized a photoresponsive supramolecular

hyperbranched polymer based on the non-covalent interactions between an

azobenzene dimer and a β-CD trimer [242]. The authors suggested further investi-

gation of its self-healing properties because of the photocontrolled reversible

complexation of the host by the guest by alternating UV–vis irradiation. This

principle is based on the different aggregation constant between β-CD and either

the trans- or the cis-isomer. Selective irradiation with 365 nm led to the cis-
conformation, which has a much lower association constant with β-CD than the

trans-isomer, resulting in dissociation of the polymer. This effect generated mobil-

ity in the material and enabled healing (e.g., crack healing in a coated polymer

film). Chen et al. investigated the host–guest interactions between β-CD and

α-bromonaphthalene (α-BrNp) in a hydrogel based on a polyacrylamide backbone

[243]. After cutting the material into pieces and placing the surfaces together, rapid

self-healing behavior was observed (1 min). The rheological properties were

restored after 1 h. The authors pointed out that the self-healing behavior is

influenced by both host–guest interactions as well as hydrogen bonds. In addition

to the self-healing properties, the hydrogel showed the ability to produce room-

temperature phosphorescence.

Yu et al. utilized a new method for radical polymerization (magnetically induced

frontal polymerization, MIFP) to synthesize Fe3O4-doped supramolecular gels

based on the host–guest recognition of β-CD and N-vinyl imidazole

(VI) copolymerized with 2-hydroxypropyl acrylate [244]. Thus, the β-CD moiety

is not included in the polymer chain. The ability of VI to form dimer inclusion

complexes with β-CD enables reversible crosslinks in the polymer matrix. Increas-

ing the amount of β-CD and introduction of Fe3O4 nanoparticles significantly
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improved the mechanical properties. However, increasing the β-CD concentration

can block the imidazole groups, resulting in a decreased self-healing capacity. A

β-CD to VI ratio of 1:5 (w/w) was found to represent an optimum between

mechanical and self-healing properties. Furthermore, the healing time was signif-

icantly decreased when the damaged gels were treated with an external magnetic

field of 450 kHz.

Compared with cyclodextrin, which mainly forms host–guest interactions in

aqueous solutions, organic solvents are utilized for crown ether-based supramolec-

ular polymers [245]. Crown ethers have a long history, beginning with the discov-

ery of these cyclic polyethers in 1967 [246]. They can be utilized for the

complexation of metals or organic ions. Moreover, the host–guest recognition is

responsive to temperature, pH, and competing ions. These properties can be utilized

to introduce self-healing behavior in crown ether-based polymers [231]. In 2012,

Huang and coworkers presented the first self-healing supramolecular gel with

crown ether moieties [247]. For this purpose, poly(methyl methacrylate) containing

dibenzo[24]crown-8 (DB24C8) was synthesized and crosslinked with two bis-

(ammonium salts) having different end-group sizes (Fig. 20). Gel 1 was immedi-

ately prepared by simple mixing of the two compounds in organic solvents. Gel

2 was formed by heating for 30 days and stirring for further 45 days after mixing.

The longer time for recognition is explained by the larger size of the end group

(cyclohexyl unit). The host–guest interactions were proven by 1H NMR

Fig. 20 Supramolecular gels based on crown ether interactions [247]
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spectroscopy, indicating a chemical shift for the aromatic protons after complexa-

tion. Moreover, the gels are degradable, triggered by pH stimuli; for example,

addition of a base causes deprotonation of the amines, resulting in disintegration

of host and guest. Self-healing studies pointed out that the self-healing mechanism

of gel 1 is based on host–guest interactions, whereas gel 2 can heal mainly through

electrostatic interactions and hydrogen bonds, resulting in faster self-healing behav-

ior. Furthermore Chen and coworkers investigated the host–guest interactions of

DB24C8 and dibenzylammonium (DBA) [248]. The supramolecular network was

based on a triptycene-based bis(crown ether) and a copolymer containing DBA.

The resulting gel showed thermo-, acid/base- and chemo-induced gel–sol transi-

tions. Furthermore, self-healing behavior was demonstrated after damaging the gel

with a knife. The copolymerization of ethyl acrylate and a guest monomer

containing DBA led to another supramolecular network if a DB24C8-containing

bis(crown ether) was utilized for crosslinking [249]. The gel showed pH- and

thermoresponsive behavior. Moreover, a mechanical strength of 14.8 kPa and fast

self-healing properties distinguished the material.

A self-healing supramolecular organogel based on the crosslinks of DB24C8 and

DBA, which were separately incorporated in a glycidyl triazole polymer backbone,

was described by Ikeda and coworkers [250]. The advantage of this gel is the high

elasticity under large deformation as a result of the mobile polymer chains with

higher molar masses.

Huang and coworkers prepared novel crosslinked supramolecular networks

based on a linear polymer: AA monomer bis(benzo-21-crown-7) (B21C7) and

BB monomer bis(dialkylammonium salt) [251]. Additional 1,2,3-triazole groups

were crosslinked with PdCl2(PhCN)2, resulting in a highly crosslinked, transparent

self-healable gel, which also showed quadruple-stimuli responsive gel–sol transi-

tions. The combination of two reversible non-covalent bonds led to a supramolec-

ular polymer network with unique properties. In this way, good mechanical

properties were introduced with the formation of relatively strong metal–ligand

interactions. In contrast, weaker host–guest interactions facilitated self-healing.

With the same concept, Zhan et al. prepared a gel based on multiple orthogonal

interactions [252]. The authors utilized the same interactions as Huang and

coworkers [251], but they added another metal–ligand interaction between

terpyridine and Zn(OTf)2. The resulting multiresponsive supramolecular gel

showed fast self-healing behavior, with broken films showing full recovery after

300 s.

Besides cyclodextrins and crown ethers, cucurbit[n]urils (CB[n]s) can be uti-

lized to fabricate self-healing materials. CB[n]s are cyclic oligomers of glycoluril

that can bind single guests such as metals or imidazolium ions (n¼ 5–7). Large

guests or even two guests can find space in one CB unit [8] because of the large

cavity volume [253]. One example of a healable hydrogel based on CB [8]

recognition was published recently by Ikkala and coworkers [254]. The authors

synthesized naphthyl-functionalized cellulose nanocrystals and poly(vinyl alcohol)

containing methyl viologen to enable host–guest interaction with CB [8] after

mixing the compounds together in water. Here, the host acts as dynamic crosslinker
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of the two different guests. The self-healing properties were investigated with the

help of step–strain experiments, demonstrating full recovery of their initial mechan-

ical behavior within a few seconds of damage. Two cut pieces of this hydrogel heal

within 30 s. Moreover, calix[n]arenes [255, 256] and pillar[n]arenes [257, 258]

have high potential to be used in self-healing materials because of their cavity size

and specific reversible host–guest interactions. Thus, new supramolecular struc-

tures should be investigated in order to improve the material properties (i.e.

mechanical and self-healing properties) and eventually enable engineering and

medical applications [231]. A summary of the host–guest interactions used is

given in Table 3.

7 Conclusions and Outlook

Nature itself, as an outstanding demonstrator of self-healing materials, can be a

great source of inspiration for the design of novel synthetic smart materials. The

interplay of different supramolecular interactions provides the basis for the unique

properties of natural materials (systems). Consequently, synthetic supramolecular

polymers have been intensively investigated in recent years, because these mate-

rials feature interesting properties such as reversibility, stimuli-responsiveness, and

tunability of their mechanical properties. Generally, these properties are ideal

preconditions for the design of self-healing materials and a variety of different

examples have been presented over the last few years.

The properties of these polymers as well as their ability to close cracks can be

easily tuned by changing the supramolecular binding motif. Hydrogen bonds

feature weak interactions, resulting in rubber-like materials with self-healing prop-

erties at room temperature, but metallopolymers reveal much stronger supramolec-

ular bonds. This increase in the binding energy can lead to “stronger” materials,

Table 3 Summary of host–guest interactions utilized for self-healing materials

Host Guest Literature

Cyclodextrin (CD)

β-CD Ferrocene (Fc) [227, 233–236]

Adamantane (Ad) [237–241]

Azobenzene [242]

α-Bromonaphthalene [243]

N-Vinylimidazole [244]

α-CD n-Butane [237]

Crown ether

Dibenzo[24]crown-8 Dibenzylammonium [247–250]

Cyclohexyl-benzylammonium [247]

Benzo-21-crown-7 Alkylammonium salt [251, 252]

Cucurbit[8]urils Naphthyl/methyl viologen [254]
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although external stimuli are often required for such materials to achieve self-

healing.

In recent years, a wide range of different systems have been investigated and the

underlying healing mechanisms were studied in detail. Nevertheless, there are still

many future challenges, such as a complete understanding of the healing mecha-

nism for all supramolecular polymers. Bulk properties and the behavior of the

supramolecular unit within the polymer are still poorly understood. The behavior

of these moieties and their responsiveness in solution and in the melt are often

strongly different; thus, the behavior in bulk still requires other types of investiga-

tion. A first study regarding this analysis was performed by Bose et al. [142, 186],

who analyzed the behavior of ionomers using rheological measurements. The

authors found a crossover of G0 and G00 and could correlate this behavior to a

supramolecular bond lifetime (τ). This bond lifetime could be used to predict the

mechanical and healing properties.

Furthermore, supramolecular systems are also ideal candidates for the commer-

cialization of self-healing materials. Arkema commercialized the polymers inves-

tigated by Leibler and coworkers [37], which are similar to the commercially

available Surlyn® (http://www.dupont.com/products-and-services/plastics-poly

mers-resins/ethylene-copolymers/brands/nucrel-ethylene-acrylic-acid.html) or

materials from Suprapolix (http://www.suprapolix.com/pages/polymers) which

also feature self-healing properties. Nevertheless, more supramolecular systems

will appear on the market in the future. Preconditions are the scale-up of the

synthesis and, importantly, an improvement in the accessibility of these polymers

because many current systems are too expensive for industrial application. Conse-

quently, the basic healing mechanism should be transferred to cheaper systems.

Moreover, an intrinsic problem – the creep – of most supramolecular systems has to

be solved. The high reversibility of the supramolecular bonds results in a time-

dependent response to constant external forces. Introducing additional covalent

bonds could remedy this problem but might also reduce the self-healing ability.

Alternatively, inclusion of inert rigid particles could lead to a yield point solving the

problem without destroying the self-healing characteristics.

The processability of supramolecular self-healing systems also requires more

research. Some systems, in particular metallopolymers, were often utilized as

networks and synthesized from two compounds, resulting in weakly soluble sys-

tems. Thus, the manufacturing of these systems needs to be improved [259–261]. A

further challenge is the improvement in the mechanical properties of very good

self-healing systems. In general, the supramolecular unit defines the properties of

the final polymer. Very weak interactions lead to polymers that are rubber-like, but

have a high self-healing capacity. On the other hand, strong supramolecular inter-

actions yield high mechanical properties, but the self-healing ability is reduced and

an external stimulus is often required. In recent years, two strategies have been

investigated in order to overcome this problem: The first method is to utilize a

double network structure with incorporation of covalent crosslinks, which enhance

the mechanical properties [56]. Another possibility is a multiphase design in which
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both hard and soft segments are utilized to feature both high mechanical properties

and self-healing behavior at room temperature [55, 194, 262].

In conclusion, supramolecular systems are well established for the design of self-

healing polymers and feature the advantage that their strength is tuneable. Several

interactions have been utilized for their preparation, and healing at different

temperatures is possible. Thus, an on-demand synthesis of a supramolecular self-

healing polymer is possible and the next step towards industrial application is

heralded.
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