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Reversible poly(methacrylate) networks are synthesized with tunable thermomechanical and 

self-healing properties. The focus is on high-modulus networks (guide value around 500 MPa at 

25 °C) in combination with fast self-healing for applications as coatings at ambient temperature. 

In case of a broad temperature window for outdoor applications, mechanical robustness up to 120 

°C is aimed for. Methacrylate-functionalized Diels-Alder prepolymers containing furan-

maleimide reversible covalent bonds are first synthesized at 25 °C. The prepolymers act as 

reversible crosslinkers in the subsequent UV-polymerization at 60 °C. Reaction-induced phase-

separation is achieved by changing the balance between soft and hard blocks, leading to 

homogeneous and (partially) phase-separated, fully reversible poly(methacrylate) networks. The 

incorporation of urethane bonds introduces hydrogen bonding capacity. For comparison, 

irreversible poly(methacrylate) networks, i.e. without reversible Diels-Alder bonds, are 

synthesized via UV-polymerization of irreversible methacrylate-functionalized prepolymers. A 

tunable self-healing behavior is demonstrated. The single-dynamic high-modulus 

poly(methacrylate) networks, i.e. purely based on reversible Diels-Alder bonds, show slowest self-

healing, e.g. 7 days in ambient conditions. The dual-dynamic high-modulus poly(methacrylate) 

networks, i.e. based on covalent Diels-Alder bonding and supramolecular hydrogen bonding, show 

fastest self-healing, e.g. 10 min in ambient conditions, if hydrogen bonding is combined with 

intrinsic local network mobility in case of a (partially) phase-separated network morphology.  

   

Introduction 

The majority of intrinsically self-healing studies on reversible covalent polymer networks 

focusses on low-modulus materials in the elastomeric state. This means that the sealing and healing 

stages are performed at temperatures (Tapp) higher than the material’s glass transition temperature 
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(Tg) in homogeneous systems or higher than the Tg of the major phase (matrix phase) in phase-

separated systems, at which the (homogeneous or phase-separated) polymer network exhibits 

sufficient segmental mobility (Tapp > Tg). 
1–10 Self-healing studies around or below the network’s 

Tg are scarce. Extrinsic self-healing of thermosets at room temperature is described by embedding 

mobile (dissolved) self-healing agents in microcapsules 11,12 Also few studies can be found on 

intrinsically self-healing polymer networks at temperatures below the Tg, i.e. in the (partially) 

vitrified state in high-modulus conditions (Tapp < Tg). 
13–15 However, this is very relevant for both 

protective coatings in indoor, as well as outdoor applications with a certain operation temperature 

window around ambient temperature. Examples are encapsulants and polymeric anti-reflective 

coatings in photovoltaics, which are typically exposed to temperatures between -40 °C and 85 °C. 

The higher temperature end of this temperature window, however, may not be reached for longer 

periods, especially during colder seasons. If Tapp stays below or around the polymer network’s Tg 

for longer periods, self-healing is required to also take place under diffusion-controlled conditions 

with reduced segmental mobility. 

Supramolecular hydrogen bonding is an excellent tool to facilitate self-healing, and is used in 

support of reversible Diels-Alder chemistry to design dynamic self-healing networks based on a 

dual (hybrid) self-healing mechanism. The mechanical properties of dynamic polymer networks 

containing Diels-Alder crosslinks may generally be improved by introducing hydrogen bonds as 

supramolecular crosslinks. 8,9,16-18 

In this paper, the ambient temperature self-healing potential, based on Diels-Alder cycloaddition 

in combination with hydrogen bonding and phase-separation, of selected fully reversible 

poly(methacrylate) networks is studied with the focus on high-modulus networks. The photo-

initiated free-radical polymerization of methacrylate-functionalized Diels-Alder prepolymers 
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allows the efficient synthesis of fully reversible poly(methacrylate) networks. This versatile two-

step synthesis method is described in literature for two homogeneous high-modulus networks. 14,15 

These polymer networks consist of linear irreversible poly(methacrylate) chains that are 

crosslinked by covalent reversible Diels-Alder bonds. In view of the application of reversible 

poly(methacrylate) networks as self-healing polymer layers, the persistence of the network 

structure is essential in order to preserve the structural/geometrical integrity of the material, also 

at more elevated temperatures as needed e.g. in photovoltaics. Mechanical robustness of the fully 

reversible poly(methacrylate) networks was maintained to at least 120 °C by the irreversible 

poly(methacrylate) chains. 14,15 

This synthesis method is further applied in this paper to design materials with tunable 

thermomechanical properties. The synthesized networks range from elastomeric to glassy behavior 

by adjusting the chemical composition of the building blocks. Moreover, tunable phase-separation 

behavior is achieved by changing the balance between soft blocks and hard blocks in the reversible 

poly(methacrylate) networks. This way, homogeneous (single-phase) and (partially) phase-

separated, fully reversible poly(methacrylate) networks can be developed. The chemistry is further 

adapted by the incorporation of urethane bonds in order to tune the self-healing behavior. 

Finally, reference systems are synthesized via UV-polymerization of irreversible methacrylate-

functionalized prepolymers, i.e. without Diels-Alder bonds, yielding irreversible homogeneous 

and phase-separated poly(methacrylate) networks.  

In this paper, the reversibility and self-healing behavior of the homogeneous (single-phase) and 

the phase-separated high-modulus polymer networks is discussed. Furthermore, the role of 

hydrogen bonding regarding the self-healing capacity of polymer networks containing Diels-Alder 

crosslinks is studied. The reversible poly(methacrylate) networks can switch from a single-
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dynamic, i.e. purely based on reversible Diels-Alder bonds, to a dual-dynamic self-healing 

mechanism, i.e. based on covalent Diels-Alder reversible bonding and supramolecular hydrogen 

bonding interactions. The potential of fast intrinsic self-healing in ambient conditions of high-

modulus poly(methacrylate) networks is explored and the necessary conditions are examined. 

 

Materials and Techniques 

Materials 

 

All chemicals needed for the synthesis of the poly(methacrylate) networks are summarized 

below.  

Dibutyltin dilaurate (DBTDL, 95%, M = 632 g mol-1), furfuryl methacrylate (FMA, 97%, 

contains 200 ppm monomethyl ether hydroquinone as inhibitor, M = 166 g mol-1, ffuran = 1, 

fmethacrylate = 1), furfuryl alcohol (FA, M = 98 g mol-1, ffuran = 1, fhydroxyl = 1), isophorone diisocyanate 

(IPDI, 98%, M = 222 g mol-1, fisocyanate = 2), 2-isocyanatoethyl methacrylate (IEMA, 98%, contains 

0.1% butylated hydroxytoluene as inhibitor, M = 155 g mol-1, fmethacrylate = 1, fisocyanate = 1), 

poly(propylene oxide) diol (PPO-1000, M ≈ 1000 g mol-1, n ≈ 17, fhydroxyl = 2, OH value ≈ 112 

mg KOH g-1 and PPO-2700, Mn ≈ 2700 g mol-1, n ≈ 46, fhydroxyl = 2, OH value ≈ 42 mg KOH g-1), 

poly(propylene glycol) methacrylate (PPG375-MA, M = 375 g mol-1, n ≈ 5, fmethacrylate = 1, fhydroxyl 

= 1), hydroxyethyl methacrylate (HEMA, 97%, contains 200 ppm monomethyl ether 

hydroquinone as inhibitor, M = 130 g mol-1, fmethacrylate = 1, fhydroxyl = 1) and phenylbis(2,4,6-

trimethylbenzoyl) phosphine oxide (97%) (I819, M = 418 g mol-1) were purchased from Sigma 

Aldrich. 
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Furfuryl isocyanate (FI, 97%, M = 123 g mol-1, ffuran = 1, fisocyanate = 1) was purchased from Acros 

Organics. 

Poly(propylene oxide) bismaleimide M-400 (M ≈ 630 g mol-1, n ≈ 6, fmaleimide ≈ 2, amorphous), 

poly(propylene oxide) bismaleimide M-2000 (M ≈ 2400 g mol-1, n ≈ 37, fmaleimide ≈ 2, amorphous) 

and poly(propylene oxide) trismaleimide 3M (M ≈ 660 g mol-1, x + y + z = 5-7, fmaleimide ≈ 3, 

amorphous) were purchased from Specific Polymers. 

2-Hydroxyethyl maleimide (2-HEM, M = 141 g mol-1, fmaleimide = 1, fhydroxyl = 1) was purchased 

from abcr GmbH. 

Poly(propylene oxide) triol (Daltolac R630, Mn ≈ 267 g mol-1, x+y+z ≈ 3, fhydroxyl ≈ 3, OH value 

≈ 630 mg KOH g-1) was supplied by Huntsman. 

 

Synthesis of Methacrylate-Functionalized Furans and Bismaleimide 

The methacrylate-functionalized furans F1, F2 and F3, with methacrylate functionality fmethacrylate 

= 1, and the bismaleimide M1 with poly(propylene oxide) spacer length n ≈ 17 are synthesized by 

means of urethane reaction. All reactions are performed at room temperature using about 1 wt% 

DBTDL as catalyst. Reaction mixtures are stirred with a Heidolph RZR 2041 mechanical mixer at 

1500 rpm for about 1 min. The completeness of urethane reactions is confirmed via ATR 

(attenuated total reflection) FTIR (Fourier transform infrared) spectroscopy by monitoring the 

consumption of isocyanate functionalities through the asymmetric stretching vibration at 2300-

2250 cm-1. The reaction products are analyzed by means of DSC (differential scanning 

calorimetry) and 1H NMR (proton nuclear magnetic resonance) spectroscopy. F1, F2, F3 and M1 

are fully amorphous. More details about synthesis, 1H NMR and properties are given in SI. 
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Synthesis of Methacrylate-Functionalized Diels-Alder Prepolymers 

Diels-Alder adducts or prepolymers are synthesized based on commercially available furan 

FMA and maleimides M-400, M-2000 and 3M, and synthesized furan F1, F2, F3 and maleimide 

M1 compounds. For the synthesis of Diels-Alder adducts, furan and maleimide are mixed in 

equimolar amounts in bulk, i.e. without the use of solvents, and stirred for about 1 min with a 

Heidolph RZR 2041 mechanical mixer at 1500 rpm. Subsequently, the reaction mixture is allowed 

to react for at least 4 days at room temperature. Diels-Alder conversion x is determined 

experimentally by 1H NMR spectroscopy in CDCl3 solution (xNMR) and by means of kinetic 

simulations in bulk using the available kinetic parameters from literature (xsim). 19 

 

Scheme 1 shows an overview of the synthesized Diels-Alder adducts R1 to R6, based on the 

commercially available and synthesized furans and maleimides.  
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Scheme 1. Synthesized Diels-Alder adduct (R1-R6), ordered according to the furans used: FMA 

(a-c), methacrylate-furan F1 (d), F2 (e) and F3 (f). 
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Synthesis of Irreversible Methacrylate Prepolymers 

The irreversible tris- and bis-methacrylate prepolymers I1 and I2, shown in Scheme 2, are 

synthesized as reference materials. More details about synthesis and 1H NMR are given in SI.  

  

Scheme 2. UV-polymerizable irreversible methacrylate prepolymers I1 (a) and I2 (b). 

The methacrylate-functionalized Diels-Alder adducts (reversible methacrylate prepolymers) are 

further used in the synthesis of reversible polymer networks via UV-polymerization. The 

irreversible methacrylate prepolymers are used for the synthesis of poly(methacrylate) networks 

with irreversible crosslinks by means of UV-polymerization. The properties of both the reversible 

Diels-Alder crosslinkers and the irreversible methacrylate crosslinkers are summarized in Table 1. 

All prepolymers are homogeneous (single phase) amorphous systems. 

  

Table 1. Properties of reversible Diels-Alder prepolymers R1-R6 and irreversible methacrylate 

prepolymers I1 and I2.  
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No. Furan Maleimide fmethacrylate Ma [g mol-1] Tg
b [°C] xNMR xsim 

R1 FMA M-400 2 962 -17 0.97 0.94 

R2 F1 3M 3 2154 6 0.95 0.93 

R3 F2 M1 2 2232 -17 n.d. 0.91 

R4 FMA M1 2 2058 -23 n.d. 0.91 

R5 FMA M-2000 2 2732 -55 0.84 0.90 

R6 F3 M-2000 2 3300 -45 0.90 0.89 

I1 - - 3 2058 -18 - - 

I2 - - 2 3404 -57 - - 

n.d.: not determined, a: theoretical values, b: all prepolymer Tg’s are determined by DSC. 

 

UV-polymerization 

All prepolymers of Table 1 are polymerized via photo-initiated free-radical polymerization to 

produce poly(methacrylate) networks. The networks are labeled ‘RHM’ for reversible high-

modulus, ‘RLM’ for reversible low-modulus, ‘IHM’ for irreversible high-modulus and ’ILM’ for 

irreversible low-modulus networks. Reversible means that the networks contain the reversible 

Diels-Alder crosslinks R1-R6, while irreversible means that the networks contain the irreversible 

crosslinks I1-I2. The network structure after UV-polymerization of R3, i.e. RHM3, is given in 

Scheme 3 as an example. The spacer between maleimide groups in Scheme 3 contains the flexible 

poly(propylene oxide) segment (n ≈ 17 in RHM3) that will give rise to phase-separation in the 

high-modulus RHM3 network with a mobile minority phase soft block SB (see Table 2 in 

Summary Material Properties of Poly(methacrylate) Networks). 
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Network films of about 3x5 cm with a thickness of 300-450 µm are produced. At ambient 

temperature, methacrylate prepolymer resin is cast between two glass substrates (treated with 

release agent). The samples are then placed on a pre-heated heating stage at 60 °C, and 

subsequently photopolymerized for 30 min in a nitrogen-purged chamber equipped with two 

Philips Actinic PL-L 18W/10/4P 1CT/25 UV-lamps (max = 365 nm). The theoretical UV-light 

intensity for this setup is about 115 mW cm-2. All photopolymerizations are performed with a 

photoinitiator concentration of 0.1 wt% I819. Raman spectroscopy and DSC were used to confirm 

that the methacrylate groups are fully consumed while the Diels-Alder adducts stay intact. More 

details are described in ref 14. 

 

 

Scheme 3. Chemical structure of the reversible poly(methacrylate) network RHM3 after UV-

polymerization of R3 with indication of all functional groups, including the flexible 

poly(propylene oxide) segment. 

 

Techniques 
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Nuclear Magnetic Resonance Spectroscopy 

1H nuclear magnetic resonance (NMR) spectroscopy is performed on a Bruker Avance DRX 

250 spectrometer with an operating frequency of 250 MHz. Spectra are recorded in 

deuterochloroform (CDCl3) solution (containing 0.03 vol% trimethylsilane as internal standard, 

purchased from Sigma Aldrich) with an approximate sample concentration of 10 mg mL-1, and 

with a longitudinal relaxation time T1 of 20 s. Samples are freshly dissolved and measured without 

any delay to minimize retro Diels-Alder reaction. 

 

Fourier Transform Infrared Spectroscopy 

Fourier transform infrared (FTIR) spectroscopy is performed on a Nicolet 6700 FTIR 

spectrometer from Thermo Scientific at ambient temperature, using OMNIC as software package. 

All spectra are averaged from 32 scans, which are recorded between 4000 cm-1 and 400 cm-1 with 

a resolution of 4 cm-1. Reversibility of the UV-cured polymer network is studied by means of 

transmission FTIR spectroscopy at 25 °C on potassium bromide (KBr) pellets with a sample 

concentration of about 1 wt%. 

 

Atomic Force Microscopy 

Atomic force microscopy (AFM) measurements are carried out on a Bruker MultiMode 8 at a 

scanning frequency of 0.6 Hz, using a Bruker silicon-tipped RFESPA-75 cantilever with a tip 

radius of 7 nm and a spring constant of 3.0 N m-1. Samples are prepared by creating a block face 

using ultra-microtome (Cryo-state). Measurements are performed in PeakForce QNM 

(quantitative nanomechanical property mapping) tapping mode at 25 °C or 70 °C, allowing 
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simultaneous imaging of topography images and mapping of nanomechanical properties (Young’s 

modulus and adhesion force). 

 

Differential Scanning Calorimetry  

Differential scanning calorimetry (DSC) is performed on a TA Instruments Discovery DSC 250 

equipped with a refrigerated cooling system (RCS), allowing temperatures down to -90 °C. All 

experiments are performed in Tzero aluminum pans closed with hermetic lids, using nitrogen as 

purge gas, and at a heating/cooling rate of 10 K min-1. 

Dynamic Mechanical Analysis 

Dynamic mechanical analysis (DMA) is performed on a TA Instruments DMA Q800 equipped 

with a gas cooling accessory. All DMA experiments are performed at a frequency of 1 Hz. 

Experiments on UV-cured poly(methacrylate) network films of 300-450 µm thickness are 

conducted in tension at a heating/cooling rate of 0.5 K min-1 between -80 °C and 120 °C to 

characterize the thermomechanical behavior. 

Powder rectangular bars are measured in 3-point bending under isothermal conditions at 25 °C, 

followed by a temperature scan at 0.5 K min-1 between -80 °C and 120 °C for testing the self-

healing behavior of high-modulus networks in ambient conditions. These samples are prepared by 

compressing freshly powdered, high-modulus poly(methacrylate) networks in a mold (dimensions: 

30x5x2 mm) at elevated pressure for 10 min. The materials are then either immediately demolded 

or kept at 1 bar and ambient temperature for 1 week (to obtain a self-healed rectangular bar).  

Low-modulus network films with a thickness of about 1 mm are used for testing the recovery of 

macroscopic damage, introduced by making a cut with a scalpel. The larger thickness makes 

realignment of the cut surfaces more efficient and avoids buckling during slight compression.  
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Microcalorimetry 

Microcalorimetry is carried out using a TA Instruments thermal activity monitor (TAM III), 

which has a precision of ±200 nW and a baseline drift of maximum 200 nW in 24 h. Measurements 

are done in isothermal conditions at 20 °C (±0.1 °C). Prior to the experiment, freshly prepared 

powder is compressed at elevated pressure for 10 min. The materials are then inserted into 

measuring ampoules and the microcalorimetry experiment is immediately started. The residual 

heat flow of unground bulk material serves as reference.  

Kinetic Simulations 

For the Diels-Alder kinetics of the reversible networks a mechanistic model is used, considering 

the equilibrium reactions between the furan and maleimide functional groups and the endo and exo 

Diels-Alder cycloadducts. 19-21 The kinetics of the Diels-Alder and retro Diels-Alder reactions for 

both stereoisomers are described by their corresponding rate constants k(T), as summarized in 

Table 3 of ref 21. These parameters are used for the simulations of the kinetically controlled Diels-

Alder cure of the reversible networks. For all simulations, the concentration of the starting 

products, along with the preparation time and temperature are taken into account. The total Diels-

Alder conversion x, describing the formation of both the endo and exo adducts for each (Tcure, tcure) 

cure condition, is calculated. 

 

Results and discussion 

Two-Step Synthesis of Reversible Poly(methacrylate) Networks  

The photo-initiated free-radical polymerization of methacrylate-functionalized Diels-Alder 

prepolymers allows the efficient synthesis of fully reversible poly(methacrylate) networks. This 
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versatile two-step synthesis method, described in literature for the homogeneous high-modulus 

networks RHM1 (called ‘model system’ in ref 14) and RHM2 (called 3M-F375PMA in ref 15), was 

further applied in this paper to design materials with tunable thermomechanical properties. The 

synthesized networks are ranging from elastomeric to glassy behavior by adjusting the chemical 

composition of the building blocks (see section Materials).  

Moreover, tunable phase-separation behavior was achieved by changing the balance between 

soft blocks and hard block in the reversible poly(methacrylate) networks. Homogeneous (single-

phase) and (partially) phase-separated, fully reversible poly(methacrylate) networks were 

developed. The chemistry was further adapted by the incorporation of urethane bonds as hydrogen 

bond donating groups in order to modify the self-healing behavior of the reversible 

poly(methacrylate) networks. 

Finally, reference systems were synthesized via the UV-polymerization of irreversible 

methacrylate-functionalized prepolymers, yielding irreversible homogeneous and phase-separated 

poly(methacrylate) networks.  

 

Poly(methacrylate) Network Morphology 

Phase Separation during UV-Polymerization 

Starting from homogeneous prepolymers, the UV-polymerization at 60 °C gives rise to a 

(partially) phase-separated network structure depending on the chemistry and the length of the 

building blocks. Reaction-induced phase separation (RIPS) can occur due to the increasing 

viscosity and the immediate formation of crosslinks along the reaction path. In case the network 

remains homogeneous, only one glass transition, Tg,network, is observed, but in case of RIPS two 

distinct glass transition regions of at least partially demixed phases appear. The developed network 
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morphology during RIPS at 60 °C during 30 min is not at equilibrium. It depends on the chosen 

UV-polymerization conditions and can further evolve, depending on all consecutive thermal 

events imposed on the material. These changes in morphology of the phase-separated networks 

might also occur during (accelerated) ageing of coatings for applications in a broad window around 

ambient temperature. 

The occurrence of phase separation is illustrated with DSC, DMA and AFM. Figure 1 shows the 

DSC thermogram (heating at 10 K min-1) of RHM4 (black curve), RHM3 (red curve) and RLM2 

(green curve). The three materials possess two Tg’s (indicated by frames), Tg,1 at higher 

temperature and Tg,2 at lower temperature. The determination of the temperature window of both 

Tg’s is not straightforward, especially in the cases where it concerns the minority phase. It is 

carefully done by intensifying the DSC plots in this area and by using the derivative signal against 

temperature (not shown).   

The Tg’s, however, can be detected more accurately by DMA and are consistent with the DSC 

results. Figure 2 shows the results of non-isothermal DMA measurements (heating at 0.5 K min-1) 

on the same poly(methacrylate) network films, carried out between -80 °C and 120 °C in tension 

mode. For RHM3 and RHM4, the majority phase Tg is Tg,1 around 74 °C and 67 °C (peak 

maximum of tan δ), respectively. Additionally, both materials have a minority phase Tg,2 around -

20 °C. For RLM2 on the other hand, Tg,2 (peak maximum of tan δ around -50 °C) relates to the 

majority phase, while Tg,1 is the minority phase Tg (around 40 °C). These materials can therefore 

be considered non-homogeneous and at least partially phase-separated at ambient temperature with 

a mobile (Tg,2) and a frozen (Tg,1) phase. The frozen phase (Tg,1) provides mechanical strength and 

a high-modulus network if it is the majority phase. The mobile phase (Tg,2) is important for the 

intrinsic self-healing behavior by creating local mobility in the reversible networks (see section 
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Healing of Micro-Cracks in High-Modulus Poly(methacrylate) Networks). Note that this local 

mobility is an intrinsic property of the network created by RIPS, and is not introduced by 

physically mixing a low-Tg additive or microcapsules into the network.  

The storage modulus of RHM3, RHM4 and RLM2 reaches a rubber plateau at temperatures 

above Tg,1 at around 1-3 MPa, which is mainly due to the remaining reversible Diels-Alder 

crosslinks in combination with a minor amount of irreversible crosslinks caused by undesired side 

reactions during UV-polymerization. 14 Acceptable mechanical properties are ensured by the 

irreversible poly(methacrylate) chains, even though the crosslink density is reduced due to retro 

Diels-Alder reaction at more elevated temperature according to the Diels-Alder equilibrium (see 

also section Mechanical Robustness of Reversible High-Modulus Poly(methacrylate) Networks).  
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Figure 1. DSC temperature ramp (1st heating  at 10 K min-1) of RHM4 (black line), RHM3 (red 

line) and RLM2 (green line). Frames indicate Tg regions. Curves are vertically shifted for clarity. 
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Figure 2. DMA (heating at 0.5 K min-1) of RHM4 (black curves), RHM3 (red curves) and RLM2 

(green curves) measured in tension mode. Storage modulus E’ (full lines), loss modulus E’’ 

(dashed lines) and tan  (dotted lines). 

The bulk morphology of the reversible poly(methacrylate) networks RHM3 and RLM2 is 

investigated by means of QNM AFM. The AFM images of RHM3 (Figure 3a and b), recorded at 

room temperature, show no visible phase separation. However, the results from non-isothermal 

DSC (red line in Figure 1) and DMA (red curves in Figure 2) experiments on RHM3 clearly show 

phase-separation by the appearance of two glass transition regions. To investigate this discrepancy, 

additional AFM images (at the same sample locations) are taken at 70 °C (Figure 3c and d), after 

annealing the sample for 10 min at 70 °C. Under these conditions, the sample surface becomes 

smoother and softer, and hard and soft domains become larger due to a coarsened morphology. It 

can be concluded that thermal treatment influences the phase-separation behavior of RHM3, 

explaining the discrepancy between the results from room temperature AFM and DSC/DMA, 

considering also the different detection limits of material phases between these characterization 
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techniques. Note also that the Young’s modulus values obtained from QNM AFM do not coincide 

with the storage modulus measured in DMA (see Figure 2) because QNM AFM maps local relative 

hardness, whereas DMA determines bulk properties. 

The AFM images of RLM2 are shown in Figure 4. Here, harder (white) domains, which are 

hundreds of nanometers in size, are dispersed in a softer (yellow to brown) matrix. This is in 

agreement with the results obtained from DSC (green line in Figure 1) and DMA (green curves in 

Figure 2) experiments. 

As a final comment on the morphology of the networks, it should be noted that the balance of 

minority and majority phases is volume based, but a detailed morphological study is not 

undertaken in this work. The assignment of minor/major phases is partly based on enthalpic 

considerations of DSC (Cp steps at Tg), but mainly on the magnitude of changes in storage moduli 

and tan  of DMA. The subdivision of minor/major (or dispersed/matrix) phases is correlating to 

the absolute value (changes) of the storage modulus of the network: a high-modulus network is 

linked to a Tg,1 major (matrix) phase in combination with a Tg,2 minor (dispersed) phase, while a 

low-modulus network is linked to a Tg,2 major (matrix) phase with a Tg,1 minor (dispersed) phase. 
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Figure 3. (a) Representative AFM topography image of RHM3 at room temperature, (b) 

representative QNM AFM modulus image of RHM3 at room temperature, (c) representative AFM 

topography image of RHM3 at 70 °C, (d) representative QNM AFM modulus image of RHM3 at 

70 °C. All images (2x2µm) show the same sample location. The lines are caused by cryo-

microtome cutting. 

 

(a) at room temperature (b) at room temperature

(c) at 70  C (d) at 70  C
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Figure 4. (a) Representative AFM topography image of RLM2 in an area of 1x1µm, (b) 

representative QNM AFM modulus image (logarithmic scale) of RLM2 in the same area of 

1x1µm, and (c) cross-section modulus profile taken from the blue line in the QNM AFM modulus 

image. The images are recorded at room temperature. 

 

Summary Material Properties of Poly(methacrylate) Networks 

The materials properties of all networks with reversible Diels-Alder crosslinks and irreversible 

crosslinks are summarized in Table 2. The homogeneous (single-phase), fully reversible polymer 

networks have Tg,network values between -45 °C and 78 °C, with storage moduli ranging from 8 MPa 

(low-modulus) to 2 GPa (high-modulus) (measured in tension mode at 25 °C). The (partially) 

phase-separated, fully reversible poly(methacrylate) networks show a wide variety of higher Tg 

(Tg,1 between 40 °C and 74 °C) and lower Tg values (Tg,2 between -50 °C and -20 °C). 
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The SB is formed by the flexible poly(propylene oxide) part of the spacers between the 

maleimide groups. The weight percentage of the SB in Table 2 is calculated as the weight fraction 

of these flexible poly(propylene oxide) spacers in the network structure. If this flexible 

poly(propylene oxide) segment is short enough, the network remains homogeneous with one 

Tg,network, but for longer segments RIPS can interfere giving rise to a lower Tg,2 besides the upper 

Tg,1. The calculation of the weight percentage SB gives a rough indication of SB being the minority 

(dispersed) or majority (matrix) phase in the network system. In the phase-separated network SB 

is acting as excluded volume for the furan and maleimide functional groups and is influencing the 

Diels-Alder reaction kinetics (concentration effect). The hard block contains the furan-maleimide 

Diels-Alder system inside the poly(methacrylate) chains. The only exception is RHM2, in which 

the furan-methacrylate system also contains a flexible poly(propylene oxide) spacer which is 

contributing  partly to the SB too.  

Here,Fully reversible poly(methacrylate) networks with a hard majority phase, i.e. a hard 

polymer matrix in which soft domains are dispersed, are considered (high-modulus networks) as 

well as polymer networks with a soft majority phase, i.e. a soft matrix in which hard domains are 

dispersed (low-modulus networks). The storage moduli of these materials range between 10 MPa 

for the low-modulus networks and 500 MPa for the high-modulus networks (measured in tension 

mode at 25 °C). The phase-separation induced during the UV-polymerization of the methacrylate-

functionalized Diels-Alder prepolymers (containing reversible crosslinks) is important for an 

‘instantaneous’ self-healing in ambient conditions. The local mobility created in high-modulus 

poly(methacrylate) networks is indispensable for the H-bonding urethane groups in the dual 

dynamic networks to play the role as efficient sealing agents to heal microcracks below Tg,1. 
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Table 2. Properties of homogeneous (RHM1, RLM1 and RHM2) and phase-separated (RHM3, 

RHM4 and RLM2) reversible polymer networks, and of phase-separated irreversible polymer 

networks (IHM1, ILM1), together with their corresponding prepolymers. 

No. 

Pre 

polymer 

F M 

SB 

[%] 

Tg,prepolymer
d 

[°C] 

H-bonding 

Tg,network
e [°C] E’ 

[MPa] Tg,1 Tg,2 

RHM1 R1 FMAa M-400a 46 -17 no 78 - 2315 

RHM2 R2 F1b 3Ma 17c 6 yes 53 - 1685 

RHM3 R3 F2b M1b 45 -17 yes 74 -20 490 

RHM4 R4 FMAa M1b 49 -23 yes 67 -20 390 

IHM1b I1 - - 49 -18 yes 43 -55 835 

RLM1 R5 FMAa M-2000a 81 -55 no -45 - 8 

RLM2 R6 F3b M-2000a 67 -45 yes 40 -50 14 

ILM1b I2 - - 79 -57 yes 31 -49 8 

a: not containing urethane groups, b: containing urethane-groups, c: 41% extra soft block in F (effect on 

Tg,1), d: all prepolymer Tg’s are determined by DSC, e: all network Tg’s are determined using the peak 

maximum of tan  in DMA, F: furan compound, M: maleimide compound, SB: soft block in M, Tg,1: higher 

Tg of network, Tg,2: lower Tg of network, E’: storage modulus determined by DMA upon heating (at 25 °C). 

 

Thermal Reversibility of Diels-Alder Bonds in Poly(methacrylate) Networks 

For poly(methacrylate) networks containing Diels-Alder crosslinks, the reversibility of Diels-

Alder bonds is essential for the dynamic network character required for self-healing. The 

reversibility of Diels-Alder bonds is investigated using DSC and transmission FTIR spectroscopy.  
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Phase-Separated Poly(methacrylate) Networks  

The thermal reversibility of the Diels-Alder crosslinks, studied using DSC (heating/cooling at 

10 K min-1), will be discussed on the example of the phase-separated poly(methacrylate) network 

RHM3. Figure 5a shows the overlay of the DSC thermograms of RHM3, comparing first heating 

(black line), second heating (blue line), i.e. recorded immediately after the first heating, and third 

heating (red line), i.e. recorded after a recovery period of 7 days at 25 °C. RHM3 in starting 

conditions shows endothermic reaction peaks between 80 °C and 140 °C due to retro Diels-Alder 

reaction of the endo and exo Diels-Alder adducts. Furthermore, it has a lower Tg,2 region centered 

around -30 °C and a higher Tg,1 region beyond +30 °C (up to around 75 °C, indicated by frames in 

Figure 5a).  

In the DSC thermogram of the second heating (immediately after the first heating), it can be 

recognized that the lower Tg,2 remains in the same temperature region as in the first heating. The 

fact that Tg,2 is independent of the thermal history of the sample means that Tg,2 originates from 

irreversible spacers in the network where Diels-Alder bonds are not involved. On the other hand, 

the higher Tg,1 is clearly influenced by changes in Diels-Alder conversion and shifted to lower 

temperature. Also, the endothermic retro Diels-Alder reaction enthalpy is reduced. Both 

phenomena are caused by the fact that the material’s crosslink density is reduced compared to its 

starting conditions because the sample was not allowed enough time to recover, i.e. reform Diels-

Alder crosslinks, between the first and the second heating. However, if a sufficiently long recovery 

period is allowed, e.g. 7 days at 25 °C, Diels-Alder bonds are reformed and the higher Tg,1 returns 

to the same temperature range as in the first heating (red curve in Figure 5a). Thus, these DSC 

experiments confirm that the poly(methacrylate) network RHM3 is reversible under these 

conditions.  



 26 

When comparing the endothermic reaction peak of the first and the third DSC experiment in 

Figure 5a, it becomes apparent that the two thermograms do not have the same shape between 

80 °C and 140 °C. During the Diels-Alder reaction between maleimide and furan, endo and exo 

stereoisomers of the Diels-Alder adduct are formed, and the ratio between these two stereoisomers 

influences the shape of the endothermic and exothermic reaction peaks in the DSC experiments. 

When the sample is heated, the ratio between endo and exo Diels-Alder adducts changes in favor 

of the thermodynamically more stable exo Diels-Alder adduct.  

Figure 5b (full lines) shows the simulated normalized heat flow when applying the same 

temperature profile as in the DSC experiments, using the kinetic parameters of ref 19. The effect of 

phase separation is taken into account, using the assumption that the amount of soft block (% SB 

in M, see Table 2) can be considered as excluded volume, meaning that the concentrations of the 

furan and maleimide functional groups in the remaining hard block is increased, and thus the rate 

of Diels-Alder reactions in this network fraction. The simulation is in good agreement with the 

experimental results. Note that the simulations do not include the Tg since changes in the heat 

capacity (Cp) are not simulated. The comparison is also shown in case no phase separation would 

occur and the system would remain homogeneous (dotted lines in Figure 5b). As expected, in case 

of phase separation the peaks of the retro Diels-Alder reaction are slightly shifted to lower 

temperature (2 °C for the endo retro Diels-Alder peak). Similar results are obtained for RHM4 and 

RLM2 (see Figure S1 and Figure S2 in SI). The difference between the simulations of 

homogeneous and phase-separated systems is biggest for RLM2 (3.3 °C for the endo retro Diels-

Alder peak in Figure S2) because the amount of soft block is biggest (67% SB in M, see Table 2).  
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Figure 5. (a) DSC thermogram of RHM3. Black line: 1st heating, blue line: 2nd heating 

(immediately after 1st heating), red line: 3rd heating (after 7 days at 25 °C). Frames indicate Tg 

region. (b) Simulated normalized heat flows of 1st, 2nd and 3rd heating (without Tg), showing the 

effect of ongoing Diels-Alder reactions, using the kinetic parameters of ref 19. Full lines: phase 

separation taken into account, dotted lines: simulations for homogeneous system (see text). Curves 

vertically shifted for clarity. 

  

Diels-Alder bond reversibility is also studied by means of transmission FTIR spectroscopy in a 

KBr pellet. If an external (e.g. thermal or mechanical) trigger is applied, Diels-Alder bonds present 

in the polymer network can undergo retro Diels-Alder reaction to form maleimide and furan 

-80 -60 -40 -20 0 20 40 60 80 100 120 140

Heat flow [W.g-1]

0.1 W.g-1

Exo 

T [ C]

1st heating

2nd heating 
(immediately)

3rd heating
(after 7 days at 25  C)

Tg,2

Tg,1

Tg,2

Tg,1

Tg,2

Tg,1

(a)

-80 -60 -40 -20 0 20 40 60 80 100 120 140

Heat flow [W g-1]

T [ C]

0.1 W g-1

Exo 

(b)



 28 

groups. In FTIR spectroscopy, this can be recognized by the increasing peak intensities related to 

the maleimide out of plane C-H bending peak at 830 cm-1, the furan out of plane C-H bending peak 

at 750 cm-1 and the maleimide ring deformation peak at 695 cm-1. 21  

The thermal reversibility of poly(methacrylate) networks containing Diels-Alder bonds is 

discussed on the example of RHM3. First, a FTIR spectrum of RHM3 is taken at 25 °C (red 

spectrum in Figure 6). This spectrum represents the starting conditions of the material with high 

Diels-Alder conversion. Then, the sample is heated to 100 °C for 15 min, reducing the Diels-Alder 

conversion through retro Diels-Alder reaction. The sample is then quickly cooled down to 25 °C, 

and FTIR analysis is performed again, showing increased maleimide and furan concentrations 

(green spectrum in Figure 6). Subsequently, the material is left at 25 °C for 7 days, allowing the 

material to reform Diels-Alder bonds. Then, another FTIR spectrum is taken, which resembles the 

initial FTIR spectrum of the material in starting conditions (not shown). Here, the maleimide and 

furan absorbances and, thus, the respective concentrations are reduced due to the formation of 

Diels-Alder bonds during the isothermal segment. This procedure is repeated eight times, proving 

that the polymer network reversibly undergoes Diels-Alder and retro Diels-Alder reaction for 

multiple thermal cycles. Figure 6 shows an overlay of the FTIR spectra of RHM3 between 850 

cm-1 and 650 cm-1. 
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Figure 6. Transmission FTIR spectra of RHM3 in a KBr pellet at 25 °C, normalized to the 

symmetric urethane N-C=O stretching vibration at 1535 cm-1 (not shown). Red: material at starting 

conditions, green: 1st time retro Diels-Alder reaction (after 15 min at 100 °C), black: 8th time retro 

Diels-Alder reaction (after 15 min at 100 °C), blue: material after thermal cycling (after 7 days at 

25 °C after 8th cycle). 

 

Kinetic Simulation 

The progress of Diels-Alder conversion during thermal treatment can be simulated using the 

kinetic parameters of ref 19. Note that the kinetic model only fully applies to kinetically controlled 

reactions, and that a diffusion factor should be introduced to correctly describe reactions in 

diffusion-controlled conditions. Moreover, the effect of RIPS during the second step of synthesis, 
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increasing the local concentrations of the furan and maleimide functional groups, should be taken 

into account (see also simulated DSC results).  

Figure 7 shows the simulated Diels-Alder conversion x of RHM3, and the influence of thermal 

treatment on x. During the first step of the synthesis, i.e. the formation of Diels-Alder bonds to 

yield the bis-methacrylate-functionalized reversible prepolymer R3, x increases from 0 to 0.91 in 

homogeneous reaction conditions. During the second step of the synthesis, i.e. UV-polymerization 

of the methacrylate bonds at 60 °C to form RHM3, RIPS occurs (see section Phase Separation 

during UV-Polymerization) and x is slightly reduced to 0.86. After a subsequent recovery period 

of 5 days at 25 °C, x increases to 0.93. As discussed, FTIR spectroscopy is used to demonstrate 

the reversibility of the Diels-Alder reaction. The simulation in Figure 7 shows that through heating 

the sample to 100 °C for 15 min, the total Diels-Alder conversion is reduced to 0.71. During a 

subsequent recovery step, i.e. 7 days at 25 °C, the initial total Diels-Alder conversion is restored, 

and even slightly increased to 0.95. The second cycle to 100 °C for 15 min reduces the total Diels-

Alder conversion again, in this case to 0.76, but after recovery for 7 days at 25 °C it increases again 

to 0.96. After the 8th cycle, x is reaching 0.96 with values for xendo of 0.16 and  xexo of 0.80 (not 

shown in Figure 7). Thus, the simulation confirms the findings from the FTIR experiments (Figure 

6). Note that while the total Diels-Alder conversion is reaching almost the same level after each 

long recovery step at 25 °C, the exo/endo ratio is changing in favor of the more stable exo 

cycloadduct each time a temperature increase is involved in the temperature cycle.  
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Figure 7. Simulated evolution of the Diels-Alder conversion for the formation of R3 (1st synthesis 

step, 7 days at 25 °C), the subsequent photopolymerization to form RHM3 (2nd synthesis step, 30 

min at 60 °C), a recovery period of 5 days at 25 °C, the 1st heating to 100 °C for 15 min, a recovery 

period for 7 days at 25 °C, the 2nd heating to 100 °C for 15 min, and again a recovery period for 7 

days at 25 °C. Blue line: total Diels-Alder conversion x (= xendo + xexo), red line: endo Diels-Alder 

adduct conversion xendo, green line: exo Diels-Alder adduct conversion xexo. 

 

H-bonding to Support Diels-Alder Reversible Bonding 

In dual-dynamic polymer networks (containing reversible Diels-Alder bonds and hydrogen-

bonding sites), damage recovery is accelerated in the initial phase of self-healing compared to 

single-dynamic polymer networks (containing only reversible Diels-Alder bonds) due to the 
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spontaneous formation of hydrogen bonds and the faster dynamics of the hydrogen-

bonding/debonding equilibrium. Additionally, hydrogen bonds can help promote self-healing via 

Diels-Alder reaction by increasing the local concentration of furan and maleimide moieties in the 

sealing step of a damaged area. 17 These concepts are further developed in the ambient temperature 

self-healing of the fully reversible poly(methacrylate) networks of this work. Table 3 lists the bond 

energies of hydrogen bonds which can be formed in such dual-dynamic polymer networks. For 

hydrogen bonds between urethane N-H and maleimide C=O, no bond energies are available. It 

was, however, reported that stronger hydrogen bonds are formed between urethane groups and 

imide groups than between two urethane groups. 22 

 

Table 3. Theoretically determined bond energies E of hydrogen bonding interactions between 

urethane N-H as hydrogen bond donor and selected hydrogen bond acceptors.  

Proton donor Proton acceptor E [kJ.mol-1] Reference 

N-H (urethane) C=O (urethane) 10-59a 23–25 

N-H (urethane) -O- (urethane) 5-15a 23–25 

N-H (urethane) -O- (ether) 24b 26 

N-H (urethane) C(O)-O- (ester) 26b 26 

a: density functional theory (DFT) calculations, corrected by basis set superposition error (BSSE) and 

zero-point vibrational energy (ZPE), b: ZPE corrected DFT calculations. 

Hydrogen-bonding interactions can be studied by means of FTIR spectroscopy since they 

influence the frequency of N-H stretching vibrations (3450-3200 cm-1) and carbonyl stretching 
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vibrations (1772-1692 cm-1). Table 4 gives an overview of FTIR bands related to non-hydrogen-

bonded (“free”) and hydrogen-bonded N-H and C=O groups. 22,27–29 

 

Table 4. FTIR band assignment of non-hydrogen-bonded (“free”) and hydrogen-bonded N-H, -O- 

and C=O groups. 

Hydrogen bond 

donor 

Hydrogen bond 

acceptor 

FTIR band assignment 

[cm-1] 

Reference 

N-H C=O  

“free” NH (urethane) “free” C=O (urethane) 3450-3435 1740-1725 22,27–29 

N-H (urethane) C=O (urethane) 3345-3200 1722-1692 22,27–29 

N-H (urethane) -O- (ether) 3340 - 28 

N-H (urethane) C=O (imide) 3280 1772 22 

 

It was shown in literature through deconvolution of C=O and N-H FTIR bands, that existing 

urethane hydrogen bonds are broken when imide groups are introduced by blending, and that new 

hydrogen bonds between urethane N-H and imide C=O are formed instead (Figure S3). This causes 

a shift of the urethane C=O peaks to higher frequencies, i.e. from more hydrogen-bonded urethane 

C=O to more “free” urethane C=O. At the same time, the imide C=O peak and the urethane N-H 

peak shift to lower frequency due to the new hydrogen-bonding interaction between urethane N-

H and imide C=O. 22 



 34 

 As this is not a primary goal of this work, no further analytical analysis on H-bonding is 

undertaken. 

 

Table 5 gives an overview of the possible hydrogen bonding interactions in the dual-dynamic 

urethane-methacrylate networks containing reversible Diels-Alder crosslinks, i.e. RHM2, RHM3, 

RHM4 and RLM2. In these materials, urethane N-H acts as hydrogen bond donor group, whereas 

urethane functionalities, PPO ether groups, methacrylate ester functionalities and maleimide 

carbonyl groups are available as hydrogen bond acceptors. These hydrogen-bonding interactions 

are explored on the example of R6 by means of transmission FTIR spectroscopy in a KBr pellet 

(results not shown). It is expected that R6 and RLM2 show similar hydrogen-bonding behavior 

since the hydrogen-bonding groups do not take part in the polymerization reaction during UV-

cure. A FTIR spectrum of a fresh equimolar mixture of the furan compound F3 and the 

bismaleimide M-2000, i.e. “fresh” R6, is recorded and compared to individual FTIR spectra of F3 

and M-2000. In M-2000, the maleimide C=O groups are not hydrogen-bonded due to the absence 

of a hydrogen-bond donor. F3 contains hydrogen-bonded urethane groups, which in “fresh” R6 

can form new hydrogen bonds between urethane N-H and maleimide C=O. This causes a slight 

shift of the maleimide C=O band at about 1772 cm-1 to lower frequency. The urethane C=O 

stretching vibration (1740-1692 cm-1) allows no direct conclusions since in this region bands of 

urethane C=O, maleimide C=O and methacrylate C=O overlap. Also differences in the broad 

absorption band of the N-H stretching vibration (3450-3200 cm-1) are not unambiguously 

distinguishable without deconvolution. As this is not a primary goal of this work, no further 

analytical analysis on H-bonding is undertaken. 
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Table 5. Possible hydrogen bonding (H-bonding) interactions in RHM2, RHM3, RHM4 and 

RLM2.  

No. H-Bond Donor H-Bonding Interactions 

RHM2  F   F→M F→F 

RHM3 M F M→M M→F F→M F→F 

RHM4 M  M→M M→F   

RLM2  F   F→M F→F 

M: maleimide compound, F: furan compound, arrows indicate hydrogen-bond donor→acceptor 

interactions. 

 

Healing of Micro-Cracks in High-Modulus Poly(methacrylate) Networks  

The experimental DMA set-up to test healing in high-modulus poly(methacrylate) network films 

has to be adapted because it is not possible to macroscopically damage the too hard polymer 

network film, e.g. with a scalpel, to follow the recovery in situ as can be done for low-modulus 

reversible networks (see later). An alternative procedure (developed in previous work for furan-

maleimide reversible networks below Tg) is followed here to study the ambient temperature self-

healing capability of the high-modulus reversible networks RHM1, RHM2, RHM3 and RHM4 in 

the (partially) vitrified state. 13 This specific procedure, schematized in Figure 8, focuses on the 

healing of micro-cracks which is more relevant for applications of high-modulus glassy networks 

in ambient conditions. First, polymer network film is ground into a fine powder (mechanical 

damage). Here, the Diels-Alder bonds formed in the reaction between maleimide and furan are 



 36 

preferentially broken, because they are weaker than other carbon-carbon -bonds. 20,30–32 For the 

formation of endo and exo Diels-Alder adduct from maleimide and furan functionalities, reaction 

enthalpies of rHendo
0 = -53.7 kJ mol-1 and rHexo

0 = -59.0 kJ mol-1 are reported. 19 Two Diels-Alder 

bonds are formed per Diels-Alder adduct, thus, the bond energy per Diels-Alder bond, i.e. 27-30 kJ 

mol-1, is of the same order of magnitude as the relevant hydrogen bond energies, i.e. 10-59 kJ mol-

1 (Table 4). This suggests that grinding of a dual-dynamic polymer network, i.e. RHM2, RHM3 

and RHM4, causes Diels-Alder bond scission as well as hydrogen bond dissociation. In the second 

step, the fresh powder is compressed for 10 min at ambient temperature in a mold with the required 

dimensions. This way, the powder particles are brought into close contact with each other, 

mimicking microcracks. In dual-dynamic polymer networks, hydrogen bonding interactions are 

spontaneously reformed during this step, which is further establishing the close contact (at the 

‘molecular’ level) between the powder particles. 17 Third, the compressed sample is allowed to 

self-heal at ambient pressure (while being kept in the mold), e.g. for 7 days at 25 °C. Here, Diels-

Alder bonds are formed between the surfaces of the powder particles, restoring the Diels-Alder 

equilibrium, and leading to consolidation of the powder rectangular bar. Finally, the porous 

rectangular bar sample is demolded and analyzed by means of DMA in 3-point bending mode. For 

the dual-dynamic polymer networks RHM3 and RHM4, a powder rectangular bar could already 

be demolded after shorter healing durations since consolidation is supported by the spontaneous 

formation of hydrogen bonds. A sample is therefore prepared by compressing fresh powder at 

ambient temperature for 10 min, followed by immediate demolding of the compressed powder 

sample and omitting the subsequent long healing step. 
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Figure 8. Procedure for ambient temperature self-healing in the vitrified state. A polymer film is 

ground into fine powder, compressed in a metal mold at elevated pressure (p) at ambient 

temperature (Tamb) for 10 min, and demolded after self-healing for ‘0’ h (immediate demolding 

after compression) up to 7 days at 1 bar and 25 °C. The powder bar samples are tested by DMA in 

3-point bending mode at 25 °C (isothermal mode) and subsequently as a function of temperature. 

 

Phase-Separated High-Modulus Reversible Poly(methacrylate) Networks 

The ambient temperature self-healing behavior of the phase-separated, dual-dynamic high-

modulus networks RHM3 and RHM4 is studied in their partially vitrified state, i.e. below their 

majority phase Tg,1. The minority phase of both materials, which has a Tg,2 below the healing 

temperature (Theal = 25 °C), introduces local chain mobility into these high-modulus networks, 

which should improve the rate of self-healing. Additionally, RHM3 and RHM4 are able to form 

hydrogen bonding interactions which also accelerate damage recovery, especially by acting as a 

‘sealing agent’ in the initial stages of the healing process. 17 Therefore, it is expected that the 

reversible polymer networks RHM3 and RHM4 show improved self-healing in the partially 

vitrified state. The high-modulus homogeneous poly(methacrylate) network RHM1 is used as a 

benchmark system for self-healing below Tg in diffusion- and mobility-restricted conditions, 14 as 

well as the homogeneous network RHM2 with a comparable behavior (see further discussion 

below). 15 
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Figure 9 shows an overlay of the DMA curves as a function of temperature of an undamaged 

RHM3 film (measured in tension mode) and a self-healed rectangular bar sample (healed for 

7 days at 25 °C) prepared from fresh RHM3 powder. The thermomechanical properties of the 

damaged material are almost completely restored during the healing step, yielding a powder 

rectangular bar with acceptable mechanical properties, E’7d_healed, RHM3 = 340 MPa at 25 °C (non-

isothermally measured in 3-point bending mode). The undamaged film sample has a storage 

modulus of E’initial,RHM3 = 490 MPa at 25 °C (non-isothermally measured in tension mode). 

Remaining voids in the powder rectangular bar, as well as the difference in tension and 3-point 

bending measuring mode might cause the small discrepancy between the thermomechanical 

properties of undamaged and healed samples. Furthermore, the Tg,1 of the self-healed rectangular 

bar is slightly shifted (by about 5 °C) to lower temperature (Tg is determined as the peak maximum 

of tan ).  

 

Figure 9. DMA of RHM3, measured on film in tension mode (undamaged, black) and on powder 

rectangular bar in 3-point bending mode (healed for 7 days at Theal = 25 °C after damage, red). 

Storage modulus E’ (full lines), loss modulus E’’ (dashed lines) and tan δ (dotted lines). 
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The heat flow originating from the Diels-Alder reaction in fresh, compressed RHM3 powder is 

measured using isothermal microcalorimetry over 7 days at 20 °C (Figure 10). The residual heat 

flow of undamaged RHM3 film, which was stored for 3 weeks at ambient temperature prior to the 

experiment, serves as reference. Integration of the area between the two curves (shaded area in 

Figure 10) gives a net exothermic heat flow difference of ΔrHRHM3, exp = -2.9 J g-1, confirming that 

Diels-Alder bonds are formed between powder particle surfaces under these conditions. It should 

be noted that this microcalorimetric analysis is qualitative. The measured exothermicity of forward 

Diels-Alder reactions will depend on the grinding procedure (intensity, duration and final particle 

size distribution). If only the surface layer of the particles and the interfacial contact between the 

particles would contribute to the exothermicity, and in case of an average particle size of a few 

hundred µm, a minor contribution of less than 1% of the total exothermicity of the powdered 

sample is expected. Starting from the initial concentrations of the furan and maleimide 

functionalities (x = 0) in the phase-separated RHM3, the enthalpic contribution is calculated as 

ΔrHRHM3, calc = -84 J g-1 using the kinetic parameters of ref 19. The measured value ΔrHRHM3, exp = -

2.9 J g-1 is approximately 3.5% (i.e. more than 1%), indicating that also Diels-Alder bonds in the 

bulk of the particles are reformed, probably caused by the damage of the mechanical grinding step. 

Note that there is no contribution from hydrogen bond formation, because this process is too fast 

to be detected in the microcalorimetric experiment. Anyway, the measured microcalorimetric 

contribution is small and a negligible fraction of the exothermicity expected for the formation of 

all Diels-Alder bonds at the equilibrium conversion at 20 °C.  
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Figure 10. Microcalorimetry of RHM3. Normalized heat flow as a function of time at 20 °C. Black 

line: undamaged film sample, red line: compressed fresh powder, grey area: Diels-Alder reaction 

enthalpy of fresh powder. 

Additionally, a sample of RHM3, which was immediately demolded after 10 min compression 

of fresh powder, was healed for an additional time of ‘0 h’. Figure 11 shows the DMA curves of 

the undamaged RHM3 film (measured in tension mode) and the powder rectangular bar sample 

(healed for ‘0 h’ at 25 °C). The powder bar completely recovered its mechanical properties 

(E’0h_healed, RHM3 = 800 MPa at 25 °C, non-isothermally measured in 3-point bending mode). Thus, 

it appears that for RHM3 a long healing period of 7 days at 25 °C is not required to fully recover 

the mechanical properties. As for each powder test bar, always fresh powder has to be prepared, 

hence comparing results between different test bars is giving small deviations in DMA testing. 

Note that the isothermal modulus values at 25 °C, measured after a short equilibration time of 

maximum 30 min, of both undamaged films and powder test bars are always lower than the non-
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isothermal values at 25 °C in heating. The main reason is that the samples, even at a slow heating 

rate of 0.5 K min-1, are out of equilibrium (because of the slow Diels-Alder dynamics) leading to 

slightly overestimated values in this heating step. 

The result of Figure 11 proves ‘instantaneous’ self-healing of the phase-separated, dual-dynamic 

polymer network RHM3 in the partially vitrified state, i.e. below the majority phase Tg,1 and above 

the minority phase Tg,2 (Tg,1 > Theal > Tg,2).  

 

 

Figure 11. DMA of RHM3, measured on film in tension mode (undamaged, black) and on a 

powder rectangular bar in 3-point bending mode (healed for ‘0 h’ at Theal = 25 °C after damage, 

red). Storage modulus E’ (full lines), loss modulus E’’ (dashed lines) and tan δ (dotted lines). 

The instantaneously self-healing high-modulus network RHM3 contains hydrogen bond donor 

groups (urethane N-H) in both furan and maleimide compounds (see As this is not a primary goal 

of this work, no further analytical analysis on H-bonding is undertaken. 
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Table 5). To evaluate if instantaneous self-healing can also be achieved with hydrogen bond 

donors present only in the maleimide compound, the self-healing capacity of the high-modulus 

poly(methacrylate) network RHM4 is studied. 

The DMA overlay (Figure S4 in SI) of an undamaged film sample of RHM4 (measured in 

tension mode) and a powder rectangular bar made from fresh RHM4 powder (measured in 3-point 

bending mode after ‘0 h’ self-healing) shows that also RHM4 is capable of instantaneous recovery 

of mechanical properties. This means that instantaneous self-healing does not require the presence 

of urethane groups in the furan compound. Consequently, hydrogen bond donating groups in 

combination with local mobility in the maleimide building block may be a sufficient prerequisite 

for a fast (instantaneous) self-healing in these high-modulus poly(methacrylate) networks 

containing reversible Diels-Alder bonds.  

In conclusion, self-healing in these phase-separated, dual-dynamic high-modulus networks is 

seemingly sped-up by two contributions: (i) the spontaneous formation of hydrogen bonds at the 

early stages of the healing process, ensuring a close (‘molecular’) contact between the damaged 

surfaces (in this case the fresh powder particles), and (ii) a local chain mobility as an intrinsic 

network property, due to a phase-separated (or at least partially phase-separated) network 

morphology created by RIPS. 

  

Mechanical Robustness of Reversible High-Modulus Poly(methacrylate) Networks 

The reversible high-modulus poly(methacrylate) networks in this work are designed as 

sustainable protective coatings by means of a fast (instantaneous) mechanism to heal micro-cracks 

at ambient temperature. Moreover, these materials should maintain mechanical robustness in a 

broad temperature window around 25 °C for potential outdoor applications, e.g. in self-healing 
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polymer layers in photovoltaics up to 85 °C. In Figure 9, Figure 11 and Figure S4 it was shown 

that structural/geometrical integrity with acceptable mechanical properties between 1 and 10 MPa 

are ensured to at least 120 °C by the irreversible poly(methacrylate) chains in the networks, even 

though the crosslink density is reduced due to retro Diels-Alder reaction.   

The necessity of reversible Diels-Alder crosslinks in the poly(methacrylate) networks to 

maintain their mechanical robustness over a broad temperature range is illustrated with the healing 

of powdered IHM1. Figure 12 shows a DMA overlay of an undamaged film and a powder bar 

healed for ‘0 h’. The partially phase-separated network IHM1contains urethane H-bonds, but no 

reversible Diels-Alder bonds. An instantaneous healing after a 10 min compression of the fresh 

powder is still observed by the spontaneous formation of H-bonds, but the system fails beyond 60 

°C. The substitution of broken irreversible crosslinks by H-bonding interactions is insufficiently 

strong to guarantee mechanical robustness up to a temperature higher than 60 °C. 27,33 A major 

advantage of the reversible furan-maleimide Diels-Alder crosslinks is that they persist up to 

temperatures well beyond 120 °C (even up to 160 °C) and that mechanical robustness is 

maintained. Moreover, the reversible Diels-Alder high-modulus networks restore their 

thermomechanical properties over the entire temperature interval after healing of microcracks,  as 

seen in Figure 9, Figure 11 and Figure S4. This seems not to be the case in the phase-separated 

irreversible network IHM1 with H-bonding capacity. Tg2 of IHM1 is only observed for the 

undamaged sample in Figure 12. Tg2 after damage is below the lower temperature limit of the DMA 

experiment (also seen by the lower value of the storage modulus at -80 °C compared to the 

undamaged sample), while Tg1 is clearly increased by approximately 20 °C. This indicates that 

breaking irreversible bonds during the grinding process leads, after compression for 10 min, to 
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powder bars with different thermomechanical properties. This different healing behavior of the 

irreversible high-modulus networks is not further elaborated on in this work.  

 

Figure 12. DMA of IHM1, measured on film in tension mode (undamaged, black curves) and on 

a powder rectangular bar in 3-point bending mode (healed for ‘0 h’ at Theal = 25 °C after damage, 

red curves). Storage modulus E’ (full lines), loss modulus E’’ (dashed lines) and tan δ (dotted 

lines). 

 

Interplay between Hydrogen Bonding and Local Mobility in Poly(methacrylate) Networks 

with Reversible Diels-Alder Crosslinks   

The necessary interplay of hydrogen bonding and local mobility by (partial) phase separation 

for fast self-healing below Tg in the reversible poly(methacrylate) networks is discussed in this 

final section. 
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RHM1 is a single-dynamic high-modulus homogeneous network, which heals micro-cracks 

through the reformation of reversible Diels-Alder bonds. Therefore, a healing period of several 

days in ambient conditions is required before a rectangular bar can be demolded without breaking. 

RHM1 is considered as the benchmark system to compare the self-healing behavior of the other 

reversible networks in this work. RHM2 is also a homogeneous network, however, it is a dual-

dynamic high-modulus network which combines reversible Diels-Alder bonds with hydrogen 

bonds. RHM2 has comparable thermal properties as RHM1, but its Tg1 is lower (53 °C instead of 

78 °C, see Table 2), as shown in the overlay of the DMA curves in Figure S5 in SI. As a result, 

RHM2 shows some local mobility at 25 °C (see area below 25 °C in tan  peak in Figure S5). 

which is not the case for RHM1. This effect of local mobility, even in this homogeneous network, 

leads to a different self-healing behavior. Immediate demolding of compressed powder of RHM2 

(compressed for 10 min at 25 °C) yields a brittle sample with no measurable storage modulus. 

However, after a healing period of 4 h, the obtained powder rectangular bar has a measurable 

storage modulus of E’4h_healed ,RHM2 = 16 MPa (measured in 3-point bending mode at 25 °C; blue 

curves in Figure 13). Note that after healing for 7 days at 25 °C, a storage modulus of E’7d_healed, 

RHM2 = 1.5 GPa is measured at 25 °C (red curves in Figure 13). During the DMA temperature ramp, 

the 4 h self-healed sample breaks at about 35 °C, i.e. at the lower temperature limit of the Tg (start 

of tan  peak). This means that complete damage recovery is not yet achieved after a 4 h healing 

period at 25 °C and a low-modulus network is obtained at this intermediate stage of healing. The 

H-bonding ability is thus insufficient for fast (‘instantaneous’) self-healing. It is clear that the local 

mobility in this system is much less efficient than the local mobility created in the (partially) phase-

separated high-modulus networks RHM3 and RHM4 and also IHM1 (see discussion above). 
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Figure 13. DMA of RHM2, measured on powder rectangular bar samples in 3-point bending 

mode. Red: healed for 7 days at 25 °C after damage, blue: healed for 4 h at 25 °C after damage. 

Storage modulus E’ (full lines), loss modulus E’’ (dashed lines) and tan δ (dotted lines). 

 

The networks RLM1 and RLM2 are compared, as a further proof that hydrogen bonding in 

combination with (at least) local mobility is needed for a fast (instantaneous) healing response in 

the poly(methacrylate) networks with reversible Diels-Alder bonding. Both are low-modulus 

systems with a modulus around 10 MPa at 25 °C. RLM1 has a fully mobile matrix (homogeneous 

network) and RLM2 a mobile majority phase (phase-separated network), while only the latter 

contains urethane H-bonding groups. Only the dual-dynamic network RLM2 is expected to heal 

instantaneously according to the fast H-bonding equilibrium, as was observed for the high-

modulus networks RHM3 and RHM4. The single-dynamic network RLM1 is expected to heal 

according to the much slower Diels-Alder equilibrium kinetics.   
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The experimental DMA set-up to test healing in low-modulus poly(methacrylate) network films 

is different from the powder method to study the healing of micro-cracks in high-modulus 

reversible networks. Ambient temperature self-healing (at 25 °C) is studied for RLM1 in its 

elastomeric state (soft homogeneous matrix with Tg = -45 °C) in tension mode. First, the initial 

storage modulus of the undamaged material E’initial is determined. Then, the polymer network is 

macroscopically damaged by cutting the polymer film with a scalpel and the modulus E’damaged is 

immediately measured again. The sample is cut only over part of the width, as schematically shown 

in Figure 14a. This way, the freshly damaged surfaces can be put into close contact with each other 

by applying a slight compression in the DMA tension clamp in order to facilitate the recovery in 

situ (Figure 14b). After 10 min of healing at ambient temperature, the modulus E’healed,10min is 

measured. A similar study is carried out on the dual-dynamic, phase separated low-modulus 

reversible network RLM2 (soft matrix, Tg,2 = -50 °C, with a hard dispersed phase, Tg,1 = +40 °C). 

For comparison, also the phase-separated irreversible low-modulus network ILM1 (soft matrix, 

Tg,2 = -49 °C, with a hard dispersed phase, Tg,1 = +31 °C) is considered, which has H-bonding 

capacity but does not contain Diels-Alder bonds. 
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Figure 14. (a) Schematic DMA film (black frame) with a cut (red horizontal line) over part of the 

sample width. (b) Measuring set-up for the self-healing experiment of low-modulus networks in 

DMA in tension mode, the red arrow indicates the initial defect. 

New samples with similar values for E’initial and a variation of E’damaged are used for each self-

healing test of 10 min at 25 °C. Therefore, instead of evaluating the self-healing properties by 

means of absolute values of E’, all samples are compared in terms of relative damage and damage 

recovery according to equations 1 and 2:  

 

relative damage = 
E'initial - E'damaged

E'initial

∙ 100 eq. 1 

damage recovery = 
E'healed,10min - E'damaged

E'initial - E'damaged

∙ 100 eq. 2 

 

All values of E’initial, relative damage and damage recovery at ambient temperature and 10 min 

healing in slight compression for RLM1, RLM2 and ILM1 are tabulated in Table S2. Each network 

is tested at least 3 times. A summary is given in Table 6. 

 

(a) (b)
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Table 6. Initial storage modulus E’ at 25 °C (average value), relative damage (range) and damage 

recovery after 10 min of RLM1, RLM2 and ILM1. 

Sample 

Average E’initial 

[MPa] 

Relative damage  

[range, %] 

Damage recovery 

[%] 

RLM1 6.90 [20-68] [0, 1, 4, 5] 

RLM2 10.70 [10-32] [25, 33, 36, 48] 

ILM1 6.90 [14-20] [6, 9, 18] 

 

After 10 min self-healing at about 25 °C, the value of the damage recovery of the single-dynamic 

polymer network RLM1, which self-heals by restoring Diels-Alder bonds, is between 0 and 5% 

(four independent experiments). Simulation of the Diels-Alder conversion at the freshly cut 

surfaces (assuming that immediately after cutting x = 0 at both damage surfaces), using the kinetic 

parameters of ref 19, shows that after 10 min at 25 °C a change in Diels-Alder conversion of only 

0.02 or 2% is reached. Thus, the mean experimental result of 2.5% is in line with the simulation 

for RLM1. The major result of this DMA experiment is that damage recovery is not instantaneous, 

even in the elastomeric state and with a fully mobile matrix (about 70 °C above Tg, network), because 

the rate of self-healing is limited by the furan-maleimide Diels-Alder kinetics which are rather 

slow at room temperature. Complete damage recovery of RLM1 is only observed after several 

hours. These observations are in agreement with literature results on room-temperature DMA 

healing profiles of a furan-maleimide reversible network, using a similar experimental set-up. 31 

After 10 min self-healing at 25 °C, between 25% and 48% of the damage inflicted on RLM2 is 

recovered, which is significantly more than the 2.5% mean damage recovery obtained for RLM1. 
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For RLM2, the simulated change in Diels-Alder conversion after 10 min is of the same order of 

magnitude as for RLM1, i.e. 0.04 or 4% (taking phase separation into account). This means that 

the fast damage recovery of the dual-dynamic reversible network RLM2 cannot be attributed to 

the reformation of Diels-Alder bonds but must originate from hydrogen-bonding interactions 

which form spontaneously at the cut surfaces. In RLM2, the urethane N-H in the furan building 

block serves as hydrogen bond donor, whereas urethane functionalities, PPO ether groups, 

methacrylate ester functionalities and maleimide carbonyl groups are hydrogen bond acceptors. 

Note that a straightforward relation between the increase in storage modulus and Diels-Alder 

conversion is obviously not possible with the experimental set-up of Figure 14. Indeed, the 

measured recovery of the storage modulus is a result of the global sample geometry with a 

damaged central area between undamaged borders. The Diels-Alder conversion, however, is only 

calculated as a change in the damaged area against x = 0 (which is already a simplified 

assumption), while the unchanged Diels-Alder conversion in the undamaged borders of the sample 

is not taken into account.  

The network with irreversible crosslinks ILM1 shows results in between RLM1 and RLM2. 

Self-healing is faster than the single-dynamic network RLM1, but less efficient than the dual-

dynamic network RLM2. The supramolecular H-bonding capacity (without reversible Diels-Alder 

bonds) is seemingly not sufficient to heal the macroscopic damage which breaks irreversible bonds 

and crosslinks. 

Table 6 gives an overview of all high-modulus poly(methacrylate) networks studied in this 

paper, sorted from slow to instant self-healing. The low-modulus networks are also added for 

comparison. Note that two different procedures were applied to study self-healing of high-modulus 

(RHM1, RHM2, RHM3, RHM4 and IHM1) and low-modulus (RLM1, RLM2 and ILM1) 
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poly(methacrylate) networks. The powder bar (high-modulus, 3-point bending mode) and film 

(low-modulus, tension mode) DMA testing procedures are not straightforwardly comparable, as 

shown for RHM3 and RHM4 in comparison with RLM2. Indeed, self-healing of macroscopic 

damage of the latter is ‘very fast’, but does not take place ‘instantaneously’ as for microcracks in 

the powder bars. 

 

Table 7. Properties of the self-healing reversible poly(methacrylate) networks RHM1, RHM2, 

RHM3, RHM4, RLM1 and RLM2, and the irreversible networks IHM1 and ILM1.  

No. 

Tg,network
a [°C] E’ at 25 °C 

[MPa] 

Morph

ologyb 

Minor 

phasec 

H-bond donor 

Mobilityf 

SH at 

25 °C Tg,1 Tg,2 F M 

RHM1 78 - 2315 
 

- 
FMA 

(no) 

M-400 

(no) 

no slowh 

RHM2 53 - 1685 
 

- 
F1 

(yes) 

3M 

(no) 

no/partialg slowh 

RHM3 74 -20 490 
 

softd 

F2 

(yes) 

M1 

(yes) 

yes instanth 

RHM4 67 -20 390 
 

softd 

FMA 

(no) 

M1 

(yes) 

yes instanth 

IHM1 43 -55 835 
 

softd I1 (yes)  yes instanth 

RLM1 -45 - 8 
 

- 

FMA 

(no) 

M-2000 

(no) 

yes slowi 
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RLM2 40 -50 14 
 

harde 

F3 

(yes) 

M-2000 

(no) 

yes 

very 

fasti 

ILM1 31 -49 8 
 

harde I2 (yes) yes fasti 

a: all network Tg’s are determined using the peak maximum of tan  in DMA, b: schematic representation 

of network morphology with hard, high-modulus phase (blue) and soft, low-modulus phase (orange), c: 

dispersed in matrix, d: mobile phase, e: immobile phase, f: mobility in soft phase, g: partially mobile phase 

at low temperature side of Tg,network in homogeneous network, h: powder bar DMA test, i: film DMA test, 

Tg,1: higher Tg of network, Tg,2: lower Tg of network, E’: storage modulus (non-isothermally measured in 

DMA in tension mode), F: furan compound, M: maleimide compound, presence of urethane H-bond donor 

indicated by (yes) or (no), SH: self-healing. 

 

Conclusions 

Reversible poly(methacrylate) networks were synthesized with tunable thermomechanical and 

self-healing properties at ambient temperature. Methacrylate-functionalized Diels-Alder 

prepolymers, based on furan-maleimide reversible covalent bonds, were first synthesized at 25 °C. 

The prepolymers act as reversible crosslinkers in the subsequent UV-polymerization at 60 °C. 

Reaction-induced phase-separation (RIPS) is achieved by changing the balance between soft and 

hard blocks, leading to homogeneous and (partially) phase-separated, fully reversible 

poly(methacrylate) networks. Hydrogen bonding capacity is introduced via the incorporation of 

urethane bonds.  

Intrinsic self-healing at ambient temperature of selected poly(methacrylate) networks containing 

reversible Diels-Alder crosslinks was demonstrated. The focus was on high-modulus networks and 

fast self-healing for applications as coatings at ambient temperature. In case of a broad temperature 
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window for outdoor applications, mechanical robustness was aimed for up to elevated 

temperatures. Structural/geometrical integrity with acceptable mechanical properties between 1 

and 10 MPa, measured by means of DMA, was ensured to at least 120 °C by the irreversible 

poly(methacrylate) chains in the networks. Self-healing properties were enabled by the 

reversibility of the Diels-Alder reaction, allowing bond reformation after thermal retro Diels-Alder 

reaction or after mechanically induced Diels-Alder bond scission. The reversibility of the Diels-

Alder crosslinks was proven by means of DSC, FTIR spectroscopy and microcalorimetry.  

The self-healing capacity regarding microscopic damage was tested for high-modulus reversible 

poly(methacrylate) networks. Polymer network film samples were ground into a powder, which 

was immediately compressed and then allowed to heal at ambient temperature. The ambient 

temperature self-healing capacity was then determined regarding the recovery of the storage 

modulus E’ in the powder rectangular bar sample compared to an undamaged film over a broad 

temperature range (-80 °C up to 120 °C, DMA in 3-point bending mode).  

Single-dynamic self-healing of a homogeneous network (RHM1 and RHM2) in the (partially) 

vitrified state (Theal < Tg, network) led to an almost complete recovery of the initial storage modulus 

E’ in the powder rectangular bar sample. An ambient temperature healing duration of several days 

was required because Diels-Alder reaction rates were reduced due to mobility restrictions.  

 Faster self-healing was obtained for dual-dynamic poly(methacrylate) networks containing 

reversible Diels-Alder bonds and reversible hydrogen bonds, due to the faster dynamics of the 

hydrogen-bonding/debonding equilibrium. By increasing the local polymer chain mobility of high-

modulus dual-dynamic poly(methacrylate) networks through phase-separation (RHM3 and 

RHM4), instantaneous ambient temperature self-healing of freshly ground powder was realized in 
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the partially vitrified state, i.e. below the majority phase Tg,1 and above the minority phase Tg,2 of 

the mobile phase (Theal < Tg,1, where Tg,1 is the Tg of the majority phase).  

It can be concluded that instantaneous self-healing in high-modulus poly(methacrylate) 

networks containing reversible Diels-Alder crosslinks and hydrogen-donor/-acceptor groups was 

achieved based on two major contributions: (i) the spontaneous formation of hydrogen bonds at 

early stages of the healing process promoting an efficient sealing of micro-cracks, and (ii) local 

polymer chain mobility as an intrinsic network property, due to a phase-separated morphology 

created by RIPS. 

The self-healing of macroscopic damage, i.e. a cut with a scalpel, was also studied for selected 

low-modulus reversible poly(methacrylate) network films by the restoration of the storage 

modulus E’ (DMA in tension mode at 25 °C). Damage recovery at ambient temperature was 

determined for a single-dynamic poly(methacrylate) network in the elastomeric state (RLM1), and 

complete damage recovery was observed after several hours (Theal >> Tg, network). However, 

instantaneous damage recovery was negligible (0-5% damage recovery after 10 min healing at 

ambient temperature) because self-healing was limited by the furan-maleimide Diels-Alder 

kinetics. A significant increase in the instantaneous damage recovery was achieved via a dual-

dynamic self-healing mechanism (RLM2) based on reversible Diels-Alder bonds and hydrogen 

bonds, recovering between 25 and 48% of the damage after 10 min (Theal > Tg,2, where Tg,2 is the 

Tg of the majority phase). These observations on both low-modulus systems confirmed the findings 

for the high-modulus poly(methacrylate) networks.   

In conclusion, a variety of promising ambient-temperature intrinsically self-healing 

poly(methacrylate) networks was developed. These materials offer a wide range of 

thermomechanical properties (low-modulus to high-modulus), network morphologies 
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(homogeneous to phase-separated) and self-healing rates (slow to instantaneous), enabling a wide 

range of potential applications, such as sustainable protective coatings. 
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