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ties after damage for different applica-
tions including anticorrosion,[1] metal 
protective coating,[2] painting coating 
technology,[3] and others. Inspired by the 
work of White and co-workers in 2009,[4] 
extrinsic self-healing coatings based on 
microencapsulated healing agents that 
are released upon damage have been well-
reported.[5] On the other hand, an intrinsic 
self-healing approach relies on the use of 
reversible bonds which can be covalent[6] 
such as Diels–Alder,[7,8] Schiff base,[9] 
thiol–ene chemistry,[10] and disulfide 
bonds.[11] Amongst a large variety of supra-
molecular interactions, hydrogen bonds 
based on a 2-ureido-4[1H]-pyrimidone 
linker were selected for the fabrication 
of self-healing polyurethane coatings.[12] 
Host–guest interactions from beta-cyclo-
dextrin-modified silk fibroin (SCD) and 
adamantane-modified hyaluronic acid 
(HAD) evidenced the self-healing fea-
ture and antibacterial property.[13] Revers-
ible supramolecular interactions based 
on metal complexes have mainly been 
explored for their self-healing property, 
because of the large numbers of ligands 
that can easily be introduced into poly-
mers, and the fact that the strength of 

these interactions can simply be modulated by selecting the 
appropriate metal ions and the ligand.[14] Metal–ligand com-
plexes based on terpyridine and Fe(II) were used to design 
self-healing coatings thanks to the reversible nature of these 
complexes.[15] Another interesting approach based on stimuli-
responsive polyelectrolyte multilayers for the fabrication of 
self-healing coatings has been reported.[16] The polymer coat-
ings were prepared using the layer-by-layer approach leading 
to mechanically robust coatings. The self-healing property was 
achieved by immersing the polymer coating in water, allowing 
the polymer chains flowability and to repair cuts that were 
several tens of micrometers deep and wide.[17] Nevertheless, 
immersing the coating for a prolonged period could cause sub-
stantial swelling and contraction, subsequently leading to the 
delamination of the coating from the substrate.

Amphiphilic polymer conetworks (APCNs) with covalently 
interconnected phase-separated domains represent an attrac-
tive class of polymeric materials.[18] Their ability to swell in 
both aqueous and organic media while maintaining their 

Self-healing polymer coatings have gained increased attention as a pathway 
for regenerating the inherent properties of surface following mechanical, 
physical or chemical damages. In most cases, the adhesion between the 
polymer coating layer and the substrate is driven by physical interactions. For 
some applications, immersing the polymer coating under water or exposing 
the coating to organic solvent vapors will undoubtedly lead to the coating 
delamination. One way to circumvent this issue is to attach the coating to 
the substrate via covalent bonds. However, this process will impede the 
self-healing feature of the polymer coating due to the confinement of the 
volume change of the polymer to one dimension. Herein, surface-attached 
metallo-supramolecular polymer conetwork coatings are reported. The 
ability of the polymer conetworks to swell in organic solvent while main-
taining their dimensional stability combined with reversible supramolecular 
cross-links based on metal complexes enables the design of scratch-healing 
polymer coatings. These metallo-supramolecular polymer conetworks are 
prepared in a three-step UV-initiated polymerization reaction starting from 
the poly(pentafluorophenyl acrylate)-l-polydimethylsiloxane (PPFPA-l-PDMS)-
activated ester covalently attached to the substrate. Reacting the polymer 
conetwork coating with the 4-(2-aminoethyl)pyridine and cross-linking the 
pyridine phases with ZnCl2 lead to the poly(N-(2(pyridin-4-yl)ethyl)acrylamide-
Zn(II))-l-polydimethylsiloxane (PNP4EA-Zn(II)-l-PDMS) polymer conetwork 
coatings with scratch-healing ability.

1. Introduction

Self-healing coatings have attracted increasing attention as 
a promising alternative approach to extend the life span of 
functional surfaces by restoring their appearance and proper-
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Figure 1. Three-step synthesis of metallo-supramolecular amphiphilic polymer conetwork coatings: simplified representations of 1) PPFPA-l-PDMS, 
2) PNP4EA-l-PDMS, and 3) PNP4EA-Zn(II)-l-PDMS.
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dimensional stability and without encountering macroscopic 
phase separation or polymer leaching remains one of the key 
features of APCNs.[19] The swelling ability of the APCNs has 
been exploited for the design of a self-sealing coating that has 
the ability to close punctures.[20] Nevertheless, the healing was 
not permanent, as the coating had to remain in a swollen state 
to reach an efficient sealing property. Recently, self-healing 
metallo-supramolecular polymer conetwork films were reported 
and the impact of the metal complexes on the recovery of 
mechanical properties after healing has been demonstrated.[21] 
Herein, the self-healing ability is optimized for surface-attached 
metallo-polymer conetwork coatings.

2. Results and Discussion

PFPA has been reported as a suitable hydrophobically masked 
monomer that is simultaneously in active ester and there-
fore allows us to prepare a wide range of functionalized 
poly(acrylamide)-based APCNs.[22] The PPFPA-l-PDMS conet-
work precursor coatings were synthesized by UV-initiated 
polymerization in the presence of Irgacure 651 (2,2-dimethoxy-
1,2-diphenylethan-1-one). To ensure a covalent bond between 
the polymer coating and the substrate, the glass substrates 
(2.6 × 3 cm2) were reacted with 3-(trimethoxysilyl)propyl meth-
acrylate to covalently attach methacrylate groups onto the sur-
face according to the previously reported procedure.[18a] The 
polydimethylsiloxane dimethacrylate (PDMS-DMA) cross-
linker was mixed with the PFPA monomer at a 1:1 weight 
ratio. The resulting monomer mixture was diluted with THF 
into which Irgacure 651 had been dissolved. (Figure  1) A 50 
µm thick polypropylene tape was placed on the edges of the 
methacrylate functionalized-glass substrate to form a U-shape 
mould as depicted in Figure S2 of the Supporting Informa-
tion. The polymer coating was prepared by a solution casting 
method, and a glass slide covered by a polypropylene tape was 
placed on top of the monomer mixture, which was directly 
photo polymerized under UV light for 2.5 min from each side. 
Unreacted monomers and PDMS cross-linkers were extracted 
by immersing the coatings in THF for 24 h at room tempera-
ture. An ATR-FTIR analysis of the APCNs coatings revealed the 
characteristic absorption bands of the active ester at 1783 cm−1 
(CO stretch) and the fluorinated aromatic ring stretch at 1520 
cm−1. (Figure  2) The surface analysis of the PPFPA-l-PDMS 
coatings by AFM height and phase analysis revealed nanophase 
morphologies typical of APCNs with larger interconnected 
PDMS spherical nanodomains of 26 ± 2 nm in diameter, dis-
persed in a PPFPA matrix (Figure 3a,b) compared to our pre-
vious study where smaller PDMS nanodomains of 10 nm in 
diameter were observed.[21]

The next step consisted of reacting the 4-(2-aminoethyl)
pyridine with the activated ester to functionalize the pyridine 
ligand into the APCNs coating. The 4-(2-aminoethyl)pyri-
dine was selected because of its higher reactivity in the pres-
ence of the activated esters and higher binding strength with 
metal ions compared to 4-aminopyridine.[23] To this end, the 
coating was immersed in THF containing 0.8 m of 4-(2-ami-
noethyl)pyridine and the reaction was carried out at 60 °C for 
4 h (Figure  1). The functionalization of pyridine ligand was 

confirmed by an ATR-FTIR analysis. The PNP4EA-l-PDMS 
coatings evidenced the amide stretch signal peak at 1652 cm−1, 

Macromol. Chem.  Phys. 2020, 2000331

Figure 2. ATR-FTIR spectra of the PPFPA-l-PDMS (red) and PNP4EA-l-
PDMS (black) polymer conetwork coatings.

Figure 3. AFM height and phase mode images of PPFPA-l-PDMS (a) 
height and (b) phase); PNP4EA-l-PDMS (c) height and (d) phase and 
PNP4EA-Zn(II)-l-PDMS (e) height and (f) phase of the surface of the 
polymer conetworks coatings. Scale bar: 100 nm.
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and the pyridine ring vibration signal shifted at 1606 cm−1 
(Figure 2).

A solid-state 13C NMR analysis of the PNP4EA-l-PDMS 
polymer conetworks revealed well-defined characteristic 
peaks of the carbonyl and pyridine ligand with chemical 
shifts respectively at 175 ppm CO(5), 148 ppm CH(1-3), and 
123 ppm C(3) thus confirming the successful functionaliza-
tion with the pyridine ligand (Figure 4). A solid-state 1H NMR 
analysis in swollen state using CDCl3 solvent complemented 
the 13C NMR by revealing characteristic aromatic proton sig-
nals of the PNP4EA phases as depicted in Figure S7 of the 
Supporting Information. The surface analysis of the PNP4EA-
l-PDMS obtained by the functionalization of the APCNs with 
the 4-(2-aminoethyl)pyridine did not reveal any change of 
the nanophase morphology neither the sizes of the PDMS 
domains (Figure 3c,d).

The following step consisted of loading ZnCl2 into the 
polymer conetwork. As previously reported, ZnCl2 complexes 
were selected to provide reversible interactions needed for the 
self-healing feature. Furthermore, Zn(II) ions can provide anti-
bacterial[24] and anticorrosion properties[25] to the surface, thus 
enlarging the application of the designed metallo-polymer coat-
ings. To this end, the coatings were immersed in THF solution 
containing ZnCl2 (3.67 × 10−3 m), and the reaction was carried 
out at 60 °C for 4 h. The polymer coatings were then rinsed 
in THF and dried under vacuum. The loading of ZnCl2 salt 
into the polymer conetwork coating led to the cross-linking of 
the PNP4EA phases via intra- and intermolecular cross-linking 
as depicted in Figure  1. It is hypothesized that intermolecular 
cross-linking would lead to the self-healing feature. The addi-
tion of the ZnCl2 induced the shrinking of the PDMS phases 
by ≈10 nm as shown in Figure 3e,f and this behavior could be 
assigned to intermolecular cross-linking within the PNE4EA, 

which impacted the nanophase morphology. The complexation 
of Zn(II) ions by pyridine ligand was confirmed by ATR-FTIR 
analysis, which revealed a shift of the characteristic pyridine 
ring vibration signal from 1606 to 1620 cm−1 (Figure S6, Sup-
porting Information).

The concentration of the Zn(II) ions of 8.5 ± 0.1 wt% was 
determined by inductively coupled plasma mass spectrometry 
analysis and corresponded to a molar ratio of PNP4EA to Zn(II) 
close to 2:1, which is similar to that reported for the metallo-
polymer conetwork films.[21] The cross-section of the polymer 
coating was measured by optical microscope and revealed that 
loading of Zn(II) resulted in an increase of the thickness from 
34.5 ± 1.6 µm (PNP4EA-l-PDMS) to 47 ± 1 µm (PNP4EA-Zn(II)-
l-PDMS) as a result of the complexation of Zn(II) ions by the 
PNP4EA phases (Figure S5, Supporting Information).

One of the attractive features of the amphiphilic polymer 
conetwork coating is its ability to swell in both aqueous and 
organic media while preserving its dimensional stability and 
without encountering macroscopic phase separation. The 
polymer conetwork films of the same composition and based 
on the PNP4EA-l-PDMS and PNP4EA-Zn(II)-l-PDMS polymer 
conetworks were prepared following the previously described 
procedure.[21] Their equilibrium volumetric degrees of swelling 
were tested in organic solvents: THF, 2-propanol and n-hexane. 
In THF and 2-propanol, the PNP4EA-l-PDMS polymer conet-
works films showed a fast swelling in 2 h and the equilibrium 
swelling degree was reached in 5 h (Figure 5a). In n-hexane, a 
selective solvent of the PDMS phases the equilibrium swelling 
degree was reached faster in half an hour, with a volumetric 
swelling degree of ≈2.5 in 24 h. The average swelling volumetric 
degree of 4.8 ± 0.2 and 4.4 ± 0.4 were measured after 24 h in 
THF and 2-propanol, respectively (Figure 5c). The cross-linking 
of the PNP4EA phases by Zn(II) ions reduced the overall 
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Figure 4. Solid-state 13C NMR spectrum of the PNP4EA-l-PDMS polymer conetworks coating.



© 2020 Wiley-VCH GmbH2000331 (5 of 8)

www.advancedsciencenews.com www.mcp-journal.de

Macromol. Chem.  Phys. 2020, 2000331

swelling ability. The highest swelling degree was achieved in 
THF, with an equilibrium swelling degree of ≈2.5, while in 
2-propanol and n-hexane, a swelling volumetric degree of 1.6 
was measured within 2 h. It is noteworthy to mention that the 
overall swelling degree remained constant up to 24 h, which 
proved that the bound metal ions are not released in organic 
solvent. It has been previously demonstrated that a polymer 
conetwork covalently attached to a surface results in the con-
finement of the volume change to one dimension, normal 
to the surface, which substantially reduces the swelling beh
avior.[18a],[26] This was proved by measuring the 1D swelling of 
the polymer coating cross-section. In THF, the swelling degree 
corresponding to 1.25 was measured, while in 2-propanol and 
n-hexane only 1.10 and 1.07 were measured, respectively. The 
measured values are close to the equilibrium swelling degree of 
the PHEA-l-PDMS polymer conetwork coating corresponding 
to ≈1.10 with similar ratio (PHEA:PDMS 1:1) in n-hexane and 
water.[18a] This confirmed the impact of the surface attachment 
by reducing the swelling ability of the polymer conetworks. The 
loading of ZnCl2 into the polymer conetworks reduced further 

the swelling degree of the polymer coatings at room tempera-
ture with an equilibrium swelling degree of ≈1.07 for the tested 
organic solvents (Figure 5d).

The mechanical properties of the prepared polymer 
conetworks films were assessed by tensile tests analysis. 
The PNP4EA-l-PDMS polymer conetworks exhibited a ten-
sile strength of 5.2 ± 0.6 MPa and a Young modulus (E′) of 
≈2.1 ± 0.3 MPa with a strain at break of 41 ± 5 at a strain rate 
of 10 mm min−1. Loading the metal complex into the polymer 
conetwork reduced the strain break to 1.2 ± 0.3 due to the cross-
linking of the PN4EA phases, but on the other hand these inter-
actions increased the Young’s modulus (E′) up to 6.7 ± 0.5 MPa, 
with a tensile strength corresponding to 7.4 ± 0.7 MPa (Figure 6).

The healing ability of the polymer conetworks was tested by 
scratching the surface of the coating using a scalpel, resulting 
in a 15 µm wide scratch. Preliminary scratch-healing tests were 
carried out in the conditions previously used for the polymer 
conetworks films.[21] In this case, no healing of the scratch was 
observed as the coating was covalently attached to the substrate. 
Therefore, despite the poor swelling ability of the polymer 

Figure 5. The volumetric degree of swelling SVol versus time of swelling for a) the PNP4EA-l-PDMS and b) PNP4EA-Zn(II)-l-PDMS b) polymer conet-
works films in organic solvents; c) the volumetric degree of swelling in 24 h and d) 1D swelling degree of (Sd) of the polymer conetwork coatings in 
organic solvents. (Mean values of n = 3 independent measurements, error bars represent SD.)
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coating in organic solvents at room temperature, the scratch-
healing ability was tested in the presence of the organic solvent. 
It was hypothesized that upon heating, the swelling ability would 
increase, thus mediating the healing process. To this end, THF 
was dropped on the scratched area (Figure  7a) and the coating 
was placed in an oven heated at 65 °C for 2 h. In this condition, 
optical microscope images evidenced the healing of the scratch, 
confirming the hypothesis of the solvent evaporation-mediated 
healing (Figure  7b). A similar test was performed in the pres-
ence of 2-propanol and the damaged coating was heated at 80 
°C (the boiling point of 2-propanol: 82.5 °C) for 2 h. In this case, 
the healing of the scratch was observed leaving a scar, as shown 
in Figure 7d. To prove that the healing effect is controlled by the 
swelling of the PNP4EA-Zn(II) phases, the scratch healing was 
tested in the presence of n-hexane, a selective solvent of the 
PDMS phase, for 2 h at 65 °C (Figure 7e).

However, in the presence of n-hexane, the scratch was 
still observed on the surface as a result of the collapse of the 
PNP4EA-Zn(II) phases. (Figure 7f) To demonstrate the impact 

Figure 7. Optical microscope images of the scratched surface-attached coatings from the PNP4EA-Zn(II)-l-PDMS polymer conetworks (a,c,e) and after 
healing in the presence of b) THF, d) 2-propanol, and f) n-hexane.

Figure 6. Uniaxial tensile tests of the PNP4EA-l-PDMS polymer conet-
works (solid line) and the polymer conetworks PNPE4A-Zn(II)-l-PDMS 
loaded with ZnCl2 (dashed line) at a strain rate of 10 mm min−1.
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of the reversible bond Zn(II)–pyridine complexes on the self-
healing feature, a scratch was made on Zn(II)-free polymer 
coatings (PNP4EA-l-PDMS). The same healing conditions were 
applied by dropping THF and 2-propanol on the scratched 
area separately (Figure  8a,c). Despite the measured higher 
swelling ability of the coating in THF (Figure  5d), no healing 
was observed for THF and 2-propanol (Figure 8b,d), thus con-
firming the essential role of the reversible bonds to achieve per-
manent healing on the surface of the coatings.

In conclusion, surface-attached coatings based on PNP4EA-
Zn(II)-l-PDMS metallo-polymer conetworks were synthesized, 
and the corresponding phase-separated nanostructured mor-
phologies were evidenced by AFM analysis while their compo-
sition was confirmed by the solid-state 13C NMR analysis. The 
swelling ability of the APCNs films and coatings was investi-
gated, as well as the impact of the reversible cross-links by the 
Zn(II)–pyridine complexes. The scratch-healing ability medi-
ated by organic solvent evaporation was demonstrated on the 
surface-attached polymer coatings. The reversible cross-link 
supramolecular interactions based on pyridine–Zn(II) com-
plexes enabled permanent scratch-healing. The synthesized 
metallo-supramolecular polymer conetwork coatings could find 
application for underwater coatings and the complexed Zn(II) 
ions enlarges their field of application to antibacterial surfaces.
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