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A B S T R A C T

Bio-based covalent adaptable networks represent a promising platform for the development of sustainable 
protective coatings combining durability, self-healing, and end-of-life management. In this work, we report a 
solvent-free, photocurable vitrimeric system based on bio-derived building blocks incorporating dynamic imine 
bonds, enabling intrinsic self-healing. The resin, synthesized from methacrylated vanillin and a flexible diamine, 
and diluted with methacrylated eugenol, was UV-cured in the presence of functionalized silica nanoparticles to 
form crosslinked composite networks in which the nanoparticles were covalently integrated. The resulting 
composite systems displayed homogeneous nanoparticle dispersion and tunable properties as a function of filler 
content. Notably, the incorporation of 2% w/w functionalized silica nanoparticles enabled complete healing in 
less than five minutes at temperatures as low as 80 ◦C without external pressure, while simultaneously imparting 
enhanced scratch resistance. When applied as coatings on steel substrates, pull-off adhesion tests revealed high 
adhesion strength for all formulations, with no evidence of coating-substrate interfacial failure. Electrochemical 
impedance spectroscopy measurements showed that pristine coatings provided excellent corrosion protection on 
steel substrates, maintaining impedance moduli above 107 Ω cm2 after prolonged exposure to saline environ
ments, whereas higher nanoparticle loadings reduced the barrier performance due to increased water uptake. 
Importantly, the coatings were fully removed from substrates in a diamine solution by exploiting transimination 
reactions of imine functionalities with diamines, allowing recovery of oligomeric fragments and clean substrate 
regeneration.

Introduction

Organic coatings encompass thin polymeric layers physically or 
chemically anchored to a bulk substrate to impart specific functional
ities. These coatings often consist of thermosetting matrices combined 
with fillers to achieve the performance required in demanding 

applications [1–3]. Thermosets are particularly attractive due to their 
crosslinked architecture, which confers superior resistance to chemicals, 
solvents, and mechanical stresses compared to thermoplastic counter
parts. However, as reported by van Benthem et al. [4], thermoset 
coatings remain susceptible to damage across multiple length scales, 
from macroscopic rupture and delamination to microcracking and 
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crazing, down to molecular-level bond scission. Such defects compro
mise the coating’s protective performance, shorten the service life of the 
coated object, and increase maintenance costs [5].

To address these limitations, considerable effort over the past de
cades has been devoted to designing thermoset materials with self- 
healing capabilities. While early systems relied on extrinsic ap
proaches [6], research has increasingly shifted toward intrinsic self- 
healing, where restoration of damaged interfaces occurs through the 
activation of specific dynamic and supramolecular bonds within the 
polymer structure [1,7–11]. Dynamic covalent chemistry has played a 
central role in this development. A pioneering contribution in the field 
was offered in 2002 by the Wudl group [12], which demonstrated heat- 
healable networks crosslinked by reversible Diels-Alder adducts. This 
polymer behaved as a rigid plastic at room temperature but transitioned 
to a rubbery state at 120 ◦C, where enhanced chain mobility and adduct 
dissociation enabled efficient healing. Since then, a broad variety of 
dynamic covalent chemistries has been implemented for thermally 
triggered self-healing systems, as reviewed by Zheng et al [13].

In particular, Lu et al. reported that transition-metal-catalyzed olefin 
metathesis is an effective route for healing cross-linked polybutadiene 
networks by exchanging carbon–carbon double bonds activated by a low 
concentration of Grubbs’ second-generation catalyst [14]. Zhang et al. 
developed stiff polyurethanes capable of autonomous intrinsic self- 
healing by incorporating alkoxyamine units and a soft, highly crystal
line segment with sub-ambient Tg into the polymer backbone [15]. More 
recently, dynamic covalent bonds have also been investigated for the 
design of protective coatings. Van Lijsebetten et al. synthesized vitri
meric epoxy coatings using dynamic amine-acetoacetate curing agents 
and demonstrated the recovery of barrier properties by monitoring 
scratch disappearance after thermal activation at 160 ◦C under pressure 
[16]. Very recently, Li et al. reported a PDMS-based dynamic covalent 
network containing reversible imine and Zn2⁺ coordination bonds, 
enabling autonomous self-healing and anticorrosion performance due to 
the inherently low Tg of PDMS [17].

Wang et al. [18] demonstrated the self-healing ability, together with 
the anti-corrosion properties of cardanol/furfurylamine-based poly
benzoxazine vitrimeric systems containing dynamic disulfide bonds and 
cured with bis(4-aminophenyl) disulfide. In particular, the scratches on 
the coatings could self-heal after heating at 120 ◦C for up to 1 h. Besides, 
the impedance modulus values at low frequency (|Z|0.01Hz) of the ob
tained coatings exceeded 107 Ω cm2 after soaking in a 3.5% w/w NaCl 
solution for 15 days, indicating anti-corrosion properties. Yang et al. 
[19] synthesized an amine curing agent containing imine bonds using a 
polyether amine and bio-based vanillin. The curing agent was then 
combined with modified graphene oxide and an epoxy resin to produce 
composite coatings that exhibited excellent stress relaxation properties, 
enabling physical restoration at 190 ◦C and 20 MPa with a recovery rate 
exceeding 89%. Besides, the coatings showed outstanding aging resis
tance for 40 days and anti-corrosion behavior for 100 days. Shahali et al. 
[20] developed aromatic thermosetting vitrimeric copolyesters as self- 
healing and corrosion-resistant coatings for carbon steel via a conden
sation polymerization reaction between acetoxy functional group olig
omers and carboxylic acid. After exposure to 3.5% w/w NaCl, 6 M KOH, 
and 1 M H2SO4 for 30 days, the scratched vitrimeric coatings exhibited 
interesting self-healing capabilities through IR heating. Besides, the 
deepest scratches showed significant improvement after two IR cycles.

Motivated by these advances, this work explores a solventless, bio- 
based photocurable resin incorporating imine functionalities to 
develop intrinsically self-healing protective vitrimeric systems. The 
presence of dynamic imine bonds, along with the aromatic character of 
the building blocks, provides the coatings with efficient self-healing 
behavior upon heating at atmospheric pressure, and promising anti
corrosion performance. To further enhance the functional response, the 
resin was combined with silica nanoparticles (SiNPs), which were spe
cifically functionalized to promote their homogeneous dispersion and 
covalent integration into the network. This allowed us to investigate 

their influence on both self-healing and anticorrosion behavior. In 
particular, the presence of silica nanoparticles at a concentration of 2% 
w/w relative to the resin was found to accelerate scratch reclosure, 
enabling healing even at lower temperatures compared to the unfilled 
coating. In terms of anticorrosion properties, the pristine samples 
exhibited the most promising performance, showing a high impedance 
modulus throughout the test, which was carried out by placing the 
coating in contact with a 3.5% w/w NaCl aqueous electrolyte for 336 h. 
A progressive decrease in performance was observed with increasing 
SiNPs content, attributed to enhanced water uptake. Importantly, the 
incorporation of functionalized SiNPs imparted significant scratch 
resistance, a property not observed in the unfilled vitrimeric systems and 
directly arising from the mechanical reinforcement provided by the filler 
particles.

Finally, we demonstrate that the vitrimeric systems can be chemi
cally removed from the substrate through dynamic imine exchange with 
a diamine reagent, enabling complete delamination and recovery of 
oligomeric fragments. This recyclability feature highlights the potential 
of these systems for developing more sustainable protective coating 
technologies.

Experimental section

Materials

Vanillin (VL, >99%) and 2,2′-(Ethylenedioxy)bis(ethylamine) 
(DOM, 99%) were purchased from BLDpharm and used without any 
additional purification. 3-(aminopropyl)-triethoxysilane (APTES, 
>98%) was purchased from TCI Chemicals. Methacrylic anhydride 
(94%), eugenol (4%), 4-dimethylaminopyridine (DMAP, 99%), sodium 
hydrogen carbonate (for analysis), sodium hydroxide (98%), sodium 
sulfate (≥99%), silica (fumed, d = 0.007 μm), ethylenediamine (>99%), 
methanol (MeOH, ≥99%), ethanol (EtOH, 97%), ethyl acetate (≥99%) 
and dichloromethane (DCM, ≥99%) were purchased from Sigma- 
Aldrich and used as received. 2-Hydroxy-2-methyl-1-phenylpropanone 
(Irgacure 1173), used as photoinitiator, was kindly supplied by IGM 
Resins Italia (Mortara (PV), Italy). Microscope glass slides from Apta 
Slides were used as glass supports. For adhesion strength tests, cylin
drical supports (d = 20 mm, h = 10 mm) were made from a S235JR hot 
rolled non-alloy structural steel plate, while the substrates for corrosion 
tests were the CXC-35 Corrosion Coupons (purchased from Q-Lab); they 
are 76 × 127 × 0.8 mm3 panels made from SAE1008 commercial-grade, 
cold-rolled carbon steel.

Synthesis of DOM-MVL

The CAN resin, DOM-MVL, was synthesized according to a double- 
step procedure consisting of the methacrylation of VL to produce 
methacrylated vanillin (MVL) and the subsequent Schiff-base reaction 
between MVL and DOM. MVL was obtained according to the previously 
reported procedure [21]. Briefly, VL (30.00 g, 197.17 mmol) was mixed 
with MAA (30.36 g, 197.00 mmol) and DMAP (0.17 g, 1.39 mmol) in a 
250 mL round-bottom flask and kept under stirring at 60 ◦C for 24 h. The 
reaction product was diluted with DCM and subsequently washed with 
saturated aqueous sodium hydrogen carbonate, 0.5 M NaOH, 1 M NaOH, 
and distilled water. The organic phase was dried over Na2SO4, concen
trated at reduced pressure, and dried under vacuum at room tempera
ture for 2 days, yielding MVL as a white powder (81% reaction yield). 
The DOM-MVL resin was obtained by subjecting the MVL to a Schiff- 
base reaction with DOM [22,23]. In brief, MVL (4.05 g, 18.40 mmol) 
and DOM (1.78 g, 12.00 mmol) were placed in a 250 mL round-bottom 
flask and dissolved in 60 mL of DCM. The reaction was carried out at 
room temperature for 5 h under stirring. Afterward, the reaction mixture 
was subjected to the same washing and drying procedures as described 
for methacrylation, yielding DOM-MVL as a pale-yellow oil (96% reac
tion yield).
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Synthesis of MEu

For the synthesis of the reactive diluent (i.e., methacrylated eugenol, 
MEu), eugenol (30.00 g, 182.7 mmol) was mixed with MA (29.03 g, 
188.34 mmol) and DMAP (0.223 g, 5.48 mmol) in a 250 mL round- 
bottom flask and stirred at 45 ◦C for 24 h. Afterward, the reaction 
mixture was subjected to the same work-up procedure as described for 
vanillin methacrylation, yielding MEu as a pale-yellow oil (88% reaction 
yield) [24].

Synthesis of SB-NPs

As the first step, NH2-NPs were obtained through a sol–gel reaction 
between SiNPs and APTES. Fumed silica (250 mg) was loaded inside a 
500 mL round-bottom flask with 250 mL of a 95:5 w/w solution of 
EtOH/H2O. The flask was sonicated for 2 h at room temperature. Then, 
APTES (400 mg, 1.8 mmol) was added to the flask, and the mixture was 
stirred at 75 ◦C for 2 h. The suspension was centrifuged at 6000 rpm for 
2 h, and the precipitated solid was freeze-dried for 24 h, yielding a white 
powder. SB-NPs (350 mg) were placed in a 500 mL round-bottom flask, 
and ethyl acetate (350 mL) was added. The suspension was sonicated for 
2 h. Then, MVL (668.18 mg, 3.04 mmol) was loaded, and the mixture 
was stirred for 2 h at room temperature. Then the suspension was 
centrifuged (6000 rpm, 20 min), and the precipitate, a pale-yellow 
powder, was collected and dried under vacuum overnight.

Preparation of free-standing networks and coatings

DOM-MVL:MEu resin was prepared by mixing the two components at 
a 50:50 wt ratio. Three formulations were produced, namely: (i) the neat 
resin (without nanoparticles), and (ii) composite resins containing SB- 
NPs at either 2% w/w or 5% w/w, calculated with respect to the total 
resin weight. Irgacure 1173 was then added at 4% w/w relative to the 
weight of the resin. Free-standing films were obtained by UV-curing the 
formulations according to the following procedure: first, the liquid 
mixtures were coated on 10x10 cm2 glass slides using a wire-wound 
applicator (nominal thickness: 200 µm). Then, the coated slides were 
UV-cured using a Heraeus Noblelight F300S UV lamp system operating 
in static mode. The liquid mixtures underwent three non-consecutive 
exposures to UV radiation, each for 30 s; finally, the cured coatings 
were peeled off from the glass slides. For the preparation of coatings, the 
same three formulations were deposited onto glass or steel substrates 
and subjected to the identical curing procedure used for the free- 
standing films. Samples obtained from the formulation without SB-NPs 
were labeled ‘pristine’, whereas the composites were labeled ‘2% w/w 
SB-NPs’ and ‘5% w/w SB-NPs’, respectively, according to the nano
particle loading.

Characterization of resin, nanoparticles, and free-standing networks

The chemical structures of DOM-MVL and MEu were confirmed by 
means of 1H NMR spectroscopy performed on an Avance 600 (Bruker) 
spectrometer (600 MHz) equipped with a 5.0 mm multi-nuclear observe 
probe with Z-gradient. CDCl3 was used as both the solvent and the in
ternal standard for chemical shift calibration.

The chemical structures of functionalized NPs, free-standing net
works, and oligomers derived from coating decomposition were inves
tigated using ATR-FTIR with an ALPHA II PLATINUM-ATR (Bruke 
Corporation). All the spectra were recorded in the wavenumber range of 
4000 − 400 cm− 1 using 48 scans at a resolution of 4 cm− 1.

The thermogravimetric behavior of NH2-NPs and SB-NPs, as well as 
of the free-standing films, was investigated by means of a TGA Q500 
(TA-Instruments). Samples with a weight of around 5–10 mg were 
subjected to a heating scan from room temperature to 700 ◦C with a 
heating rate of 10 ◦C/min in an air atmosphere. Differential scanning 
calorimetry (DSC) analysis of the films was performed using a DSC 

Q2000 instrument (TA Instruments) equipped with a refrigerated cool
ing system (RCS) in N2 atmosphere. 5–10 mg of sample was sealed in an 
aluminum crucible and subjected to a heating scan from − 90 ◦C to 
150 ◦C with a heating rate of 20 ◦C/min. Tg was taken as the half-height 
of the glass transition heat capacity step. Stress relaxation analyses were 
performed using a DMA Q800 (TA Instruments). The measurements 
were performed in a custom stress relaxation mode with a static force of 
0.01 N, at a frequency of 1.0 Hz. The Poisson’s ratio was 0.44. The 
samples were first heated to 60 ◦C and equilibrated for 5 min; after that, 
a constant 2% strain was applied, and the relaxation modulus and stress 
were recorded over time.

The efficiency of NPs' surface functionalization was evaluated using 
the ninhydrin assay, a well-established colorimetric method for the 
quantitative determination of primary amine groups [25]. Briefly, the 
ninhydrin reagent was prepared by dissolving 110 mg of ninhydrin in 
16 mL of ethanol (0.68% w/v), followed by the addition of 4 mL of 2,6- 
lutidine. A calibration curve was first generated by reacting an excess of 
ninhydrin solution with APTES standard solutions in the concentration 
range of 0.0225–0.375 mM. Upon heating at 90 ◦C for 5 min in a ther
mostated bath, the reaction between ninhydrin and amine (–NH2) 
groups produced a color change from pale yellow to deep blue, due to 
the formation of Ruhemann’s Blue. The characteristic absorption band 
of this chromophore at 582 nm was monitored by UV–vis spectroscopy 
and employed for constructing the calibration plot and determining the 
corresponding extinction coefficient. For the analysis of functionalized 
NPs, 25 μL of the APTES-MSNs suspension collected after the grafting 
reaction was mixed with 975 μL of ninhydrin solution (3 × 10⁻2 M). The 
mixture was heated at 90 ◦C for 5 min, resulting in the development of 
blue coloration associated with surface amino groups. Then, the absor
bance measured at 582 nm was used to quantify the amount of –NH2 
functionalities present on the NPs surface. Transmission electron mi
croscopy (TEM) analysis was performed by using a JEM1011 instrument 
(JEOL, Akishima, Tokyo, Japan) operating at an accelerating voltage of 
100 keV and equipped with a high-resolution CCD camera. Samples 
were deposited from ethanol onto carbon-coated copper grids and 
allowed to dry prior to imaging. Dynamic light scattering (DLS) and 
ζ-potential measurements were carried out using a Zetasizer nano ZSP 
(Malvern, Worcestershire, UK) equipped with a 50 mW laser diode 
operating at 532 nm. These analyses were employed to determine the 
mean hydrodynamic diameter (reported as intensity-weighted mean), 
polydispersity index (PDI), and ζ-potential of the NPs [26]. Data are 
reported as mean ± standard deviation from three independent 
measurements.

Gel content measurements were carried out to investigate the solvent 
resistance of the free-standing films by immersing each sample (around 
30 mg) in 3 mL of DCM for 72 h at room temperature. After being 
removed from the solvent, the samples were dried in a vacuum oven at 
60 ◦C until a constant weight was reached. The gel fraction was deter
mined according to equation (1). 

Gel content% =
mf

mi
x100 (1) 

where mf is the final weight of the sample after 72 h of immersion, mi is 
the weight before the immersion. The analysis was performed in 
triplicate.

Characterization of coatings

Atomic force microscopy (AFM) measurements were carried out in 
ambient conditions using a Bruker Innova microscope in tapping mode, 
with commercial silicon tips having a nominal resonance frequency of 
300 kHz (TAP300Al-G). Image analysis and post-processing were per
formed using Gwyddion software [27].

Scanning Electron Microscopy (SEM) analyses were performed using 
a Zeiss Supra 40 FESEM by Zeiss. The samples were analysed using an 
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accelerating voltage of 5 kV and an aperture size of 30 µm. To ensure 
conductivity, a thin (about 12 nm) layer of platinum was coated on the 
samples using the Quorum Q150TS Sputter Coater. The coater was 
operated at 30 mA for 20 s in an argon atmosphere. The self-healing 
properties of the coatings applied on both glass and steel substrates 
were investigated at different temperatures, i.e. 120 ◦C, 100 ◦C, and 
80 ◦C. A controlled scratch was made on the coating surface with a 
blade. Care was taken to ensure that the scratch remained within the 
coating. Then, the damaged samples were allowed to heal at the selected 
temperature by placing the coated substrate on a pre-heated hot plate. 
For coatings deposited on glass substrates, the multiple-cycle self-heal
ing behavior was evaluated at 120 ◦C, as all the coatings exhibited 
complete scratch reclosure at this temperature. Three consecutive 
scratches were applied sequentially. Each new scratch was applied only 
after the previous one had completely closed. The repair process was 
monitored using a Dino-Lite camera (magnification 40x).

The anti-scratch properties were investigated in accordance with 
ASTM D3363–22. 6H Pencil lead (diameter 1 mm) with defined geom
etry was pushed over the coated glasses at an angle of 45◦ and a speed of 
30 mm/s. The possible scratch formation was investigated using an 
optical microscope (Zeiss Axiocam 208) equipped with ZEN 3.6 
software.

The adhesion strength of the coating formulations (Pristine, 2% w/w 
SB-NPs, and 5% w/w SB-NPs) on S235JR steel was evaluated via pull-off 
tests in accordance with the EN ISO 4624 standard [28]. The substrates 
for the coatings consisted of cylindrical specimens (diameter = 20 mm, 
thickness = 10 mm) machined from S235JR structural steel using 
Electrical Discharge Machining (EDM) to ensure dimensional precision. 
A threaded M6 hole was drilled into the back face of each cylinder to 
facilitate coupling with the testing machine. Prior to coating applica
tion, the test surfaces were subjected to abrasive blasting (sandblasting) 
to enhance mechanical interlocking and remove surface contaminants. 3 
cylinders were coated for each formulation. As shown in the test setup 
reported in the Results and Discussion section, an uncoated cylinder of 
the same geometry (dolly) was glued to each coated sample after 
applying three drops of commercial cyanoacrylate adhesive (UHU, 
Rotterdam, The Netherlands), characterized by a nominal tensile 
strength of 12 MPa. To ensure perfect coaxial alignment during bonding 
and minimize bending moments, a custom-designed PTFE fixture was 
employed. A constant contact pressure of about 10 kPa was maintained 
during the curing phase (24 h at room temperature, as per manufacturer 
specifications). The excess adhesive was properly removed from the 
joint perimeter before curing. Pull-off tests were conducted using a 
servo-hydraulic testing system (Instron Systems, Model 8033) equipped 
with a 20 kN load cell. The load was applied perpendicular to the sub
strate plane under force control at a constant rate of 44 N/s, calculated 
to induce failure within 90 s, as prescribed by the ISO standard. To 
ensure uniaxial loading and eliminate bending moment, the assembly 
was connected to the machine actuators using self-aligning spherical 
joints. Machine compliance was characterized prior to testing and sub
tracted from the displacement data to isolate the assembly response. 
After failure, the fracture surfaces were analyzed to determine the locus 
of failure. High-resolution optical images of both the substrate and dolly 
sides were processed using Fiji software [29] to quantify the percentage 
area of each failure mode. Failure types were classified as follows: 
cohesive failure occurring within the coating layer (CC); adhesive failure 
at the glue-coating interface (GC); and adhesive failure at the coating- 
substrate interface (CS).

The corrosion protection effectiveness of the coatings was assessed 
using electrochemical impedance spectroscopy (EIS) measurements. 
Samples were tested in a conventional ‘coating cell’ in a 3-electrode 
configuration, where the coated steel was the working electrode, a 
graphite rod the counter electrode and an Ag/AgCl electrode was used as 
reference. The electrolyte was a 3.5% w/w NaCl aerated solution, and all 
measurements were acquired at room temperature. EIS measurements 
were performed using the Palmsens4 potentiostat, applying a 10 mV 

sinusoidal signal in the frequency range from 105 Hz to 10-2 Hz (10 
points per frequency decade). After immersion in the electrolyte, EIS 
measurements were acquired every 24 h up to 336 h. The working 
electrode area was about 12.56 cm2, and all tests were performed in 
triplicate to ensure reproducibility.

The possibility of decomposing the coatings and removing them from 
the substrates was also demonstrated. Glass substrates (2 cm x 3 cm) 
coated with pristine or 5% w/w SB-NPs films were immersed in 5 mL 
ethylenediamine and heated at 60 ◦C for 30 min. Then, the glass was 
removed and a dark orange solid precipitate was collected, dried under 
vacuum overnight, and subsequently characterized through ATR-FTIR. 
The recovered oligomeric fragments were subsequently used to pre
pare recycled free-standing films according to the following procedure. 
For the pristine system, 100 mg of oligomeric solid were mixed with 10 
mg of MVL and 5 mg of Irgacure 2959 by grinding. The resulting powder 
was placed in a Teflon mold and hot-pressed at 100 ◦C for 10 min under 
20 bar. For the 5% w/w SB-NPs system, 100 mg of oligomeric solid were 
mixed with 10 mg of MVL, 5 mg of SB-NPs, and 5 mg of Irgacure 2959 by 
grinding. The mixture was then placed in a Teflon mold and hot-pressed 
under the same conditions. The recycled films were finally characterized 
by ATR-FTIR and TGA.

Results and discussion

The reactions involved in the synthesis of the resin are illustrated in 
Fig. S1. The preparation of DOM-MVL begins with the methacrylation of 
the phenolic group of vanillin using methacrylic anhydride, followed by 
a Schiff-base reaction between its aldehyde group and DOM [22,30].

EuMet, obtained through the methacrylation of eugenol, was used as 
a reactive diluent and substitute of organic solvents, due to its high 
miscibility with DOM-MVL [24]. The presence of a vinyl group in its 
structure favors its covalent incorporation into the thermoset structures. 
The successful synthesis of both resin components was confirmed via 1H 
NMR analysis (Fig. S2).

Commercial SiNPs were surface-functionalized to enhance disper
sion in the resin and to promote covalent immobilization in the resulting 
network. The functionalization procedure consists of two steps, sche
matically summarized in Fig. 1a. First, a sol–gel reaction between the 
hydroxyl groups on the SiNPs surface and APTES yields amino- 
terminated nanoparticles (NH2-NPs). In the subsequent step, these ter
minal amine groups undergo a Schiff-base reaction with MVL, leading to 
the formation of SB-NPs.

The resin and the SB-NPs, at concentrations of 2% w/w and 5% w/w 
relative to the total resin weight, were mixed together in the presence of 
the photoinitiator and subsequently UV-cured, yielding CAN-based 
composites in which the SB-NPs were covalently integrated, as sche
matized in Fig. 1b. The imine linkages within the network imparted a 
vitrimeric behavior to the resulting CAN. Prior to resin curing, the 
commercial SiNPs and the nanoparticles obtained after each function
alization step were thoroughly characterized.

Characterization of functionalized nanoparticles

The morphology, surface chemistry, and colloidal properties of the 
functionalized silica nanoparticles were comprehensively evaluated; the 
results are reported in Fig. 2. Transmission electron microscopy (TEM) 
analysis was performed to assess particle morphology and size before 
and after surface functionalization. As illustrated in Fig. 2 a–c, all 
samples consist of nanosized, roughly spherical particles that appear 
strongly aggregated into irregular clusters. This aggregation prevented 
clear resolution of individual NPs, resulting in compact assemblies 
rather than isolated objects. Nevertheless, statistical TEM analysis re
veals that the aggregates are composed of nanosized building blocks, 
with average particle diameter of 9 ± 2 nm for pristine NPs, 11 ± 3 nm 
for NH2-NPs, and 13 ± 2 nm for SB-NPs. The modest but progressive 
increase in particle size confirms the successful stepwise 
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functionalization of the silica surface.
The presence and relative abundance of primary amine groups on the 

NPs surface were quantified using the ninhydrin assay (Fig. 2d). 
Ninhydrin reacts selectively with –NH2 groups to form the deep blue 
Ruhemann’s blue chromophore, whose intensity is proportional to the 
amine content. NH2-NPs (red dotted line) exhibited a markedly higher 
absorbance than pristine NPs (black dotted line), confirming efficient 
amine grafting. Subsequent functionalization to produce SB-NPs (blue 
dotted line) led to a reduced but detectable ninhydrin response, indi
cating partial consumption or masking of –NH2 groups. Quantitatively, 
the amino group concentrations were 1.3⋅10-7 mol NH2/mg NPs and 
2⋅10-8 mol NH2/mg NPs for NH2-NPs and SB-NPs, respectively.

To further confirm the success of the functionalization steps, ζ-po
tential measurements were conducted (Fig. 2e, Table 1). Pristine NPs 
displayed negative ζ-potential values typical of deprotonated silanol 
groups on silica surfaces. Amino-functionalization resulted in a pro
nounced shift toward positive ζ-potential values for NH2-NPs, consistent 
with the high density of surface –NH2 groups detected by the ninhydrin 
assay. SB-NPs showed a slight decrease in ζ-potential, reflecting partial 
shielding or consumption of amino groups. The strong agreement be
tween the ninhydrin and ζ-potential results confirms the stepwise sur
face modification of the nanoparticles. DLS measurements revealed 
hydrodynamic diameters significantly larger than those observed by 

TEM (Table 1), as expected since DLS captures the hydrodynamic radius, 
including solvation layers and NP aggregates in suspension. These re
sults are consistent with the aggregation observed in TEM images, 
further validating the characterization.

Overall, the combined TEM, ninhydrin, ζ-potential, and DLS analyses 
demonstrate that the silica NPs were successfully functionalized with 
–NH2 groups and subsequently with SB molecules, and that the nano
particles remain aggregated in solution. This functionalization is ex
pected to promote the uniform integration of the NPs into polymeric 
matrices, likely enhancing interfacial compatibility and mechanical 
strength.

TGA analysis performed in air, as shown in Fig. 2f, reveals no sig
nificant weight loss for the pristine SiNPs, consistent with their fully 
inorganic composition. In contrast, both NH2-NPs and SB-NPs exhibited 
distinct mass losses upon heating, confirming the presence of organic 
functional groups on their surfaces. A major degradation step was 
detected at 315 ◦C for NH2-NPs and at 343 ◦C for SB-NPs, corresponding 
to weight losses of 8% w/w and 16% w/w, respectively. The greater 
mass loss observed for SB-NPs is consistent with their longer organic 
chains relative to NH2-NPs.

The surface presence of terminal –NH2 groups on the NH2-NPs was 
confirmed by ATR-FTIR (Fig. 2g), which revealed a characteristic peak 
at 1560 cm− 1 absent in unmodified SiNPs. Following the Schiff-base 

Fig. 1. Scheme of a) SiNPs functionalization, b) chemical structure of composite vitrimer deriving from the curing reaction between the resin and SB-NPs.
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reaction with MVL, this peak disappears, while a new band emerges at 
1640 cm⁻1, indicative of imine formation, alongside a signal at 1740 
cm⁻1 attributable to the ester functionality of MVL. Fig. 2h also high
lights how surface functionalization improves NPs dispersion within the 
resin. Unlike pristine commercial SiNPs, which form a heterogeneous 
and poorly mixed system, SB-NPs are evenly distributed throughout the 
resin, resulting in a uniform and stable mixture. This highlights the 
effectiveness of the Schiff-base modification in promoting homogeneous 
integration of NPs.

Characterization of free-standing films

To investigate the chemical and physical properties of the resulting 
networks, free-standing films were prepared according to the procedure 
described in the Experimental Section. The ATR-FTIR spectra (Fig. 3a) 
showed that all films shared the same chemical features, with no sig
nificant differences between the pristine and composite networks. 
Though the characteristic signals of ester groups (1710 cm⁻1) and imine 
functionalities (1640 cm⁻1) were detected in all samples [21], a broad
ening of the imine band was evident in the composites, consistent with 
the presence of imine linkages both within the polymer network and at 
the surface of the functionalized nanoparticles. A minor variation was 
also noted near 1082 cm⁻1 in the 5% w/w SB-NPs sample, attributable to 
the overlapping of the polymer matrix signal with the asymmetric 
Si–O–Si stretching of the silica nanoparticles [31,32].

Thermogravimetric analysis (Fig. 3b, Table S1, Fig. S3), carried out 
in air, revealed that the pristine network is thermally stable up to 155 ◦C, 
above which three degradation stages occur. The first degradation step 
exhibits a maximum rate at 237 ◦C and accounts for a 23% w/w mass 

Fig. 2. Characterization of pristine and functionalized silica NPs: TEM images of (a) NPs, (b) NH2-NPs, and (c) SB-NPs; scale bar: 20 nm. (d) Ninhydrin assay spectra 
on NPs, NH2-NPs, and SB-NPs. (e) ζ-potential measurements performed on NPs, NH2-NPs, and SB-NPs. (f) Thermogravimetric analysis (TGA) of NPs, NH2-NPs, and 
SB-NPs. (g) FTIR spectra of NPs, NH2-NPs, and SB-NPs. (h) Photographs of 2% and 5% w/w NPs (up) and 2% and 5% w/w SB-NPs in the resin (down).

Table 1 
Summary of intensity-average hydrodynamic diameter and corresponding PDI 
determined by DLS and ζ-potential values.

Size distribution (nm) PDI ζ-potential (mV)

NPs 58 ± 3 0.53 ± 0.03 − 15.0 ± 1.2
NH2-NPs 36 ± 4 0.17 ± 0.07 +30.4 ± 0.4
SB-NPs 37 ± 2 0.29 ± 0.01 +28.5 ± 0.6
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loss. This step can be attributed to the presence of imine functionalities, 
which generally display lower thermal resistance than permanent co
valent bonds. The second step, with a maximum rate at 405 ◦C, corre
sponds to an additional 47% w/w mass loss and is ascribed to the 
random scission of the crosslinked chains [24]. Finally, the last stage, 
associated with the thermo-oxidation of the carbonaceous residue, 
shows a maximum rate at 535 ◦C.

The thermogravimetric profile of the 2% w/w SB-NPs composite 
closely overlapped that of the pristine sample. In contrast, the 5% w/w 
SB-NPs composite exhibited reduced thermal stability, with degradation 
beginning at approximately 100 ◦C, and a broadened first degradation 
step, leading to a 34% w/w mass loss. These observations suggest 
incomplete curing in the 5% w/w formulation [30], a conclusion further 
supported by additional analyses described below. Under oxidative 
conditions, no residue remained for the pristine network. However, re
sidual masses of 1.3 and 2.7% w/w were measured for the 2 and 5% w/w 
SB-NPs samples, respectively. These values correspond to the inorganic 
fraction of the nanoparticles, as the organic functionalization degraded 
consistently with the TGA curves in Fig. 2f.

The DSC first heating scans (Fig. 3c, Table S1) revealed broad glass 
transition regions for all formulations, characteristic of crosslinked 
networks. While the pristine resin and the 2% w/w SB-NPs composite 
displayed comparable Tg values at around 51 ◦C, the 5% w/w SB-NPs 
sample exhibited a lower Tg of 28 ◦C, again consistent with the pres
ence of uncured material. This trend was corroborated by gel content 
measurements collected in Table S1, which showed high solvent resis
tance for both the pristine network (89 ± 2% w/w) and the 2% w/w SB- 
NPs composite (80 ± 6% w/w), but a significantly reduced gel fraction 
for the 5% w/w sample (70 ± 4% w/w).

Collectively, these results indicate that incorporating SB-NPs at 2% 
w/w does not substantially alter the physico-chemical properties of the 
DOM-MVL:MEu vitrimer. However, increasing the nanoparticle loading 
to 5% w/w, although synthetically feasible, hinders complete network 
curing, resulting in a material with lower thermal stability, reduced 
glass transition temperature, and diminished solvent resistance.

The reduced gel content and lower Tg observed for the 5% w/w SB- 
NPs formulation strongly suggest incomplete network formation. This 
can be explained by considering the combined optical, physicochemical, 
and interfacial effects introduced by the higher nanoparticle loading. In 
UV-curable methacrylate systems, the presence of inorganic nano
particles influences curing efficiency through multiple mechanisms. 
First, light scattering and attenuation effects become increasingly rele
vant at higher filler contents, particularly in the presence of nanoparticle 
aggregates, as evidenced by SEM and AFM analyses in this study. Even 
for transparent fillers, such as silica, a mismatch in the refractive index 
between the inorganic phase and the organic matrix leads to significant 
scattering of UV radiation. This reduces the effective photon flux that 
reaches the bulk of the film, thereby decreasing the efficiency with 
which photoinitiators are activated. This phenomenon has been widely 
reported in nanoparticle-filled photopolymer systems and is often 
associated with reduced depth of cure and spatially heterogeneous 
conversion [33,34].

In addition to optical effects, interfacial interactions between the 
nanoparticles and reactive species may contribute to the inhibition of 
curing. SB-functionalized silica nanoparticles retain a residual fraction 
of surface amino groups, as demonstrated by ninhydrin and ζ-potential 
analyses. These amines may interfere with the radical photo
polymerization process by acting as radical scavengers or by promoting 
side reactions, such as chain transfer or premature termination [35].

Furthermore, the formation of nanoparticle aggregates at higher 
loadings introduces significant microstructural heterogeneity, which 
can locally hinder polymerization. Aggregates can act as physical bar
riers that limit monomer and radical diffusion, promote early vitrifica
tion in confined regions, and ultimately prevent the system from 
reaching full conversion. This effect is exacerbated by the increase in 
viscosity associated with higher filler content, which reduces molecular 
mobility and further restricts the progression of the polymerization re
action [36,37].

Stress relaxation measurements performed at 60 ◦C are reported in 
Fig. 3d. The curves illustrate a decrease in the normalized stress 

Fig. 3. Characterization of free-standing films. a) ATR-FTIR spectra; b) TGA curves; c) DSC curves; d) stress relaxation analysis performed at 60 ◦C.
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relaxation modulus over time. The stress relaxation modulus decreased 
by more than 37% in less than 1.5 min for all the samples, with the 2% 
w/w SB-NPs releasing the stress in the shortest time. This result suggests 
the occurrence of imine exchange reactions at temperatures slightly 
above Tg; the presence of SB-NPs further contributes to the activation of 
the imine associative pathways. However, given that the measurements 
are performed close to Tg, the contribution from the enhanced chain 
mobility cannot be excluded.

Characterization of the network as protective coatings

To evaluate the suitability of the synthesized networks as protective 
coatings, the resins were applied onto glass and steel substrates and 
subsequently cured. The resulting coatings were characterized in terms 
of morphology, self-healing behavior, scratch resistance, adhesion to the 
substrate, and anti-corrosion performance. Finally, we demonstrated the 
possibility of completely removing the coating from the substrate and 
recovering its oligomeric species.

The coatings cured on steel substrates were examined by SEM. As 

expected, the pristine sample exhibits a smooth, and uniform 
morphology, with no detectable defects or structural irregularities 
(Fig. 4a). In the case of the 2% w/w SB-NPs formulation, the coating 
remains generally smooth; however, sub-micrometer sized aggregates 
are observed, as also highlighted in the inset of Fig. 4b. In contrast, the 
coating containing 5% w/w SB-NPs displays a markedly heterogeneous 
surface morphology characterized by the presence of widely distributed 
aggregates embedded in the polymeric matrix (Fig. 4c) [32,38].

Further insight on the morphological properties of the coatings was 
obtained via AFM. The pristine sample exhibited two distinct surface 
types. A representative topography map of the most commonly observed 
type is shown in Fig. 4d: in agreement with the SEM results, it displays a 
smooth background (rms roughness Sq = 3.7 nm), over which globular 
aggregates with lateral sizes ranging between ~ 40 and ~ 80 nm can be 
detected. A representative topography map of the second type of surface 
(which was observed only in occasional locations) is shown in Fig. 4f: at 
variance, it displays a corrugated texture (Sq = 102 nm) characterized 
by much larger granular aggregates ranging between ~ 100 and ~ 500 
nm in lateral size. Fig. 4e and 4g display the corresponding phase maps, 

Fig. 4. Scanning electron microscopy of Pristine (a), 2% w/w SB-NPs (b), 5% w/w SB-NPs (c). Atomic force microscopy and corresponding maps of (d-g) pristine, (h- 
k) 2% w/w SB-NPs, and (l-m) 5% w/w SB-NPs.
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which in both cases exhibit a clear contrast throughout the entire image. 
This contrast suggests a pronounced inhomogeneity in the viscoelas
ticity and adhesion across the sample surface [39]. This finding can be 
attributed to the resin curing process that promotes the assembly of 
differently packed domains [40].

The sample with 2% w/w SB-NPs formulation also displayed two 
distinct types of surfaces, which were distributed much more evenly 
throughout the surface − again, in agreement with the SEM results. 
Fig. 4h and 4i show representative topography and phase maps of the 
first type of surface, which again display a smooth background (Sq = 1.6 
nm) and widespread phase contrast. With respect to the flat areas of the 
pristine sample, however, a much larger number of aggregates with 
lateral size in the range between ~ 40 and ~ 80 nm can be observed 
throughout the surface. The topography and phase maps of the second 
type of surface are shown in Fig. 4j and 4k: these areas exhibit the same 
long-range structure of the corrugated areas in the pristine sample (Sq =

109 nm and granular aggregates between ~ 100 and ~ 500 nm in lateral 
size). However, an additional short-range substructure can also be 
clearly distinguished, composed of smaller grains ranging between ~ 50 
and ~ 100 nm in lateral size. This pronounced increase in the short- 
range granular structure of the sample can be directly attributed to 
the incorporation of the SiNPs into the resin.

As expected, the prominence of the short-range granular structure 
increased further in the sample with a 5% w/w SB-NPs formulation, due 
to the larger incorporation of silica NPs: as a matter of fact, small grains 
ranging between ~ 50 and ~ 200 nm in lateral size can be clearly 
distinguished in both the topography (Fig. 4l) and phase (Fig. 4m) maps. 
Additionally, the overall roughness of the surface decreased in this 
sample (Sq = 60 nm), and large areas of the phase image display an 
abrupt transition to a featureless contrast (dark blue areas in Fig. 4m). 
This latter observation suggests that the AFM feedback loop encountered 
a sudden, stark change in the dissipative tip-sample interaction [39], as 
may be expected from the tip suddenly scanning over an area of un
cured, liquid material. In this context, the reduced surface roughness can 
be ascribed to a reduced long-range corrugation caused by incomplete 
sample curing due to the large NPs loading.

The self-healing performance of the coatings was evaluated as a 

function of the healing temperature on both glass and steel substrates, 
and the results are documented in Figs. 5 and 6 as well as in Videos S1- 
S18. For each sample and at each healing temperature, images were 
collected immediately after scratch formation and after 5 min of heating 
at the selected temperature.

For its chemical nature, the self-healing of the network exploits an 
intrinsic healing approach. The polymeric network can repair the 
damage via a temporary increase in mobility, leading to a reflow of the 
damaged area, followed by a process of restoration of the chemical 
bonds [1,41]. As documented in Table S2, for all coatings and on both 
substrates (glass and steel), higher healing temperatures lead to shorter 
scratch-closure times. Since all coatings are in their rubbery state at the 
tested healing temperatures, the observed trend can be attributed pri
marily to the enhanced activation of imine exchange reactions at 
elevated temperatures. In fact, the self-healing kinetics are governed 
mainly by temperature-dependent imine activation.

Imine exchange has been extensively documented in bulk vitrimers 
under combined thermal and mechanical stimuli. However, to the best 
of our knowledge, its appearance in thin coatings has not systematically 
been investigated yet. The present findings indicate that the low coating 
thickness, combined with possible interfacial stress at the coat
ing–substrate boundary, is sufficient to promote imine metathesis upon 
heating, even in the absence of externally applied pressure. In addition, 
when the healing temperature exceeds Tg, the coating enters a rubbery 
viscoelastic regime in which surface tension-driven deformation (Lap
lace pressure at the scratch interface) may contribute to damage closure.

Regarding the performance of individual formulations, the pristine 
vitrimeric coating exhibited complete scratch reclosure at 120 ◦C and 
100 ◦C, although a residual furrow remained visible at 100 ◦C, partic
ularly with glass as the substrate (Fig. 5a). No appreciable healing was 
observed at 80 ◦C (Figs. 5a and 6a). Incorporation of SB-NPs at 2% w/w 
significantly improved healing efficiency, enabling full scratch closure 
at all tested temperatures (Figs. 5b and 6b). This enhancement can be 
rationalized by considering that imine exchange may occur not only 
within the polymer network but also at the polymer-nanoparticle 
interface. Moreover, because not all amine groups grafted during the 
APTES functionalization are consumed in the subsequent Schiff-base 
reaction with MVL, a fraction of free –NH2 groups remains on the SB- 

Fig. 5. Snapshots of scratches before and after the healing treatment at 120 ◦C, 100 ◦C, and 80 ◦C on coatings applied on glass. a) Pristine; b) 2% w/w SB-NPs, c) 5% 
w/w SB-NPs. Scale bar: 1 mm. The corresponding time points at which each snapshot was acquired are indicated in the figure.
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NPs surface, as confirmed by ζ-potential measurements. These pendant 
amines may participate in transimination reactions in addition to imine 
metathesis, providing an additional dynamic exchange pathway and 
thereby accelerating the healing process.

In contrast, the coatings containing 5% w/w SB-NPs exhibited poorer 
healing performance compared to both the pristine and the 2% w/w SB- 
NPs. Slower or incomplete scratch reclosure was observed at all tem
peratures (Figs. 5c and 6c). This behavior can be attributed to the 

morphological inhomogeneity of these coatings, characterized by large 
nanoparticle aggregates that disrupt network continuity and hinder 
efficient dynamic bond exchange.

The superior self-healing performance of coatings applied to steel 
compared to glass can be attributed to steel's higher thermal conduc
tivity, which promotes more uniform and rapid heating of the coating 
during the test. This was confirmed by localized temperature measure
ments of the coating surface using a temperature probe, which showed 

Fig. 6. Snapshots of scratches before and after the healing treatment at 120 ◦C, 100 ◦C, and 80 ◦C on coatings applied on steel. a) Pristine; b) 2% w/w SB-NPs, c) 5% 
w/w SB-NPs. Scale bar: 1 mm. The corresponding time points at which each snapshot was acquired are indicated in the figure.

Fig. 7. Multiple self-healing cycles performed at 120 ◦C on coatings applied on glass. a) Pristine; b) 2% w/w SB-NPs, c) 5% w/w SB-NPs. Scale bar: 1 mm. The 
corresponding time points at which each snapshot was acquired are indicated in the figure.

A. Liguori et al.                                                                                                                                                                                                                                  Journal of Industrial and Engineering Chemistry 162 (2026) 454–469 

463 



that the coating on the steel substrate reached the target temperature 
approximately 60 s earlier than that on the glass substrate. As a result, 
the healing process is initiated earlier, leading to an overall acceleration 
compared to coatings applied on glass.

The coatings applied on glass substrates were also evaluated for their 
ability to undergo multiple self-healing cycles (Fig. 7, Video S19-S27). 
The healing ability based on an intrinsic mechanism does not require the 
addition of special healing agents in the polymer matrix. Therefore, the 
healing mechanism is not restricted to a single occurrence but can be 
activated and repeated multiple times [6,42].

In the test, three consecutive scratches were introduced sequentially, 
with each scratch being applied only after the previous one had fully 
reclosed. Healing was carried out at 120 ◦C, since this temperature 
enabled complete reclosure for all formulations. As shown in Fig. 7, full 
recovery of the scratch was consistently achieved over the three cycles, 
with the 2% w/w SB-NPs formulation exhibiting the fastest healing 
response (Table S3), in agreement with the results of single-cycle 
experiments.

A progressive increase in healing time from the first to the third cycle 
was observed for all samples (Table S3). This trend may be attributed to 
minor chemical or structural changes occurring within the coating 
during repeated thermal exposure and bond-exchange events, which 
could slightly reduce the efficiency of the dynamic covalent rearrange
ments responsible for healing.

Scratch resistance tests, performed in accordance with ASTM 
D3363–22, were conducted to evaluate the resistance of the coatings to 
mechanical damage. The results, reported in Fig. 8, show that the 
incorporation of SB-NPs markedly enhances the scratch resistance of the 
coatings. While the pristine sample exhibits a well-defined and contin
uous scratch, neither the 2% w/w nor the 5% w/w SB-NPs formulations 
display evident scratching when tested with a 6H pencil; conversely, 
only some graphite marks are visible on the very surface of these 
coatings.

This improvement can be attributed to two main factors. First, the 
intrinsic hardness of the SB-NPs is higher than that of the pristine vit
rimeric network, thereby increasing the overall resistance of the coating 
to localized deformation [43]. Second, the chemical compatibility be
tween SB-NPs and the polymer matrix contributes to an effective load 
transfer during mechanical contact, further enhancing the hardness and 
scratch resistance of the coating [44,45].

The adhesion strength of the coatings was evaluated using the pull- 
off test method according to ISO 4624 standard. The schematic of the 
setup is shown in Fig. 9a. All samples showed sudden failures and brittle 
behavior. Pristine coating exhibited a mean pull-off strength of 8.7 ±
1.3 MPa, while the addition of 2% w/w NPs yielded a mean value of 8.1 
± 0.5 MPa. Increasing the NPs loading to 5% w/w resulted in a reduction 
of adhesion strength to 6.6 ± 0.9 MPa (Fig. 9b). Despite the downward 
trend of the pull-off strength with increasing the NPs loading, statistical 
analysis performed via one-way ANOVA (p > 0.05) indicated that this 
difference is not statistically significant at 95% confidence level. 
Consequently, the adhesion of the coating is not influenced by the 
presence of nanoparticles.

The failure surfaces analysis (Fig. 9c-d) revealed the fracture pattern, 
identifying the components responsible for the loss of adhesion. 
Notably, no adhesive failure between the coating and the metal sub
strate (CS) was observed for any formulation (CS = 0%), demonstrating 
that the interfacial compatibility between the coating and the steel 
substrate is robust. All tests revealed that the failures involved the sys
tem made by the cyanoacrylate glue and the coating. In particular, a 
prevalent adhesive failure at the interface between the glue and the 
coating was observed, rather than cohesive failure of the coating itself. 
The pristine samples exhibited a mixed failure mode (30% CC, 70% GC); 
the separation occurred primarily at the adhesive-coating interface, 
while approximately one-third of the area was characterized by cohesive 
failure within the coating layer. In the case of 2% w/w SB-NPs, the 
cohesive failure fraction (CC) decreased to 20%, as the failure shifted 

predominantly to the glue-coating interface (GC, 80%). Conversely, the 
5% w/w SB-NPs formulation reverted to a failure pattern comparable to 
the pristine one (30% CC, 70% GC). Accordingly, the measured pull-off 
strength values should be regarded as a lower bound of the actual 
coating-substrate adhesion, as failure is governed by the glue-coating 
interface or by cohesive rupture within the coating rather than by 
interfacial detachment from the steel substrate.

The barrier properties and the corrosion protection effectiveness of 
the coatings were assessed using EIS measurements during immersion in 
a saline solution. The results are reported in Fig. 10 as Bode diagrams. As 
can be seen from the impedance modulus, the formulations exhibit 
different behaviors (please note that the y-axis scale is different for the 
5% w/w SB-NPs sample). Indeed, the pristine sample is characterized by 
a high impedance modulus at the beginning of the test (|Z| measured at 
0.01 Hz close to 109 Ω⋅cm2 after 1 h of immersion in the electrolyte) and 
a capacitive behavior, with phase values close to − 90◦ for a large portion 
of the spectrum. After only 24 h of immersion, a significant decrease in 
impedance modulus is observed, dropping to 2⋅107 Ω⋅cm2. This value 
then stabilizes at approximately 107 Ω⋅cm2 over the following days. 
Such behavior is characteristic of organic coatings containing polar 
functional groups, such as imine and ester moieties present in the 
network, and can be associated with water uptake within the polymer 

Fig. 8. Scratch test performed according to ASTM D3363–22 on a) pristine, b) 
2%w/w SB-NPs, c) 5% w/w SB-NPs.
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matrix [46]. Indeed, such a phenomenon causes the modification of the 
coating capacitance (due to the different dielectric constant of the water 
and of the resin) and significantly decreases the coating resistance, due 
to the diffusion of water molecules and ions inside the polymer network. 

This process is further highlighted by the appearance of a second time 
constant (already visible after 24 h of immersion) in the low-frequency 
part of the spectrum, identifiable as the small peak in the phase close to 
0.01 Hz [47]. Despite the decrease in impedance, it can be concluded 

Fig. 9. Adhesion properties of the coatings evaluated via pull-off test according to the ISO 4624 standard. (a) Schematic of the setup. (b) Mean pull-off strength 
values; error bars represent the standard deviation; measurements were performed in triplicate (c) Quantitative distribution of failure modes (CC: Cohesive Failure 
within the coating; GC: Adhesive Failure at the glue/coating interface). Percentage areas are rounded to the nearest 10% in accordance with ISO 4624 recom
mendations. (d) Representative optical images of the fracture surfaces (glue side and coating side), showing the reduced cohesive failure area in the 2% w/w 
formulation compared to the Pristine and 5% w/w samples.

Fig. 10. EIS spectra acquired on the Pristine (a), 2% w/w SB-NPs (b), and 5% w/w SB-NPs (c) during immersion for 336 h in 3.5% w/w NaCl solution. For clarity, the 
y-axis uses a different scale in the plot displaying the spectra of the 5% w/w SB-NPs sample.
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that the coatings provide sufficient protection for the steel substrate 
throughout the immersion test. Indeed, it is generally recognized that 
the organic coating provides corrosion protection if the impedance 
modulus measured at 0.01 Hz exceeds 105 Ω⋅cm2 [48,49].

The 2% w/w SB-NPs samples exhibit a different behavior, as they are 
characterized by a lower impedance modulus from the beginning of the 
test (|Z| measured at 0.01 Hz close to 2⋅107 Ω⋅cm2 after 1 h of immersion 
in the electrolyte), which further decreases during immersion, reaching 
about 2⋅105 Ω⋅cm2 after 168 h. The weaker corrosion protection is 
further highlighted by the trend of the impedance phase, which is closer 
to resistive-like behavior than to capacitive-like behavior. Also in this 
case, the uptake of water inside the polymer is indicated by the 
appearance of a second time constant in the low-frequency part of the 
spectrum (peak centered close to 1 Hz).

The decrease in the anti-corrosion efficiency caused by the filler 
addition may be justified by the shape of the silica particles. In fact, the 
spherical geometry is less effective in hindering the diffusion of water 
and ions from the electrolyte toward the metal surface. As already 
shown in other studies [50–52], a more substantial improvement in the 
barrier properties can be achieved using lamellar fillers, which can 
significantly increase the tortuosity of the diffusion path [53] and thus 
guarantee a better corrosion protection effectiveness.

The least protective behavior was found for the 5% w/w SB-NPs 
samples, which exhibit a low impedance modulus and phase. The 
impedance modulus measured at low frequency rapidly decreases from 
about 106 Ω⋅cm2 to 105 Ω⋅cm2 and below, demonstrating a poor 
corrosion protection effectiveness. Moreover, the impedance phase re
mains above − 40◦ for a very large portion of the spectrum, indicating a 
resistive-like behavior and further confirming the indications from the 
measured modulus values. This poor performance can be associated 
with the other analyses performed on this formulation. Indeed, as dis
cussed before, 5% w/w SB-NPs samples are characterized by incomplete 
curing, which leads to a lower glass transition temperature and a lower 
solvent resistance. The higher mobility of the polymeric network is 
detrimental to the barrier properties, as it does not sufficiently hinder 
the diffusion of water and ions from the electrolyte to the metal surface 
and thus is not effective for corrosion protection.

As shown in the previous section of the study, the developed coatings 
exhibit interesting self-healing properties upon heating. For this reason, 
an additional test was performed to assess whether the healing process 
can effectively restore barrier properties. To this aim, the impedance 
spectrum was acquired on an intact coating, then after making a 1-cm 
scratch using a blade and finally after heating the sample for 2 min at 
120 ◦C. This investigation was performed on pristine samples, as they 
demonstrated the best corrosion protection effectiveness in the previous 
test. The results are presented in Fig. 11 as a Bode diagram. As can be 
seen, the presence of the defect sharply reduces the impedance modulus, 
which goes from about 1010 Ω⋅cm2 (intact coating, ‘initial’ in the plot) to 
about 107 Ω⋅cm2 in the presence of the cut (‘scratch’ in the plot). The 
healing process leads to a new increase in the impedance modulus, 
which reaches 108 Ω⋅cm2. Even though a full recovery of the barrier 
properties is not observed, the achievement is still satisfactory because 
an adequate protection effectiveness is restored in the coating. More
over, such a result aligns with similar tests performed on dynamic 
reversible imine-based coatings [17], in which it was demonstrated that 
the healing process recovers the barrier properties of the material only 
partially.

The same test was carried out on the 5% w/w SB-NPs sample and the 
results are shown in Fig. S4. In this case, healing was performed by 
heating the coating at 100 ◦C for 2 min. This condition was selected 
because, based on the healing test, it should not lead to complete scratch 
closure. As expected, the impedance modulus decreases due to the 
presence of the scratch and does not recover after heating. This indicates 
that full functional recovery is not achieved, likely due to defects that 
permit electrolyte diffusion into the coating, thereby compromising its 
barrier properties.

Decomposition of the coating and recovery of polymeric components

The ability to decompose the coating and to remove it from the 
substrate was evaluated for both the pristine and the 5% w/w SB-NPs 
networks applied to glass substrates. As shown in Videos S28-S29 and 
schematically reported in Fig. 12a, immersion in an excess of ethyl
enediamine triggered transimination reactions between the imine bonds 
within the coating and the primary amines of ethylene diamine, ulti
mately leading to network depolymerization [21,54]. Following this 
process, which is different from those previously reported in literature 
based on the dissociation of imine bonds [43], the glass substrates were 
fully stripped and appeared perfectly clean. The oligomeric fragments 
generated during depolymerization were recovered by precipitation in 
water and subsequent filtration.

The complete elimination of the coating was confirmed by ATR-FTIR 
spectra (Fig. 12d and 12e) collected on bare glass and on the glass 
substrate after coating removal: no characteristic peaks of the polymer 
were detected after treatment, while the silica band at 900 cm⁻1 was 
clearly visible. Conversely, the recovered oligomeric fragments exhibi
ted a chemical structure closely resembling that of the original coating, 
as demonstrated by the presence of the imine stretching band at 1640 
cm⁻1 in both the coatings and the depolymerized products. The free- 
standing films obtained by mixing the oligomeric fragments with MV 
followed by hot pressing showed a compact and homogeneous 
morphology, as shown in Fig. 12b and 12c. Their chemical structure, as 

Fig. 11. EIS spectra acquired on pristine sample after immersion in the saline 
solution (‘initial’), after the realization of the 1-cm cut (‘scratch’), and after the 
healing process (‘healing’).
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confirmed by ATR-FTIR spectra (Fig. 12d and 12e), is similar to that of 
the original coating, with a clearly visible imine stretching band.

TGA analysis (Fig. S5) revealed that the chemically recycled samples 
exhibit a thermal degradation behavior largely comparable to that of the 
corresponding virgin materials, indicating that the recycling process 
preserves the main thermal features of the system. However, slight dif
ferences can be observed. In the pristine system, the recycled sample 
shows a marginally lower thermal stability at intermediate tempera
tures, whereas at higher temperatures the degradation profiles tend to 
converge. A similar trend is observed for the 5% w/w SB-NPs system, 
where the recycled material displays a slightly more gradual weight loss 
in the main decomposition region. Overall, these results suggest that the 
recycling procedure only mildly affects the thermal stability, without 
significantly altering the degradation mechanism.

Conclusions

In this work, a solvent-free, bio-based vitrimeric system platform 

based on dynamic imine chemistry has been developed as a multifunc
tional solution for surface protection. The UV-curable covalent adapt
able networks exhibit intrinsic self-healing behavior activated by 
moderate heating, efficient stress relaxation, and enable complete 
coating removal and substrate regeneration. The functionalization of 
silica nanoparticles allows their covalent integration into the network, 
ensuring homogeneous dispersion and effective interfacial compati
bility. At low filler content (2% w/w), the functionalized nanoparticles 
accelerate scratch reclosure, enabling complete healing at reduced 
temperatures and markedly improving scratch resistance. Pull-off tests 
confirm robust coating-substrate interfacial integrity for all formula
tions, with only a marginal dependence of adhesion strength on nano
particle loading. Electrochemical impedance spectroscopy 
measurements demonstrate that the vitrimeric coatings provide effec
tive long-term corrosion protection in saline environments, while the 
presence of silica nanoparticles increases water uptake, hence limiting 
barrier performance at higher loadings. Considering the corrosion pro
tection effectiveness, the best performance was achieved by the pristine 

Fig. 12. Deconstruction of the coatings, removal from the substrate, and reuse of the resulting oligomeric fragments to obtain chemically recycled free-standing 
films. (a) Schematic representation of the degradation and delamination process. Photographs of the recovered oligomeric fragments from pristine samples (b) 
and 5% w/w SB-NPs samples (c), along with the corresponding free-standing films obtained after mixing with MV followed by hot pressing. (d) ATR-FTIR spectra of 
bare glass (black), glass coated with the pristine sample (red), glass after coating removal (gray), recovered oligomeric fragments (orange), and chemically recycled 
free-standing film (blue). (c) ATR-FTIR spectra of bare glass (black), glass coated with the 5% w/w SB-NPs (red), glass after coating removal (gray), the recovered 
oligomeric fragments (orange), and chemically recycled free-standing film (blue). (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.)
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samples, which preserved satisfactory barrier properties even after 336 
h of immersion in the saline solution. Overall, this study highlights the 
delicate balance between dynamic network chemistry, filler function
alization, and coating architecture in governing the macroscopic per
formance of self-healing protective systems.
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