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ABSTRACT

Prolonged durability in outdoor environment and ease of application are highly required features for
self-healing coatings. To this end, a novel transparent and self-healing nanocomposite for optical
applications, based on Diels-Alder (DA) chemistry is developed in this work. First, a novel, highly
soluble, bismaleimide enabled a simple coating fabrication by coupling with furan-functionalized
polyacrylates in industrially relevant solvents. The resulting crosslinked coatings exhibited high
transparency and complete absence of color, as assessed by UV-vis spectroscopy. Their thermal
behavior and the conditions required by the healing process were significantly affected by the degree
of furan/maleimide functionality of the system. Secondly, the addition of a small amount of a
commercial antioxidant stabilized the optical properties against photo-oxidative weathering, both on
clear and titania-pigmented coatings, as determined by colorimetric analysis. Finally, dispersion of
silica nanoparticles in the DA-based matrix allowed to enhance the surface hardness of the coatings,

while retaining the self-healing ability.
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1 Introduction

The development of functional coatings has been continuously driven by the need to impart properties
like water repellence, corrosion protection or wear resistance to a wide variety of surfaces, ranging
from basic tools to more advanced applications [1]. Specifically, in organic functional coatings the
resin component, or binder, is the primary barrier against the environment (radiation, water,
mechanical stress) and provides the adhesion to the substrate. A coating is continuously exposed to
environmental agents during his service life, which results in degradation and mechanical damages.
As a consequence, protective, aesthetic and functional properties are strongly reduced and ultimately
lost [2]. This issue has recently raised the interest towards self-healing (functional) coatings, a class
of smart materials able to repair small mechanical damages in response to a stimulus, which can be
the damage event itself (autonomous mechanism) or an external trigger in the form of heat or radiation
(non-autonomous mechanism) [3-7].

The latter approach is commonly referred to as intrinsic self-healing, as the material is specifically
designed as a reversible polymer network, able to soften when a suitable stimulus is provided and to
toughen when the stimulus is removed [8]. Among the different reversible interactions, dynamic
covalent bonds stand out as they provide superior robustness in the design of self-healing materials,
compared to hydrogen bonding or aromatic n-r stacking [9]. Many dynamic covalent chemistries,
which have long been known as tools for organic synthesis, have been increasingly applied to polymer
networks [10-12] to enable self-healing in addition to enhanced recyclability, moldability and, more
generally, stimuli-responsiveness.

In this context, the Diels-Alder (DA) reaction is a paradigmatic example. DA is a click type
cycloaddition between a diene and a dienophile, more commonly a furan and a maleimide, forming
a cyclic adduct, which can be broken at higher temperatures through the retro Diels-Alder (r-DA)
process. Thus, the adducts can act as thermally reversible crosslinks in a polymer network [13]. Since
the discovery of DA reaction in 1942 [14], it took nearly forty years to understand its value as a tool

for reversible crosslinking in polymers, starting from the patent by Craven [15] and the milestone
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work of Wudl [16] on thermally remendable thermosets. Owing to its high efficiency and the
availability of furan and maleimide precursors, DA thermal reversibility has been exploited in a wide
variety of polymer matrices: most recent examples include epoxies [17-20], polyurethanes [21-23],
elastomers [24-26], polyketones [27, 28] and polyesters [29, 30], mainly as bulk materials.
Conversely, DA-functional polyacrylates have been mostly designed for self-healing coatings [31-
47]. Gandini [48] firstly reported a simple strategy to design DA-reversible, acrylate-based polymer
networks, by simply combining linear copolymers of furfuryl methacrylate (FMA) with difunctional,
maleimide linkers. The majority of the subsequent works on the topic followed the same approach
[31-33, 35, 40, 44] and mainly focused on tuning thermal and self-healing properties by tailoring the
network architecture through controlled radical polymerizations and/or by adjusting the amount of
functional comonomer. A high healing ability, obtained by heating the scratched surface over 120 °C
for several hours, is generally reported for these systems.

A major drawback of these approaches is the opaque and colored appearance of the reported systems
typically resulting from the use of aromatic bismaleimide linkers, which limits the functionality of
the proposed coatings only to their self-healing ability while hindering their use in optical applications
where high levels of transmittance in the visible range are normally required. In a previous work from
our group [49] a simple strategy towards the combination of DA-based self-healing ability with
outstanding transparency in polyacrylate coatings was presented. Furan-functionalized polyacrylates
synthetized via free radical polymerization of FMA and other alkyl methacrylates were crosslinked
with aliphatic bismaleimides. The obtained coatings were colorless, highly transparent, and possessed
excellent adhesive strength. Furthermore, thermal properties and wettability could be tuned by
changing the type of alkyl methacrylate comonomer to meet the requirements for outdoor use.
However, the proposed system presents some clear technological limits. First, the previously used
bismaleimide linkers need to undergo a thorough purification process to meet the strict transparency
requirements demanded by optical applications. Secondly, their scarce solubility in common solvents

for commercial coatings effectively limits their processability at large scale. Furthermore, no
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information is available in the literature on the photo- and thermo-oxidative degradation behavior of
DA-based functional acrylate coatings, notwithstanding the crucial role these aspects play when
designing functional transparent coatings simultaneously exhibiting self-healing ability, prolonged
outdoor durability and retention of excellent optical transparency over time.

In order to overcome these limitations, a novel aliphatic bismaleimide crosslinker with enhanced
solubility was synthetized in high yield from biobased butanediol in a one-step procedure. Upon
reaction of such aliphatic maleimide with linear copolymers of FMA and 2-ethylhexylmethacrylate
(EHMA) with different degree of furan functionality, transparent and colorless DA-based coatings
were obtained. The thermal reversibility of such reversibly crosslinked materials was assessed by
differential scanning calorimetry (DSC) and solubility experiments. The effect of the extent of
crosslinking on the thermal properties, wettability, and adhesion strength of the obtained coatings as
well as on the threshold conditions to allow self-healing to occur was studied. The photo-oxidative
durability and healing capability of these DA-based polymers upon accelerated weathering was
assessed via Fourier-transform infrared (FTIR) and UV-Vis spectroscopy on clear and titania-
pigmented coatings.

The incorporation of nanostructured materials into a polymer matrix is a valid method to impart novel
functionalities like conductivity [50], magnetism [51] or enhance thermal [52] and mechanical
properties [53, 54]. Within this context, transparent polymer coatings for optical applications are no
exceptions[55], provided that the fillers do not impair their high transmittance. To this end, nanofillers
should possess a refractive index closely matching the one of the matrix. At the same time,
experimental parameters such as the filler content and the dispersion method must be carefully
selected, in order to avoid formation of aggregates, which cause scattering and, eventually, loss of
transparency [56]. Most commonly reported nanofillers for transparent nanocomposites include
metals (Ag, Au), oxides (TiO2, ZnO, modified tin oxides, SiO>), sulfides (CdS, PbS) and clays [56,
57]. In particular silica nanoparticles (nano-SiO.) are among the most used reinforcing fillers for

coatings [58], as they provide scratch and impact resistance, improved thermal stability and good
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barrier properties, while retaining the optical transparency at low filler content [59-63]. Based on
these features, in this work (fumed) silica nanoparticles were incorporated into the DA-coating, in
order to obtain self-healing transparent nanocomposites with increased surface hardness. The effect
of the nanosilica content was then evaluated on the optical, mechanical and functional properties of
the coatings.

To the best of our knowledge, this represents the first systematic investigation of the functional and
technological properties of self-healable, transparent polyacrylate coatings based on reversible DA

chemistry and their silica-based nanocomposites.



2 Experimental

2.1 Materials

Biobased 1,4-butanediol was kindly provided by Novaresine srl. 6-maleimido hexanoic acid (90%),
sulfuric acid, furfuryl methacrylate (FMA), 2-ethylhexyl methacrylate (EHMA), sodium sulfate
anhydrous, N,N-dimethylformamide (DMF), fumed silica (average size 7 nm) and titania were all
purchased from Sigma-Aldrich. Irganox 1010 was supplied by BASF. Toluene, diethyl ether,
tetrahydrofuran (THF), 2-butanone (MEK), chloroform and azobisisobutyronitrile (AIBN) were

obtained from Fluka. Sodium bicarbonate was purchased from Solvay.

2.2 Synthesis of diester bismaleimide (DEBM)

The new diester bismaleimide of 1,4 butanediol (DEBM) was synthetized by suspending 1,4-
butanediol (9 mmol), 6-maleimidohexanoic acid (18 mmol) and sulfuric acid (23 pL) in toluene (15
mL) in a three-necked round bottom flask equipped with a Dean-Stark trap, a rubber septum with a
needle for nitrogen flushing and a magnetic stirrer. The mixture was slowly heated with an oil bath
under inert atmosphere till reflux (130-135 °C). After 2 h of reflux, the trap containing toluene and
formed water was emptied and additional 2.5 mL of toluene was distilled off. The reaction mixture
was cooled to room temperature (rt), added with 5 mL of diethyl ether and washed with saturated
aqueous solution of sodium bicarbonate (15 mL) and distilled water (15 mL). The organic phase was
collected and dried over anhydrous sodium sulfate and filtered. After solvent removal under vacuum,
a yellow viscous liquid was obtained that slowly turned to an off-white solid at rt. Yield = 70%; mp
45 °C; IR (KBr): v (cm™) = 3100 ( =C—H), 2950 (C—H), 1730 (C=0 ester), 1700 (C=0 maleimide),
1409 (C—N—C), 830 and 696 (maleimide ring).

IH-NMR (400 MHz, CDCls, §): 6.66 (s, 4H, HC=CH), 4.06 (m, 4H; OCH.), 3.51 (t, 4H, NCH2), 2.29
(t, 4H; (CO)CHy), 1.69 (m, 4H; OCH2CH),1.60 (m, 8H, (CO)CH2CH2 and NCH2CH), 1.31 (m, 4H,
CHo>). Electrospray ionization MS (positive ion mode): calcd. for C24H32N20s [M + Na]*: m/z =

449.19; found: 449.2.



2.3 Synthesis of poly(2-ethyl hexyl methacrylate-co-furfuryl methacrylate)

Copolymers of FMA and EHMA were prepared by free radical polymerization. In a typical
experiment, a 25 wt. % chloroform solution of the two monomers, combined at different molar ratios,
was charged into a three-necked round bottom flask, equipped with a reflux condenser and a magnetic
stirrer. After nitrogen flushing for 30 min, the flask was sealed with rubber septa and heated by means
of an oil bath up to 82 °C. Upon addition of freshly recrystallized AIBN (1 mol. % with respect to
monomers) the reaction mixture was stirred for 4 h. The polymer was isolated after several
precipitation steps in cold methanol and re-dissolution in chloroform. Transparent solids were

obtained after solvent removal in vacuum (50 °C for 12 h).

2.4 Coating preparation

Co-polyacrylates with different degree of furan functionalization were dissolved in MEK and a
stoichiometric amount of diester bismaleimide (DEBM) was added (1:1 molar ratio between furan
and maleimide groups). The obtained solutions were spin coated on glass slides using a Laurell WS-
400BZ-6NPP/LITE apparatus. Concentration of the dry solids and angular velocity were varied in
order to obtain coatings with different thicknesses, ranging from 3 to 25 um. Coated glasses were
then heated for 30 min at 150 °C and slowly cooled to rt in order to ensure solvent removal and

crosslinking.

2.5 Nanocomposite coating preparation

Fumed silica nanoparticles (in the range of 1-5 wt.% with respect to dry crosslinked polymer) were
dispersed in a 10 wt. % MEK solution of the furan-polymer via ultrasonication using a Sonics
VCX130 apparatus (3 h, 90% amplitude, pulsed mode). Upon addition of DEBM, dispersions were

spin coated (300 rpm) on glass and subjected to the same thermal treatment as unfilled coatings.

2.6 Structural and thermal characterization
'H NMR (400 MHz) spectra were recorded on a Bruker Avance 400 using deuterated chloroform as

solvent. FTIR spectra were recorded using a Thermo Nicolet Nexus 670 instrument. Measurements
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were performed on solid films deposited on KBr discs, recording 64 accumulated scans at a resolution
of 2 cm™. Gel permeation chromatography (GPC) analyses were performed on an apparatus
consisting in a Waters 515 HPLC pump (mobile phase, THF; flow rate, 1 mL/min, at 35 °C), three
Styragel columns (models HR 4, HR 3, and HR 2) from Waters, and a refractive index detector Waters
2410. Samples were dissolved in THF at a concentration of 0.2 wt %. A calibration curve was
prepared by using monodispersed fractions of polystyrene. Differential scanning calorimetry (DSC)
analyses were performed with a DSC 823e Mettler-Toledo instrument, by applying the following
thermal cycle: from 25 °C to 180 °C, from 180 °C to -50 °C, and from -50 °C to 180 °C; with a
heating/cooling rate of 20 °C/min. Thermogravimetric analyses (TGA) were performed with a Q500

TGA system (TA Instruments) from rt to 800 °C at a scan rate of 10 °C/min in air atmosphere.

2.7 Optical characterization

UV-visible spectroscopy analyses were performed at rt on an Evolution 600 UV-vis
spectrophotometer (Thermo Scientific) on solid films coated on glass slides. Relative reflectance was
measured on a Jasco V-570 UV-Vis-NIR spectrophotometer equipped with an integrating sphere and
a PTFE foil as reference. Refractive index of selected coatings was measured using a Filmetrics F20
thin film analyser in the wavelength range 400-800 nm and the BK7 reflection standard was used to
calibrate the instrument in the contact stage mode. The sample was prepared by spin coating a solution
of copolymer and bismaleimide on a silicon wafer substrate (600 nm thickness) followed by a similar

thermal treatment as the one reported above for coatings.

2.8 Microscopy characterization

Optical micrographs were recorded through an Olympus BX-60 reflected-light optical microscope
equipped with an Infinity 2 digital camera. Scanning electron microscopy (SEM) and energy
dispersive X-ray (EDX) analyses were performed using a Zeiss Evo 50 EP SEM apparatus
(acceleration voltage of 5.0 kV) on samples coated with a thin layer of gold. Atomic force microscopy

(AFM) measurements were performed in air and at room temperature on a Keysight 5600LS AFM
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apparatus. The morphological characterization was carried out in tapping mode with 256

samples/line, 0.50 line/s and 10-80 um scan range.

2.9 Photochemical stability

Weathering tests were performed by continuously irradiating the DA-based coatings for > 500 h in a
Solarbox 3000e weather-o-meter chamber (Cofomegra srl), equipped with a Xenon lamp and an
outdoor filter (A > 280 nm). The total irradiance applied was equal to 550 W/m? in the 300-800 nm
range at a temperature of 40 °C and an average relative humidity of 25 %. Tests were performed on
both clear and titania (TiO2) pigmented coatings, added with an antioxidant additive (Irganox 1010,
0.2 wt. %). Pigmentation was performed by dispersing TiO> powder in the copolymer solution (60
wt. % with respect to dry content). Colorimetric analysis was performed on a Konica Minolta CM-
2600d spectrophotometer, in order to analyze the macroscopic color and determine the Hunter
whiteness index (WIw) and the total color difference (AE) calculated from CIELAB color coordinates

[64].

2.10 Adhesion and surface properties

Adhesion strength of the DA-based coatings on glass substrates were determined through a PosiTest
AT-M Manual pull-off tester (DeFelsko) by measuring the pulling force needed to detach a 20 mm-
diameter aluminium dolly glued to the crosslinked coatings by means of a two-component epoxy
adhesive (Araldite 2011, curing cycle: 50 °C, 24 h). Wettability was studied in terms of static optical
contact angle (OCA) measurements, which were performed with an OCA 20 (DataPhysics) equipped
with a CCD photo-camera and with a 500 uL. Hamilton syringe to dispense liquid droplets. Water and
diiodomethane (DIM) were used as probe liquids. The surface energy of the coatings was calculated
according the Owens-Wendt-Rabel-Kaelble (OWRK) method [65]. Pencil hardness of the coatings
was tested according to the ASTM D 3363 standard [66]. Hardness grade was assigned according to

the softest pencil which caused a visible marking on the surface of the coating.



3 Results and discussion

3.1 Synthesis and properties of a novel aliphatic bismaleimide crosslinker

The aliphatic bismaleimide crosslinker (DEBM) reported for the first time in this work was
synthetized via a one-step, Fischer esterification of biobased 1,4-butanediol with two equivalents of

6-maleimidohexanoic acid (Scheme 1A).
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Scheme 1 (A) Synthesis of butanediol diester bismaleimide (DEBM) via esterification of 6-
maleimidohexanoic acid with 1,4-butanediol; (B) Crosslinking and de-crosslinking of furan-functionalized

polyacrylates (p-FMA-co-EHMA) via DA and r-DA reaction with the novel bismaleimide linker.
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A common method for the synthesis of bismaleimides [67] entails the conversion of diamine
precursors to maleamic acid, followed by a dehydration step. The reaction is characterized by the
formation of dark colored byproducts, whose removal lowers the yield in the pure product [68].
Conversely, in the strategy presented here the maleimide moiety is already available in the acid
precursor and, upon reaction with the diol, DEBM could be obtained in high yield and purity, as
confirmed by *H-NMR, FTIR and mass spectra (see Experimental section and Figures S1, S2, S3 in
the Supporting Information). Furthermore, differently from other aliphatic crosslinkers characterized
by relatively high melting temperatures Tm such as those used in our previous study (1,6-
bismaleimidohexane, Tm = 137 °C; 1,12-bismaleimidododecane, Tm = 112 °C) [49, 69], DEBM
possesses a significantly lower melting point (45 °C) and exhibits excellent solubility in common

solvents for industrial coatings like butyl acetate, ethyl acetate and MEK.

3.2 Synthesis and properties of furan-functionalized polyacrylates (p-FMA-co-EHMA)

A series of copolymers was obtained by free radical polymerization of FMA and EHMA combined
at different molar ratios (see Table 1). Furan content, calculated from the ratio between the integrated
signals at 4.9 (-OCHg: protons of FMA) and 3.7 ppm (-OCHz protons of EHMA) in *H-NMR spectra
(Figure S4 in the Supporting Information), was close to the targeted one. Polydispersity index (D)
slightly increased with the furan content, as reported for similar systems, as a result of the occurrence
of minor chain transfer reactions caused by the furan groups [48]. Owing to the random distribution
of furfuryl and 2-(ethyl)hexyl groups, all polymers exhibited a single glass transition temperature (Tg)
with T4 values ranging from -13 to 20 °C, as a function of furan groups content, consistently with

prior literature [44, 48, 70].
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Table 1 Reaction feed stoichiometry, composition, number average molecular weight (M), polydispersity (D)

and thermal properties of linear copolymers of furfuryl and 2-(ethyl)hexyl methacrylate.

Sample FMA feed FMA? Yield M, ®) po Tg®
[mol%] [mol%] [%] [kg/mol] [°C]
FM10 10.0 9.9 72 51.1 1.82  -13
FM20 20.0 19.5 84 47.3 1.91 5
FM30 30.0 29.4 81 51.0 219 11
FM40 40.0 39.7 77 51.8 223 20

3 determined from *H-NMR; ® from GPC analyses; © from DSC

3.3 Characterization of coatings crosslinked through DA chemistry

MEK solutions of furan-modified polyacrylates and DEBM, combined in 1:1 ratio between furan and

maleimide groups, were visually transparent and colorless. Solid thin films were obtained upon

deposition on glass slides by spin coating and thermal treatment (30 min at 150 °C followed by slow

cooling to rt). Samples were coded as FMxBM, where x is the percent molar content of FMA in the

linear polyacrylate (from 10 to 40) and BM refers to presence of DEBM crosslinker.

Crosslinking of furan-acrylates/bismaleimide networks was assessed through FTIR analysis. In

Figure 1 spectra of representative sample FM40BM, recorded before and after the thermal treatment,

are reported.
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Figure 1. FTIR spectra of: furfuryl methacrylate linear copolymer FM40; mixed with DEBM bismaleimide
and cast by spin coating; after thermal treatment (150 °C, 30 min and slow cooling to rt). FM40BM spectra

normalized respect to band at 2959 cm™ (—CHj str).

The spectrum of the as-cast acrylate/bismaleimide blend displays some characteristic peaks of the
unreacted precursors: 1012 cm™ and 750 cm, ascribed to the furan ring [33, 71]; 830 cm™ and 696
cm?, related to C=C stretching and C-H out-of-plane bending in maleimide rings [72], respectively.
After the thermal treatment, those peaks are found to decrease in intensity and disappear, indicating
successful reaction between furan and maleimide moieties (Scheme 1B). Concurrently, a new signal
appears at 1772 cm, characteristic of the formation of the DA adduct [71, 73]. Gel content
experiments provided additional evidence of covalent crosslinking. Glass slides coated with the

thermally treated (crosslinked) DA-based material were immersed for 24 h in THF. The solvent
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caused swelling and partial detaching of the solid coating from the substrate. After filtering and
solvent removal under vacuum, the insoluble content was found to be higher than 98%, indicating
excellent extent of curing. Nevertheless, the peculiarity of DA-based polymer networks is the thermal
reversibility of the crosslinks. This feature was conveniently checked by immersing a crosslinked
sample in DMF, a good solvent for the furan precursor and the bismaleimide. The sample was
insoluble at rt, while upon heating (160 °C) it was completely solubilized through r-DA
decrosslinking. During slow cooling to rt (12 h), a gel phase was instead found to appear, confirming

the factual reversibility of the formed crosslinks.

3.4 Thermal properties
The thermal behavior of the coatings studied through DSC measurements highlighted the effect of

DA-crosslinking on the properties of furan-modified linear copolymers (Figure 2 and Table 2).
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Figure 2 DSC traces (first heating scans) of all crosslinked coatings with different degree of furan

functionalization.

First, a broad endotherm in the 120 -170 °C range and peaking at 156 °C was observed in each curve
and indicated the scission of furan/maleimide adducts (r-DA reaction) [74], proving the thermal
reversibility of the formed crosslinks. The observed temperature ranges for the r-DA process are
characteristic of the furan/maleimide couple [75]. Furthermore, all crosslinked samples exhibited a
single Tg, higher than their linear acrylate precursors, as expected. By increasing the functionality of
the network (i.e. furan to maleimide molar ratio) it was possible to consistently increase its rigidity,
as a result of the higher crosslinking density. All observed Tq values are above rt: in particular,
FM30BM and FM40BM formulations appear suitable for application in outdoor environments being
their Tg > 50 °C. TGA measurements performed in air pointed out that no significant mass loss was

present below 200 °C (Table 2 and Figure S5 in the Supporting Information), particularly in the r-
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DA temperature range, which is of interest for the self-healing ability. In addition, the increase of
network rigidity (viz., increase in Tg) was found to be beneficial for thermal stability, as reported for

similar systems [31] and for crosslinked acrylates in general [76].

Table 2 Properties of FMA-co-EHMA polymers after crosslinking with butanediol diester bismaleimide
(DEBM): thermal behavior determined from DSC; temperature for 2% mass loss (T.y) and for maximum
degradation rate (Tmax) from TGA in air; static contact angle measurements in water (3+20), diodomethane
($oim), calculated dispersive (yq) and polar (y,) component of surface energy and pull-off adhesion strength for

selected coatings.

Sample Ty Troa Tow Tmax  9H20 Joim 7d ) Adhesive
[°C] [°C] [°C] [°C] [°] [°] [MN/m] [MN/m] strength
[MPa]

FM10BM 29 120-170 251 292 100.6+0.6 64.4+0.7 24.67 1.01 >8

FM20BM 38 120-170 256 294 100.0+0.6 63.2+1.7 2530 1.04

FM30BM 50 120-170 260 357 100.5%x1.7 59.2+2.0 28.09 0.66

FM40BM 77 120-170 258 360 101.3+0.8 58.7+1.2 28.64 0.50 >8

3.5 Optical and surface properties

All the crosslinked polymers were visually clear and homogeneous after spin coating on glass slides
and thermal treatment. Indeed, transmittance values, measured through UV-Vis spectroscopy, were
> 95% in the 350 — 750 nm spectral range (Figure 3), compared to a clean glass slide as a reference.
Such high transparency was independent of the degree of functionality of the system and can be
ascribed to the absence of light absorbing moieties in the novel aliphatic bismaleimide and the furan
precursor, combined with the amorphous nature of the DA-based polymer networks [77]. In view of
a potential application as optical waveguide, reflectance and refractive index were also determined.

Reflectance ranged between 7.9-8.1% for all the samples, over the 400 — 750 nm spectral range, while
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refractive index for selected FM20BM and FM30BM samples was 1.50, both in close agreement to
values reported for standard PMMA [78]. These results evidence a possible use of these functional

materials for optical applications as substitutes to PMMA.
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Figure 3 UV-Vis transmittance spectra of all crosslinked formulations coated on glass.

Further characterization of these coatings included the evaluation of technological properties such as
wettability and adhesion strength. Static optical contact angle (OCA) measurements (Table 2) denoted
the moderate hydrophobic character of the DA-crosslinked coatings with values of water contact
angles $H20 around 100°. Surface properties were slightly affected by the presence of furan/maleimide
adducts with surface energy y values being essentially determined by the dispersive component yq,
probably owing to the non-polar character of 2-ethylhexyl pendant groups in the copolymer. The
adhesion strength was evaluated on FM10BM and FM40BM, being the formulations with the lowest
and the highest Tg, respectively. Failure mode was cohesive in the coating layer for all the tests, as
the coatings were not detached from the glass substrate. An average adhesion strength higher than 8

MPa was recorded on the examined materials, with no significant difference between the samples.
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3.6 Self-healing assessment

The thermally triggered self-healing ability was studied on all the formulations. After the crosslinking
treatment, coatings were superficially damaged with a scalpel blade, producing a scratch with a depth
between 1-2 um and width between 20-50 um. Repair treatments were performed under different
conditions of time and temperatures, between 120 and 170 °C. Each treatment was followed by a
slow cooling step to rt, analogously to the coating fabrication step, and the evolution of the damage
was monitored by optical microscopy. A first series of tests was performed at 120 °C, which
corresponds to the onset of the endotherm transition associated to r-DA, as observed in DSC traces.
While a decrease in the scratch width was observed in all the formulations, a complete repair was
achieved only in FM10BM and FM20BM, the coatings with lower functional content, only after 20 h
of thermal treatment. These results evidenced that material could re-flow and close the scratches at
mild temperature, even though the time scale appeared too long for practical applications. When the
thermal treatment was performed at 140 °C, times for complete repair were drastically reduced to 1
h and 5 h for FM10BM and FM20BM, respectively. However, only partial (or no) recovery was
observed in FM30BM and FM40BM samples. At 160 °C full recovery was achieved within 1 h for
all damaged samples except for FM40BM, which eventually required 90 min at 170 °C. Micrographs
of samples healed under optimized thermal treatment time at different temperature are reported in

Figure 4.
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Figure 4 Optical microscope images of coating obtained from copolymers of FMA crosslinked with DEBM

bismaleimide with increasing degree of functionality: (A, C, E, G) damaged by scratching with a scalpel and
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healed in (B) 1 h, 140 °C (D, F) 1 h, 160 °C (H) 1.5 h, 170 °C. The white arrows indicate the damaged/mended

area.

Clearly, the mobility of the networks played a key role in the healing ability, as coatings with higher
Ty (higher rigidity) required increasingly longer times and/or higher temperatures to achieve full
repair [34, 38]. However, it has to be noted that the observed times for repair are equal or slightly
shorter than those previously reported for DA-coatings with analogous network architecture [31, 35,
40, 41], which highlights the excellent healing properties of these novel DA-based polymeric systems.
In order to gauge the possibility to undergo multiple healing cycles, after the first repair treatment,
some samples were scratched again in the same area and thermally annealed under the appropriately
optimized conditions, namely 1 h at 140 °C or 160 °C, followed by slow cooling. The complete repair
confirmed the intrinsic self-healing ability of the coatings due to dynamic DA chemistry (Figure S6

in the Supporting Information).

3.7 Optical degradation

The optical stability of the coatings was studied under the conditions required for thermal healing. A
visual inspection of healed coatings after heat treatment allowed to detect yellowing, especially in the
formulations with higher degree of furan functionality. In order to quantitatively assess this aspect,
UV-Vis spectra of FM40BM (i.e., the coating with the highest content of DA adducts) were recorded
before and after the healing treatment (Figure 5). Indeed, a decrease of around 10% in transmittance
over the near UV and violet region of the spectrum was observed, giving account of the appearance
of the yellow coloration. The phenomenon was attributed to thermo-oxidative degradation of the
polymer network mediated by radicals, possibly owing to the relative instability of the C-H bond in
position 5 of the furfuryl ring already at moderate temperatures [79]. Based on this assumption, a new
coating was formulated by including a common phenolic antioxidant (Irganox 1010) at 0.2 wt.% [80].
Compared to the pure coating, the stabilized one retained its high transmittance (> 95%) after the
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thermal healing treatment (Figure 5A), owing to the radical deactivating activity of Irganox 1010.
FTIR spectra recorded on the pure FM40BM after 1 h and 2 h of thermal treatment at 170 °C displayed
a slight decrease in the intensity of the band at 1705 cm™, suggesting progressive cleavage of carbonyl
groups in imide rings (Figure 5B). Based on these results, the antioxidant was included in all the

formulations for the following characterizations.
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Figure 5 (A) UV-Vis spectra of pristine compared to stabilized (labelled IRG) FM40BM coating, before and
after thermal treatment for healing (170 °C, 90 min); (B) FTIR spectra of neat FM40BM after healing treatment

at170°Cfor1 hand 2 h.

Accelerated weathering tests were performed in order to assess the potential suitability of these novel
DA-based coatings for use in outdoor environment. FM30BM formulation was selected for its good

compromise between sufficiently high Tq and efficient healing performance.
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First, FTIR recorded after different exposure times did not evidence any relevant structural
modification of the material caused by weathering (Figure S7 in the Supporting Information).
Satisfactory stability was confirmed by the DA-based coatings, which displayed full retention of high
transmittance in the visible region, even after 504 h of cumulative irradiation (Figure 6A). Moreover,
from the functional point of view, the healing ability was unaffected by weathering, as reported in
Figure 6B.

Secondly, weathering tests were conducted on pigmented coatings. To this end, titania was
incorporated in the crosslinked materials, leading to white coatings, with a Hunter whiteness index
(WIy) of 85, calculated from colorimetric analysis, indicative of a light grey shade [81]. Upon
irradiation, WIn was retained and the total color difference (AE) over light exposure time was found

to remain below the threshold value for perceptual color change (> 2.3) (Figure 6C) [82].
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Figure 6 Effect of weathering on: (A) Transmittance of clear FM30BM coating; (B) self-healing ability
(healing cycle: 1 h at 160 °C followed by slow cooling to rt), the white arrows indicate the damaged/mended
areas; (C) colorimetric parameters, namely Whiteness Index (W1w) and total color difference (AE) of FM30BM

coating pigmented with titania.

3.8 Properties of the nanocomposite coatings

In technological applications, surface hardness of coatings is very often sought in order to provide
the underlying substrate with an additional protection to mechanical damages. To this end, nano-
reinforced coatings are typically obtained by introducing nanofillers in the organic matrix, provided
that they can be dispersed homogeneously into it and that they do not aggregate during coating
formation [83]. In this work, a solution blending method was employed as a fast and simple way to
prepare hybrid DA-based coatings starting from unmodified silica nanoparticles (scheme for sample
preparation reported in Figure S8 in the Supporting Information). SiO2 was first dispersed in the furan
copolymer solution via ultrasonication. An ice bath was used to control the temperature rise in order
to minimize solvent loss. DEBM linker was added after the sonication step, in order to avoid
premature gelation due to the DA reaction. FM20BM and FM30BM formulations were selected owing
to their good balance between Tg4 and self-healing properties.

A visual inspection of the crosslinked composite coatings evidenced that a 5 wt% loading of nano-
SiO2 caused a decrease in the coating transparency, which was confirmed by the lowering in
transmittance values at 550 nm (Figure 7A and Figure S14 in the Supporting Information for
transmittance in the full visible range). Loss of transparency can be attributed to phase separation of
domains with size > 400 nm [84]. Conversely a good dispersion was observed in the coatings at lower
silica content (1 wt% and 3 wt%), which exhibited the same high transparency as the neat polymer
coatings. SEM and AFM images recorded on the sample with 3wt% loading confirmed the good

dispersion, as no evidence of nanosilica aggregates was detected either on the surface or in the cross-
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section of the coating (Figures S9-S12 in the Supporting Information). EDX analysis confirmed the
presence of silica in the nanocomposite (Figure S13 in the Supporting Information).

DSC traces displayed 20 °C increase in Tq for both composite formulations compared to the unfilled
polymer networks, but only up to a 3 wt.% filler content (Figure 7B). The shift in the Tq indicates a
good polymer-filler interaction at the nanoscale, even in the absence of chemical modifications to the
nanoparticles such as in this case. The r-DA endotherm transition was found in the same range of
temperature as the neat polymeric coatings. Residual masses at 800 °C from TGA matched the
nanosilica loading in the formulations (Table S1 in the Supporting Information).

Surface hardness evaluation of the nanocomposite coatings was performed by means of pencil
hardness tests, which showed a significant reinforcement effect on the surface scratch resistance. The
neat coatings are relatively soft, namely FM30BM has a higher grade (2B) compared to FM20BM
(3B) owing to its higher functionality. Upon addition of a small amount of nanofiller, hardness is
significantly enhanced, up to F and B grades for FM30BM and FM20BM respectively (Figure 7C),
which are in the range of surface hardness of common polycarbonate [85].

From a functional point of view, the nanocomposites substantially preserved the self-healing ability
observed for the neat DA matrix as evidenced in the optical micrographs (Figure 8) as well as in the
SEM and AFM images (Figures S15-17 in the Supporting Information). Despite the diminished chain
mobility resulting from the introduction of the inorganic nanofiller, effective repair of small scratches
was observed even at higher silica loading (3 and 5 wt%) after 1 h of thermal treatment at 160 °C.
Interestingly, the composite coatings with 1 wt.% of nanosilica displayed full scratch repair under the
same conditions, similarly to their (unfilled) pristine matrices, while having comparatively higher Ty

values, namely 53 °C for FM20BM and 61 °C for FM30BM.
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4 Conclusions

In conclusion, novel thermo-responsive polymer networks characterized by high transparency,
prolonged durability and excellent self-healing response were presented in this work.

A series of linear copolymers of furfuryl methacrylate and 2-ethylexyl methacrylate were synthetized
via free radical polymerization and crosslinked with a novel, amorphous and highly soluble aliphatic
bismaleimide obtained from a biobased precursor in one step and reported here for the first time.
The rigidity/mobility of the DA-based crosslinked polymer networks was tuned by systematically
varying the furan and maleimide content, resulting in networks with T4 values ranging from 28 to 77
°C. All of them were found to exhibit excellent thermo-responsiveness, as assessed by DSC analysis,

and were able to efficiently repair superficial scratches by applying appropriately optimized mild
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temperature treatments (120 — 170 °C) according to their functionality. Rising the thermal treatment
temperature ensured a significant reduction in the time required for complete scratch repair.

All the coatings were highly transparent and colorless. These two properties were essentially
unaffected by the self-healing thermal treatment and upon accelerated weathering, after proper
addition of a conventional phenolic antioxidant, thus demonstrating the high robustness of the
presented materials in terms of prolonged outdoor durability. Self-healing ability was preserved after
weathering and was observed also in titania-pigmented coatings. Finally, a significantly enhanced
surface hardness was obtained in DA-based nanocomposite coatings even in the presence of low
amounts of silica nanoparticles used as inorganic reinforcing filler.

In light of the above considerations, the presented polymer network combines the well-known
versatility and easy application of acrylic polymers, with the possibility to repair the coating by a
moderate thermal treatment. The wide range of attainable glass transition temperatures, obtained by
simply tuning the DA functionality, suggests applications ranging from adhesives to floor care
coatings [81]. Within this context, the excellent transparency and the possibility to incorporate
pigmented fillers, indicate the application as binder for decorative paints. In addition, similar to
acrylics, transparency is retained upon weathering tests and thermal cycles in the presence of a
general-purpose stabilizer. This feature, paired with the possibility to enhance the scratch resistance
by incorporation of silica nanofillers, pave the way to the use of these materials as protective coatings
in outdoor environment. This study provides the first example of highly durable, transparent and self-
healable coatings based on the combination of a novel aliphatic bismaleimide and different furan-
functionalized polyacrylate copolymers. The systematic investigation of the structure-property
relationships of these materials gives important guidelines for the design of thermo-responsive DA
polymer networks of controlled thermal, optical, surface and functional characteristics, in view of

their potential use in the field of advanced industrial protective coatings.
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