Thiol-Ene UV-Cured bio-degradable Coatings from α,ω-diene furanic monomers
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ABSTRACT: Bio-based monomers are gaining significant attention in today's global . C6-furanic platform chemicals, derived from biomass, are considered promising building blocks for biorefineries, offering potential for the development of sustainable materials to replace petroleum-based products.This study investigates the synthesis and photocuring of two bio-based α,ω-diene furanic monomers—diallyl furandicarboxylate ester (All-FDE) and diallyl furanmethyl carbonate (All-FMC)—for use in UV-cured coatings. Derived from renewable resources and synthesized using green chemistry, these monomers were used in thiol-ene photocuring reactions with trimethylolpropane tris(3-mercaptopropionate) (TMPMP) as the thiol component. Real-time FTIR and photo-DSC analyses showed rapid, near-complete conversion under UV light. All-FDE formulations exhibited higher glass transition temperatures (Tg) due to increased crosslinking density compared to All-FMC. Both materials were fully degradable in alkaline conditions, with All-FDE degrading faster. This research demonstrates the potential of bio-based monomers for eco-friendly, degradable coatings via UV-curing.

INTRODUCTION
There is a growing industrial interests and research efforts in finding suitable renewable resources to substitute fossil-derived monomers in coating formulations design 1–3. In this scenario, derivatization of the biomass from plants or from agro-food waste offers an appealing solution. Plant biomass, in particular, is the most abundant renewable feedstock on Earth, making it a valuable resource for sustainable applications 4.
Furanic compounds and particularly those derived from 5-hydroxymethyl furfural (HMF) can be obtained from carbohydrate biomass, specifically from hexose and pentose units 5–7 and, because of the large availability of these raw materials 8 and their low cost 9, they represent a valid alternative to petroleum-based monomers. 
The process behind the synthesis of furfural and HMF is well known, and it is based on the acid-catalysed hydrolytic depolymerization of hemicellulose 10–12 followed by a dehydration reaction of the C5- and C6-glycosidic units creating the base platform for furan monomers 13. The subsequent step is their suitable functionalization to be used in curing process. 
The exploitation of furan-based precursors in this field has been deeply investigated in literature 14 and recently reviewed 15,16. 
In particular, Cho et al. 17 reported the synthesis of epoxy-functionalized furan-based monomers, derived from furfuryl alcohol and 2,5-furandimethanol. The crosslinked furan-based resins exhibited superior performance compared to a commercial phenyl glycidyl ether. In the same fashion, Nameer and co-workers 18,19 combined epoxy functionalized furan monomer with epoxy linseed oil to produce an eco-friendly thermoset material. Notably, the study highlighted the possibility of achieving structure-property control, leveraging the significantly different characteristics of the triglyceride monomers. 
Functionalized furan precursors have been studied in UV-Cured coating applications i.e., the exploitation of different furane dimethacrylates as reactive diluents in urethane acrylate crosslinking reactions. The resulting UV-Cured materials displayed a significant enhancement of hardness and Tg 20. In addition, investigations on both epoxy 21 and allyl 22 furan-derivatives were conducted respectively in cationic and thiol-ene UV-Curing processes, achieving coatings characterized by superior thermo-mechanical properties compared to UV-Cured formulations derived from other bio-based building blocks. 
UV-curing technology is of particular interest since it allows to make a synergism between the use of renewable materials and a green and efficient process for coating applications. In fact, UV-curing is a crosslinking reaction characterized by well-known advantages such as high cured speed, reduced energy consumption and absence of VOCs emissions, making it an overall environmentally friendly process 23.
Among different UV-curing mechanisms, the step-growth “click’’ thiol-ene photocurable process is gaining increasing interest in coating applications because of the very rapid and orthogonal reaction that proceeds almost quantitatively in mild conditions. This polymerization is not inhibited either by oxygen or humidity, and it leads to UV-Cured coatings characterized by low shrinkage at high monomer conversion 24–28. 
The hydrothiolation of a C=C bond, can also be described as a thiol-Michael or conjugate addition reaction 29. It can progress under various conditions, often via a radical pathway 30 and is typically very fast, completing in seconds even at room temperature and atmospheric pressure.

Scheme 1: schematic representation of the thiol-ene photoinduced process.

Radical thiol-ene photopolymerization is a step-growth polymerization and its mechanism in the presence of a photoinitiator and UV light is depicted in Scheme 1 31–34. In polymer and materials science, this reaction is frequently used to create near-perfect networks and films, as proved in various works of Hoyle and Bowman 30.
It should be mentioned that so far only a limited number of papers focused on UV-cured coatings of functionalized furan-based monomers. In this view, the present work reports on the synthesis and the subsequent thiol-ene UV-Curing of two different α,ω-diene furanic monomers, namely, di-Allyl furandicarboxylate ester (All-FDE) and di-allyl furanmethyl carbonate (All-FMC). All-FDE possesses two esters functional groups and was prepared via transesterification of 2,5-furandicarboxylic acid dimethyl ester (FDME) with allyl alcohol 35. All-FMC instead displays two alkyl carbonate moieties, inserted via transcarbonylation of 2,5-bis(hydroxymethyl)furan (BHMF) with diallyl carbonate (Scheme 2). Both FDME and BHMF were synthesised following the Green Chemistry principles without employing hazardous solvents/reagents through dimethyl carbonate (DMC) chemistry7,36.
The synthesized allyl-functionalized monomers were then used as ene-counterpart in a thiol-ene reaction activated by UV-light. The UV-curing was investigated by means of real-time FTIR and photo-DSC to assess chemical and kinetic features of the curing process. The UV-Cured formulations were characterized in term of their thermo-mechanical properties and degradation process in basic conditions, activating ester bonds hydrolysis. Data collected demonstrated the efficacy and sustainability of using bio-based furan derivatized and allyl functionalized monomers to achieve UV-Cured degradable coatings.
MATERIALS AND METHODS
MATERIALS
The trimethylolpropane tris(3-mercaptopropionate) (TMPMP) and the photoinitiator, phenylbis(2,4,6-trimethylbenzoyl)phosphine oxide (BAPO) was purchased from Merk. The allyl functionalized furane monomers were synthesized as following reported. 
SYNTHESIS OF DIALLYL FURANDICARBOXYLATE ESTER (ALL-FDE)
The synthesis of All-FDE was performed adapting a previously published procedure 37. In a typical reaction, FDME (1.0 mol. eq., 27.2 mmol, 5.0 g), allyl alcohol (10.0 mol. eq., 272.0 mmol, 15.8 g) and N-methyl pyrrolidine (NMPy, 40% wt., 23.5 mmol, 2.0 g) were added to a 2-necked 50 mL round-bottom flask equipped with a Dean-Stark apparatus, a water condenser and a N2 flow. The reaction was kept at 95 °C for 24 h. Afterwards, the reaction crude was allowed to cool down at r.t., filtered on a silica pad with a gooch under vacuum and washed with EtOAc. The transparent liquid was then dried under vacuum obtaining All-FDE as a white solid with 72% yield (4.64 g).
NMR spectra are consistent with those reported in the literature 37.


Scheme 2. A) Synthesis of All-FDE starting from galactaric acid and B) All-FMC starting from D-fructose.

SYNTHESIS OF DIALLYL FURANMETHYL CARBONATE (ALL-FMC)
In a typical reaction, BHMF (1.0 mol. eq., 15.6 mmol, 2.0 g), diallyl carbonate (10.0 mol. eq., 156.0 mmol, 22.2 g) and TBD (0.01 mol. eq., 0.16 mmol, 0.022 g) were added to a 2-necked 50 mL round-bottom flask equipped with a Dean-Stark apparatus, a water condenser and a N2 flow. The reaction was kept at 95 °C for 2 h. The excess of diallyl carbonate was distilled under vacuum and recycled in successive trials. The crude was filtered on a silica pad with a gooch under vacuum and washed with EtOAc. The mixture was then dried under vacuum obtaining All-FMC as a yellow oil with 90% yield (4.19 g). Characterization was consistent with previously published data 38. 
1H NMR (400 MHz, CDCl3) (ppm): δ 6.45 (2H, s), 5.98-5.92 (2H, m), 5.41-5.36 (2H, dq), 5.30-5.28 (2H, dq), 5.12 (4H, s), 4.67-4.66 (4H, dt). 
13C NMR (101 MHz, CDCl3) (ppm): δ 154.6, 149.7, 131.4, 119.0, 112.1, 68.7, 61.2.
FORMULATION AND PHOTO CROSSLINKING
All-FDE and All-FMC were combined with trimethylolpropane tris(3-mercaptopropionate) (TMPMP)at 1.0:1.0 ratio. The radical photoinitiator phenylbis(2,4,6-trimethylbenzoyl)phosphine oxide (BAPO) was then added to the mixture. The chemical structure of the thiol and photoinitiator are reported in Figure 1.

Figure 1. Chemical structures of the thiol and photoinitiator employed for the photocrosslinking. 
The three components—allyl monomer, thiol monomer, and photoinitiator—were mixed in an ultrasonic bath until the complete dissolution of BAPO. To prevent light exposure, the formulations were stored in brown vials. The concentration of BAPO in the mixture was 3 parts per hundred resin (phr), as established in previous investigations. The formulations were spread onto a silicone mold and photocuring was performed by exposing the solutions to UV light for 5 minutes using a DYMAX flood lamp, with a light intensity of approximately 130 mW/cm². The UV lamp emitted light in the range of 275 to 500 nm, with a peak at 365 nm.
CHARACTERIZATION
REAL-TIME FOURIER TRANSFORM IR (REAL-TIME FTIR)
The crosslinking process was monitored using a Nicolet iS 50 Spectrometer. The formulations were applied onto a silicon window with a thickness of 32 µm using a film bar. Spectra were recorded with a resolution of 4 cm⁻¹ across a range spanning from 400 to 4000 cm⁻¹. Data analysis was performed using OMNIC software from Thermo Fisher Scientific.
Conversion curves were obtained by tracking the reduction of thiol peaks at 2570 cm⁻¹ and carbon-carbon double bond peaks at 1650 cm⁻¹, with the peak at 1730 cm⁻¹ used as a reference. The 1730 cm⁻¹ peak, corresponding to C=O bending of the ester, was considered unaffected by UV irradiation since it was not involved in the curing reaction. Equation 1 was applied to calculate the conversion during the exposure time.
		              (1)
In this equation, Afun represents the area of the functional group being analyzed, while Aref coresponds to the area of the reference peak at 1730 cm⁻¹.
PHOTO DYNAMIC SCANNING CALORIMETRY (PHOTO-DSC) AND DYNAMIC SCANNING CALORIMETRY (DSC)
The photo-curing process was conducted using a Mettler TOLEDO DSC-1 equipped with a Gas Controller GC100 and a Hamamatsu LIGHTINGCURE LC8 mercury lamp, which used an optical fiber to directly irradiate the samples, with UV light emission centered at 365 nm. Approximately 5–10 mg of the photocurable formulation was placed in an open 40 µL aluminum pan, while an empty pan served as the reference. The measurements were conducted at room temperature (25°C) in a controlled nitrogen atmosphere with a flow rate of 40 mL/min. The samples were irradiated twice for 10 minutes each. The second irradiation was done to confirm complete curing and establish a baseline. The second curve was subtracted from the first to isolate the curing-related curve, and the integration of the later curve provided the heat release during the photopolymerization reaction. The conversion was calculated using Equation 2.
			               (2)
The glass transition temperature (Tg) of the cured samples was determined through dynamic scanning calorimetry using the Mettler TOLEDO DSC-1. Crosslinked samples weighing 5–10 mg were sealed in 40 µL aluminum pans and analyzed. The starting temperature was set at 25°C, with an initial heating cycle from 25°C to 100°C. The chamber was then cooled to –50°C, followed by a second heating cycle from –50°C to 300°C. After each dynamic step, a 5-minute isothermal step was included to stabilize the chamber and sample. The first heating cycle was intended to erase the polymer's thermal history. Both heating and cooling rates were set at 10°C/min, and the analysis was performed in a nitrogen atmosphere with a flow rate of 40 mL/min. All data were processed using Mettler Toledo STARe software version 9.2.
DYNAMIC MECHANICAL THERMAL ANALYSIS (DMTA)
The thermo-mechanical analysis was performed using a Triton Technology instrument. The heating rate was set to 3°C/min, with an initial temperature of –20°C, achieved through liquid nitrogen cooling. A uniaxial tensile stress was applied at a frequency of 1 Hz. The analysis measured the glass transition temperature (Tg) as the peak of the Tan δ curve and was stopped after the rubbery plateau. The UV-cured samples, with dimensions of 0.8 x 5 x 24 mm, were prepared in a silicone mold.
Equation 3, derived from the statistical theory of rubber elasticity, estimates the cross-link density:
					(3)
Where νc is the cross-link density, E’ is the storage modulus in the rubbery plateau (Tg + 50°C), R is the gas constant, and T is the temperature expressed in Kelvin.
CHEMICAL DEGRADATION
The UV-cured samples, were immersed into an alkaline solution of NaOH 10 M at 60°C. The samples were recovered from the solution, washed with acidic solution to avoid salt formation and deionized water, then they were dried overnight and weighted. The loss evaluation over time was calculated with the Equation 4:
			               (4)
where Wr is the residual weight of the sample after NaOH immersion and Wi is the initial weight.
RESULTS AND DISCUSSION
PHOTO CURING PROCESS
The two selected α,ω-diene furanic monomers - All-FDE and All-FMC – were synthetized  according to procedures already reported in the literature 37,38, thus these monomers were available in our laboratories in multi-gram scale. 
In a typical photo curing experiment All-FDE or All-FMC was combined with a selected commercially available thiol, trimethylolpropane tris(3-mercaptopropionate) (TMPMP). The stoichiometric ratio of allyl groups to thiol groups was maintained at 1.0:1.0 to ensure equal amounts of both functional groups (-ene and thiol) in the reaction. The radical photoinitiator phenylbis(2,4,6-trimethylbenzoyl)phosphine oxide (BAPO) was then added to the mixture and the  formulations - spread onto a silicone mold – were exposed to UV light for 5 minutes.
These reactions can be performed with very small amount of photoinitiator, even if some examples of photoinitiator-free thiol-ene processes were also reported 25. As an example, 0.25 wt.% of photoinitiator was sufficient to achieve over 80% conversion of diallyl 2,5-furandicarboxylate monomers 19, while the use of 3 parts per hundred resin (phr) of BAPO was shown to significantly increased reactivity and conversion of furan allyl derivatives according to our previously published data 22.In light of these results, UV-cured coatings of the synthetic allyl-functionalized furane monomers were prepared adding 3 phr BAPO in the photocurable formulations.
The thiol-ene photocuring reactivity of the formulations were investigated both with FTIR and Photo-DSC analyses. In particular, the progression of the thiol-ene reaction was monitored in real-time using FTIR following the reduction of the peaks area relative to the reactive groups over irradiation time (namely after 0.0, 5.0, 10.0, 15.0 and 20.0 seconds). Specifically, the S-H peak at 2570 cm⁻¹ and the C=C peak at 1650 cm⁻¹ were used to confirm the reaction's advancement (Figure B, bottom images). Conversion was calculated according to Equation 1, while Figure 2highlights the decreasing S-H and C=C peaks in the spectrum.
Table 1. Conversion evaluated by means of real-time FTIR analysis.
	ENTRY
	Conversion 
S-H (%)
	Conversion 
C=C (%)

	All-FMC/TMPMP
	97 ± 1
	96 ± 3

	All-FDE/TMPMP
	95 ± 2
	93 ± 3



The conversion curves as a function of irradiation time are reported in Figure 3 for the 2 investigated monomers while conversion data are summarized in Table 1. The investigated formulations showed similar results with a very high reactivity and an almost complete conversion of the reactive groups after 5 seconds of irradiation. The click nature of the reaction was validated by the concomitant conversion trends of the C=C and S-H groups (Figure 2), maintaining the characteristic 1:1 ratio of thiol-ene click reactions.
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Descrizione generata automaticamente]Figure 2: An example of Real time-FITR spectra obtained for All-FDE/TMPMP.
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Description automatically generated]Figure 3. Conversion of the functional groups over time for the two o formulations, All-FMC/TMPMP (square markers); All-FDE/TMPMP (triangle markers). SH group conversation is depicted with dashed lines.
Photo-DSC measurements corroborated these findings, revealing high heat release during the crosslinking (curves reported in Figure 4) and low tpeak values (Table 2) with a negligible difference in their reactivity.

Table 2. Photo-DSC enthalpy, time to peak and peak height. All the formulation contained 3 phr of BAPO.
	ENTRY
	hpeak
(W/g)
	tpeak
(s)
	ΔHexp
(J/g)

	All-FMC/TMPMP
	26 ± 2
	4
	225 ± 1

	All-FDE/TMPMP
	30 ± 3
	3
	213 ± 8
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Description automatically generated]Figure 4. Photo-DSC results with the heat release during the crosslinking process for the two thermosets.
THERMAL-MECHANICAL PROPERTIES
The thermomechanical properties of the UV-cured thiol-ene networks were assessed using DMTA and DSC. In Figure 5 the Tan δ curves as function of temperature are reported for the investigated mixtures. The UV-cured All-FDE/TMPMP formulation exhibited higher glass transition temperature (Tg = 14 °C) compared to All-FMC/TMPMP, which had a Tg of about 1°C. 
This result can be attributed to the different structure of the α,ω-diene furanic monomers. In fact, the carbonate functionalities present in the All-FMC monomer, together with the additional carbon atom proper of the BHMF moiety, led to a greater distance of the double bond from the molecule core. This fact should induce a lower crosslinking density and a consequently smaller Tg. On the other hand, the ester functional groups of All-FDE are directly connected to the furan ring, thus shortening its distance from the double bond site and eventually leading to a higher crosslinking density. The Tg values found in the present work align with previous findings reported on other BHMF-derived allyl derivatives 22.
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Descrizione generata automaticamente]Figure 5. DMTA (left) and DSC (right) curves recorded for the 2 UV-Cured networks.
The Tg measured by DSC are in agreement with the DMTA results. The Figure 4 (right) shows the thermogram obtained for the two UV-cured formulations. The FDE/TMPMP UV-Cured network reached a higher Tg value (-6 °C) compared to All-FMC/TMPMP (-10 °C). The higher Tg values measured by DMTA analysis, as the maximum of tanδ curve, is a well-known phenomenon attributable to a frequency effect. 
CHEMICAL DEGRADATION
The chemical degradation of the crosslinked films was carried out in a strong alkaline solution at 60 °C to accelerate the process as a proof of concept. The results demonstrated that the material can be completely degraded. Both crosslinked materials showed significant degradation within 2 days. The All-FDE material fully dissolved in less than 2 days, while the All-FMC material degraded in under 4 days. Figure 6 shows the weight loss over time for both materials.
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Figure 6. Mass loss for the two thermosets during the degradation tests.
The faster degradation process of the allyl ester-based formulation (All-FDE) with respect the one containing the allyl carbonate functionality (All-FMC) can be ascribed to the higher ester reactivity in base-catalysed acylation reactions (BAc2) compared to carbonates in agreement with data reported in literature 39.
CONCLUSIONS
In this study for the first time is reported an investigation on α,ω-diene ester and carbonate bio-based furanic monomers (All-FDE and All-FMC, respectively) in thiol-ene photocuring processes using TMPMP as photoinitiator. In particular, by manipulating the chemistry and structure of the material's building blocks, it is possible to tailor their mechanical properties and degradation behavior. The ally-functionalized furane-based monomers showed a high reactivity in the thiol-ene photoinduced reaction process, as shown by both FTIR and photo-DSC analyses, with an almost complete thiol-ene conversion within 5 seconds of irradiation. The UV-Cured films were fully characterized by thermo-mechanical properties by DMTA and DSC analysis. The materials obtained from All-FDE monomer showed a higher Tg value compared to the All-FMC one, most likely attributable to the shorter distance between the molecule’s furanic core and the terminal double bond. This induced a higher crosslinking density which is responsible for the greater Tg value of All-FDE films compared to the carbonate-based ones. Both Uv-Cured films showed a complete degradation after an alkaline treatment at 60 °C. The degradation is completed within few days with a higher hydrolysis rate found for ester-based formulations with respect to the carbonate ones. The combination of bio-based monomers, achievable form renewable resources, with the degradability of the crosslinked films and the environmentally friendly UV-Curing technique may pave the way for the production of greener coatings processes.
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