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A coating from nature

Johannes G. H. Hermens', Thomas Freese', Keimpe J. van den Berg?,

Rogier van Gemert?, Ben L. Feringa'*

For almost a century, petrochemical-based monomers like acrylates have been widely used as the basis for coatings,
resins, and paints. The development of sustainable alternatives, integrating the principles of green chemistry in
starting material, synthesis process, and product function, offers tremendous challenges for science and society.
Here, we report on alkoxybutenolides as a bio-based alternative for acrylates and the formation of high-performance
coatings. Starting from biomass-derived furfural and an environmentally benign photochemical conversion using
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visible light and oxygen in a flow reactor provides the alkoxybutenolide monomers. This is followed by radical (co)
polymerization, which results in coatings with tunable properties for applications on distinct surfaces like glass or
plastic. The performance is comparable to current petrochemical-derived industrial coatings.

INTRODUCTION

Coatings are omnipresent in daily life, indispensable in construction
and applied to enhance properties and durability of numerous
products, ranging from cans to cars (I). The polymers and resins in
coatings are manufactured using petrochemical feedstock (2). How-
ever, the environmental awareness and the need to design the green
chemistry of the future based on sustainable materials demand for
renewable resources and waste-free, low-energy chemical conversions
without compromising the function and performance of the final
products (3-5). In the multistep processes that are typically used
nowadays, middle- to long-chain fossil-based hydrocarbons are
converted into olefins via cracking, further oxidized and derivatized
into acrylates, which are subsequently polymerized to yield a wide
range of plastics, resins, and coatings (Fig. 1A) (6). Global produc-
tion of acrylate esters exceeds 3.5 million metric tons a year (7), and
it is evident that sustainable alternatives, maintaining the favorable
properties of acrylate-based materials, can be highly transformative
in tomorrow’s chemistry and materials. Despite progress toward the
use of renewable feedstock for fuels (8), polymers (9-11), and spe-
cialty chemicals (12, 13), as well as recent advances in photoredox
(14) and electrochemical conversions (15, 16) aiming at the design
of benign and low waste transformations (17, 18), direct biomass-
derived alternatives for acrylate-based coatings remain largely
unexplored (18-23). Although bio-based polyesters are now well
established (9), limited reports on (co)polymerization of acrylate
analogs did not reveal materials function (24) or indicated large dif-
ferences in reactivity compared with common acrylates (25). Here,
we demonstrate the formation of high-performance coatings using
lignocellulose-derived alkoxybutenolides as an alternative for acrylates
while using a photooxidation process with visible light and oxygen
in a scalable flow system to access the monomers.

In our design, shown in Fig. 1A, implementing the Principles of
Green Chemistry (26), we take an integrated approach using a re-
newable resource, green transformations, intrinsic functionality for
polymerization, and tunable materials properties of the coatings.
The starting point is biomass, e.g., lignocellulose, which is readily
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converted into valuable platform chemicals like furfural using acid-
mediated dehydration (Fig. 1A) (27). The next step is a photooxidation
based on singlet oxygen ('O5), which is generated using visible light
and a catalytic triplet sensitizer. This particularly clean process in-
volves triplet-triplet annihilation of the excited photosensitizer and
molecular oxygen. The furan moiety of furfural undergoes a [4 + 2]
cycloaddition with 'O, and transforms quantitatively into hydroxy-
butenolide, which can be readily converted into various alkoxy-
butenolides by heating with the appropriate alcohol (Fig. 1B). The
alkoxybutenolide structure has an embedded acrylate functionality
(depicted in pink in Fig. 1A). Extensive earlier studies in our group,
using these compounds as chiral maleic anhydride-type building
blocks in natural product synthesis (28, 29), revealed the reactivity
of the o,B-unsaturated ester unit most likely to be intermediate be-
tween that of crotonate and acrylate monomers. The cisoid config-
uration of the alkene moiety in the butenolide and the electronic
effect of the acetal group contribute to this distinct reactivity. We
envisioned that the butenolides can be directly used as monomers
in (co)polymerizations and resin formation replacing acrylates.
Furthermore, the use of various (linear and branched) alcohols in
the acetal formation step readily provides a range of alkoxybutenolide
monomers, allowing the formation of coatings with tunable materials
properties (Fig. 1B). Here, we deliver methodology to access the key
butenolide monomers in an (industrial) scalable process and demon-
strate their ability to form high-quality coatings, substantially reducing
our environmental footprint.

RESULTS AND DISCUSSION

Monomer formation

In preliminary studies on the photooxidation of furfural using 6 mole
percent (mol %) of methylene blue as triplet sensitizer and visible
light (Aiyr = 635 nm) in an immersion well reactor, we could selec-
tively produce hydroxybutenolide B1 up to a 500-mmol scale without
requiring further purification (Fig. 2A) (see Materials and Methods
and the Supplementary Materials pages S4, S248, and S249 for ex-
perimental details and product characterization). Facing the challenge
to upscale this singlet oxygen photochemical reaction (30) to pro-
vide sufficient quantities of butenolide monomers for coating for-
mation, we focused on rotating thin-film techniques (Fig. 2B) and
flow photoreactors (Fig. 2C). To overcome the problem of limited
light penetration in solution, as transmittance of light decreases
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Fig. 1. Design of bio-based alternatives for acrylates and coatings. (A) General strategy for bio-based alternatives instead of common petrochemical-based acrylate
monomers to yield coatings. (B) Photooxidation of the biomass-derived furfural followed by derivatization toward alkoxybutenolide monomers comprising an acrylate

type structure (acrylate unit is shown in pink).

exponentially with distance (30), thin films allow homogeneous photon
flux and enhanced efficacy. In addition, flow chemistry is particularly
attractive for photooxygenation dealing with multiphase reaction
mixtures (gas-liquid), which are often limited by mass transfer (31).

A rotary evaporator photoreactor, modeled after Poliakoff and
George (32), allows the continuous creation of a flow and thin film
through fast rotation of the flask for optimal light penetration and
O transfer into the solution (Fig. 2B). Optimization of this system
with respect to reactor flask size, volume, concentrations, and light
source showed that a 1-liter flask with a small volume of 10 ml (1 M
solution, 0.45 mol % methylene blue) resulted in full conversion within
20 min, which corresponds to a production of 30 mmol/hour of B1
(for optimization, see table S1).

Although this single rotary photoreactor enabled us to produce
over 1 kg of hydroxybutenolide B1, operating this initial setup is a
noncontinuous process, because it was not computer controlled like
the original setup of George and co-workers (32). In an alternative
approach, a photochemical flow system was explored on the basis of
the original reactor design of Booker-Milburn (33) and taking in-
spiration from the studies on flow photooxidation reactions by
Seeberger (34). This system was constructed by simply wrapping
fluorinated ethylene propylene (FEP) tubing around a glass tube
surrounding a standard 18-W TL bulb to retain room temperature
(Fig. 2C). The substrate solution containing furfural and 4 mol % of
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methylene blue, dissolved in preoxygenated methanol, was added
via a dosing pump, and a flow of oxygen was applied. Upon combi-
nation of the flows in the T-piece, an intermittent sequence of small
gas and liquid bubbles is created, which results in efficient mixing.
Optimal light penetration is achieved because of the thin tubing
(1.59 mm internal diameter), creating small volumes of solution.
The reaction was optimized for flow rate, residence time, and photo-
catalyst loading. Under the optimized conditions, hydroxybuteno-
lide B1 was selectively produced at 1.5 mmol/hour. A convenient
strategy for increasing the scale of these continuous flow setups is by
multiplying the setup in parallel (35, 36). As a result of this continuous
flow setup being simple and small, it can be duplicated many times,
readily enhancing the production. Figure 2C illustrates five photo-
flow reactors in parallel in a single fume hood setup allowing con-
tinuous formation of hydroxybutenolide B1 at a rate of 7.5 mmol/hour.

With a continuous flow photooxidation process to form hy-
droxybutenolide B1 in operation, the next step involved the intro-
duction of distinct alkoxy substituents to provide various butenolide
monomers. We envisioned that this would allow tuning of the
materials properties upon polymerization (Fig. 1B). Taking advan-
tage of the cyclic hemiacetal moiety (a masked aldehyde) in B1,
simply heating this compound in the presence of the appropriate
alcohol provided alkoxybutenolides B2 to B5. These condensation
reactions can readily be performed on a 100-g scale, and representative
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Fig. 2. Upscaling of the photooxidation of furfural. (A) Reaction of furfural with singlet oxygen catalyzed by the photosensitizer methylene blue (shown in box) yielding
hydroxybutenolide B1. (B) Rotary evaporator photoreactor setup scheme (left); picture of rotary thin-film system in operation (right) using a 10 x 80-W white light LED
setup (see the Supplementary Materials pages S5 and S6 for experimental details and photoreactor setup, and table S1 for full optimization details). (C) Flow photooxidation
setup scheme (left) and picture of five parallel flow systems in operation (right). A detailed description of the experimental setup and optimization can be found in fig. S4

and table S2. Photo credit (B and C): J. G. H. Hermens, University of Groningen.

examples include linear and branched alcohols and the natural
product (—)-menthol (Fig. 1B). It should be noted that the entire
synthetic route from biomass to alkoxybutenolide monomers is
environmentally benign as it meets multiple requirements of the
Twelve Principles of Green Chemistry. An analysis of key features
of this process against the Principles of Green Chemistry is presented
in Table 1 (26).

Polymerization and copolymerization

Next, we explored the radical (co)polymerization of methoxy-
butenolide B2 in solution. Initially, various conditions and reaction
partners were examined to establish an optimal polymerization pro-
cedure (Fig. 3A). As the reactivity of the butenolide is reduced com-
pared with common acrylate esters as a result of the presence of an
internal alkene in B2, slower kinetics were observed in radical
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polymerizations carried out under standard conditions using butyl
acetate [boiling point (bp.), 126°C] as solvent and Trigonox 42S (t;/2:
1 hour at 114°C) as a radical initiator. Homopolymerization of
methoxybutenolide B2 was achieved in 3.5 hours (34% conversion),
which could be increased to 53% upon changing the solvent to
1-methoxy-2-propanol (bp., 120°C) (Fig. 3B, column 1; see also
table S3). Protic solvents tend to show an increased rate of polymer-
ization mainly caused by hydrogen bonding to the carbonyl moiety
(37), but also chain transfer to monomer could play a role, both con-
tributing to an increase in conversion (38, 39).

Similar results were obtained for homopolymerizations of alkoxy-
butenolides B3 to B5 (Fig. 3B, column 1). Longer reaction times or
addition of extra radical initiator did not affect the outcome pointing
to inhibited conversion during the later stages of the homopolymer-
ization process (see also Figs. 5A and Fig. 6, vide infra).
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Table 1. Justification of the principles of green chemistry. Relevant
Principles of Green Chemistry and analysis for the synthesis of
alkoxybutenolide monomers from furfural.

Principles of Green Chemistry Justification

In the synthesis, starting from the
platform chemical furfural, benign
solvents (methanol and toluene)
are used for the preparation of
alkoxybutenolides. As vacuum
distillation is used as the
purification method, no other
environmentally hazardous
solvents are used.

Less hazardous chemical synthesis

The oxidation of furfural is
performed photochemically
(visible light) at ambient
temperature. Scalable
photooxidation procedures with
energy-efficient lamps (TL and
LED) have been designed.

Design for energy efficiency

Furfural, a platform chemical
derived from the acid-mediated
dehydration of lignocellulose
(H,0 as waste), is used as sole
starting material for the synthesis
of alkoxybutenolides (45, 46).

Use of renewable feedstocks

The hemiacetal moiety in
hydroxybutenolide B1 allows
facile derivatization toward
alkoxybutenolides without the use
of protecting/activation groups.

Reduce derivatives

The oxidation of furfural is
photocatalytic using molecular
oxygen, preventing the use of
stoichiometric amounts of oxidants.

Catalysis

The flow reactor designed for the
upscaling of the photooxidation of
furfural allows a safer handling of
reactive substrates (pressurized
oxygen) or intermediates
(endoperoxide) as low
concentrations, and no
accumulation is present in flow (30).

Inherently safer chemistry for
accident prevention

Moving forward to the screening of various reaction partners for
copolymerization, copolymerization of B2 with butyl acrylate or
styrene, within short reaction times, provided mainly the respective
homopolymers with only traces of copolymer formed. This obser-
vation reflects the mismatch in reactivity of the monomers. In sharp
contrast, 1:1 copolymerization of B2 with the less reactive vinyl es-
ter and vinyl ether monomers, i.e., vinyl neodecanoate (VeoVa-10)
and dodecyl vinyl ether, resulted in excellent conversions of 99%
(2 hours) and 95% (50 min), respectively (Fig. 3B, row 1). However,
the copolymerization of B2 with di(ethylene glycol) divinyl ether
(DVE) showed a maximum conversion of 69%. In this transforma-
tion of B2 and DVE, an insoluble white material was formed after
6 min, strongly indicating the formation of a polymer network.
Similar conversions were achieved for homo- and copolymerizations
of B3 to B5 with VeoVa-10, dodecyl vinyl ether, and DVE, showing
no unfavorable effect upon increasing the size of the alkoxy substituent
(Fig. 3B, rows 2 to 4).

From an industrial and practical perspective, it is important to
determine monomer conversion in time and obtain detailed polymer-
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ization kinetics. Initially, the reaction kinetics of the copolymerization
of butenolide B2 and VeoVa-10 (2.15 M) at 120°C were studied by
following the consumption of the individual monomers over a 2-hour
period using Raman spectroscopy. Samples were taken at various
points during the reaction and flash frozen at —18°C to stop the
polymerization. It revealed a rate constant kops = 7.4.107* s7! and
>99% conversion in 2 hours. As we were facing substantial overlap
of the Raman bands of dodecyl vinyl ether and the butenolides, the
reaction kinetics of the copolymerizations of B2 to B5 with VeoVa-10,
dodecyl vinyl ether, and di(ethylene glycol) DVE were followed
by 'H nuclear magnetic resonance (NMR) spectroscopy using
1,3,5-trimethoxybenzene as an internal standard. The data for the
copolymerization of B2 with VeoVa-10, obtained by 'H NMR spec-
troscopy, are shown in Fig. 4. This clearly demonstrates 1:1 incor-
poration of both monomers in an alternating copolymer (Fig. 4C)
and complete conversion of methoxybutenolide B2 and VeoVa-10
(Fig. 4D). It should be noted that higher rate constants were observed
for the copolymerization of B2 with vinyl ethers dodecyl vinyl ether
and di(ethylene glycol) DVE compared to the copolymerization of
B2 with vinyl ester VeoVa-10. Gratifyingly, similar reactivity in
homopolymerizations (Fig. 5A) and copolymerizations (Fig. 5, B to D)
was observed for all the alkoxybutenolides, and again, higher rates
were found for the reactions with vinyl ethers than with vinyl esters.

It was also observed that the copolymerization of butenolides B3
and B5 with VeoVa-10 shows inhibition at higher conversion, albeit
only observable at >92% conversion, reminiscent of the homopoly-
merizations of butenolides B2 to B5. Depending on the (co)monomer,
upon extended radical polymerization, a competing radical process
is taking place. We envisioned that the increase in polymer concen-
tration could influence the propagation of the remaining monomers.
To examine this in more detail, the copolymerization of menthyl-
oxybutenolide B5 with VeoVa-10 was followed in time, and presyn-
thesized menthyloxybutenolide-VeoVa-10-copolymer MP2 (1 ml of
2.15 M solution in 1-methoxy-2-propanol) was added at ¢ = 40 min.
This induced immediate inhibition of the propagation at this stage
(74% conversion) with a similar rate constant as was obtained for
the initial inhibited copolymerization at 92% conversion (Fig. 6). In
brief, we propose that inhibition of the radical propagation step in
the polymerization at low rates (at the stage of high monomer con-
version) is the result of H-abstraction by the propagating radical
from the acetal position in the lactone moiety, generating a capto-
dative stabilized radical (40, 41).

Focusing on the properties of the polymers, the molecular weight
distribution and glass transition temperatures were analyzed for the
copolymers of B2 to B5 with VeoVa-10 and dodecyl vinyl ether
to reveal the effect of the alkoxy substituents on the quality of the
polymers. The polymers were subjected to gel permeation chroma-
tography (GPC) using a polystyrene-calibrated column. The molecular
weight distribution of the copolymers of B2 to B5 with VeoVa-10
and dodecyl vinyl ether is typically in the range M,, 2800 to 3300 g/mol
and 4300 to 4900 g/mol, respectively (Table 2). As the differences in
molecular weights of the butenolide polymers are small, it is evident
the alkoxy substituents have little impact on the polymerization pro-
cess. As a comparison, the homopolymer and copolymer (with
VeoVa-10) of butyl acrylate were subjected to GPC, and higher
molecular weights are found M,, 10,000 to 15,000 g/mol. Glass tran-
sition temperature (T) data, however, indicate large differences be-
tween the different butenolide polymers, showing that the properties
of the (co)polymers can be fine-tuned through the choice of alcohol
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in the alkoxybutenolide monomer. The lowest glass transition tem-
peratures are obtained for hexyloxybutenolide polymers HP2 and
HP?3 as, generally, the T, decreases with increased flexibility of the
monomer (42). In contrast, the more rigid structure of menthol
increases the T and accounts for the highest values obtained. The
substitution of the hexyl chain for menthol in the case of HP3 and
MP3 results in a difference of 88°C in Tj,.

Coating formation
Having established the key features [(co-)polymerization rates and
polymer properties] of the previously unknown alkoxybutenolide
monomers in (co-)polymerization, we proceeded to the formation of
surface coatings. The process we used for coating formation is shown
in Fig. 7. A variety of coatings was obtained by polymerization of
monomers B2 to B5 in the presence of di(ethylene glycol) DVE as
cross-linker using ultraviolet (UV) curing as the optimal way for pre-
paring the coatings on surfaces. In all cases, solvent-free radiation-
cured coatings were obtained within short curing times. Typically,
neat mixtures of alkoxybutenolides, DVE, and Omnirad 819 as radical
photoinitiator were applied on glass surfaces (Fig. 7). After 5 min of
irradiation (Air = 395 nm), uniform coatings were obtained, and
an optimal film thickness of the coatings of 100 um was established.
Clear, hard, and transparent coatings were obtained as illustrated
for the methoxybutenolide-derived coating BP4 on glass shown in
Fig. 8A. To determine the properties of these novel bio-based mate-
rials, we subjected the coatings to standardized spot tests to reveal
the resistances against water and solvent (43, 44). The Persoz hard-
ness test was used to establish the hardness, and the glass transition
temperatures and cross-link densities were measured by dynamic
mechanical thermal analysis (DMTA). To our delight, all butenolide
coatings showed excellent water and solvent resistance using stan-
dard spot tests, considering the methoxy coating (BP4), isopropoxy
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coating (IP4), and menthyloxy coating (MP4) only showed very minor
discoloring (Fig. 8B). The coating performance data as summarized
in Fig. 8E clearly show that the alkyl substituent of the alkoxybutenolide
unit has a significant influence on their properties. Typically, these
coatings present different properties in terms of hardness, as a
change in branching or flexibility in the side chain (from methyl to
isopropyl to hexyl) reduces the hardness of the coating. On the contrary,
because of the more rigid structure of menthol, a high hardness is
obtained for MP4.

We showed earlier, on the basis of the reaction kinetic data and
GPC analysis, that the various butenolide monomers B2 to B5 follow
similar reactivity, and variations in molecular weight with different
chain lengths are small. This supports the notion that the differences
in coating properties are mainly attributed to the nature of the alkoxy
substituents. An inherent property directly related to the different
values of hardness is the ability to coat distinct surfaces. The butenolide
coatings BP4, IP4, and MP4 are excellent candidates for glass sur-
faces (Fig. 8A). On the contrary, the softer, more hydrophobic, hexyl-
oxybutenolide coating HP4 not only is a good candidate for glass
surfaces (Fig. 8C) but also performs excellent on polypropylene sur-
faces as the coating does not break upon UV curing (Fig. 8D).

The cross-link density and the glass transition temperatures were
determined via DMTA (Fig. 8E). Because the strain and stress of the
coatings were measured on polypropylene surfaces, VeoVa-10 was
added to increase the hydrophobicity of the coatings BP4, IP4, and
MP4, while simultaneously lowering the hardness, to properly form
a nonbrittle uniform film of these coatings on polypropylene. There-
fore, the measured Ty and cross-link density are lower than the
actual Ty and cross-link density of the coatings without the addition
of VeoVa-10 on glass. The measured glass transition temperatures
follow the same trend observed before, i.e., decreasing T upon
increasing flexibility.
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DISCUSSION

On the basis of the data of our coatings shown in Fig. 8, it should
be emphasized that their properties are comparable to common
coatings based on acrylates. As demonstrated here for both glass and
plastic materials, uniform robust thin-film coatings are readily ob-
tained, and above all, the properties (hardness and polarity) are easily
tunable for different surface applications. The properties of these
coatings, in terms of resistance and hardness, are comparable or
even better with those of current industrial ultraviolet A (UV-A)
light curable clear coatings for car furnishes (44).

In conclusion, we have demonstrated a previously undiscovered
sustainable route to coatings based on abundant green starting
material, common alcohols, and molecular oxygen using a photo-
chemical process applying visible light. This study shows that starting
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from biomass-derived furfural, by applying photooxidation in a
flow system, alkoxybutenolide monomers are accessible as alterna-
tives for common acrylates. The formation of coatings with excellent
solvent resistance and hardness, comparable to current industrial
coatings, as well as tunable properties for application on different
surfaces illustrates a viable green route to materials abundantly used
in modern society.

MATERIALS AND METHODS

Photooxidation of furfural (immersion well setup)

To the large photooxygenation setup shown in fig. S2, freshly distilled
(50°C, 1.5 x 10~ mbar) furfural (50.0 g, 0.52 mol, 1 eq.) dissolved in
500 ml of oxygen-enriched methanol was added. Methylene blue
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Fig. 5. Rate of (co)polymerization B2 to B5 with comonomer. (Homopolymerization of B2 to B5 (2 eq.) and copolymerizations of B2 to B5 with comonomers VeoVa-10
(1:1 ratio), dodecyl vinyl ether (1:1 ratio), and di(ethylene glycol) DVE (1:0.5 ratio), reaction conditions: Trigonox 42S (6 mol %) (3 mol % in case of homopolymerization),
2.15Min 1-methoxy-2-propanol (4.3 M in case of homopolymerization), reflux, 6 min to 4 hours. Rate of polymerization [In(1/(1 — U)] as a function of t where U = conversion
of polymer. (A) Rates of homopolymerization methoxybutenolide (BP1), hexyloxybutenolide (HP1), isopropoxybutenolide (IP1), and menthyloxybutenolide (MP1). (B) Rate of
copolymerization of VeoVa-10 with methoxybutenolide (BP2), hexyloxybutenolide (HP2), isopropoxybutenolide (IP2), and menthyloxybutenolide (MP2). (C) Rates
of copolymerization of dodecyl vinyl ether with methoxybutenolide (BP3), hexyloxybutenolide (HP3), isopropoxybutenolide (IP3), and menthyloxybutenolide
(MP3). (D) Rate of copolymerization of di(ethylene glycol) DVE with methoxybutenolide (BP4), hexyloxybutenolide (HP4), isopropoxybutenolide (IP4), and menthyloxy-

butenolidebutenolide (MP4) (see also table S38).

[10 mg, 0.032 mmol, 0.005 mole percent (mol %)] was added to the
reaction mixture. An oxygen line was connected to the bottom inlet
of the setup, and oxygen was bubbled through the solution with a
controlled flow. Red light-emitting diodes (LEDs) (150 Im, A = 680 nm)
were inserted in the glass tube, and the glass tube was put in the
setup. The resulting mixture was bubbled with oxygen for 120 hours
while irradiated by red light. The reaction was followed by "H NMR
until all furfural was consumed. The solvent was evaporated after
under reduced pressure. The obtained oil solidified upon standing.
The product 5-hydroxy-2(5H)-furanone B1 could be used without
further purification. Removal of the photosensitizer was done by
filtration in diethyl ether over silica and charcoal. After evaporation,
the compound was recrystallized at —78°C to form the product
5-hydroxy-2(5H)-furanone B1 as an off-white crystalline solid (52.1 g,
0.52 mol, quantitative).

Photooxidation of furfural (rotary evaporator setup)
A solution of freshly distilled (50°C, 1.5 x 1072 mbar) furfural (1.0 g
10 mmol, 1 eq.) and methylene blue (17 mg, 52 umol, 0.5 mol %) in

Hermens et al., Sci. Adv. 2020; 6 : eabe0026 16 December 2020

10 ml of oxygen-enriched methanol was prepared in a 1000-ml
round-bottom flask. The mixture was put under an oxygen atmo-
sphere in a standard laboratory rotary evaporator (175 rpm) and
irradiated by 8 x 80—-W LED lamps for 20 min. The light sources were
placed at a distance of 5 cm from the flask (see fig. S3). The solvent
was evaporated after under reduced pressure. The obtained oil solid-
ified upon standing. The product 5-hydroxy-2(5H)-furanone B1 could
be used without further purification. Removal of the photosensitizer
was done by filtration in diethyl ether over silica and charcoal. After
evaporation, the compound was recrystallized at —78°C to form the
product 5-hydroxy-2(5H)-furanone B1 as an off-white crystalline
solid (1.0 g, 10 mmol, quantitative).

Photooxidation of furfural (flow reactor setup)

A solution of freshly distilled (50°C, 1.5 x 1072 mbar) furfural (10.0 g
104 mmol, 1 eq.) and methylene blue (128 mg, 0.4 mmol, 4 mol %)
in 2000 ml of oxygen-enriched methanol was prepared in a 2-liter
Erlenmeyer flask. The reaction mixture was stirred for 30 min be-
fore the lines of the dosing pumps were put in the solution. The

7 of 11



SCIENCE ADVANCES | RESEARCH ARTICLE

MP2, k1

25 - MP2, k2

@ MP2, k1, before addition
@ MP2, k2, presynthesized MP2 added at t = 40 min
k2455 (5.0 +0.8):10™
2.0+
] klos (2.9+0.1)-107
S 154
| [ ] [ ] ® °
< 1 °
= —e K200s™*" (2.6£0.8)10°
c 1.0 °
4
)
0.5
1 o KLobs " (3.0 £0.2)-10
004
T T T T T T T T T T T T T T T
0 2000 4000 6000 8000 10,000 12,000 14,000
Time [s]

Fig. 6. Inhibition after the addition of presynthesized copolymer MP2. Reaction
conditions: Trigonox 42S (6 mol %), 2.15M in 1-methoxy-2-propanol, reflux, 4 hours.
Inhibited polymerization of menthyloxybutenolide B5 with VeoVa-10 (1:1 ratio, cyan
line) at 92% conversion, t=9000 s. Polymerization of menthyloxybutenolide B5 with
VeoVa-10 (1:1 ratio, dark blue line) until t=1800 s. Inhibited polymerization of menthy-
loxybutenolide B5 with VeoVa-10 after the addition of presynthesized menthyloxy-
butenolide-VeoVa-10-copolymer MP2 (1 ml of 2.15 M solution in 1-methoxy-2-propanol,
92% conversion) (1:1 ratio, blue line) at t=2400 s. Similar reaction rates are obtained,
K20ps26"=5.0-10° 57" and k2ops™ " =2.6-107s7", for the inhibited polymerization at
t=9000 s (cyan line) and the induced inhibited polymerization at t=2400 s (blue line).
For further elucidation of this polymerization behavior, control experiments, and kinetic
data and analysis, see the Supplementary Materials pages S179 to S209.

dosing pumps were primed with the solution and were set to a flow
of 0.5 ml/min. The reaction mixture was pumped through the reac-
tion line together with a flow (2.5 ml/min) of oxygen and irradiated
by a TL bulb. The resulting reaction mixture was received and
transferred to a round-bottom flask. The solvent was evaporated
under reduced pressure, and the crude blue oil was distilled to
remove unreacted furfural (50°C, 1.5 x 10”2 mbar). The obtained
blue oil solidified upon standing. The product 5-hydroxy-2(5H)-
furanone B1 could be used without further purification. Removal of
the photosensitizer was done by filtration in diethyl ether over silica
and charcoal. After evaporation, the compound was recrystallized
at —78°C to form the product 5-hydroxy-2(5H)-furanone B1 as an
off-white crystalline solid (10.2 g, 102 mmol, 98%).

Synthesis of methoxybutenolide B2

5-Hydroxy-2(5H)-furanone B1 (100.0 g, 1 mol) was dissolved in 500 ml
of dry methanol and heated at reflux for 20 hours. The conversion
was followed by 'H NMR until all 5-hydroxy-2(5H)-furanone B1 was
consumed. The solvent was evaporated under reduced pressure, and
the crude was distilled under reduced pressure (70°C, 1.0 x 1072 mbar),
yielding 5-methoxy-2(5H)-furanone B2 (86.5 g, 0.76 mol, 76%) as a
slightly yellow oil.

Synthesis of hexyloxybutenolide B3

5-Hydroxy-2(5H)-furanone B1 (62.0 g, 0.62 mol, 1 eq.) and anhydrous
hexanol (104.5 g, 1.02 mol, 1.65 eq.) were dissolved in 180 ml of
toluene and heated at reflux under azeotropic removal of water for
20 hours. The solvent was evaporated under reduced pressure, and
the crude was fractionally distilled under reduced pressure (100°C,

Table 2. Properties of butenolide polymers. Polymer properties of alkoxybutenolide-based polymers BP2, BP3, HP2, HP3, IP2, IP3, MP2, and MP3 and butyl
acrylate polymers homopolymer BAP1 and copolymer with VeoVa-10 BAP2 for comparison; molecular weights, length, and glass transition temperature (7).

Polymer* Monomer 1 Monomer 2 M, (g/mol) M,, (g/mol) Dt n¥ Ty (°C)
= o
BP2 Oo P G 1165 2,789 239 8.93 12
BP3 o o Ci2Has 1611 4,882 3.03 14.69 -62
HP2 S é\oﬁ\/\,\)< 1242 3,264 2.63 8.54 -27
HP3 SR o~ Cr2Has 1548 4,587 2.96 11.57 -72
P2 T o P PP’ 1572 3,174 2.02 9.32 12
IP3 T o o~ C12Has 1764 4,295 2.43 12.12 -67
(o}
MP2 R . PP < 1151 3,101 2.69 7.11 24
"o 2
MP3 e o;f)= Z~o-C12Has 1584 4,711 2.97 10.46 16
- -0
BAP1 sl / 4022 15,860 3.94 123.72 -39
BAP2 sl PN PO 2806 10,766 3.84 33.00 -50

*Reaction conditions: 1:1 ratio of monomers, Trigonox 42S (6 mol %), 2.15 M in 1-methoxy-2-propanol, reflux, 10 min to 4 hours.
$Average amount of units in the polymer chain (n) is calculated through dividing number average molecular weight (My)

calculated by dividing M,, by M.
by average mass of unit (mass monomer 1+ mass monomer 2).

Hermens et al., Sci. Adv. 2020; 6 : eabe0026 16 December 2020

tPolydispersity (D) is
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1 o (3 mol %)
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5 min
B2-5 Di(ethylene glycol) divinyl ether
(DVE!

Phenylbis(2,4,6-trimethylbenzoyl)-
phosphine oxide
(Omnirad 819)

Butenolide coatings

BP4 = B2 (methoxy-) + DVE
HP4 = B3 (hexyloxy-) + DVE

IP4 = B4 (isopropoxy-) + DVE

MP4 = B5 (menthyloxy-) + DVE

Reaction mixture
(B2-5 + DVE + Omnirad 819)

Reaction mixture on glass plate (100 um)

Biobased coating on glass

Irradiation with UV light (A;, = 395 nm) for 5 min

Fig. 7. Coating formation of alkoxybutenolides. (A) General cross-linking reaction of alkoxybutenolides (1 eq.) with DVE (0.5 eq.), Omnirad 819 (3 mol %) as radical
initiator and UV light (A =395 nm, 5 min) as trigger. Coating coding: BP4 = B2 (methoxy-) + DVE, HP4 = B3 (hexyloxy-) + DVE, IP4 = B4 (isopropoxy-) + DVE, MP4 = B5
(menthyloxy-) + DVE. (B) Through (1) mixing alkoxybutenolide B2 to B5 with DVE and Omnirad 819 until a homogeneous mixture is obtained, (2) applying the mixture
uniformly on a glass plate (100 um) using a Byk applicator, and (3) irradiating the glass plate for 5 min with UV light (Ai;r = 395 nm), (4) a hard transparent butenolide-based
coating is formed. For figures of butenolide coatings on glass plates, see figs. S167 to S172. Photo credit (B): R. van Gemert, AkzoNobel Car Refinishes BV.

1.0 x 107% mbar), yielding a yellow oil. The yellow oil was further
purified by column chromatography (silica gel, n-pentane:ethyl
acetate/90:10), yielding 5-hexyloxy-2(5H)-furanone B3 (60.4 g, 0.33 mol,
53%) as a slightly yellow oil.

Synthesis of isopropoxybutenolide B4

5-Hydroxy-2(5H)-furanone B1 (70.0 g, 0.7 mol, 1 eq.) was dissolved
in 250 ml of anhydrous 2-propanol and heated at reflux for 20 hours.
The solvent was evaporated under reduced pressure, and the crude was
fractionally distilled under reduced pressure (90°C, 1.4 x 1072 mbar),
yielding a yellow oil. The yellow oil was further purified by column
chromatography (silica gel, n-pentane:ethyl acetate/90:10), yielding
5-isopropoxy-2(5H)-furanone B4 (44.6 g, 0.31 mol, 45%) as a colorless oil.

Synthesis of menthyloxybutenolide B5

5-Hydroxy-2(5H)-furanone B1 (60.0 g, 0.6 mol, 1 eq.), (—)-menthol
(101.3 g, 0.65 mol, 1.08 eq.), and catalytic amounts of p-TsOH
(0.57 g, 3 mmol, 0.005 eq.) were dissolved in 175 ml of toluene and

Hermens et al., Sci. Adv. 2020; 6 : eabe0026 16 December 2020

heated at reflux under azeotropic removal of water for 20 hours.
The solvent was evaporated under reduced pressure, and the crude
was fractionally distilled under reduced pressure (120°C, 1.4 x
10~% mbar), yielding a yellow oil. An impurity of unsaturated
aldehyde was removed from the residue by dissolving the crude
yellow oil in an ethereal solution of diethyl ether and a saturated
solution of NaHSOj3 for 30 min. The water layer was extracted three
times with diethylether. After combining all organic fractions, the
organic layer was washed three times with H,O, dried over MgSOy,
and filtered, and the solvent was evaporated under reduced pres-
sure, yielding a slightly yellow oil that solidified upon standing as a
white solid (58.6 g, 0.25 mol, 41%) consisting of two diastereomers
(ratio 58:43). Recrystallization from n-heptane and washing with cold
(—18°C) n-heptane yielded diastereomerically pure 5-menthyloxy-
2(5H)-furanone B5 as was determined by 'H NMR and *C NMR
spectroscopy. Through combination of the mother liquors and
repeating this step, multiple crops of diastereomerically pure white
crystalline product were obtained.
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Fig. 8. Butenolide coatings and properties. Coating formation conditions:
Alkoxybutenolide B2 to B5 (1 eq.), di(ethylene glycol) DVE (0.5 eq.) Omnirad 819
(3 mol %), UV light (Aj;y =395 nm), 5 min. (A) Clear, uniform, and hard methoxy-
butenolide coating BP4 on glass (100 um). (B) Methoxybutenolide coating BP4
subjected to standardized spot tests, droplet of water removed after 1 hour, droplet
of 2-butanone [methyl ethyl ketone (MEK)] removed after 1 min. Water has no effect
on coating, resulting in no visible defects. MEK has a minor effect on coating, resulting
in very slight discoloring. (C) Clear, uniform, and hard hexyloxybutenolide coating
HP4 on glass (100 um). (D) Clear, uniform, and hard hexyloxybutenolide coating
HP4 on polypropylene (100 um). Photo credit (A to D): R. van Gemert, AkzoNobel
Car Refinishes BV. (E) Summary of the properties of the various alkoxybutenolide
coatings. *Water/MEK resistance, 0 = damaged coating, 5 = no damage, general
procedure in the Supplementary Materials page S240. b3 weight % of butyl acetate
was added to dissolve the monomers. “VeoVa-10 added for increasing hydro-
phobicity to coat on polypropylene, butenolide/DVE/VeoVA-10—2/0.7/0.6 equiv.
ND, not determined (Supplementary Materials pages S240-5242). For all coatings
on glass plates, see the Supplementary Materials pages $234-5239; for DMTA, see
the Supplementary Materials pages S241-5247; and for BP4, IP4, and MP4 coated
on polypropylene, see figs. S168 to S171.

General procedure (co)polymerization reaction

To a 4-ml vial with screwcap with septum, alkoxybutenolide B2 to
B5 (2 mmol, 1 eq.), the corresponding comonomer (2 mmol, 1 eq.), and
1-methoxy-2-propanol (1 ml) were added. 1,3,5-Trimethoxybenzene

Hermens et al., Sci. Adv. 2020; 6 : eabe0026 16 December 2020

(181 mg, 1 mmol, 0.5 eq.) was added as an internal standard for 'H
NMR measurements. The mixture was heated to 120°C, and Trigonox
425 (0.03 mg, 0.033 pl, 6 mol %, 0.06 eq.) was added as an initiator.
The mixture was refluxed for 10 min to 4 hours, depending on the
desired polymer. At regular intervals, a sample of 50 ul was taken
from the mixture and put in a small vial, which was flash frozen (-18°C)
to stop polymerization. The reaction kinetics were followed, and the
conversion was determined by 'H NMR spectroscopy. In case of
homopolymerization, the concentration of the monomer was doubled
to account for the net concentration of alkenes in the reaction mixture.

General procedure UV curing of coatings

To a 5-ml vial, alkoxybutenolide B2 to B5 (2 mmol, 1 eq.), di(ethylene
glycol) DVE (1 mmol, 0.5 eq.), and phenylbis(2,4,6-trimethylbenzoyl)
phosphine oxide (Omnirad 819, 60 umol, 3 mol %) were added and
stirred until the reaction mixture became homogeneous. The mix-
ture was applied on a glass surface, and the surface (10 x 20 cm) was
coated with a Byk applicator (100- to 150-pm thickness). The glass
surface was irradiated with UV-A light (LED beacon ROHS CE
IP65, 12 LEDS, WW, 22°C, A;; = 395 nm) at 10-cm distance for 5 min
(total irradiance of 4.5 mW/cm?).

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/51/eabe0026/DC1
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