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Paints and coatings are widely used in modern society and their current production is mainly dependent
on the petrochemical industry. The establishment of processes using sustainable alternative monomers
based on biorenewable resources, using exclusively biobased reagents and green synthetic transform-
ations are highly warranted for a more sustainable future. Herein, we report on a sustainable polymer and
coating system based on the monomer methoxybutenolide, a biobased acrylate alternative.
Methoxybutenolide and the comonomer dodecyl vinyl ether are synthesized from biobased platform
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chemicals using the environmentally benign synthetic transformations photooxygenation and vinylation.
For the photooxygenation, a biobased photosensitizer was developed showing high quantum yields. The
monomers were copolymerized using biomass derived (photo)initiators to yield fully biobased polymers

rsc.li/greenchem and coatings with properties comparable to acrylate based coatings.
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Introduction

Over the past decades, increased efforts have been taken to
advance chemical science to a sustainable future."?
Technologies revolved around biobased chemicals and syn-
thesis methods adherent to the Twelve Principles of Green
Chemistry have been developed to be less dependent on petro-
chemical based materials and processes.’™ In particular, poly-
mers and coatings,® which are used for preservation, protec-
tion and decoration of virtually all man-made materials used
in society, are frequently based on olefin-derived acrylate
monomers, whose multi-million ton scale production is
heavily dependent on fossil fuels.” These facts, paired with the
undesirable emission of CO, and other greenhouse gases in
the conversion of finite fossil fuel feedstocks into molecules of
higher application, highly warrant the development of sustain-
able alternatives and greener synthetic procedures.®® The
coating industry successfully implemented the latter by the
invention of new technologies such as acrylic dispersions in
emulsion polymerization,'®!' solvent-free radiation-cured
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acrylics'® and acrylic powder coatings"® as green alternatives to
solvent-borne coatings. Besides the sustainable aspect of less
environmental pollution, these innovations significantly con-
tributed to reduced risk of health hazards and improved indus-
trial occupational safety, strengthening the Responsible Care
initiative."*

Now, development of alternative sustainable processes is
generally led by strategies such as opening new biobased syn-
thetic routes to commodity and specialty chemicals or through
establishing novel biobased building blocks for the replace-
ment of these chemicals.'® Despite significant progress, major
challenges pertain to the development of completely sustain-
able processes.® An integrated approach considering the use of
biorenewable resources, biobased reagents, sustainable cataly-
sis and green solvents is highly desired. The inherent higher
complexity of bio renewable resources allows for a magnitude
of different pathways to unique platform chemicals with
different functional groups, whereas the development of bio-
based alternatives might lead to unprecedented reactivity.'®
The exploration and progress in the field of green chemistry
towards the utilization of biomass-derived building blocks to
replace the non-sustainable acrylate monomers has been
successfully attained. Recently, advances were made towards
the development of acrylate alternatives, and the free
radical polymerization thereof, derived from the platform
chemicals levoglucosenone,'” tulipalin A,'® itaconic acid,'®™
itaconic anhydride,” muconic acid,”*** and levulinic
acid.”® Implementing these acrylate alternatives results in

This journal is © The Royal Society of Chemistry 2022
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promising polymer properties such as higher glass transition
temperatures, higher stability and post-polymerization
functionalization.

Previously we have shown the development of an attrac-
tive acrylate alternative based on a butenolide motif, derived
from the platform chemical furfural.*® Furfural is converted
quantitatively into the non-substituted acrylic acid alterna-
tive hydroxybutenolide via a [4 + 2] cycloaddition with
singlet oxygen ('0,), which is generated via photosensitiza-
tion. Hydroxybutenolide was readily converted into a set of
various alkoxybutenolides (linear and branched) by heating
it in the presence of an appropriate alcohol. The alkoxybute-
nolides were used in combination with comonomers as
vinyl esters and in particular vinyl ethers to yield promising
polymeric materials. High reaction rates were found for the
combination of butenolides and vinyl ethers; hence a
divinyl ether was chosen as a suitable crosslinker for the
formation of coatings. UV-curing of the butenolide divinyl
ether mixture led to excellent hard coatings with tunable
material properties depending on the substituents at the
butenolide, showing their effectiveness as acrylate replace-
ments and high versatility for coatings.

Despite the merits of the various reported systems, the
resulting biobased polymers often do not consist of 100% bio-
based carbon content due to the use of petrochemically
derived comonomers, reagents for derivatization or additives.

In the design reported herein, we take an integrated
approach, using renewable resources, sustainable transform-
ations, solvents and reagents, to develop methodology for an
integrated biobased polymer and coating system containing a
significant amount of biobased carbon. All components used,
including catalysts and polymerization initiators, originate
from platform chemicals that are readily derived from ligno-
cellulosic biomass. We report on the monomers methoxybute-
nolide and dodecyl vinyl ether, obtained from the biomass
derived chemicals furfural®’” and dodecanol,>® made in a sus-
tainable fashion through catalytic photooxygenation and viny-
lation using calcium carbide, respectively. Building on the
already sustainable photooxidation® of furfural to hydroxybu-
tenolide, the photosensitizer was replaced by a biobased, blue-
light activated counterpart derived from the top value added
platform chemicals levulinic acid and hydroxymethylfurfural
(HMF).? The free radical polymerization was then carried out
using the biobased radical initiator ascaridole (derived from
natural oil terpinene via photooxygenation),®" in combination
with the sustainable solvent gamma-valerolactone (GVL,
derived from levulinic acid),* to ultimately yield fully biobased
polymers with high conversions. Finally, using the same
approach for dodecyl vinyl ether, a biobased crosslinker was
synthesized from 1,4-butanediol.*® Together with a vanillin-
derived UV photoinitiator, methoxybutenolide and the bio-
based crosslinker were cured, which resulted in a hard, trans-
parent and fully biobased coating. Overall, the strategy
reported herein demonstrates the viability of a polymerization
platform where all components are derived from sustainable
sources (Scheme 1).

This journal is © The Royal Society of Chemistry 2022
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Results and discussion

At the outset, to develop entirely biobased polymers and coat-
ings, we sought to design a sustainable photosensitizer to
transform furfural into hydroxybutenolide using catalytic
photooxygenation with molecular oxygen, providing the pre-
cursor for the butenolide monomer. Recently, Mascal et al
described the synthesis of a biobased organic dye, which we
will now refer to as FLY 450 (Furan Lactone Yellow with Apay =
450 nm), with a high molecular absorptivity (¢) derived from
the platform chemicals HMF and levulinic acid (Fig. 1A).>* We
envisioned that such biobased lactone-substituted furans
might well generate singlet oxygen under aerobic irradiation,
as similar organic dyes containing strong chromophores and
high ¢ values often exhibit photosensitization properties.*’

To interrogate the potential of such dyes, we turned to com-
putational chemistry to predict the properties of FLY 450. We
hypothesized that, in order for FLY 450 to generate singlet
oxygen upon irradiation, it must sufficiently populate its
triplet T, excited state after intersystem crossing (ISC) from the
singlet S; excited state initially accessed after absorption of a
photon. Since the rate of ISC is inversely proportional to the
obtained S;-T; energy gap AEgr, this value was examined
using density functional theory (DFT) or time-dependent
density functional theory (TD-DFT) methods.*® The FLY 450
So, S and T, energies, as well as the vertical TD-DFT excitation
energies were obtained at the MN15/Def2TZVPP/SMD = DCM
or MN15/Def2TZVPP/SMD = MeOH level (Fig. 1B and ESI
Table S11).>’7*° From these calculations we found promising
AEgr values of 1.12 eV (DCM) or 1.05 eV (MeOH), suggesting
that ISC to T; should be facile for both solvent systems.
Notably, the lower AEgr computed for more polar MeOH (due
to a more stabilized S; state in simulated MeOH versus simu-
lated DCM) suggests that one might predict fast intersystem
crossing, and therefore strong photosensitization activity for
FLY 450 in polar, protic media. Known photosensitizer dyes
(e.g. methylene blue) typically perform slightly better in less
polar or aprotic media,’® and these computational predictions
encouraged us that FLY 450 would indeed exhibit high photo-
sensitization activity, even in green solvents such as MeOH, or
even with water as the co-solvent.

FLY 450 was synthesized in 70% yield via condensation of
o-angelicalactone with diformylfuran (Fig. 1A).>* First, we were
encouraged to find that the experimental values for the FLY
450 absorption wavelength A, = 450 nm (+2.76 eV) were in
very strong agreement with the computed vertical excitation
energies of +2.78 or +2.79 eV, simulated in DCM or MeOH,
respectively (Fig. 1). Next, in order to evaluate the oxygen
photosensitization properties, FLY 450 was used in catalytic
amounts (1 mol%) in the photooxidation of furfural to hydro-
xybutenolide in methanol using our previously described
batch rotary photoreactor (see ESI Fig. $11).***"** To our
delight, conversion towards the desired hydroxybutenolide was
observed, experimentally confirming the computational pre-
dictions regarding the ISC rate, and thus also the photosensiti-
zation properties of FLY 450. The quantum yield (&,), the
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Scheme 1 Previously described synthesis of partially biobased polymers and coatings (blue). Integrated biobased polymer and coating system with

all components derived from biorenewable resources (green).

efficiency of 'O, generation of this new photosensitizer, was
determined by monitoring the decay of a 'O, scavenger over
time by UV-Vis spectroscopy upon blue light irradiation (4;., =
445 nm). The rate of 'O, production is equal to the consump-
tion rate of a scavenger, in our case the biobased oil
a-terpinene, which is present in a large excess (40 eq.), as it is
reasonable to assume that every molecule of 'O, that is
formed is captured. o-Terpinene is a diene that can undergo a
[4 + 2] cycloaddition with 'O, to yield the stable endoperoxide
ascaridole. It was important for this study that the absorption
maxima of the scavenger o-terpinene (Anax = 269 nm) and the
resulting product ascaridole (Aynax = 205 nm) had no overlap
and did not absorb in the visible light region where the photo-
sensitizer FLY 450 (Anax = 450 nm) is excited (4, = 445 nm)
(ESI Fig. S371). The quantum yield of FLY 450 in methanol and
dichloromethane was derived from the ratio of scavenger decay
rates, the photosensitizer absorptions at irradiation wave-
lengths and the reported quantum yields**** using methylene
blue as a reference compound, according to a modified
method from a published procedure (see ESI Fig. $6-S107).*
Using the rate calculated from the portion of the curve
between 5% and 20% conversion, ie. the linear decay of
a-terpinene (Fig. 1C and D), the quantum yield of FLY 450 in

9774 | Green Chem., 2022, 24, 9772-9780

methanol was found to be @, = 0.22 + 0.02. This is a high
value considering a small organic compound with no
additional effects to enhance ISC (Table 1), such as the
inclusion of ISC-accelerating heavy atoms. Similarly, in di-
chloromethane (DCM), a high quantum yield is observed for
FLY 450 (&, = 0.22 + 0.02) (Table 1). It should be noted that
due to the difference in the molar extinction coefficient ¢, a
higher absolute rate of scavenger decay (i.e. a higher absolute
'0, production rate) is observed for methylene blue (Table 1).
However, our newly designed biobased photosensitizer FLY
450 exhibits excellent quantum yields (Table 1), particularly
also in a greener alcoholic solvent (in this case, MeOH), sig-
nifying efficient singlet oxygen formation for sustainable
applications.

Employing FLY 450 as a photosensitizer (5 mol%) in a
batch photooxidation of furfural to hydroxybutenolide, full
conversion to the desired product was achieved after 20 h
(Fig. 1E). After the reaction in methanol, we noticed discolor-
ation of the solution, which suggested that some photobleach-
ing of our photosensitizer FLY 450 was taking place. We
hypothesized that as FLY 450 contains an electron rich furan
moiety, it should itself be inherently susceptible to [4 + 2]
cycloadditions with 'O,. Using a DFT thermochemistry

This journal is © The Royal Society of Chemistry 2022


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2gc03657f

Open Access Article. Published on 24 November 2022. Downloaded on 2/28/2026 4:58:00 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Green Chemistry

View Article Online

Paper

- 1 B
i derived from : A
i levulinic acid ! I “o
: ' ° 4 AW
................... H 00 : % ISC o o) o) excitation*
: \<\_\F : +2.64 eV (DCM)/
o o o "ano-s" S 2\ Ici — FLY 450 +2.62 eV (MeOH)
I\ T +1.06 eV (DCM)/
W\ /J H 1,4-dioxane X . g & +1.07 eV (MeOH) ;311T11;"\f'5‘y gap:y  (F276V. "‘:’“
reflux, 2 h o o 1 1.12eV (DCM) : experiment)
FLY 450 Ic N 1.1.05.eV (MeOH) ;
diformylfuran : Energies of struct timized at th
. i : 70% yield e — gles of structures optimized a! e
i, derfved from HNF ; ovie = _—K %o, MN15/Def2TZVPP/SMD=MeOH or DCM level.
Sy All values in eV.
C D E
g0 0 ) s it eivdies
e n. fi
2 photosensitizer @ 2 " ey
0.8 MeoH o A\p —Lin. fit MB 0,
< ) ) < 0904 A O, o] HO___o
3 064 a-terpinene ascaridold Qi PN k =-2.4210°s" @—4 D —— I}=o
c c a R? = 0.9920 W MeOH, 445 nm, rt, S
S 3 N 20h
2 5 A
9 0.4 3 A furfural hydroxybutenolide
o 2 0,854 N
© L4 A quantitative
? 0,24 3 A
= S 7N
g 4 FLY 450 g A,
H 0,04 = Methylene blue 5 0,80 4
2 T T T 2 v T v T T
0 200 400 600 800 0 20 40 60 80 100 120
Time (s) Time (s)
Fig. 1 (A) Synthesis of FLY 450 from the biobased chemicals diformylfuran and a-angelicalactone. (B) DFT/TD-DFT calculation results, conducted at

the MN15/Def2TZVPP/SMD = DCM/MeOH level, with the S;—T; energy gap AEst being derived. (C) Decay of the singlet oxygen scavenger
a-terpinene, followed by UV-Vis spectroscopy in methanol at 4 = 269 nm using FLY 450 (orange triangle) or methylene blue (blue square). (D) Rate
of Y0, production (s™) of FLY 450 and methylene blue in methanol as a function of the decay of the scavenger, followed by UV-Vis spectroscopy at
A = 269 nm, determined from 95% to 80% conversion of the scavenger using FLY 450 (orange triangle) or methylene blue (blue square).
Photooxygenation conditions: a-terpinene (40 uM), photosensitizer (1 uM), pre-oxygenated methanol, 293 K, and Z;,, = 445 nm. (E) Photooxidation
of furfural employing FLY 450 (5 mol%) as the photosensitizer yielding hydroxybutenolide quantitatively.

Table 1 Photophysical properties of FLY 450 and methylene blue in
solution (1 pM, MeOH/DCM, 293 K). Quantum yields @, reported as an
average of a triplicate measurement

Amax € (M7! Dp-e
Photosensitizer ~Solvent (nm) cm™) @, M em™)
FLY 450 MeOH 450 13139 0.22 +£0.02 2917
DCM 450 18305 0.22 +0.02 4085
Methylene blue MeOH 654 50260 0.50“ 25130
DCM 654 27654 0.57° 15763

@@, taken from the literature.*® @, taken from the literature.**

approach we propose a decomposition pathway similar to the
reaction mechanism of furfural towards hydroxybutenolide by
the formation of the endoperoxide and subsequent decompo-
sition by the methanolic solvent (see ESI Scheme S17).

With a sustainable synthesis towards hydroxybutenolide
using our new biobased photosensitizer FLY 450 for 'O, for-
mation, the next step involved the derivatization, i.e. introduc-
tion of an alkoxy substituent. Previously we have shown the
condensation of hydroxybutenolide with a variety of different
alcohols allowing tuning of the properties of the ultimate poly-
mers.”® Condensation reactions occur readily on heating in the
absence of acid due to the unique tautomeric open form struc-
ture of hydroxybutenolide (Fig. 2A). In the case of the low
boiling point and environmentally attractive methanol,*®
hydroxybutenolide can be dissolved and heated at reflux in

This journal is © The Royal Society of Chemistry 2022

methanol to provide methoxybutenolide (76% yield), which
was purified with distillation under reduced pressure giving us
the first monomer (Fig. 2).

Vinyl ethers are well known monomers used in a vast
number of polymer materials*” and they copolymerize particu-
larly well with alkoxybutenolides, easily reaching full conver-
sion under free radical polymerization in 2 h at 120 °C.>° For
almost a century, the production of these useful comonomers,
by the vinylation of alcohols using acetylene, has been a
well-established procedure.*® Recently, calcium carbide as
the source for acetylene has been increasingly explored
and is nowadays sustainable
methodology.**>°

from coal in electric furnaces at elevated temperatures.

considered a green and
Calcium carbide is traditionally synthesized

Employing biochar, obtained from the pyrolysis of biorenew-
able resources (and thus of biobased descent), allows for
shorter reaction times and lower, but still high (1700 °C),
working temperatures.®” It is important to note that with bio-
based calcium carbide, the original industrial Reppe process
of producing acrylic acid from acetylene, carbon monoxide
and water could in theory become a sustainable technology.
However, this reaction remains unattractive because of safety
and pollution control problems arising from the formation of
toxic side products.”

Aside from being derived from renewable feedstock, an
additional advantage related to using calcium carbide is the
ease of handling solids rather than gases. Alcohols and even

Green Chem., 2022, 24, 9772-9780 | 9775
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Fig. 2 (A) Hydroxybutenolide equilibrium with the closed form as the
dominant species and methanol condensation of the open form
towards methoxybutenolide. (B) Vinylation of 1-dodecanol using
calcium carbide.*”"*275% (C) Copolymerization of methoxybutenolide
with dodecyl vinyl ether (1:1 ratio) in GVL using Trigonox 42S as the
radical initiator. (D) Concentration of monomers over time during the
copolymerization of methoxybutenolide with dodecyl vinyl ether fol-
lowed by *H NMR spectroscopy by taking samples and flash freezing
(18 °C) them at certain timestamps using a 1,3,5-trimethoxybenzene
internal standard. Reaction conditions: monomers 2 M, Trigonox 42S
(6 mol%), 1,3,5-trimethoxybenzene 0.5 eq., 120 °C, and 2 h.

polyols, like carbohydrates, are readily vinylated in closed
32754 portunately, the vinylation of dodecanol (derived
from natural oils like coconut and palm kernel oils)*® gives us
access to our previously reported comonomer, now made in a
sustainable way.

Using the previously reported optimal ratio of 1 to 4
(calcium carbide : water) dodecanol was converted to dodecyl
vinyl ether and isolated in 73% yield (Fig. 2B). With both bio-
based monomers in hand, we commenced with the free
radical copolymerization of methoxybutenolide and dodecyl
vinyl ether. Copolymerization using Trigonox 42S as a thermal
radical initiator (¢, = 30 min at 120 °C) in either 1-methoxy-2-
propanol or butyl acetate as solvent (boiling points: 120 °C
and 126 °C, respectively) resulted in a 1:1 copolymerization
with 95% conversion (see ESI Fig. S11-S147). As the solvent is
the major component (in weight) in the reaction, it is highly

vessels.
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important to include it in the transition to fully biobased poly-
mers and coatings. With careful consideration, GVL was
chosen as a suitable solvent replacing butyl acetate or
1-methoxy-2-propanol. GVL is derived from levulinic acid and
is used as a sustainable solvent (boiling point: 205 °C) and as
a platform chemical for specialty chemicals and fuels.?

Although the boiling point is considerably higher than
those of its counterparts, GVL was employed here as green
solvent for the copolymerization of methoxybutenolide and
dodecyl vinyl ether, which resulted in a fast and full conver-
sion of both of the monomers and a clean 1:1 copolymeriza-
tion (Fig. 2C, D and ESI Fig. S15-S18%).

Although a minor component in terms of carbon content in
the resulting polymer chain, we sought to replace the radical
initiator with a biobased alternative in order to obtain all com-
ponents in a biobased fashion. Intrigued by the structure of
the singlet oxygen scavenger product from our quantum yield
determination studies (Fig. 1), ascaridole, we envisioned that
the thermal cleavage of the endoperoxide could initiate the
copolymerization of a butenolide-vinyl ether mixture. To the
best of our knowledge, only one example of free radical
polymerization of methacrylonitrile initiated by thermal
decomposition of ascaridole is known.>® We commenced with
the larger scale synthesis and isolation of the endoperoxide
using the previously described rotary photoreactor (Fig. 3A and
ESI Fig. $17).2%*"** In order to elucidate the stability of ascari-
dole, the thermal decomposition was studied at different
temperatures. Based on an initial DFT thermochemistry pre-
diction of the O-O bond homolytic cleavage of Trigonox 42S
and ascaridole (see ESI Scheme S2%), we calculated the
thermal stability of ascaridole as a radical initiator and found
that it was higher than that of Trigonox 42S (Fig. 3B),
suggesting that elevated temperatures would be required to
obtain similar half-life times for radical initiation. Taking
advantage of the higher boiling point green solvent GVL, ascar-
idole was dissolved in GVL (0.5 M) and heated at 140 °C and
150 °C, while the conversion was followed over time using
'"H-NMR spectroscopy by taking samples at regular intervals.
As the thermal decomposition follows pseudo-first-order reac-
tion kinetics, due to radical formation followed by presumably
radical transfer reactions to the solvent, a linear relationship
between conversion and time at a given temperature is found
(Fig. 3B). At 140 °C, a rate constant was revealed that resulted
in a half-life time of 45 min. The measured half-life for the
decomposition of ascaridole was compared to that of Trigonox
42S in GVL (Fig. 3B, red diamonds). Our comparison revealed
a half-life of 29 min that corresponds to the literature value,*®
validating our measurements and our DFT thermochemistry
predictions. At 150 °C, the half-life of ascaridole was signifi-
cantly decreased to 17 min, which suggests that unfavorable
termination reactions in the free radical polymerization
process might have occurred.

Performing the copolymerization of methoxybutenolide
and dodecyl vinyl ether in GVL at 140 °C using ascaridole
(6 mol%) resulted in 76% conversion after 5 h, clearly demon-
strating the viability of ascaridole as a fully biobased thermal

This journal is © The Royal Society of Chemistry 2022
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(A) Photooxidation of a-terpinene to ascaridole. (B) Rate of thermal decomposition and determination of the half-life time of ascaridole at

140 °C (orange squares) and 150 °C (brown circles) and Trigonox 42S at 120 °C (red diamonds) monitored by *H-NMR spectroscopy by taking
samples at regular intervals (top) and computationally calculated energies of radical initiators (bottom). Reaction conditions: radical initiator 0.5 M,
GVL, and 3 h. (C) Copolymerization of methoxybutenolide and dodecyl vinyl ether using ascaridole (6 mol%) as the radical initiator.

radical initiator for the free radical polymerization of fully bio-
based components (Fig. 3C). Following the reaction kinetics of
the copolymerization, incorporation of both monomers was
confirmed, albeit with a slightly diminished amount of meth-
oxybutenolide. Furthermore, the copolymerization shows an
initial fast conversion with a rate constant (k.ps) in the same
order of magnitude as determined for the copolymerization in
butyl acetate, followed by a slower conversion (see ESI
Fig. $19-S227%). Performing copolymerization at 150 °C did not
meaningfully impact the polymerization behavior.

Focusing on the polymer properties, the molecular weights
of the copolymers synthesized with ascaridole in GVL and with
Trigonox 42S in butyl acetate and GVL were analyzed and are
summarized in Table 2. A higher rate constant is observed
upon changing the solvent from butyl acetate to GVL, attribu-
ted to a higher observed molecular weight. We propose that
there is an increased compatibility of the reacting monomers
with the more polar solvent GVL. Substituting Trigonox 42S
with fully biobased ascaridole as the radical initiator results in
a lower molecular weight being observed, in line with the
incomplete conversion and the lower rate of polymerization,
which indicates that termination reactions are involved to a
greater extent (Table 2).

Having established that full biobased polymers could be
formed using ascaridole as the thermal initiator in combi-

This journal is © The Royal Society of Chemistry 2022

Table 2 Polymer properties of methoxybutenolide-dodecyl vinyl ether
copolymers. BVE1 = copolymer synthesized in butyl acetate at 120 °C
using Trigonox 42S as the radical initiator, BVE2 = copolymer syn-
thesized in GVL at 120 °C using Trigonox 42S as the radical initiator.
BVE3 = copolymer synthesized in GVL at 140 °C using ascaridole as the
radical initiator

Conversion
Copolymers®  Kgps (s7) (%) M, (kDa) My (kDa) D°
BVE1 6.10 x 107* 95 1.3 3.0 2.2
BVE2 1.15x 107  >99 2.0 3.6 1.7
BVE3 3.23x107* 76 1.0 2.0 2.0

“Reaction conditions: 1:1 ratio of monomers, thermal initiator
(6 mol%), 2 M in solvent at given T, and 2-5 h. ® Polydispersity (D) is
calculated by dividing My, by M,,.

nation with two biobased monomers, we proceeded towards
the formation of surface coatings. Previously we have shown
that excellent hard transparent coatings could be formed
through solvent-free UV-curing using alkoxybutenolides in
combination with a divinyl ether based crosslinker and a phos-
phine oxide photoinitiator.”® Utilizing the described robust
sustainable vinylation method, a biobased divinyl ether cross-
linker (1,4-butane divinyl ether) was prepared effortlessly from
the glucose-derived 1,4-butanediol.®® The final remaining com-
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ponent of the coating mixture to be made from biorenewable
resources is the photoinitiator. Recently, Versace et al
described the synthesis of a vanillin-based type I photoinitiator
(Fig. 4A)."” We envisioned that the biobased photoinitiator,
VAPO, could be a direct replacement of the previously used
BAPO photoinitiator, as they both contain a similar acyl-phos-
phine oxide structure and exert similar reactivity. VAPO was
thus synthesized according to a literature procedure in a three-
step process from vanillin via allylation, tertiary phosphine
oxide formation and alcohol oxidation with high yields
(Fig. 4A). The UV-Vis absorption spectrum of VAPO revealed,
although showing a slightly lower intensity of absorption at 4 =
395 nm compared to BAPO, that the photoinitiator is suitable
for the comonomers and our current UV-curing setup
(Fig. 4B). A homogeneous neat mixture of methoxybutenolide
(1 eq.), 1,4-butane divinyl ether (0.5 eq.) and VAPO (6 mol%)

ch03 /@)L
DMF r,48 h
vanillin 1
95%
[o}
1]

Ph’ﬁ‘Ph
Et;N

Q) §;
-
. DCM,rt,24h O
)

THF, rt, 24 h

VAPO 2
4% 4%
C
§/o\/\/\o/§
~0 VAPO (6 mol%)

o]
=

methoxybutenolide

395 nm, 20 min

Fig. 4

\J
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was applied on a 20 x 10 cm glass panel and irradiated for
20 min using a UV-Flood lamp 36 (35 W) UVA lamp (Fig. 4C). A
clear, hard, transparent and above all biobased coating of
50 pm was obtained on glass. Lower loading of VAPO (3 mol%)
resulted in a tacky coating, justifying the higher loading of
VAPO (6 mol%) (ESI Fig. S23 and S24t). Interestingly, applying
3 mol% of the original photoinitiator BAPO together with the
methoxybutenolide (1 eq.) and 1,4-butane divinyl ether (0.5
eq.) resulted in a hard but semi-clear coating, presumably
caused by unreacted monomers (ESI Fig. $23 and S247).

To determine the properties of the VAPO- and BAPO-
initiated biobased coatings, we subjected the materials to a
Knoop hardness test and Differential Scanning Calorimetry
(DSC) to establish the hardness and the glass transition temp-
erature (Ty), respectively. Both coatings display similar pro-
perties, showing effective replacement of BAPO with the vanil-

Normalized absorbance

350 400 450

Wavelength (nm)

300

500

(A) Synthesis of the vanillin-based photoinitiator VAPO. (B) Normalized UV-Vis absorption spectra of the previously used BAPO (red) and the

biobased VAPO (navy). (C) Crosslinking of alkoxybutenolides (1 eq.) with 1,4-butane divinyl ether (0.5 eq.), VAPO (6 mol%) as the radical initiator and
UV light (4, = 395 nm, 20 min) as the trigger (top), and UV-curing of the coating mixture on a glass panel (bottom).
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Table 3 Summary of methoxybutenolide—1,4-butane divinyl ether
coatings on glass. Coating formation conditions: methoxybutenolide (1
eq.), 14-butane divinyl ether (0.5 eq.), photoinitiator (3 mol%), UV light
(Zirr = 395 Nm), and 20 min

MEK

Knoop resistance

Dry film hardness T, (double
Coatings Initiator thickness (um) (kg mm™2) (°C) rubs)
BVEC1  VAPO® 50 9.9 (x0.1) 24 >200
BVEC2 BAPO 55 13.9 (+4.3) 43 >200

%6 mol% initiator for the formation of a uniform tacky-free coating.

lin-based VAPO (Table 3). The values found for the hardness
and T, are typically in the range of those of hard acrylate
based coatings.’®>° Furthermore the coatings were subjected
to a 2-butanone (MEK) double rub test where excellent solvent
resistance (>200 double rubs) was observed with no deterio-
ration of the surface except for slight whitening (ESI Fig. S251).

Conclusion

In conclusion, we have developed a polymer and coating
system using starting materials derived from renewable
resources and implementing sustainable synthetic steps. The
main monomers used in the polymerization were syn-
thesized from the platform chemical furfural and common
biobased alcohols, using molecular oxygen (in a photosensi-
tization process) and calcium carbide as sustainable
reagents. The biobased photosensitizer FLY 450, used in the
photooxidation of furfural, showed excellent photosensitiza-
tion properties with high molar extinction coefficients and
quantum yields. The biobased methoxybutenolide-dodecyl
vinyl ether copolymer was synthesized with high conversion
in the green solvent GVL using the natural oil-derived
radical initiator ascaridole, resulting in a fully biobased and
sustainable polymer. Finally a fully biobased coating was
formed using a vanillin derived photoinitiator on a glass
surface which exhibits excellent hardness and outstanding
solvent resistance in line with properties of hard acrylate
based coatings. This integrated sustainable polymer and
coating system illustrates viable and promising sustainable
alternatives for key components used in the production of
materials widely abundant in modern society.
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