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Abstract: Ferulic acid (FA) is an unsaturated hydroxycinnamic acid that can be isolated from lignin.
In this study, the biorenewable FA was allylated to result in a library of mono- or diallylated
monomers, either having the inherent cinnamoylathyic double bond intact or saturated through
hydrogenolysis. All monomers were photo-chemically cured with trimethylolpropane tris(3-
mercaptopropionate) (TRIS) into crosslinked films in the presence of a photoinitiator (Irgacue 819).
The reactivity of the FA-derived monomers toward TRIS was investigated in detail by photorheology
and FT-IR spectroscopy to reveal details on the relative reaction rates for the different alkene groups-:.
The thermo-mechanical properties of the crosslinked films were fully characterized by means of
dynamic mechanical analysis (DMTA) and thermal calorimetry (DSC). It was demonstrated that the
glass transition temperature of the final crosslinked network could be controlled by the addition of a
monoallylated monomer. By increasing the content of the monoallylated compound, it was possible
to observe a linear decrease of the Tg-values of the crosslinked films.
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1. INTRODUCTION

Polymer scientists and industry are facing a challenging shift from fossil-based to bio-based
materials; by the end of the next decade, many current petroleum-derived products should be replaced
by less expensive and better-performing products based on renewable materials [1]. In literature,
different renewable monomers are explored as precursors to polymers such as sugars,
polysaccharides, vegetable oils, lignin, pine resin derivatives, and proteins [2]-[4]. Among them
ferulic acid, Figure 1, shows significant potential owing to its chemical structure and abundance.
Ferulic acid, or (E)-3-(4-hydroxy-3-methoxyphenyl) prop-2-enoicacid, is a naturally occurring trans-
cinnamic acid derivative (HCAS) [5] discovered in 1866 as a component of Ferula foetida Reg.
(Umbelliferae). Its name, ferulic acid (FA), is derived from the plant from which it is extracted [6].
FA belongs to the p-hydroxycinnamic family together with caffeic acid and sinapic acid, Figure 1.
FA is a multifunctional compound, having three functional groups; a phenol, a cinnamoyl double
bond, and a carboxylic acid-group.

HO 0} HO O HO )
X X X
HO \O \O O/
OH OH OH
Caffeic acid Ferulic acid Sinapic acid

Figure 1: Chemical structures of three p-hydroxycinnamic acids; caffeic acid (left), ferulic acid (FA,
middle), and sinapic acid (right).

FA is a component in lignin, the second most abundant biopolymer (after cellulose) on Earth,
representing 30 % of the organic carbon in the biosphere [7]. Lignin can be obtained as a by-product
from the pulp and paper industry, or from the production of food from crops and cereals, and is
therefore readily abundant and hence, a realistic-scalable source of FA [8]. FA is usually concentrated
in the bran of grains, peel of fruits, roots and peel of vegetables. In maize for example, the FA content
is around 3-4 % of the dry weight [9]. FA is produced according to the phenylpropanoid pathway, it
couples oxidatively to other FAs and FA-derivatives, lignin, and structural proteins within the cell
wall. The links to lignin and proteins by ether bonds and to polysaccharides by ester bonds, act as
universal connectors between cell wall polymers. FA has a key role in cessation of cell growth,
anchoring lignin to cell wall polysaccharides, restricting the accessibility of plant pathogens. It
influences properties such as adherence, extensibility, accessibility and biodegradability. FA plays an
important role in the production of cellulosic ethanol, that is becoming an important supply for the
fuel industry [10].

FA has been explored for a range of properties; as antioxidant, for anti-allergenic, anti-inflammatory,
and antimicrobial purposes. It has been proposed to be used as an anticancer agent and, since it can
absorb UV-light, in cosmetics to protect the skin [11], [12].

FA has attracted interest by polymer chemists and has been evaluated as a promising bio-renewable
monomer to substitute some of the fossil-based monomers already used, for instance in poly(ethylene
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terephthalate) (PET) [13]. In this potential application, FA is converted into a polyester but it can also
be an interesting starting building block for polyurethanes, epoxides and phenolic resins as well [14].
FA provides versatile handles for further chemistries as the phenolic and carboxylic groups can be
exploited for further functionalization. FA is particularly interesting as it is one of few biorenewable
aromatic compounds that contain a double bond and may therefor find use in chain-wise
polymerization, to replace meth(acrylates). The double bond can potentially be employed in photo-
initiated (UV) polymerizations (i.e. radiation curing).

Radiation curing is attracting increasing interest especially in the field of coatings, as witnessed by
the large number of books and review articles published in the last 20 years [15]-[23]. UV-curing
shows important advantages such as high-speed cure, reduced energy consumption and absence of
VOC emission as many systems are low viscous, without the need of any solvents. Among the
different UV-curing processes, thiol-ene photopolymerization is attracting attention due to its “click”
characteristics_implying that very high conversions are reached [15], [17], [18]. The rationale for
using free-radical thiol-ene polymerization is that it allows for ene-monomers that normally do not
homopolymerize to be employed as comonomers in conjunction with the thiols. This is especially
important when searching for bio-based unsaturated monomers which generally are di- or
trisubstituted and hence rather challenging to homopolymerize due to steric reasons. Free-radical
thiol-ene reactions have, for example, been demonstrated for unsaturated vegetable oils (1,2-
disubstituted alkenes) [24], [25], terpenes (1,1,2-trisubstituted and 1,1-disubstituted alkenes) [26]—
[28], and unsaturated lignin--derivatives [29].

The reaction rate for differently substituted alkenes in a thiol-ene reaction strongly depends

on the substitution pattern of the alkene, as for example presented by Hoyle [30]. This has to be taken
into account when different-several alkenes are present in a curing system and can also be employed
as a tool to design thermoset structures, as described by Bowman et al. for ternary monomer systems
[31], [32]. It should, however, in general be noted that enes that are less prone to homopolymerize
provide more of a “click”-character to thiol-ene reaction compared to readily homopolymerizable
monomers e.g. acrylates. The allyl ether-functionality utilized in the present study is very slow in free
radical homopolymerization compared to acrylates and is thus very well suited for thiol-ene reactions
[18]. Allylation of caffeic acid and other bio-based monomers has already been proposed in literature
as a pathway to a new precursor platform for photo-curable biorenewable thermosets [33], [34].
In this paper, we report the allylation of FA; to achieve eithermono- or bifunctional allyl monomers,
and their use in UV-initiated thiol-ene polymerization. The reactivity of the bio-renewable monomers
towards trimethylolpropane tris(3-mercaptopropionate) was investigated in detail; by photorheology
and FT-IR analysis. The thermo-mechanical properties of crosslinked films were fully characterized
by means of DMTA and DSC analysis. Finally, the influence of the addition of monoallyl-functional
FA-derived monomers on kinetics and the properties of the crosslinked films were investigated.

2. EXPERIMENTAL
2.1 Materials

Ferulic acid (FA) was supplied by Sigma-Aldrich and used as received. Allyl bromide, sodium
hydroxide (NaOH), potassium carbonate (K2COz3), Pd (10 % on activated carbon) were obtained from
Sigma-Aldrich. MgSO4 was provided by Acros Organic. Acetone and methanol (MeOH), ethyl
acetate (EtOAc) were supplied by VWR Chemicals and dichloromethane (DCM) from Merck KGaA.
Hydrochloric acid, (HCI 37 %) and sulphuric acid (H2SO4, 95 %) were supplied by VWR Solvent.
NMR analysis was performed with either deuterated chloroform, CDCls, or dimethyl sulfoxide,
DMSO-ds provided by VWR Chemicals. The trimethylolpropane tris(3-mercaptopropionate), TRIS,
was supplied by Bruno Bock Gmbh and the photoinitiator Irgacure 819 was provided by BASF.

2.2 Monomers synthesis



Diallylated derivative of ferulic acid (A2FA).

FA (2.08 g, 10.7 mmol) and potassium carbonate (5.91 g, 42.8 mmol) were placed in a two-neck
round-bottomed flask and dissolved in acetone (40 mL). The mixture was stirred to allow the
dissolution of FA where-after allyl bromide (2.35 mL, 26.7 mmol) was added. The reaction was then
kept at reflux (~55 °C) for about 20 hours. Then the mixture was filtered, and the solvent-was
evaporated. The crude product was dissolved in DCM (20 mL) and extracted with water. The water
phase was extracted three times with DCM then the organic fractionstayers were combined and dried
over MgSQOs to obtaingive the product. Finally, the solvent was removed under reduced pressure on
a rotavapor. Fhe-A2FA was used without further purification.

Yellow-orange liquid, 2.39 g, 82 % yield. *H NMR (400 MHz, DMSO-dg) & = 7.61 (d, J = 15.9 Hz,
1H), 7.37 (d, J = 2.0 Hz, 1H), 7.21 (dd, J = 8.3, 1.9 Hz, 1H), 6.97 (d, J = 8.3 Hz, 1H), 6.58 (d, J =
15.9 Hz, 1H), 6.01 (dddt, J = 20.9, 17.4, 10.6, 5.4 Hz, 2H), 5.43 — 5.20 (m, 4H), 4.63 (ddt, J = 29.3,
5.4, 1.5 Hz, 4H), 3.82 (s, 3H) ppm. 3C NMR (101 MHz, DMSO-ds) 6 = 166.10, 149.82, 149.17,
144.88, 133.42,132.84, 127.02, 122.78, 117.75, 117.70, 115.34, 112.89, 110.70, 68.81, 64.30, 55.64

ppm.

Hydrogenated ferulic acid (h-FA)

FA (20 g, 103 mmol) was dissolved in MeOH (100 mL) under stirring. Pd on activated carbon (2 g)
was added to a round-bottomed flask. The flask was sealed with a septum and argon was applied to
degas the reaction flask. The FA-solution was added to the flask with a syringe where-after Hz (Q)
was applied using a Hz-balloon. The mixture was stirred 24 hours at room temperature then the Pd/C
was filtered off through a glass filter (NS 5). The solvent was then evaporated using a rotavapor to
obtain the product as a whitish powder, 19.2 g, 95 % yield. *H NMR (400 MHz, CDCl3) & = 6.86 —
6.70 (m, 3H), 3.87 (s, 3H), 2.89 (t, J = 7.7 Hz, 2H), 2.66 (t, J = 7.7 Hz, 2H) ppm. *C NMR (101
MHz, CDCl3) 6 = 178.95, 146.59, 144.25, 132.21, 120.99, 114.55, 111.07, 56.02, 36.10, 30.49 ppm.

Synthesis of diallylated hydrogenated derivative of ferulic acid (h-A2FA)

h-FA (3.22 g, 16.4 mmol) and potassium carbonate (9.10 g, 65.7 mmol) were added to a two-neck
round-bottomed flask and dissolved in acetone (~50 mL). The mixture was stirred to allow the
dissolution of h-FA where-after allyl bromide (3.45 mL, 39.4 mmol) was added. The reaction was
then left for 24 hours under reflux. Then the mixture was filtered, the solvent was evaporated, and
extraction with DCM was performed. The water layer was extracted three times with DCM, then the
combined organic phase was dried using MgSO.. Finally, evaporation of the solvent was performed
with rotavapor. The h-A2FA was used without further purification.

Yellow liquid, 4.24 g, 93 % yield. *H NMR (400 MHz, CDCls) § = 6.80 (d, J = 8.1 Hz, 1H), 6.75 —
6.65 (m, 2H), 6.07 (ddt, J = 17.4, 10.6, 5.4 Hz, 1H), 5.90 (ddt, J = 17.3, 10.5, 5.7 Hz, 1H), 5.44 —
5.18 (m, 4H), 4.58 (dg, J = 5.7, 1.4 Hz, 4H), 3.86 (s, 3H), 2.91 (t, J = 7.7 Hz, 2H), 2.64 (dd, J = 8.4,
7.1 Hz, 2H) ppm. *C NMR (101 MHz, CDCls3) § = 172.58, 149.39, 146.47, 133.53, 133.51, 132.16,
120.07, 118.22, 117.83, 113.65, 112.06, 70.00, 65.13, 55.89, 36.10, 30.59 ppm.

Monoallylated hydrogenated derivative of ferulic acid (h-A1FA).

h-FA (3.33 g, 17.0 mmol) was dissolved in acetone (50 mL). K2COz3 (9.38 g, 67.8 mmol) was added
and then allyl bromide (3.55 mL, 40.7 mmol) was added using a micropipette. The mixture was kept
at reflux for 24 hours under vigorous stirring. After cooling, the solution was filtered, and the solvent
was removed under reduced pressure. The residue was dissolved in a mixture of NaOH (aq) (75 mL,
2 M) and EtOH (50 mL), then the solution was heated to reflux for 2 hours. After cooling, the solvent
was partially evaporated. Fhen-HCI (6 M) was added dropwise to precipitate the product. The product
was filtrated-filtered and dried in a vacuum oven over night.
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Yellowish powder, 3.;85 g, 96 % vyield. *H NMR (400 MHz, CDCls) § = 10.67 (s, 1H), 6.83 (d,
J=8.1Hz, 1H),6.79-6.70 (m, 2H), 6.10 (ddt, J = 16.2, 10.6, 5.4 Hz, 1H), 5.46 — 5.37 (m, 1H), 5.33
—5.25 (m, 1H), 4.61 (d, J = 5.4 Hz, 2H), 3.88 (s, 3H), 2.93 (t, J = 7.7 Hz, 2H), 2.69 (t, J = 7.7 Hz,
2H) ppm. 3C NMR (101 MHz, CDCls) & = 178.94, 149.41, 146.55, 133.48, 133.17, 120.03, 117.87,
113.66, 112.06, 69.99, 55.90, 35.81, 30.25 ppm.

Methyl ester of allylated hydrogenated ferulic acid (h-EAL1FA)

h-A1FA (2.0 g, 8.5 mmol) was dissolved in MeOH (40 mL) where after H.SO4 was added in a
catalytic amount. The solution was refluxed 24 hours. After cooling, the product was extracted with
EtOAc. The organic layers were combined and washed with saturated-selutiens-portions of saturated
NaHCOz and brine, respectively, and dried over MgSOas. Finally, the solvent was evaporated on a
rotavapor.

Orange-brown liquid, 1.99 g, 94 % yield. *H NMR (400 MHz, CDCls) § = 6.79 (dd, J = 8.1, 1.9 Hz,
1H), 6.74 — 6.66 (m, 2H), 6.07 (dddd, J = 15.9, 12.7, 6.5, 4.4 Hz, 1H), 5.43 — 5.20 (m, 2H), 4.57 (ddt,
J=5.4,28,15Hz, 2H), 3.85 (d, J = 2.1 Hz, 3H), 3.66 (d, J = 2.5 Hz, 3H), 2.89 (td, J = 7.7, 1.8 Hz,
2H), 2.60 (td, J = 7.9, 1.8 Hz, 2H) ppm. *C NMR (101 MHz, CDCls) § = 173.48, 149.49, 146.57,
133.65, 120.14, 117.92, 113.75, 112.15, 70.09, 55.99, 51.70, 36.06, 30.71 ppm.

2.3 Photopolymerization

The synthesized allylated-monomers, Scheme 1, were evaluated in a series of different photocurable
formulations, Table 1. Trimethylolpropane tris(3-mercaptopropionate) (TRIS) was used as thiol-
functional crosslinker in all formulations.-Fhe-fermulationswereprepared-according-toTable-L. Most
phetecurableformulations-mixtures were prepared by adding stoichiometric amounts of thiols and
enes (1:1 molar ratio). A2FA was, however, used in two different ratios, where-the-thiol-crosshnker
wa&added—elther inal: 1 molar ratlo thlol aIIyI ether or1:1 molar ratio thiol:total enes. —'Fheameum

: 3 . The
photomltlator used was Irgacure 819 in accordance to prewous works [16] [17] and used in 0.5
wt-% of the total of mass of the resin.

The photocurable formulation were prepared using the following procedure as exemplified by entry
3 in Table 1. A2FA (200 mg) was placed in a test tube together with h-EA1FA (10 mg) and then
TRIS (204 mg) was added. The test tube was stirred for 5 min in an ultrasonic bath. The photoinitiator,
Irgacure 819 (2 mg), was finally added whereafter the test tube was covered with aluminum foil and
stirred for another 2-3 min to ensure a complete dissolution. A set of films was prepared using a
silicon mold (each-films-had-these-average-dimensions; 8 X 12 mm, and the thickness was 0.1 mm,
0.2mm, 0.3 mm, 0.4 mm, and 0.6 mm respectively). The UV irradiation was performed with a Dymax
ECE 5000 Flood lamp. The irradiation time was 1 or 2 minutes (18- mW/cm?).

Table 1: Summary of the prepared photocurable formulations. Trimethylolpropane tris(3-
mercaptopropionate) (TRIS) was used as a crosslinking trithiol and Irgacure 819 (0.5 wt-%) as a
photoinitiator in all formulations.

Entry Molar ratio Diallylated monomers Monoallylated
thiol : ene monomer
1:1 ’335’6‘ h(' rﬁS)F A h-EALFA®
(mg)
1 thiol : allyl ether 215 - -
2 thiol : total ene 195 - -




3 thiol : allyl ether 200 - 10 (5 %)
4 thiol : allyl ether 204 - 21 (10 %)
5 thiol : allyl ether 207 - 33 (15 %)
6 thiol : allyl ether - 220 -

7 thiol : allyl ether - 216 10 (5 %)
8 thiol : allyl ether - 222 22 (10 %)
9 thiol : allyl ether - 209 33 (15 %)

(1) Added in molar amount 5%, 10% or 15% relative to the diallylated monomer

2.4 Characterization
2.4.1 Nuclear magnetic resonance (NMR)

NMR was conducted on a Bruker AM 400. *H-NMR and *C-NMR spectra were recorded at 400
MHz and 101 MHz respectively. Either CDCl3 or DMSO-ds was used as solvent.

2.4.2 Photorheology

AnThe-instrument Anton Paar MC 302 rheometer was used for the photorheology measurements.
The light source was afremt Hamamatsu LIGHTINGCURE LC8-was equipped with an optic fiber.
The intensity of the UV light was 30 mW/cm?. The conditions for the tests were the following:
frequency of 1 Hz, strain of 1 %, the lamp was switched on after 30 seconds. The rheometer was set
as a plate-plate, the accessory had a diameter of 2.5 cm. The distance between the crystal and the
plate was 200 um which corresponds approximately to 150 pL of coating resin.

2.4.3 UV-vis spectroscopy

The measurement was done with a Jenway 6850 UV/Vis. Spectrophotometer. The spectra were
recorded from 450 nm to 200 nm. Quartz cuvettes were used. DCM was used as solvent, and the
concentration of the two different monomers was 0.03 mg/L and 0.04 mg/L for A2FA and h-A2FA
respectively.

2.4.4 Fourier transform infrared spectroscopy (FTIR)

The instrument used for the characterization of the different formulations was a Nicolet iS 50
Spectrometer. Data pre- and post-curing were collected as 32 scans with a spectral resolution of
4.0 cm™. All data were recorded and handled with the software Omnic from Thermo Fischer
Scientific. The lamp was a Hamamatsu LIGHTINGCURE LC8 equipped with an optic fiber.
Conversion curves were recorded to monitor the disappearance of the thiol-peak at 2590 cm™ and the
reduction of the double bond peak at 1640 cm™. The aromatic ring in the samples was assumed to be
unaffected by the irradiation and the stretching of aromatic double bonds (-C=C-) at 1550 cm™ was
thus used as the reference peak. Equation 1 was used to calculate the final conversion.

. A A -0 — (A A .
Conversion — (A2590/A1550)t=0 ~ (A2590/A1550)¢ equation 1

(A2590/A1550)t=0




2.4.5 Dynamic mechanical thermal analysis (DMTA) and evaluation of crosslinking density

The DMTA analysis was performed with a Triton Technology instrument. The following parameters
were used; 3 °C/min as heating rate, starting temperature was set to -40 °C with an applied tensile
stress frequency of 1 Hz. The measurements were stopped after the appearance of the plateau in the
storage modulus. Liquid nitrogen was used to cool down the chamber. The analyzed samples had an
average dimension of 0.4 x 8 x 12 mm.

Equation 2 is derived from the statistical theory of rubber elasticity and gives an estimation of the

strand density, density of cross-links

E
Ve = 3RT (2)

where v¢ is the number of crosslinks per volume of the crosslinked network, E’ is the storage modulus
in the rubbery plateau (Tg + 50 °C), R is the gas constant and T is the temperature in Kelvin.

2.4.6 Differential scanning calorimetry (DSC)

The DSC analysis was performed on a Mettler Toledo DSC-1 equipped with Gas Controller GC100.
The method used was the follow: the starting temperature was set as 30 °C; the first heating goes
from 30 to 100 °C; then the temperature was maintained at 100 °C for 2 minutes in order to stabilize
the sample, after that the chamber was again cooled until -50 °C wasis reached and then this
temperature was maintained for 4 min, finally was-apptied a second heating from -50 °C to 100 °C
applied. The heating and the cooling rates were set at 10 °C/min and the analysis was performed in a
nitrogen atmosphere with a flow rate 20 mL/min. In this study 40 uL aluminum pans were used. The
data were analyzed with Mettler Toledo STARe software V9.2.

measkrer
reported results are-was an average of conducted-analyzing-at-least of at least 5 different s

AnTFheinstrument rheometer iesy
geometry with—the-acecessory-had

3. RESULT AND DISCUSSION
3.1 Monomer synthesis

Ferulic acid (FA) proved to be a very suitable substrate for monomer synthesis and all monomers
could be produced in high yields without significant side reactions The versatility of FA as a starting
material was clearly demonstrated in the monomer synthesis (Scheme 1) where functionalities such
as allyl aryl ethers, coumaryl alkenes, carboxylic acids, methyl esters, allyl esters, and phenols could
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be combined in different ways. It should also be noted that all reactions proved to be very selective,
resulted in high yields, and with products easy to purify using scalable techniques.

Scheme 1: Synthetic pathways used to achieve the various monomers from FA.

(0]
(0]
o K,COs _0 SN O/\/
- N-"OH + AP ———
Acetone, A
HO FA Allyl bromide = nora
Pd/C, H,
MeOH, r.t.
(0]
K,cos O o NF
———
Acetone, A (6]

Z h-A2FA

OH ., =~
(o} O
o) ] -
Allyl bromide K,CO4 - OH H,S04 e o)
—_ + —OH ———
(0] A (0]

Acetone, A
Z  h-A1FA Methanol ‘\/ h-EA1FA

3.2 Photocuring kinetics

Allyl-functional FA-based monomers were synthesized following the methods reported in the
experimental part. The monomers were fully characterized and their reactivity in thiol-ene
photopolymerization was investigated, using trimethylolpropane tris(3-mercaptopropionate) as thiol-
functional crosslinker in 1:1 molar ratio with respect to thiol-to-ene, Table 1, using photorheology
and FTIR in the presence of Irgacure 819.

The cross-linking kinetics were investigated by photorheology and representative graphs are reported
in Figure 2. When comparing the first set of samples (h-A2FA and A2FA) having a 1:1 molar ratio
thiol:allyl ether it can be observed that the storage modulus for h-A2FA monomer is characterized by
a steeper slope and reach a plateau value faster than the A2FA monomer. Moreover, the h-A2FA
reaction started immediately when the lamp was turned on whereas the A2FA exhibited an induction
time. This induction could be attributed to several reasons where one is the UV-absorption properties
of the A2FA monomer. Due to its resonance structure it may compete with the absorption of the
photoinitiator  [35]. When the cinnamoyl double bond is removed, as in
h-A2FA, the absorption is shifted to shorter wavelengths and no more UV-absorption competition
occurs why a faster photo-polymerization without any induction time is observed. This hypothesis
was indeed corroborated by UV-vis analyses of A2FA and h-A2FA, Figure 3.
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Figure 2: Photo-rheology comparison between the h-A2FA (Table 1, entry 6) and A2FA (Table 1,
entry 1) formulations.
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Figure 3: UV-vis spectra of A2FA (red) and h-A2FA (blue).

Scheme 2 shows a representation of the thiol-ene photocuring process, when the h-A2FA monomer
was used together with TRIS. FT-IR spectroscopy was used to monitor the curing reaction by
following the disappearance of the thiol- and ene-reactive groups.

Scheme 2: A schematic illustration showing the thiol-ene photopolymerization of h-A2FA and TRIS
in the presence of Irgacure 819 (Table 1, entry 6).
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Since the-IR absorbance is proportional to the concentration of a compound, conversion versus time
profiles can be acquired, Figures 4 and 5.

—— A2FA pre
,,,,,,, —— A2FA post 1 min
: —— A2FA post 2 min
2700 2600 2500 1800 1700 1600 1500
T T T T T T
4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm™)

Figure 4: FTIR spectra for A2FA (Table 1, entry 1) acquired prior to irradiation and after 1 and 2
minutes of irradiation, (-SH 2590 cm™, -C=C- 1640 cm™).
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Figure 5: FTIR spectra for h-A2FA (Table 1, entry 6), -SH peak 2590 cm™, -C=C- peaks 1640 cm™.

The enlarged areas between 2500 and 2700 cm™ are attributed to the thiol-group, while the peaks
centered at around 1640 cm is related to the ene (C=C) double bonds. By FT-IR analysis it is possible
to evaluate the thiol-ene conversion during irradiation, Equation 1.

The h-A2FA monomer reached higher conversion than A2FA, Table 2. Both the thiol-group and the
C=C double bond reached full conversion. This confirms the stochiometric reaction, typical of the
thiol-ene step-growth mechanism, Figure 5.

The total conversion of A2FA was around 85 % for the thiol-group (2590 cm™), while the conversion
of the double bond 1640 cm™* was significantly lower, Figure 4. It is further observed that the shoulder
of the carbonyl peak at 1700 cm™, which corresponds to the carbonyl group when conjugated with
the cinnamoyl alkene, is strongly reduced. This implies that most of the cinnamoy! alkenes have been
consumed and that it is mainly unreacted allyl ethers that remain as residual unsaturations. This
suggest that the initial addition of a thiyl-radical is faster in adding to the cinnamoyl alkene than to
the allyl ether and that the subsequent hydrogen abstraction of the thiol hydrogen by a carbon-centered
radical is the rate-determining step. This corroborates well with the reduced slope observed in Figure
2. We also modified the thiol-content considering the A2FA-monomer as trifunctional monomer
(therefore increasing the thiol molar content in the photocurable formulation) A2FA was thus
evaluated in two different formulations, where the thiol-crosslinker was added either in a 1:1 molar
ratio thiol:allyl ether, or 1:1 molar ratio thiol:total enes, Table 1, entries 1 and 2.The FT-IR spectra
before and after 1 and 2 minutes of irradiation are reported in Figure 6. The results obtained by
changing the formulation ratio shows an almost complete thiol-conversion already after 1 minute of
irradiation. Moreover, the reduction of the peak related to ene double bond was more evident than in
the formulation in which A2FA was evaluated as a bi-functional monomer, Figure 4.
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Figure 6: FTIR spectra of A2FA evaluated as a trifunctional monomer (Table 1, entry 2), -SH peak
2590 cm™?, C=C peaks 1640 cm™,

3.3 Thermal and viscoelastic properties of crosslinked films

The thermal, thermomechanical and viscoelastic properties of UV-cured films were evaluated by
means of DSC and DMTA analysis. DSC analysis gives information about the thermal behavior while
DMTA allows the evaluation of the elastic and viscous components of the modulus of the material
over a large temperature interval. Therefore, combining these techniques, a good characterization of
the thermal and viscoelastic properties of the materials is obtained. The E’ and tan-6 thermograms are
reported in Figures 7A and 7B respectively, for the investigated photocurable formulations. All data
are collected in Table 2.

The modulus above Tg recorded for the crosslinked films obtained from the A2FA-monomer,
considered as a bifunctional ene-monomer, reached a lower value than the modulus registered for the
crosslinked films obtained from the h-A2FA-monomer. This agrees with the photo-rheology data and
with the calculated conversion previously discussed. The E’ evaluated for the crosslinked films
obtained by considering the monomer A2FA as trifunctional was the highest (Figure 7A). The data
was in good agreement with the higher conversion calculated in the FTIR analysis when stochiometric
amount of thiol was added with respect to A2FA monomer as a trifunctional ene-monomer. This can
be explained with a higher number of reactive sites and final higher cross link density.

In the Tg region the tan-6 curve (tan & = E”’/E’: ratio loss modulus/storage modulus) shows a
maximum which is assumed as the Tg of the cured films. The crosslinked film obtained by A2FA
monomer employed as bifunctional monomer, showed a Tg of about 20 °C, while the crosslinked
film obtained by using the h-A2FA monomer showed a Tg of about 1 °C. The lower Tg for the h-
A2FA crosslinked film, despite a higher total conversion, can be explained by the difference in the
chemical structure of the monomers. In fact, while the double bond in the A2FA-structure is
conjugated to the benzyl ring, increasing the network stiffness because of hindering of chain-rotation,
the absence of the double bond in h-A2FA monomer, render the polymer network more flexible with
a consequent decrease of the Tg-value.

The DSC thermograms for the different crosslinked formulations are reported in Figure 8, the data
are collected in Table 2. The Tg obtained from the DSC analysis shows the same trend as the one
obtained with DMTA.
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Figure 7: Storage modulus (left) and tan & (right) as assessed by DMTA. The glass transition
temperatures (Tg) of the crosslinked materials are defined as tan 6 maximum. The analyzed samples
formulations based on A2FA (Table 1, entry 1), h-A2FA (Table 1, entry 6), and A2FA trifunctional
(Table 1, entry 2).
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Figure 8: DSC thermograms of A2FA (Table 1, entry 1) and A2FA trifunctional (Table 1, entry 2)
and h-A2FA (Table 1, entry 6) to highlight the differences in Tg of the main formulations. The
thermograms represented-show the second heating from -50 °C to 100 °C with an increase of 10
°C/min.

3.4 Copolymerization with the monofunctional ene-monomer h-EALFA

The synthesized monofunctional ene-monomer, h-EA1FA, was added in the range between 5 to 15
wt-% to either A2FA or h-A2FA, with the aim to tailor the final Tg of the crosslinked networks, Table
1. The photorheology curves (Figure 9) show that the addition of the monofunctional monomer,
within the investigated range, did not significantly influence the photocuring Kkinetics, but a linear
lowering of the modulus upon curing was observed.

By increasing the co-monomer content, it was possible to observe a linear decrease of the Tg-values
of the crosslinked films, measured as the maximum of tan & curves (Figure 10), Table 2. This can be
attributed to the decrease in cross-link density as an effect of the copolymerization with the A2FA. It
was also shown that E’ in the rubbery plateau (Figure 11) was decreased by increasing the amount of
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monofunctional monomer in the photocurable formulation, confirming the decrease of the
crosslinking density.

Table 2: Characteristics of the photocured networks as assessed by FT-IR analysis, DMTA and DSC
analysis.

Entry Formulation name Conv.® T4@ Ty® E°® ve®
(%) (°C) (°C) (MPa) (mmol/dm3)

1 A2FA 86 20 6.0 2.08 258
2 A2FA (trifunctional) 99 24 15.0 6.38 781
3 A2FA+5% h-EA1FA 85 18 4.5 1.04 130
4 A2FA+10% h-EAL1FA 85 17 2.5 5.65 71

5 A2FA+15%h-EAL1FA 83 13 0.5 2.60 33

6 h-A2FA 99 1 -7.5 5.38 711
7 h-A2FA+5% h-EA1FA 100 0 -8.0 4.87 645
8 h-A2FA+10% h-EA1FA 100 -2 -95 3.75 500
9 h-A2FA+15% h-EALFA 99 -5 -11.0 2.85 384

(1) Measured by FT-IR analysis.

(2) Measured by DMTA analysis as the maximum of tan & peak.
(3) Measured by DSC analysis.

(4) Measured by DMTA analysis.

(5) Calculated by Equation 2.
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Figure 9: Results from photorheology of the analysed formulations of A2FA (left) (Table 2, entries
1, 3,4,5), and hA2FA (Table 2, entries 6, 7, 8, 9) (right). The comonomer was h-EA1FA.

14



2,04

— A2FA
— A2FA+5% — h-A2FA
= A2FA+10% — h-A2FA+5%
A2FA+15% 2 —— h-A2FA+10%
154 h-A2FA+15%
10 10
E 1,0 E
1 -
0,5
0,0 | r r r r r r r r r 0 T T T T T T T 1
20 <10 0 10 20 30 40 50 60 70 -40 -30 -20 -10 0 10 20 30 40
Temperature (°C) Temperature (°C)

Figure 10: tan & curves of A2FA samples on the left (Table 2, entries 1, 3, 4, 5) and of h-A2FA
samples on the right (Table 2, entries 6, 7, 8, 9) with varying amounts of comonomer, h-EA1FA.
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Figure 11: E’ curves of A2FA (left) evaluated as a difunctional monomer (Table 2, entries 1, 3, 4, 5)
(left) and for evaluation of A2FA as a trifunctional monomer (dashed line) (Table 2, entry 2).
Evaluation of E’ for h-A2FA (right) using different co-monomer concentrations. (Table 2, entries 6,
7,8,9).

3.5 Coating properties

Viscosity measurements were performed enthetavestigated-formulations-before-curingprior to cure.
The formulations containing the hydrogenated—monomermonomer-A2FA showed a mueh—lower
viscosity with—respect-the—formulations—containing-the-unsaturated—-FAthan A2FA. This could be
explained taking into account that the cinnamoyl double bond increase the rigidity of the molecule
and the electron density by conjugation with the estergroup-double-bondcarbonyl bond..—with-a
hicl - .
Contact angle against water analysis-with-waterwas investigated —perfermed on UV-Ccured films
showed similar wettability behawior for all the-samples, with contact angles betweenclose to 67-66°
and-68>,{see-Table 3). The UV-cured coatings obtained by formulation 2, containing A2FA exploited
as trifunctional monomer (see-Table 1), showed the highest contact angle,feaching-a-valueof 75°.
The higher contact angle value could be attributed to the higher amount of TRIS menomerin-the
photocurable formulation:
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4. CONCLUSIONS

Allyl-functionalized ferulic acid (FA) based monomers were synthesized and their reactivity towards
thiol-ene photopolymerization investigated, using trimethylolpropane tris(3-mercaptopropionate)
(TRIS) as thiol monomer in 1:1 molar ratio, —SH to ene functionalities. Photorheology analysis
showed higher reactivity of the hydrogenated allyl-FA (h-2AFA) towards TRIS than the A2FA
monomer, which showed an induction time attributable to the competitive absorbance with the
photoinitiator. When the cinnamoyl-double bond is removed by hydrogenation, the h-2AFA
monomer’s absorption in the UV region is shifted to shorter wavelengths and no more UV-absorption
competition occurs why a faster photocuring polymerization without any induction time is observed.
The FT-IR analysis was in agreement with the photorheology after 2 minutes of irradiation. The
A2FA monomer showed a high degree of unreacted double bond when considered difunctional. An
almost complete conversion of C=C double bond was achieved by increasing the thiol content in the
photocurable formulation considering the A2FA monomer as a trifunctional ene-monomer. The
thermomechanical properties of crosslinked films were fully characterized by DMTA and DSC
analyses. The modulus recorded for the crosslinked films obtained by A2FA monomer, considered
as a bifunctional ene-monomer, reached lower value than the modulus registered for the crosslinked
films obtained by the h-A2FA monomer. This agrees with the photo-rheology data. The E’ evaluated
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for the crosslinked films obtained by considering the monomer A2FA as trifunctional was the highest.
The data was in good agreement with the higher conversion calculated in the FTIR analysis when
stochiometric amount of thiol was added with respect to A2FA monomer as a trifunctional ene-
monomer, therefore considering the cinnamoyl double bond reactive towards thiol-ene reaction as
well as the allyl double bond. Finally, the synthesized monofunctional ene-monomer, h-EA1FA, was
added in the range between 5 to 15 wt-% in both A2FA- and h-A2FA-monomers, with the aim to
tailor the final Tg of the crosslinked networks. By increasing the co-monomer content, it was possible
to observe a linear decrease of the Tg values of crosslinked films, measured as the maximum of tand
curves.

withagainst Soferpenon Lo Drec e
on all films based on h-A2FA, thethe-dAcnred-cortineoblaned-by-formulabont
eemaimng— ——contalnlnq film exhibited a hlqher contact angle. All coatlnqs had acc:eptable

In conclugion, this work demonstrates the feasibility of using Ferulic-ferulic acid as a green starting
monomer for developing UV-curable coatings, with the possibility to modulate the final Tg of
crosslinked networks.
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