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ABSTRACT: 1,3-Dioxolan-4-one (DOX) chemistry was ex-
plored for production of “one-pot” biobased polyester
thermosets. DOX monomer was first functionalized by
naturally occurring eugenol to introduce a structural element,
which could induce cross-linking reaction through cationic
polymerization of the double bond. The feasibility of
polymerizing DOX monomers bearing bulky side groups was
proven by model phenol-substituted DOX monomer
(PhDOX). Once the reaction was shown to be effective, the
same protocol was applied to eugenol-substituted monomer
(EuDOX). A brief screening of the optimal catalyst ‘aa\’
concentration was performed, to obtain a highly cross-linked i
product. The synthesized thermoset showed good thermal
resistance and high mechanical strength probably due to the
rich aromatic content. The obtained thermoset was further subjected to microwave-assisted hydrothermal degradation test,
which demonstrated complete recyclability to water or methanol soluble products. NMR and matrix-assisted laser desorption/
ionization-mass spectroscopy analyses of the obtained degradation products unveiled the structure of the thermoset, strongly
indicating that the polymerization of eugenol-functionalized DOX monomer resulted in polylactide-like chains connected with
aromatic—aliphatic segments resulting from the reaction of the eugenol double bonds. The presence of free hydroxyl and
carboxyl groups sheds light on the mechanism behind the observed shape-memory and self-healing properties.
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B INTRODUCTION

Thermoset resins have been widely used in many different
fields of application, ranging from coatings to adhesives,

appears valuable from an industrial point of view, reducing the
synthetic steps needed for obtaining the final product. To this
regard, however, the reduced monomer scope in classical PLA

electronics, and many others. Considering their wide
applicability and high industrial value, research efforts have
targeted the development of novel biobased'™® and recycla-
ble’™ thermosets with the aim to replace the mostly used
petroleum-based and not easily recyclable counterparts. A
thermoset resin able to conjugate both these features (i.e.,
renewability and recyclability) can be considered as the best
target possible from a sustainability point of view. The
preparation of polylactic acid (PLA)-based thermosets appears
as a suitable strategy to achieve this result,'*™"3 taking into
account that PLA is a well-known biobased, biodegradable, and
biocompatible polyester.'*'® However, its use as thermosetting
resin is currently accomplished only through postmodification
reactions."®™"? In addition the properties and mechanical
strength are not good enough for many thermoset applications.

Compared to the multistep approach, the use of tailor-made
monomers that enable one-pot PLA-like thermoset syntheses
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synthetic methodologies (i.e., ring opening polymerization and
polycondensation) stands as a major limitation. The use of
recently described O-carboxyanhydrides (OCAs)***" and 1,3-
dioxolan-4-ones (DOXs)>* monomers can significantly broad-
en the functionalization possibilities toward highly substituted
PLA-based materials. In particular, while OCAs synthesis relies
on highly toxic reagents and results into highly unstable
products, DOX monomers can be prepared starting from safer
precursors and stored for long periods of time.”’ The
straightforward synthesis of DOX monomers also allows the
easy introduction of a wide range of side groups, which can be
exploited for the fine-tuning of the material’s final properties.
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Within this context, a eugenol-derived side group could be a
valuable option providing additional functionality as well as
renewability. Eugenol can be extracted from clove oil and
lignin and it is very well-known for its antifungal and
antimicrobial properties.”* In addition, the copresence of a
phenol moiety together with an allyl group makes it attractive
from a chemical point of view, opening the possibility for many
different synthetic approaches and improvement of materials
properties such as mechanical strength.”> To this regard,
several examples have been reported in literature showing the
use of eugenol as a building block for the preparation of
different kinds of high performances thermosets with, for
example, great heat resistance, low permittivity, and low
flammability.”~>*

Following our interest in DOXs polymerization chemistry,
we aimed to synthesize a novel eugenol-bearing 1,3-dioxolan-4-
one monomer, and to utilize it for one-pot preparation of a
high performing thermoset. It was hypothesized that this
monomer could react or polymerize through two mechanisms
resulting in polylactide-like chains connected with aromatic—
aliphatic hydrocarbon segments formed by reaction of the
eugenol double bonds. The aromatic group of the eugenol unit
is also expected to enhance the mechanical properties of the
resulting thermoset as compared to previous fully aliphatic
polylactide-based thermosets. Addressing the concept of
circular chemistry and manufacturing, we also evaluated the
possibility to recycle the obtained thermoset back to functional
intermediates through a microwave-assisted hydrothermal
reaction.

B EXPERIMENTAL SECTION

Chemicals and Materials. All reagents were purchased by Sigma-
Aldrich and used as received. (+)-3-Chloro-1,2-propanediol, 98%;
HNO;, > 65%; eugenol, > 98%; HCI, > 37%; ethyl acetate (AcOEt),
H,S0,, 95—97%; p-toluene sulfonic acid monohydrate (p-TSA), >
98.5%; phenol, > 99.5%; methanol (MeOH); 2,5-dihydroxybenzoic
acid (DHB), > 99.5%; potassium trifluoroacetate, 98%; dimethyl
sulfoxide-d;, (DMSO-ds) minimum deuteration degree 99.8%;
chloroform-d (CDCl;), minimum deuteration degree 99.8%.

Synthesis of 3-Chloro-2-hydroxypropanoic Acid (1). Compound
(1) was synthesized according to literature procedure.”

Synthesis of 3-(4-Allyl-2-methoxyphenoxy)-2-hydroxypropanoic
Acid (2). Eugenol (4.75 g, 28.98 mmol) and sodium hydroxide (2.64
g, 66 mmol) were added to a dispersion of 1 (2 g, 16.1 mmol) in 20
mL of water. The reaction mixture was heated to reflux and left under
stirring for 2 h. The solution was then acidified to pH 1 with
concentrated HCl and extracted with AcOEt (4 X 10 mL), to obtain a
mixture of product 2 and unreacted eugenol. The organic phases were
collected and extracted with saturated aqueous NaHCOj solution (4
X 10 mL) in order to isolate the pure product. The aqueous phases
were also collected, acidified with concentrated H,SO, to reach pH 1
and finally extracted with AcOEt (4 X 10 mL). The organic phases
were collected and dried over Na,SO,, and the solvent was evaporated
under reduced pressure to obtain 2 as a dark orange viscous oil (3.00
g, 74% yield). 'H (NMR 400 MHz, DMSO-d°®) 6: 6.90 (d, J = 8.1 Hz,
1H), 6.79 (d, J = 2.0 Hz, 1H), 6.68 (dd, J = 8.1, 2.0 Hz, 1H), 5.95
(ddt, J = 16.8, 10.0, 6.7 Hz, 1H), 5.12—4.98 (m, 2H), 4.31 (dd, J =
5.7,3.5 Hz, 1H), 4.08 (m, 2H), 3.73 (s, 3H), 3.30 (d, ] = 6.7 Hz, 2H).
13C NMR (101 MHz, DMSO-dg) 8: 173.76, 149.56, 146.79, 138.37,
133.40, 120.80, 115.99, 114.66, 113.42, 71.65, 69.91, 56.06, 56.02. 'H
and "*C NMR spectra of 2 are reported in Figures S1 and S2 in the
Supporting Information.

Synthesis of 5-((4-Allyl-2-methoxyphenoxy)methyl)-2,2-dimeth-
yl-1,3-dioxolan-4-one (EuDOX, 3). Compound 2 (1.50 g, 5.96 mmol)
was dissolved in acetone (50 mL). The solution was cooled to —10
°C, and then concentrated sulfuric acid was added dropwise (2.5 mL).

Reaction was left under stirring for 4 h. NaHCO; was then added
until pH 8 was reached. Solid was filtered off and solvent removed
under reduced pressure to obtain 3 as an orange solid (1.33 g, 76%
yield). 'H NMR (400 MHz, CDCL): 6.87 (d, ] = 7.8 Hz, 1H), 6.72
(d, J = 7.9 Hz, 2H), 5.97 (ddt, ] = 16.9, 10.2, 6.7 Hz, 1H), 5.13—5.05
(m, 2H), 4.79 (dd, J = 4.5, 2.5 Hz, 1H), 4.32 (qd, ] = 10.9, 3.6 Hz,
2H), 3.84 (s, 3H), 3.35 (d, ] = 6.7 Hz, 2H), 1.75 (s, 3H), 1.63 (s,
3H). '*C NMR (101 MHz, CDCl;) 8: 170.63, 149.97, 146.18, 137.51,
134.45, 120.57, 115.72, 115.16, 112.98, 111.89, 74.41, 68.82, 55.94,
39.82, 26.88, 26.71. 'H and *C NMR spectra of 3 are reported in
Figures S3 and S4 in the Supporting Information.

Synthesis of 2-Hydroxy-3-phenoxypropanoic Acid (4). Phenol
(2.73 g, 28.98 mmol) and sodium hydroxide (2.64 g, 66 mmol) were
added to a dispersion of 1 (2 g, 16.1 mmol) in 20 mL of water. The
reaction mixture was heated to reflux and left under stirring for 2 h.

The solution was then acidified to reach pH 1 with concentrated
HCl and extracted with AcOEt (4 X 10 mL). The organic phases were
collected and extracted with a saturated NaHCOj; solution (4 X 10
mL). The aqueous phases were then collected, acidified with H,SO,
to reach pH 1 and finally extracted with AcOEt (4 X 10 mL). The
organic phases were collected and dried over Na,SO,, and the solvent
was evaporated under reduced pressure to obtain 4 as a pale brown
solid (2.32 g, 79% yield). 'H and *C NMR data were in agreement
with the literature.*

Synthesis of 2,2-Dimethyl-5-(phenoxymethyl)-1,3-dioxolan-4-
one (PhDOX, 5). Compound 4 (1.50 g 5.96 mmol) was dissolved
in acetone (S0 mL). The solution was cooled to —10 °C, and then
concentrated sulfuric acid was added dropwise (2.5 mL). The reaction
was left under stirring for 4 h. NaHCO; was then added until pH 8
was reached. The solid was filtered off, and the solvent was removed
under reduced pressure to obtain § as a pale brown solid (1.43 g, 51%
yield). "H NMR (400 MHz, CDCL;) §: 7.31 (dd, ] = 8.8, 7.4 Hz, 2H),
7.01 (tt, ] = 7.3, 1.1 Hz, 1H), 6.95 (dd, J = 8.8, 1.1 Hz, 2H), 4.78 (dd,
J = 42,24 Hz, 1H), 4.39—4.24 (m, 2H), 1.72 (s, 3H), 1.64 (s, 3H).
BC NMR (101 MHz, CDCl;) &: 170.41, 158.17, 129.52, 121.61,
114.79, 111.78, 74.25, 66.96, 27.06, 26.68. 'H and *C NMR spectra
of § are reported in Figures SS and S6 in Supporting Information.

2,2-Dimethyl-5-(phenoxymethyl)-1,3-dioxolan-4-one (5) Poly-
merization Procedure. Compound 5 (700 mg, 3.14 mmol) was
introduced in a round bottomed flask. p-TSA (30 mg, 0.157 mmol)
was added thereafter. The mixture was heated to 150 °C under
nitrogen atmosphere for 3 h to obtain a brown solid product.

EuDOX (3) Polymerization. Compound 3 (750 mg, 2.56 mmol)
and p-TSA (24.4 mg, 0.128 mmol) were dissolved in 3 mL of AcOEt.
As soon as both the monomer and the catalyst were completely
dissolved, they were poured in an aluminum mold and the solvent was
left to evaporate overnight. The curing process was then performed,
by heating at 150 °C for 3 h, to obtain a dark orange transparent film.

Microwave Degradation. Thermoset degradation was con-
ducted in a microwave oven named flexiWAVE from Milestone,
Inc. Two solvents were tested as degradation medium: water and
methanol. In addition to degradation in pure solvents, the effect of
NaOH addition was evaluated (0.5% w/w). On the basis of
optimization of the general degradation conditions in an earlier
work with other aliphatic polyesters,”® 200 mg of product was
degraded by heating for 1 h either at 150 °C (water) or 110 °C
(methanol). The degradation temperatures were reached after a ramp
time of 3 min in both cases. Input irradiation power was varied
automatically to reach and keep the specified temperatures.

Nuclear Magnetic Resonance (NMR). The 400 MHz 'H NMR
and 100 MHz C NMR spectra were recorded on a Bruker Advance
400 spectrometer at 298 K.

Matrix-Assisted Laser Desorption/lonization-Mass Spec-
trometry (MALDI-MS). For the measurements, a Bruker UltraFlex
time-of-flight (TOF) mass spectrometer with a SCOUT-MTP ion
source and equipped with a 337 nm nitrogen laser was used in
reflector mode. Before analysis, the samples (1 mg/mL), the matrix,
DHB (10 mg/mL), and the salt potassium trifluoroacetate (1 mg/
mL) solutions in MeOH were mixed and drop casted on a stainless
steel MALDI plate in a volume of 8 uL.
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Scheme 1. Synthesis of the Two DOX Monomers”
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“Reagents and Conditions: (a) HNOj, heating; (b) eugenol, NaOH, H,0, reflux, 2 h; (c) acetone, H,SO,, 4h; (d) phenol, NaOH, H,O, reflux, 2

h.

Fourier Transform Infrared Spectroscopy (FTIR). FTIR was
done on a PerkinElmer Spectrum 100 with 16 scans from 4000 to 600
cm™! through a resolution of 4 cm™". The golden gate was from
Graseby Specac (Kent, UK), and the software PerkinElmer Spectrum
was used to process the data.

Differential Scanning Calorimetry (DSC). Mettler-Toledo 820
was utilized to conduct the measurements. Five mg of each sample
was placed in a 100 #L aluminum cup with a pinhole on the lid. The
applied heating rate was 10 °C min~" in a nitrogen atmosphere (rate
50 mL min™"). Thermal behavior was investigated using the following
temperature cycles: (1) heating from 25 to 200 °C; (2) S min
isotherm at 200 °C; (3) cooling from 200 to 25 °C; (4) 2 min
isotherm at 25 °C; (S) heating from 25 to 200 °C.

The first heating and cooling cycle was run to eliminate residual
internal stresses deriving from the thermoset preparation.

Thermogravimetric Analysis (TGA). Mettler-Toledo TGA/
SDTA 851e was utilized for thermal analysis. Five mg of each sample
was placed into a 70 uL alumina cup and heated at a rate of 10 °C
min~!. The measurements were performed under 80 mL min™
nitrogen flow.

Size Exclusion Chromatography (SEC). Verotech PL-GPC 50
Plus system equipped with a PL-RI Detector and two PLgel 5 um
MIXED-D (300 X 7.5 mm) columns from Varian were employed for
the measurements. Chloroform was used as the mobile phase (1 mL
min~, 30 °C) and toluene as an internal standard to correct for flow
rate fluctuations. The calibration was based on polystyrene standards
with a narrow molecular weight ranging from 160 to 371 000 g/mol.

Gel Content Test. To determine the gel content ~#500 mg of the
product was extracted with CHCl; (& S mL) for 24 h. The insoluble
fraction was dried at 30 °C until constant weight was reached. Gel
content was then calculated, following eq 1.

m
gel content % = —=100
My (1)

where m,, indicates the sample weight after extraction and m,,, is the
sample weight before extraction.

Tensile Testing. The testing was conducted on an INSTRON
5944 module equipped with pneumatic grips. A 500 N load cell was
used for the measurements with a gauge length of 10 mm, and a
crosshead speed of S mm/min was applied. The samples were cut into
strips of width 0.5 cm with a thickness of an average of 0.1 mm.
Before analysis, the test strips were preconditioned according to
ASTM D618-96 (40 h at 50% = 5% relative humidity and 23 °C + 1
°QC).

Antimicrobial Testing. The thermoset was crushed into pieces
with mortar. Three different concentrations were tested: 1000 ug
mL™" and 2 dilution series: 500 and 250 ug mL~". The thermoset at
the highest concentration was compared with washed pieces of
thermoset at the same concentration. The washing was performed in
ethanol 70% for 30 min. Thereafter, the ethanol was decanted off and
the pieces were left to dry before testing was performed. The bacteria

15203

E. coli were harvested in midexponential phase and the tests were
performed according to macrodilution in a bacteria concentration of
107 CFU mL™". A 100 uL sample of the bacteria suspension (107
CFU mL™") was transferred to 10 mL of LB broth. Two milliliters of
this suspension was then added into glass vials of three replicates.
Bacteria suspensions were used as negative control, and two types of
antibiotics in tablet form with a loading of 10 pg were used as positive
controls. The bacteria suspensions with and without material were
placed in an incubator at 70 rpms for 24 h. At time 0, the suspensions
were transparent and gave an OD value of 0.0467. Then the OD was
measured again after 12, 19, and 24 h.

B RESULTS AND DISCUSSION

The efficacy of 1,3-dioxolan-4-one monomers (DOX) for the
preparation of PLA materials was previously highlighted.””
Here the scope of DOX monomers was broadened to the
synthesis of high-performance polyester thermosets through
functionalization by eugenol. Microwave-assisted hydrothermal
degradation of the thermoset was also performed to obtain
proof concerning the chemical structure and recyclability.

Synthesis of Monomers. The two DOX monomers,
EuDOX 3 and PhDOX §, were synthesized starting from 3-
chloro-1,2-dihydroxypropanediol, through the common inter-
mediate 3-chloro-2-hydroxypropanoic acid 1 (Scheme 1).
Compound 1 was then reacted with eugenol or phenol to
obtain respectively the phenolic ethers 2 and 4, achieved in
high purity and in good yield. Subsequent a-hydroxy acid
protection with acetone allowed acquisition of the DOX
monomers 3 and S.

Proof of Concept for Polymerization of DOX with
bulky side group: PhDOX polymerization. First polymer-
ization of PhDOX was attempted, to prove the feasibility of the
polyester formation from DOX monomers bearing a bulky side
group. Since a rising difficulty has been reported in aluminum
salen-catalyzed polymerization of 1,3-dioxolan-4-ones as the
bulkiness of the side group increases,”” we looked at a less
cumbersome catalyst, namely Bronsted p-toluene sulfonic acid
(p-TSA).

The polymerization reaction was first tested on PhDOX,
utilized as a model monomer lacking additional reactive
groups. Reaction was conducted in bulk, using p-TSA as
catalyst with a 20:1 monomer-to-catalyst molar ratio (5% m/
m) at 150 °C for 3 h under nitrogen atmosphere (Scheme 2).
The reaction successfully yielded an oligomeric product (2000
g/mol according to SEC analysis). The 'H NMR spectrum
with peak assignments is shown in Figure 1.
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Scheme 2. Polymerization of Monomer PhDOX

.

concentrations were tested, and the respective gel content of
the product was determined and reported in Table 1.

Table 1. Optimization of Catalyst to Monomer Ratio and

o o 0 o the Resulting Gel Content
w O  prsA 0 OH .
o 5 150°C  HO () sample catalyst concentration (mol %) gel content (%)
O n

3h 0 1) TS0 0 0

5 TS1 1 31

TSS S 89

TS10 10 90

EuDOX Polymerization. Catalyst-to-Monomer Ratio
Screening. The same reaction protocol was then applied to
EuDOX. This yielded an insoluble product, indicating that a
cross-linking reaction likely occurred, resulting in a thermoset
material. Encouraged by this outcome, the efforts were
concentrated on screening the best reaction conditions and
then evaluating the properties of the obtained eugenol-derived
material.

First, a small survey on the optimal monomer to catalyst
ratio was performed. Reactions were carried out varying the
catalyst to monomer ratio, followed by determination of the
gel content according to the procedure reported in the
Experimental Section. The gel content of a thermoset is an
important parameter that indicates the amount of cross-linked
material in the product, and therefore it can indicate the
efficiency of the curing reaction. Four different catalyst

As shown by the data in Table 1, there was a relationship
between the catalyst concentration and the gel content.
Starting from the TSO sample, with 0 mol % catalyst
concentration, no cross-linking reaction took place. By
increasing the catalyst concentration to 1 mol %, some cross-
linking took place, but the extent was low resulting in only 31%
gel content. Regarding the TSS and TS10 samples with 5 or 10
mol % catalyst they both exhibited high and comparable gel
content of around 90%. Considering that no significant
differences were registered between TS5 and TS10 samples,
the lower catalyst concentration, that is, 5 mol % was selected
as the catalyst concentration for further studies and material
production.

Film Preparation. To obtain a film for evaluation of
mechanical properties, an ethyl acetate solution of monomer
and catalyst (5% m/m loading) was prepared and poured into
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Figure 1. '"H NMR spectrum of the polymerization product of monomer 5.
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an aluminum mold, as shown in Figure 2. The solution was
originally transparent (Figure 2a). The solvent was evaporated

Figure 2. (a) Monomer/catalyst mixture after AcOEt overnight
evaporation; (b) cured product; (c) cured film out of the mold; (d)
strips cut out of the cured film.

overnight at 30 °C in vacuum and the curing was then
performed in an oven at 150 °C for 3 h (Figure 2b). After
curing the film was dark brown or orange due to the exposure
to air at elevated temperature. The transparent and
homogeneous film could then be removed from the mold
(Figure 2c) and thin stripes were cut from the film, suited for
tensile testing (Figure 2d).

Tensile Testing. The mechanical properties of the cured
thermoset were evaluated by tensile testing. The thermoset
showed a tensile strength at break of 70.8 + 0.7 MPa. This is a
top end value among commercial polyester-based thermosets
and previously described biobased thermosets. The material
proved to be extremely stiff, with a very low tensile strain (1.4
+ 0.2%) and an extremely high Young’s modulus (8.8 + 0.2
GPa) probably due to the high aromatic content resulting from
eugenol functionalization. Table 2 reports these values (a) in
comparison with those described for typical biobased
thermosets.”'#>73*

Table 2. Comparison of the Mechanical Properties of the
Cured Thermoset (a) with Previously Reported Biobased
Thermosets

Young’s tensile strength at tensile strain
thermoset modulus %MPa) break (MPa) (%)

a 8765 + 19 70.8 £ 0.7 14 + 02

itaconic acid- 398 + 6.6 15.0 + 3.0 6+1
based®

PLA-based'” 57.3 + 2.6 4.03 £ 0.19

natural triphenol- 80.0 2.68
based™”

diphenolate ester- 1306 + 69 68.7 + 6.3 93+ 14
based™

cardanol-based™* 732 + 14 10.7 + 0.3

Microwave-Assisted Degradation of the Thermoset.
Due to the nonsolubility of the thermoset materials it is
generally difficult to prove their exact chemical structure.

In earlier work it was demonstrated that ester bonds in
poly(3-hydroxybutyrate) can be effectively hydrolyzed by the
microwave-assisted process.”’ The thermoset synthesized here
was subjected to similar microwave-assisted process aiming to
elucidate and shed light on its chemical structure. In addition,
the degradability and potential recyclability of the thermosets
to functional chemicals or intermediates for new material
production is of high interest to move forward toward circular
society and circular materials. Four different degradation tests
were performed, respectively, in water, methanol, alkaline
water, and alkaline methanol.

The microwave process in alkaline water and alkaline
methanol resulted in complete degradation of the thermoset to
water or methanol soluble products with no remaining solid
residue. The thermoset degraded partially during the micro-
wave-process in pure water or methanol, but some non-
degraded solid product remained. The alkaline solutions were
acidified to pH 1 with sulfuric acid and extracted with AcOEt.
After solvent evaporation the residues were characterized
through 'H NMR, MALDI-TOF, and FT-IR.

'H NMR Analysis of the Degradation Products from
the Microwave Process. The 'H NMR spectrum for the
degradation products after microwave processing in alkaline
methanol was recorded (Figure 3). Even if an exhaustive
interpretation of the spectrum was not possible given the
complexity of the degradation mixture and hence of the signal
patterns, the spectrum gives good indication of the occurred
cross-linking and provides insights into the chemical structure
of the thermoset.

First of all, both carboxylic —OH as well as alcoholic —OH
signals can be detected at 12.5 and 5.5 ppm, respectively. Free
a-hydroxyl acid groups are therefore likely to be present after
degradation. No signals for allyl groups are detectable, while
signals are present in the high field aliphatic region (see
expansions in Figure 3). The presence of olefinic proton
singlets around the 6.2 ppm area gives evidence for the actual
occurrence of a reaction at the eugenol double bonds. In
particular, a cationic polymerization mechanism can be
hypothesized, starting from the protonation of the allylic
double bond, to give the expected secondary carbocation, but
also the rearranged benzylic one. Indeed, hydride shift is likely
to take place in the reaction conditions, resulting in head-to-tail
reaction, as the structure depicted in Figure 3 illustrates.
Termination through proton transfer then generates the
terminal double bond. The 'H NMR spectrum of the
degradation products after microwave-assisted degradation in
alkaline water does not show any significant differences with
respect to the reported one. It is, however, reasonable to expect
some methanolysis products after degradation in methanol.
Signals relative to methyl esters or ethers would fall in the 3.5—
4.5 ppm region, but the possible presence of these species
cannot be safely disclosed.

MALDI-TOF Analysis of the Degradation Products
from the Microwave Process. MALDI-TOF analysis
confirmed extensive degradation by the exclusive appearance
of compounds with very low overall molecular weights. The m/
z value of the peaks with the highest intensity can be ascribed
to dimer structures as those reported in Figure 4, confirming
what was already hypothesized by NMR. Alongside this main
series, the corresponding trimers could be detected with m/z =
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Figure 4. MALDI-TOF spectrum of degradation products after the microwave-assisted degradation in alkaline methanol.

794, 832, 870, and 908, respectively. The formation of
degradation products bearing free a-hydroxy acid groups
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supports the expected formation of polyester during the curing
reaction, that is, a structure that can be hydrolyzed during the
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Figure 6. Comparison of the FTIR spectra of the monomer, thermoset, and degradation products.

MW-assisted degradation. The cross-linking, likely occurring
by the double bond polymerization, could lead to different C—
C bonds, for instance through occurrence of allylic polymer-
ization, affording degradation fragments that would fit with
NMR and MALDI-TOF outputs. A possible structure for the
thermoset is reported in Figure 5, taking into account all these
reaction possibilities.

To fully demonstrate the reactivity of eugenol allyl moiety, a
reaction of eugenol only in the same conditions was carried
out. Also in this case the complete disappearance of double
bonds is registered, with the formation of a great number of
signals in the aliphatic region ("H NMR spectrum of the
obtained product is reported in Figures S7 and S8 in the
Supporting Information).

Analysis of the Degradation Products from the
Microwave Process by FT-IR. Further proof regarding the
chemical structure of the thermoset came from FT-IR analyses.

A comparison of the spectra for the monomer, the cured
material, and the degradation product is reported in Figure 6.

Both the thermoset and the degradation products showed a
broad O—H stretching band, centered at 3440 cm™L. In the
case of the thermoset, it can be attributed to the presence of
surface free hydroxyl and carboxyl groups. In the degradation
product spectrum the same band is present, but with
significantly greater intensity, due to the massive formation
of free —OH and —COOH groups. In the 2000—1600 cm™
region the shift of the C=O stretching peak gives
confirmations about the reaction. While in the monomer it is
sharp and centered at 1790 cm ™, it shifts to 1749 cm™" for the
thermoset, confirming the formation of the polyester. Finally,
after the degradation, the carbonyl peak shifted further to 1728
cm™!, as a result of the presence of carboxylic acid functional
groups. In addition, in the monomer spectrum it is possible to
highlight the peak relative to the terminal C—H bending for
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Figure 7. TGA curves showing the thermoset degradation in both nitrogen and oxygen atmosphere.

the allyl group at 1000 cm™. In both thermoset and
degradation product spectra this peak cannot be detected,
confirming the reaction of the double bond during the curing
process.

Thermal Analyses. DSC analysis was performed in order
to determine both the curing kinetics and the thermal
properties of the thermoset. The curing reaction proceeded
for 75 min after the temperature of 150 °C was reached. After
75 min a plateau region was observed indicating that the curing
reaction was completed. DSC analysis was also run on the
product cured in a mold, in order to determine its thermal
behavior. The related thermogram is reported in Supporting
Information. The second heating scan shows a glass transition
at 125 °C. Glass transition could also be detected during the
cooling step. As expected and typical for thermosets, the
material seemed completely amorphous and no melting peak
was detected at least during heating up to 200 °C.

TGA curves relative to the degradations in both nitrogen
and oxygen atmosphere are reported in Figure 7. Temperatures
relative to 5% weight loss (Tygy) and 50% weight loss (Tsgs,),
as well as the weight residue at 600 °C are reported in Table 3
for both experiments.

The two degradation curves have significantly different
profiles. The TGA analysis run in nitrogen atmosphere shows a
faster two-step weight loss at a relatively narrow temperature
range, as well as a greater residue at the end of the analysis. In
the TGA analysis run in oxygen three-step degradation can be

Table 3. Degradation Data from the Thermogravimetric
Analysis in Nitrogen and Oxygen

gas Tyse, (°C) Tso0 (°C) wt % residue at 600 °C
nitrogen 213.9 335.6 142
oxygen 227.3 420.6 8.0

observed. Considering the 5% weight loss as the beginning of
the degradation, it can be argued that the thermoset showed
higher thermal stability when the analysis was run in oxygen
atmosphere. Furthermore, looking at Ty, a significant
difference is present, with the thermoset losing 50% of its
mass at an 85 degrees higher temperature when the analysis
was conducted in oxygen rather than in nitrogen atmosphere.
The reason behind this behavior could be found in the possible
occurrence of oxygen-promoted reactions at high temperature.
For instance, the possible formation of a reactive species could
lead to new cross-linking reactions, likely resulting in a higher
thermal resistance. This hypothesis seems reasonable also
when looking at the degradation profiles, where the two first
degradation steps seem to partially coincide irrespective of
whether the analysis was performed in nitrogen or oxygen
atmosphere. In both atmospheres, these two steps occur at
very similar temperatures, namely at around 240 and 330 °C
respectively. However, in relation to the weight loss observed,
the second-step is much smaller when the degradation is
performed in oxygen atmosphere. At the same time the process
expands to somewhat higher temperature, which could indicate
formation of more stable species during the degradation
process. These species are finally degraded during the third
step, occurring at 500 °C.

Shape Memory and Self-Healing Properties. Previous
studies demonstrated that the presence of free surface carboxyl
and hydroxyl functionalities can lead to shape memory and
self-healing properties.”*® Therefore, the shape memory and
self-healing properties of the synthesized thermoset were also
evaluated.

First the thermoset was subjected to thermal treatment at
150 °C. Figure 8 shows how the planar and flexible thermoset
film changed shape during the thermal treatment. The new
shape was then retained when the material was cooled back to
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Figure 10. Schematic representation of possible mechanism behind the shape memory and self-healing capabilities.

room temperature. However, when heated again the thermoset
returned back to the original shape of planar film.

Finally, the self-healing capability of the thermoset was
evaluated by scratching the surface and then subjecting the
material to elevated temperature at 150 °C to facilitate the
chemical reactions leading to self-healing behavior. Figure 9
illustrates the scratched surface and the partially self-healed
material after the thermal treatment. It can be observed that
superficial scratches were repaired after 1 h heating at 150 °C,

while the deeper scratches partially remained.

Transesterification exchange reactions have been reported to
bear the main responsibility for self-healing and shape memory
properties of polyester-containing thermosets.’® Owing to the
formation of potentially reversible links at high temperatures,
the network structure can change while keeping the number of
chemical bonds constant. Unlike many other polyester-based
thermosets, the thermoset presented here can also benefit from
the presence of short hydrocarbon segments or cross-links that
are stable at temperatures around 150 °C. These nonaffected
bonds can give increased stability to the system and play a
crucial role in the shape memory properties, helping the system
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to go back to the initial shape by acting as a stable frame. In
addition, the greater flexibility of polyolefin structures with
respect to the polyester backbone can allow easier structural
rearrangement during the transesterification exchange reac-
tions. On the other hand, the stability of these bonds and their
inability to undergo transient reactions can restrict the self-
healing properties.

Figure 10 reports a schematic representation of the possible
mechanism behind shape memory and self-healing properties
of the prepared thermosets. Basically free hydroxy and carboxy
surface groups can combine through transesterification
exchange reactions at high temperatures, providing shape
memory and self-healing capabilities. Aliphatic polyolefin
segments can bend but not rearrange. This results in a
tendency of the material to go back to the initial shape. At the
same time it could hinder the recovery of deeper scratches, due
to the reduced mobility given by both the aromatic rings and
the shortness of these segments.

Antimicrobial Testing. Given the well-known antimicro-
bial properties of eugenol,?’7 as well as its successful
incorporation in antimicrobial polymeric systems,’® the
antimicrobial activity of the thermoset was investigated.
Antimicrobial activity against E. coli was tested, following the
protocol reported in the Experimental Section. However, no
significant inhibition was registered. The reason behind the
loss of activity of eugenol once incorporated in the thermoset
structure can be found in the loss of the allyl moiety after the
cross-linking reaction. The allyl group is necessary for the
interaction with microorganisms,39 therefore its reaction
inhibits its action.

B CONCLUSIONS

The synthesis and characterization of innovative high-perform-
ance thermoset starting from renewable feedstocks was
successfully demonstrated. Taking advantage of the emerging
DOX polymerization chemistry, a tailored monomer function-
alized by naturally occurring phenol, eugenol, was successfully
synthesized. The monomer was further polymerized and cured
in one-pot through the simultaneous polymerization of DOX
and reaction through eugenol double bonds leading to cross-
linked structure. The thermoset obtained proved to possess
outstanding mechanical properties and good thermal stability.
Microwave-assisted hydrothermal degradation in alkaline water
or methanol completely degraded the thermoset to water or
methanol soluble low molecular weight products, showing
recyclability back to functional intermediates. Structural
investigation of the degradation products allowed envisioning
the chemical structure of the thermoset indicating polylactide-
like chains cross-linked with aromatic—aliphatic segments
formed by reaction of the eugenol double bonds. The presence
of free hydroxyl and carboxyl groups gives a plausible
explanation to the disclosed shape memory and self-healing
properties of the thermoset through transesterification.
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