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Bio-based non-isocyanate poly(hydroxy
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As an alternative to the use of hazardous phosgene-based isocyanates for polyurethane preparation,
non-isocyanate poly(hydroxy urethanes) (PHU) based on 5-membered cyclic carbonates have been
developed. However, to date, most aromatic PHUs are oil-based or based on toxic precursors such as
bisphenol-A. In this work, bio-based non-isocyanate poly(hydroxy urethanes) (PHUs) prepared from
vanillin are reported for the first time. First, three different vanillin-derived bis-cyclic carbonates were
synthesized. Subsequently, each monomer was reacted with two different bis-amines to yield six
different PHUs, which were characterized in depth by *H and ™C NMR spectroscopy, FTIR, SEC and
DSC. PHUs based on vanillic acid were found to exhibit thermal properties superior to bisphenol
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A-based PHUs, with a T4 of around 66 °C. It is envisioned that vanillin-based PHUs could potentially be
a safer alternative to harmful bisphenol A-based PHUs and provide a useful strategy for CO,
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Introduction

Polyurethanes represent a highly versatile class of materials as a
consequence of their good physical and mechanical properties,
which are the result of the high density of intermolecular hydrogen
bonds." For this reason, coupled with the wide variety of available
monomers, polyurethanes are commonly used in a broad range of
applications, such as rigid and soft foams, coatings, adhesives,
sealants, elastomers and biomedical applications.>® In industty,
polyurethanes are typically prepared by the reaction between
diisocyanates and polyols,® catalyzed by toxic organometallic
compounds.™'®"" Although this strategy is highly efficient, it
also poses significant health and environmental risks."*** The
major issue is the use of intrinsically toxic diisocyanate mono-
mers. This is particularly important as the industrial produc-
tion of isocyanates uses phosgene as a precursor. Therefore,
non-isocyanate polyurethanes (NIPUs) have attracted great
interest in both academia and industry as an alternative to
the classical synthesis of polyurethanes."*
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revalorization, especially considering that vanillin is an abundant byproduct of Kraft lignin production.

One of the most promising strategies to bypass the use of
toxic isocyanates for the synthesis of polyurethanes is the
synthesis of NIPUs by reacting a bis-cyclic carbonate with a
bis-amine, which generates poly(hydroxy urethanes) (PHU)."*™°
Indeed, this reaction not only has 100% atom economy but also
benefits from the availability of a large portfolio of poly(cyclic
carbonate)s, which can be synthesized by a facile chemical [3+2]
CO, insertion into the corresponding epoxy precursor. This
reaction has been extensively studied and a plethora of metal-
based and organocatalytic methodologies have been reported.”*>
While there is no doubt about the reduced carbon footprint in
comparison with isocyanate chemistry, oil still is the main source
for the production of cyclic carbonates, especially those based
on aromatic precursors. This fact, combined with the growing
concern over global warming, represents a worrying challenge in
terms of energy and sustainability.”*® In this sense the develop-
ment of monomers with potential bio-based origin and good
performance is attracting a lot of attention as an alternative
towards a carbon-neutral and circular polymer industry.>*~’

Among all the renewable resources available, lignin repre-
sents one of the most abundant biopolymers as it is present in
all vascular plants along with cellulose and hemicellulose.***°
These three biopolymers are present in different distributions
depending on the plant. In the case of lignin, this percentage
range is from 25 to 35%."" Lignin is a cross-linked polymer
formed by copolymerization of three different monolignols
and, despite its heterogeneity, lignin can be envisaged as the
largest bio-based aromatic feedstock in nature. Depending on
the depolymerization process, a large variety of different added-
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value chemicals can be isolated from the depolymerization of
lignin.*" One of the compounds that can be isolated from lignin
depolymerization in the so-called Kraft process is vanillin.*?
This aromatic compound has been extensively used in many
applications, such as in the food industry as a flavoring, the
fragrance industry in perfumes and as intermediates in the
production of fine chemicals. Vanillin, with its aldehyde and
phenol functionality, represents a very versatile platform for the
synthesis of a plethora of monomers for polymer synthesis.
Boutevin and co-workers reported the synthesis of a total of 18
compounds with different classes of functionalities,** some of
which have been reported for the synthesis of epoxy resins**™*°
and polymers obtained by acyclic diene metathesis (ADMET)
polymerization.>*>!

The aromaticity of lignin and its derivatives can be highly
valuable for non-isocyanate polyurethane production, as it can
potentially increase the cohesion of polymer materials due to
strong m-interactions, which limit chain mobility.”** This can
lead to materials with properties analogous to those of oil-
based PUs, but with a “green” feedstock that has reduced
environmental impact.>**> The use of bio-based aromatic
precursors, such as vanillin, is even more interesting, due to
their reduced toxicity when compared to bisphenol-A, and due
to their natural occurrence, thus minimizing potential negative
impacts associated with plastic production.

Herein, following our interest in CO, revalorization®® along
with our experience in the synthesis of NIPUs,>”>® we present the
metal-free synthesis of three different bis-carbonates derived
from vanillin and the subsequent synthesis of novel bio-based
PHUs via step growth polymerization using 1,4-butanediamine
(BDA) and 1,6-hexamethylenediamine (HDMA). The effect of the
vanillin-based bis-carbonate structure and the length of the
diamine on the thermal properties of the PHUs is evaluated.

Experimental section
Material and methods

All commercially available starting materials were purchased
from Sigma-Aldrich, Alfa Aesar or Acros Organics and used as
received unless otherwise indicated. CO, was purchased from
Air Liquide (99.995%). NMR spectra were recorded on a Bruker
Avance 300 MHz spectrometer or Bruker Avance III HD 300 or
400 MHz spectrometer. Chemical shifts are reported in parts
per million (ppm) and referenced to the residual solvent signal
(CDCl;: 'H, § = 7.26 ppm, **C, § = 77.2 ppm, TMS: 'H, § =
0.00 ppm). Multiplicities are reported as s = singlet, brs = broad
singlet, d = doublet, dd = doublet of doublets, dt = doublet of
triplets, ddd = doublet of doublet of doublets, ddt = doublet of
doublet of triplets, t = triplet, tt = triplet of triplets q = quartet,
quint = quintet, m = multiplet. Multiplicity is followed by
coupling constant (/) in Hz and integration. Size exclusion
chromatography (SEC) was used to determine the number
average molar mass (M,) and dispersities (Py;) of the PHUs.
SEC analysis in DMF was conducted on a system composed
of a Varian 390-LC-Multi detector suite fitted with differential

2438 | Mater. Adv, 2023, 4, 2437-2448

View Article Online

Materials Advances

refractive index, light scattering and viscosimeter detectors
equipped with a guard column (Varian Polymer Laboratories
PLGel 5 uM, 50 x 7.5 mm) and two mixed D columns (Varian
Polymer Laboratories PLGel 5 uM, 300 x 7.5 mm). The mobile
phase was DMF containing 2% TEA + 0.01% of salt at a steady
flow rate of 1.0 mL min~". FT-IR spectra of PHUs were obtained
using a PerkinElmer Spectrum 100 FT-IR spectrometer. Ther-
mal characterization by differential scanning calorimetry (DSC)
was performed using Mettler Toledo DSC1 Star.

Synthesis of [HDBU]I

Ammonium iodide (970 mg, 6.69 mmol) was dissolved in
MeOH (6.7 mL, 1 M), then DBU (6 mL, 6.69 mmol) was added.
A reflux condenser was attached to the flask and the mixture
was heated up to reflux overnight. Solvent was evaporated and
the crude was recrystallized from CH,Cl,/hexane. A solid was
obtained (1.818 g, 6.49 mmol, 97%). Characterization data in
agreement with those reported previously'. "H NMR (300 MHz,
CDCl;) 6 8.46 (bs, 1H, N-H), 3.57-3.53 (m, 4H, NH-CH,-CH,-
CH,-N, C—~(CH,)s-CH,-N), 3.40-3.35 (broad quint, 2H, CH,-
NH), 2.93-2.90 (m, 2H, CH,-C), 2.06-1.99 (quint, 2H, *Jy_; =
5.9 Hz, CH,-CH,-NH), 1.79-1.73 (m, 6H, CH,~CH,-CH,). °C
APT NMR (75 MHz, CDCl;)  166.0 (C—=N), 54.8 (C—(CH,)s~
CH,-N), 48.9 (NH-CH,-CH,-CH,-N), 37.7 (CH,-NH), 32.7
(CH,—C), 28.7 (C-(CH,);~CH,-CH,-N), 26.5 (CH,~CH,-C), 23.7
(C—~(CH,),~CH,-CH,-CH,-N), 19.2 (CH,-CH,-NH).

Synthesis of methoxyhydroquinone (2)

A two-necked RBF was charged with a solution of vanillin (15.00 g,
98.6 mmol) in THF (395 mL). Deionized water (158 mL) was then
added. The mixture was degassed with N,. Sodium percarbonate
(NayCO;5-1.5H,0,, 17.03 g, 108.4 mmol) was then added in por-
tions under N, and agitation. The reaction was stirred for 3 h at
room temperature. Portions of a HCI solution (0.1 mol L") were
added to the mixture under vigorous stirring until pH = 3 was
reached to quench the reaction. The volatiles were evaporated and
the aqueous phase was extracted with EtOAc. The organic phases
were collected, washed with brine, dried over anhydrous Na,SO,
before the EtOAc was removed under reduced pressure. A white
solid was obtained (12.16 g, 86.77 mmol, 88%). Characterization
data in agreement with those reported previously.> "H NMR
(300 MHz, DMSO) 6 8.69 (s, 1H, CH;0-C—C-OH), 8.10 (s, 1H,
CH;0-C-CH—C-OH), 6.54 (d, 1H, J;;4; = 8.4 Hz, CH;0-C—
C-CH), 6.35 (d, 1H, ¥ = 2.5 Hz, CH;0-C-CH), 6.14 (dd, 1H,
Y = 2.5 Hz, %1y = 8.4 Hz, CH;0-C—C-CH=—CH), 3.69 (s, 3H,
OCHj3). *C APT NMR (75 MHz, DMSO) § 150.3 (CH;0-C-CH—
C-OH), 148.1 (CH3;0-C), 138.7 (CH;0-C—C-OH), 115.7 (CH;0-
C=—C-CH), 106.2 (CH;0-C—C-CH=—CH), 100.7 (CH;0-C-CH),
55.4 (CH,).

Synthesis of vanillyl alcohol (4)

Vanillin (15.00 g, 98.6 mmol) was dissolved in MeOH (300 mL)
and the mixture was cooled down with an ice-bath. NaBH,
(7.46 g, 197.15 mmol) was added to the previous mixture in
small portions. Once the addition was finished, the mixture
was diluted with EtOAc and extracted 3 times before organic

© 2023 The Author(s). Published by the Royal Society of Chemistry
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layers were combined and washed with NH,Cl, brine and dried
over Na,SO,. The EtOAc was removed by evaporation and the
afforded solid was dried under high vacuum. A white solid was
obtained (13.83 g, 89.73 mmol, 91%). Characterization data
was in agreement with those reported previously.®> '"H NMR
(300 MHz, DMSO) 6 8.78 (s, 1H, CH;0-C—C-OH), 6.88 (s, 1H,
CH;0-C—C-CH=—CH), 6.71-6.70 (m, 2H, CH,0-C—C-CH,
CH;0-C-CH) 5.00 (t, 1H, *f;y = 5.7 Hz, CH,-OH), 4.38
(d, 2H, *J4_u = 5.7 Hz, HO-CH,), 3.75 (s, 3H, OCHj3). >C NMR
(75 MHz, DMSO) ¢ 147.4 (CH30-C), 145.3 (CH;0-C—C-OH),
133.5 (CH;0-C-CH—C-CH,0H), 119.1 (HO-CH,-C-CH—CH),
115.1 (HO-CH,~C-CH=—CH), 111.0 (CH;0-C-CH), 63.0 (HO-CH,),
55.4 (CHg).

General method for the synthesis of bis-epoxide (5)

A RBF was charged with vanillyl alcohol (5 g, 32.43 mmol) and
TEBAC (739 mg, 3.24 mmol). Epichlorohydrin (25.6 mL,
324.32 mmol) was added and the mixture was stirred for 4 h
until a slightly pink solution was obtained. This solution was
cooled down to 0 °C with an ice bath. A NaOH solution (19.5 g,
486 mmol) in deionized water (39 mL) was poured into the cold
mixture under vigorous stirring. The reaction was conducted
overnight at room temperature (ice bath was left to melt over
time). Deionized water was added to the mixture to dilute 4 times
the NaOH solution. An equal volume of EtOAc was added. The
mixture was stirred and the aqueous solution was extracted 2 more
times with EtOAc. The organic phases were combined, rinsed with
brine and dried over anhydrous Na,SO,. EtOAc and excess
epichlorohydrin were removed under high vacuum. Further
purification was achieved by recrystallization in EtOAc. A white
solid was obtained (5.82 g, 21.73 mmol, 67%). Characterization
data was in agreement with those reported previously.” "H NMR
(300 MHz, CDCl;) § 6.91-6.83 (m, 3H, CH;0-C-CH, CH;0-C—
C-CH, CH;0-C—C-CH=—CH), 4.51 (q, 2H, *J;;; = 11.6 Hz, CH;0-
C-CH=C-CH,), 4.25-4.20 (m, 1H, CH;0-C—C-O-CH,,) 4.05-4.00
(m, 1H, CH;0-C-CH—C-CH,-O-CH,), 3.87 (s, 3H, CHj), 3.78-3.73
(m, 1H, CH;0-C—C-O-CH,), 3.41-3.37 (m, 2H, CH,0-C-CH—
C-CH,-O-CH,-CH, CH;0-C—C-O-CH,-CH) 3.18-3.16 (m, 1H,
CH,;0-C-CH—C-CH,-O-CH,,), 2.90-2.78 (m, 2H, CH;0-C—C-O-
CH,-CH-CH,,, CH;0-C-CH—C-CH,-O-CH,-CH-CH}), 2.74-2.59
(m, 2H, CH;0-C—C-0-CH,~CH-CH,, CH;0-C-CH—C-CH,-O-
CH,~CH-CH,). "*C APT NMR (75 MHz, CDCl;) § 149.8 (CH;0-C),
147.8 (CH;0-C—C), 131.7 (CH;0-C-CH—C), 120.5 (CH;0-C—C-
CH=—CH), 114.1 (CH;0-C-CH), 111.8 (CH,0-C—C-CH), 73.3
(CH;0-C-CH—C-CH,), 70.8 (CH;0-C—C-O-CH,), 70.4 (CH;0-
C-CH—C-CH,-O-CH,) 56.0 (CH;), 51.0 (CH;0-C—C-O-CH,-
CH), 50.3 (CH;0-C-CH=—C-CH,~-O-CH,~CH), 45.1 (CH;0-C=—C-
0-CH,-CH-CH,), 44.4 (CH;0-C-CH—C-CH,-O-CH,~-CH-CH,).

General method for the synthesis of bis-epoxides (6) and (7)

A RBF was charged with methoxyhydroquinone (8.33 g,
59.47 mmol) and TEBAC (1.36 g, 5.95 mmol). Epichlorohydrin
(46.5 mL, 594 mmol) was added and the mixture was heated to
80 °C and stirred for 1 h. The solution was cooled down to room
temperature. An aqueous solution of TEBAC (1.36 g, 5.95 mmol)
and NaOH (9.50 g, 237.9 mmol) in deionized water (48 mL) was
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added before the mixture was stirred for 30 minutes at room
temperature. EtOAc (50 mL) and deionized water (50 mL) were
then added. The mixture was stirred, and the aqueous phase
was extracted with EtOAc. The organic phases were combined,
rinsed with brine and dried over Na,SO,. Ethyl acetate and
excess epichlorohydrin were removed under high vacuum.
Further purification was achieved by recrystallization from
EtOAc. A white solid was obtained (10.80 g, 42.82 mmol, 72%).
Bis-epoxide (7) was prepared following the same procedure
depicted above. A white solid was obtained (12.22 g, 50.55 mmol,
85%). Characterization data was in agreement with those
reported previously.” "H NMR (300 MHz, CDCl;) J 6.86 (d, 1H,
*yu = 8.7 Hz, CH;0-C—C-CH), 6.56 (d, 1H, “Jyy; = 2.6 Hz,
CH;0-C-CH), 6.38 (dd, 1H, */y_y = 2.7 Hz, ¥J;_; = 8.7 Hz, CH;30-
C=C-CH=CH), 4.20-4.15 (m, 2H, CH;0-C=C-0-CH,,, CH;0-
C-CH=C-0-CH,), 3.99-3.91 (m, 2H, CH;0-C—C-O-CH,,
CH;0-C-CH—C-O-CH,)), 3.84 (s, 3H, CH;), 3.33 (m, 2H,
CH;0-C—C-O-CH,-CH, CH;0-C-CH—C-O-CH,-CH), 2.91-
2.85 (m, 2H, CH;0-C—C-O-CH,-CH-CH,, CH;0-C-CH—
C-O-CH,-CH-CH,), 2.75-2.70 (m, 2H, CH;0-C—C-O-CH,-
CH-CH,, CH3;0-C-CH=C-O-CH,-CH-CH,). *C APT NMR
(75 MHz, CDCl;) 6 154.2 (CH;0-C-CH—C), 151.0 (CH;0-C),
142.8 (CH;0-C—C), 116.0 (C° CH;0-C—C-CH), 104.3 (CH;0-
C—C-CH—CH), 101.4 (CH;0-C-CH), 71.5 (CH;0-C—C-O-
CH,), 69.4 (CH;0-C-CH—C-O-CH,), 56.0 (CH3), 50.5 (CH;0-
C—C-0-CH,-CH), 50.3 (CH30-C-CH—C-O-CH,-CH), 45.0
(CH;0-C—C-0-CH,~CH-CH,), 44.8 (CH;0-C-CH—C-O-CH,-
CH-CH,).

General method of the synthesis of bis-cyclic carbonates (8-10)

The corresponding bis-epoxide (24.97 mmol) was dissolved in
DMF (25 mL) in a cylindrical glass vessel. To this mixture
[HDBUTI (699 mg, 2.50 mmol) was added before it was placed
in a stainless steel autoclave. The autoclave was subsequently
sealed and filled to a pressure of 3 MPa of CO,. The autoclave
was heated to 110 °C using an oil bath for 48 h. After 48 h the
autoclave was allowed to cool down in an ice bath and the CO,
was vented. The crude reaction mixture was diluted in EtOAc
(150 mL) and transferred to a separation funnel. Distilled water
(150 mL) was added and aqueous phase was extracted three times.
The organic layers were combined and washed with brine, then
dried over Na,SO,, filtered and concentrated under vacuum.
Compounds 9 and 10 were further purified by recrystallization
in EtOAc and compound 8 was further purified by flash column
chromatography using a mixture of ethyl acetate/hexane.

4-((2-methoxy-4-(((2-ox0-1,3-dioxolan-4-yl)methoxy)methyl)
phenoxy)methyl)-1,3-dioxolan-2-one (8)

A slightly yellow oil was obtained and further purified by flash
column chromatography (6.97 g, 20.48 mmol, 82%). Character-
ization data was in agreement with those reported in the
literature.> "H NMR (300 MHz, DMSO) § 6.98 (d, 2H, *Jy 4 =
8.2 Hz, CH;0-C-CH, CH;0-C—C-CH), 6.85 (d, 1H, *J_y =
8.1 Hz, CH;0-C—C-CH—CH), 5.13-5.12 (m, 1H, CH;0-C—
C-O-CH,~CH), 4.96-4.94 (m, 1H, CH;0-C-CH—C-CH,-O-
CH,-CH), 4.62 (t, 1H, °Jyyy = 8.5 Hz, CH;0-C-CH—C-O-
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CH,-CH-CH,), 4.55-4.48 (m, 3H, CH;0-C-CH=C-CH,, CH;0~
C-CH=C-0O-CH,-CH-CH,), 4.42-4.37 (m, 1H, CH;0-C-
CH—C-CH,-O-CH,-CH-CH,), 4.31-4.14 (m, 3H, CH;0-
C—=C-0-CH,, CH;0-C-CH—C-CH,-O-CH,-CH-CH,), 3.87
(s, 3H, CH3), 3.70-3.56 (m, 2H, CH;0-C-CH=—C-CH,-O-CH,).
BC APT NMR (75 MHz, DMSO) § 155.0 (CH;0-C-CH=C-O-
CH,-CH-0OCO,, CH;0-C—C-CH,-O-CH,-CH-0CO,), 149.2
(CH;0-C), 147.0 (CH;0-C-CH=—C-CH,), 131.7 (CH;0-C-
CH=—C), 120.0 (CH3;0-C—C-CH=CH), 114.4 (CH;0-C—C-
CH), 112.0 (CH30-C-CH), 75.5 (CH30-C-CH—C-CH,-O-
CH,-CH), 75.0 (CH;0-C—=C-O-CH,~CH), 72.1 (CH;0-C-CH=—
C-CH,), 68.9 (CH;0-C—C-O-CH,) 68.8 (CH;0-C-CH—C-
CH,-0O-CH,), 66.2 (CH;0-C-CH=—C-CH,-O-CH,-CH-CH,),
66.0 (CH;0-C—C-0-CH,-CH-CH,), 55.6 (CH3).

4,4'-(((3-methoxy-1,4-phenylene)bis(oxy))bis(methylene))
bis(1,3-dioxolan-2-one) (9)

A white solid was obtained (6.60 g, 20.23 mmol, 81%). Char-
acterization data was in agreement with those reported in the
literature.> "H NMR (300 MHz, DMSO) § 6.93 (d, 1H, *J;;1; = 8.8 Hz,
CH,;0-C=C-CH), 6.63 (d, 1H, *Jz_y; = 2.6 Hz, CH;0-C-CH), 6.47
(dd, 1H, Yy = 2.7 Hz, ¥y = 8.7 Hz, CH;0-C—=C-CH=CH),
5.14-5.07 (m, 2H, CH;0-C-CH=—C-O-CH,-CH, CH;0-C—C-
0-CH,-CH), 4.65-4.58 (m, 2H, CH;0-C=—C-O-CH,-CH-CH),
CH;0-C-CH—C-0-CH,-CH-CH,,), 4.42-4.35 (m, 2H, CH;0-
C—=C-0O-CH,-CH-CH,, = CH;0-C-CH=C-0-CH,-CH-CH,),
4.27-4.06 (m, 4H, CH;0-C—C-0-CH,, CH;0-C-CH—=C-O-
CH,) 3.76 (s, 3H, CH;). *C APT NMR (75 MHz, DMSO)
161.9 (CH3;0-C-CH=C-0O-CH,-CH-0OCO,, CH;0-C=C-O-
CH,-CH-0CO,), 153.6 (CH30-C-CH=C), 150.5 (CH;0-C),
142.1 (CH;0-C-CH=C-CH,), 116.3 (CH;0-C—C-CH), 104.8
(CH3;0-C=C-CH=CH), 101.3 (CH30-C-CH), 75.1 (CH;O-
C—C-0-CH,-CH), 74.9 (CH;0-C-CH=—C-O-CH,-CH), 69.7
(CH3;0-C=C-0O-CH,), 67.9 (CH30-C-CH=—C-O-CH,), 66.0
(CH;0-C=C-0-CH,-CH-CH,), 65.9 (CH;0-C-CH=—C-O-
CH,-CH-CHy,), 55.7 (CH3).

(2-ox0-1,3-dioxolan-4-yl)methyl 3-methoxy-4-((2-oxo-1,3-
dioxolan-4-yl)methoxy)benzoate (10)

A white solid was obtained (7.61 g, 20.48 mmol, 82%). Char-
acterization data was in agreement with those reported in the
literature.” "H NMR (300 MHz, DMSO) § 7.57 (dd, 1H, Yy =
1.7 Hz, %}y = 8.4 Hz, CH;0-C—=C-CH=CH, 7.47 (d, 1H,
Yuu = 1.7 Hz, CH30-C-CH), 7.15 (d, 1H, *Jyy = 8.5 Hz,
CH;0-C=C-CH), 5.19-5.17 (m, 2H, CH;0-C—=C-0O-CH,-CH,
CH;0-C-CH=C-CO,-CH,~CH), 4.67-4.61 (m, 2H, CH;0-C-
CH—C-O-CH,-CH-CHj, CH;0-C-CH=—C-CO,-CH,-CH-
CH,), 4.52-4.32 (m, 6H, CH;0-C-CH=C-O-CH,-CH-CH,,
CH,;0-C—C-0-CH,, CH,;0-C—C-O-CH,, CH;0-C-CH—C-
CO,-CH,-CH-CH,,), 3.82 (s, 3H, CH;). *C APT NMR (75 MHz,
DMSO) & 164.4 (CH;0-C-CH—C-CO,), 154.9 (CH;0-C-
CH—C-0-CH,-CH-0CO,), 154.7 (CH30-C—C-CO,-CH,-CH-
0CO,), 151.9 (CH;0-C-CH=C-CH,), 148.8 (CH;0-C), 123.1
(CH;0-C=C-CH=CH), 122.1 (CH;0-C-CH=C), 113.0
(CH;0-C-CH), 112.4 (CH;0-C=C~CH), 74.7 (CH;0-C=C-O-
CH,-CH), 74.4 (CH3;0-C-CH—C-CO,-CH,-CH), 68.4 (CH;0-
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C=C-0-CH,), 66.4 (CH3;0-C—C-O-CH,-CH-CH,), 65.9
(CH30-C-CH=—C-CO0,-CH,-CH-CH,), 64.3 (CH;0-C-CH—C-
CO,-CH,), 55.7 (CH3).

General method of the synthesis of PHUs

In a vial, equimolecular amounts of bis-amine and bis-carbonate
were dissolved in DMSO (1 mL). The mixture was heated up to
80 °C for 24 h in an oil bath. Then, the mixture was allowed to
cool down before being precipitated into CH,Cl, in a falcon tube.
The suspension was centrifuged and CH,Cl, was decanted. The
polymer obtained was dried under high vacuum affording a solid
foam. Detailed procedures are available in the ESL}

The detailed synthetic procedures of all the compounds
together with their "H and "*C NMR analysis results are avail-
able in the ESL.}

NIPU 11

'H NMR (300 MHz, DMSO) § 7.20-7.08 (m, 2H, NH-CO,), 6,93—
6.90 (m, 2H, CH;0-C-CH—C-CH—CH), 6.83-6.80 (s, 1H,
CH,0-C—=C-CH=CH), 5.19 (s, 1H, CH;0-C-CH=—C-CH,-O-
CH,-CH-OH), 4.96 (s, 1H, CH;0-C—C-O-CH,-CH-CH,-OH),
4.89-4.71 (m, 1H, CH;0-C—C-O-CH,~CH), 4.39 (m, 2H, CH;0-
C=—C-CH,), 4.00-3.89 (m, 7H, CH;0-C-CH=—C-CH,-O-CH,-
CH-CH,,-O-CONH, CH;0-C—C-O-CH,-CH-CH,-OH), 3.74
(m, 3H, CH,0), 3.57, (s, 1H, CH;0-C-CH=C-CH,-O-CH,~CH-
OH), 2.95-2.93 (m, 4H), 1.36-1.22 (m, 8H, CH,~CH,-NH-CO,).
3C APT NMR (75 MHz, DMSO) J 156.2 (CH;0-C—=C-O-CH,-
CH-O-CONH), 149.0 (CH;0-C—C), 147.4 (CH;0-C), 131.3
(CH30-C-CH=—C), 120.0 (CH3;0-C—C-CH—CH), 113.3 (CH;0-
C=C-CH), 111.9 (CH;0-C~CH), 72.2 (CH;0-C=C-0O-CH,), 71.3
(CH;0-C-CH=C-CH,), 70.3 (CH;0O-C-CH=—C-CH,-O-CH,-
CH-CH,), 67.8 (CH;0-C—C-O-CH,-CH,), 67.3 (CH;0-C-
CH=—C-CH,-O-CH,-CH), 65.5 (CH;0-C—C-O-CH,-CH,-CH-
CH,), 65.1 (CH;0-C-CH=—C-CH,-O-CH,), 55.5 (CH;0), 40.2
(CH,-NH-CO,), 29.4 (CH,-CH,-NH-CO,), 26.0 (CH,~CH,-
CH,-NH-CO,). M, = 20000 g mol ™ *, By = 1.50 (determined by
SEC analysis in DMF against poly(styrene) (PS) standards using
RI detection).

NIPU 12

'H NMR (300 MHz, DMSO) § 7.15-7.13 (m, 2H, NH-CO,), 6,92~
6.90 (m, 2H, CH3;0-C-CH=C-CH=CH), 6.83-6.81 (s, 1H,
CH;0-C=C-CH=CH), 5.20 (s, 1H, CH;0-C-CH=C-CH,-O-
CH,-CH-OH), 4.96 (s, 1H, CH;0-C—=C~0O-CH,-CH-CH,-OH),
4.85-4.73 (m, 1H, CH;0-C-CH=C-CH,-O-CH,-CH-CHyy,,-O-
CONH), 4.39 (m, 2H, CH;0-C—C-CH,) 4.00-3.89 (m, 7H,
CH,0-C-CH=C-CH,-0-CH,-CH-CH,,;~O-CONH,  CH,;O-
C=C-0-CH,-CH-CH,-OH), 3.75 (m, 3H, CH;0), 3.57, (s, 1H,
CH;0-C-CH=C-CH,-O-CH,-CH-OH), 2.94 (m, 4H), 1.36
(m, 4H, CH,~CH,-NH-CO,). *C APT NMR (75 MHz, DMSO) §

156.2 (CH3;0-C—=C-O-CH,-CH-O-CONH), 149.0 (CH;O-
C=C), 147.4 (CH;0-C), 131.3 (CH;0-C-CH=C), 120.0
(CH;0-C—=C-CH=CH), 113.2 (CH;0-C=C-CH), 111.8

(CH;0-C-CH), 72.2 (CH;0-C—C-O-CH,), 71.3 (CH,0-C-
CH—C-CH,), 70.3 (CH;0-C-CH—C-CH,-O-CH,-CH-CH,),
67.9 (CH;0-C—C-O-CH,-CH,), 67.3 (CH;0-C-CH—C-CH,-

© 2023 The Author(s). Published by the Royal Society of Chemistry
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0-CH,—-CH), 65.5 (CH;0-C—C-O-CH,-CH,~CH-CH,), 65.2
(CH;0-C-CH—C-CH,-O-CH,), 55.5 (CH;0), 40.2 (CH,-NH-
CO,), 28.7 (CH,-CH,-NH-CO,). M,, = 7,000 g mol ', By =
1.71 (determined by SEC analysis in DMF against poly-
(styrene) (PS) standards using RI detection).

NIPU 13

'H NMR (300 MHz, DMSO) § 7.20-7.10 (m, 2H, NH-CO,), 6,85
(d, 1H, *fiy1; = 8.8 Hz, CH;0-C=C-CH), 6.56 (s, 1H, CH;0-C~
CH), 6.42-6.38 (m, 1H, CH;0-C—=C-CH=CH), 5.19 (s, 1H, CH;0-
C=C-0-CH,-CH-CH,-OH), 5.13 (s, 1H, CH30-C-CH=—C-O-
CH,-CH-OH), 4.91-4.81 (m, 1H, CH;0-C—=C-O-CH,-CH-CH,~
OH), 4.06-3.78 (m, 8H, CH;0-C-CH=C-O-CH,~CH-CH,-O-
CONH, CH;0-C—C-O-CH,-CH-CH,-OH), 3.74 (m, 3H, CH;0),
3.57, (s, 1H, CH30-C-CH—C-O-CH,~CH-OH), 2.94 (d, 4H,
*Jn = 6.4 Hz, CH,-NH-CO,), 1.36-1.22 (m, 8H, CH,~CH,-NH-
CO,). >C APT NMR (75 MHz, DMSO) § 156.2 (CH;0-C=C-O-
CH,-CH-O-CONH), 153.6 (CH3;0-C-CH=C), 150.2 (CH;0-C),
142.3 (CH3;0-C=C), 115.2 (CH;0-C=C-CH), 104.3 (CH,O-
C—C-CH—CH), 101.1 (CH;0-C-CH), 71.2 (CH;0-C-CH—C-O-
CH,-CH-CH,), 69.7 (CH,0-C—C-O-CH,), 67.4 (CH;0-C-
CH=C-O-CH,~CH), 65.1 (CH;0-C—C-O-CH,-CH), 55.6 (CH;0),
40.2 (CH,-NH-CO,), 29.4 (CH,-CH,-NH-CO,), 26.0 (CH,~CH,~
CH,-NH-CO,). M, = 17000 g mol ', Py = 1.76 (determined by
SEC analysis in DMF against poly(styrene) (PS) standards using RI
detection).

NIPU 14

'H NMR (300 MHz, DMSO) § 7.22-7.16 (m, 2H, NH-CO,), 6,85
(d, 14, *Jy_y = 8.7 Hz, CH;0-C—C-CH), 6.56 (s, 1H, CH;0-C~
CH), 6.42-6.39 (m, 1H, CH;0-C—=C-CH=—CH), 5.21 (s, 1H,
CH;0-C=C-0O-CH,-CH-CH,-0H), 5.16 (s, 1H, CH;0-C-
CH=C-0-CH,-CH-OH), 4.93-4.84 (m, 1H, CH30-C=C-O-
CH,-CH-CH,-OH), 4.02-3.82 (m, 8H, CH;0-C-CH=C-O-
CH,-CH-CH,-O-CONH, CH;0-C—=C-0-CH,-CH-CH,-OH),
3.74 (m, 3H, CH;0), 3.56, (s, 1H, CH;0-C-CH=C-O-CH,~
CH-OH), 2.95 (d, 4H, *Jy_y = 6.4 Hz, CH,-NH-CO,), 1.36 (m,
4H, CH,-CH,~NH-CO,). *C APT NMR (75 MHz, DMSO) § 156.2
(CH;0-C=C-0-CH,-CH-O-CONH), 153.6 (CH;0-C-CH=C),
150.2 (CH30-C), 142.3 (CH30-C—=C), 115.2 (CH;0-C=C-CH),
104.3 (CH;0-C—C-CH=—CH), 101.1 (CH;0-C-CH), 71.2
(CH30-C-CH=C-0O-CH,-CH-CH,), 69.7 (CH3;0-C—=C-O-
CH,), 67.4 (CH;0-C-CH=C-O-CH,-CH), 65.2 (CH3;0-C=C-
0-CH,-CH), 55.6 (CH;0), 40.0 (CH,-NH-CO,), 26.8 (CH,~-CH,~
NH-CO,). M, = 14000 g mol', Py, = 1.86 (determined by SEC
analysis in DMF against poly(styrene) (PS) standards using RI
detection).

NIPU 15

'H NMR (300 MHz, DMSO) § 7.61-7.49 (m, 2H, CH;0-C-
CH—C-CH—CH), 7.13-7.06 (m, 3H, CH;0-C-CH—C-CH,
NH-CO,), 5.30 (s, 1H, CH,0-C-CH=—C-CO,-CH,-CH-OH),
4.94 (s, 1H, CH;0-C—C-0O-CH,-CH-CH,-OH), 4.19 (s, 2H,
CH;0-C-CH=—C-CO0,-CH,), 4.00 (s, 6H, CH;0-C-CH—C-
C0,-CH,-CH-CH,, CH;0-C—C-O-CH,-CH-CH,), 3.82 (m,
3H, CH;0), 3.59, (s, 1H, CH;0-C-CH—C-CO,-CH,-CH), 2.93
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(s, 4H, CH,-NH-CO,), 1.35-1.21 (m, 8H, CH,~CH,-CH,-NH-
CO,). *C APT NMR (75 MHz, DMSO) 6 165.4 (CH;0-C-CH=—C~
C0,), 156.1 (CH;0-C=C-0-CH,-CH-O-CONH), 152.3 (CH,0-
C—C), 148.6 (CH;0-C), 122.0 (CH;0-C-CH—C), 112.2 (CH,;0-
C-CH, CH;0-C-CH=C-CH=—CH), 70.1 (CH;0-C-CH=
C-CO,-CH,-CH-CHj,), 70.0 (CH;0-C—=C-0-CH,), 67.1 (CH;0-
C-CH—C-0-CH,-CH), 66.7 (CH;0-C-CH=—C-CO,-CH,-CH),
65.0 (CH;0-C-CH=—C-CO,-CH,-CH-CH,), 64.9 (CH;0-C—C-
O-CH,-CH-CH,), 55.7 (CH30), 40.2 (CH,-NH-CO,), 29.4
(CH,~CH,-NH-CO,), 26.0 (CH,~CH,-CH,-NH-CO,). M, =
13000 g mol™', Py = 2.00 (determined by SEC analysis in
DMTF against poly(styrene) (PS) standards using RI detection).

NIPU 16

'H NMR (300 MHz, DMSO) § 7.61-7.44 (m, 2H, CH;0-C-
CH=C-CH=—CH), 7.25-7.06 (m, 3H, CH3;0-C-CH—C-CH,
NH-CO,), 5.33-5.29 (m, 1H, CH;0-C-CH—C-CO,-CH,-CH-OH),
4.99-4.94 (s, 1H, CH;0-C—C-O-CH,~CH-CH,-OH), 4.21-4.17 (s,
2H, CH;0-C-CH=—C-CO,-CH,), 4.00 (s, 6H, CH;0-C-CH—C-
C0,-CH,-CH-CH,, CH,;0-C—=C-O-CH,~CH-CH,), 3.82 (m, 3H,
CH,0), 3.59, (s, 1H, CH;0-C-CH—C-CO,-CH,~CH), 2.93 (s, 4H,
CH,-NH-CO,), 1.36 (s, 4H, CH,~CH,-NH-CO,). ">C APT NMR (75
MHz, DMSO) § 165.4 (CH;0-C-CH—C-CO,), 156.2 (CH;0-C—C-~
O-CH,-CH-O-CONH), 152.3 (CH;0-C—C), 148.5 (CH;0-C), 123.3
(CH;0-C-CH=C-CH), 122.0 (CH;0-C-CH=C), 112.1 (CH,;0-C-
CH=C-CH=CH), 70.2 (CH;0-C-CH=—C-CO,-CH,~CH-CH,),
70.1 (CH;0-C—C-0-CHy,), 67.1 (CH;0-C-CH=—C-CO,~CH,~CH),
66.7 (CH;0-C-CH—C-O-CH,-CH), 65.7 (CH;0-C-CH—
C-C0,-CH,-CH-CH,), 65.0 (CH;0-C—C-O-CH,-CH-CH,), 55.6
(CH;0), 40.0 (CH,-NH-CO,), 26.7 (CH,~-CH,-NH-CO,). M, =
12000 g mol ™!, Py = 1.92 (determined by SEC analysis in DMF
against poly(styrene) (PS) standards using RI detection).

Characterization

NMR spectra were recorded on a Bruker Avance 300 MHz
spectrometer or Bruker Avance III HD 300 or 400 MHz spectro-
meter on DMSO-ds. Size exclusion chromatography (SEC) was
conducted on systems composed of a Varian 390-LC-Multi
detector suite fitted with differential refractive index (RI), light
scattering, and ultraviolet detectors, equipped with a guard
column (Varian Polymer Laboratories PLGel 5 pM, 50 X
7.5 mm) and two mixed D columns (Varian Polymer Labora-
tories PLGel 5 uM, 300 x 7.5 mm). The mobile phase used was
dimethylformamide (DMF) with a flow rate of 1.0 mL min™".
SEC samples were calibrated against Varian Polymer Labora-
tories Easi-Vials linear poly(styrene) standards (10°-10° g mol ).
Differential scanning calorimetry (DSC) analysis was performed
using a Mettler Toledo DSC1 star system. DSC heating and
cooling curves were run in duplicate from —100 °C to 200 °C
in series under a nitrogen atmosphere at a heating rate of
410 °C min " in a 40 pL aluminum crucible. FTIR spectra were
obtained using a PerkinElmer Spectrum 100 FT-IR spectrometer.
Spectra were acquired with 16 scans, spectral window of 600 to

4000 cm ™Y, and a resolution of 2 ecm ™.
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Results and discussion

The aromatic aldehyde functional group of vanillin, 1, can
undergo different reduction and oxidation reactions to render
three different platform functionalities (Scheme 1): (a) 2-
methoxyhydroquinone, 2, via a Dakin reaction,” (b) aldehyde
reduction with NaBH, to render a vanillyl alcohol, 4, (c)
aldehyde oxidation to obtain vanillic acid, 3. As vanillic acid
is commercially available it was used directly. Compounds 2
and 4 were obtained with high yields (88 and 91% respectively)
following procedures previously reported in the literature.***°
Sodium percarbonate is a more sustainable oxidizing agent as
compared to other analogous reagents such as peroxyacetic
acid, peroxybenzoic acid or mCPBA. Glycidyl ether intermedi-
ates 5-7 were obtained with moderate to high yields (67-85%)
following a previously reported procedure (Scheme 1).>° Finally,
bis-cyclic carbonates 8-10 derived from vanillin were efficiently
prepared (81-82% yield) from the corresponding bis-glycidyl
compounds through a metal-free CO, insertion methodology

View Article Online

Materials Advances

inspired by previous work from our group.’® Overall, bis-
carbonate monomers 8-10 derived from vanillin were success-
fully prepared with overall yields ranging between 50-70% and
characterized by 'H and "*C NMR spectroscopy (Scheme 1).

After successful synthesis of three different bis-carbonate
vanillin derivatives 8-10, six different PHU formulations were
subsequently prepared by reacting each bis-carbonate mono-
mer with two different bis-amines, 1,4-butanediamine (BDA)
and 1,6-hexamethylenediamine (HDMA). Polymerizations were
carried out using DMSO as solvent, at 80 °C, for 24 h. As
compound 10 has an ester functionality, control over the
reaction temperature is important in order to avoid ester
aminolysis.® Therefore, polymerizations were conducted at
80 °C to ensure the chemoselective reaction between bis-
amines and bis-carbonates, leading to satisfactory formation
of PHUs (Scheme 2).

The obtained PHUs were characterized by FT-IR spectro-
scopy along with "H and *C NMR spectroscopy and SEC
analysis. The thermal properties were studied using DSC

o o«
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Scheme 1 Synthetic route for the synthesis of functional bis-carbonates derived from vanillin: (a) vanillin alcohol-based bis-carbonate, (b)
hydroquinone-based bis-carbonate, and (c) vanillin acid-based bis-carbonate.
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Scheme 2 Synthesis of vanillin-based non-isocyanate poly(hydroxyurethanes): (a) vanillin alcohol-based PHU, (b) hydroquinone-based PHU, and (c)

vanillin acid-based PHU.

analysis. "H NMR spectroscopy confirmed the formation of the
desired PHUs (Fig. 1). On the one hand, the disappearance of
the o protons (6 = 5.12, 4.61 and 4.39 ppm) with respect to the
carbonate functionalities was observed. On the other hand,
three new characteristic signals appeared. Between ¢ = 7.20-
7.10 ppm a peak corresponding to the proton of the new
carbamate functionality appeared. In the range of 6 = 5.21-
5.16 ppm signals corresponding to the formation of primary
and secondary alcohols were also observed. Finally, a signal
around J = 2.95 ppm appeared which was attributed to the
methylene protons in the o position with respect to the -NH-
moiety of the newly formed urethane functionality. In this
paper the PHUs 11, 13 and 15 are based on the HDMA, while
the PHUs 12, 14 and 16 are based on BDA.

The analysis of the obtained material by FT-IR spectroscopy
further confirmed the success of the polymerization (Fig. 1). In
all examples the same trend was observed, the peak corres-
ponding to the carbonate functionality of each monomer (i.e.
based on vanillyl alcohol, 1779 ecm ™", hydroquinone, 1783 cm™ %,
vanillic acid, 1779 ecm™' and 1798 cm™') disappeared and
two new signals appeared. Broad signals around 3300 cm "
were observed, which were attributed to the newly formed
primary and secondary alcohol functionalities in the PHU

© 2023 The Author(s). Published by the Royal Society of Chemistry

and the -NH- stretching vibration in the carbamate moiety. A
second signal appeared around 1684-1689 cm ™ * depending on
the starting material, which corresponds to the C—=0 deforma-
tion vibration in the formed carbamate moiety.

Molecular weight distributions were determined by SEC
using DMF as solvent (Table 1). Molecular weight (M,) values
obtained were between 7.0-20.0 kDa and dispersities (Py,) were
between 1.50-2.00, as expected for step growth polymerizations
(Fig. 2). Thermal characterization performed by DSC showed a
glass transition temperature (T,) in all formulations in a range
between 41-66 °C (Fig. 3). The fact that the PHUs present
similar values of T, when comparing those obtained with
butylamine and hexylamine, supports the idea that they have
molar mass within the same order of magnitude, although SEC
results obtained by calibration relative to PS standards show
moderately lower molar mass for PHU12 (vanillyl alcohol/
butylamine-based). This may be due to a distinct lower hydro-
dynamic volume-conformation that PHU12 adopts when in
DMF solution when compared to the other PHU or to a small
stoichiometry imbalance. Further studies are required to con-
firm the impact of the structure in the SEC results.

The PHUs derived from hydroquinone showed a lower T,
compared with those derived from vanillic acid (Table 1, entries

Mater. Adv., 2023, 4, 2437-2448 | 2443
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Fig. 1 FT-IR spectrum of hydroquinone-based PHUs (13) prepared from hydroquinone-based bis-carbonate (9) (left), zoom of carbonyl stretching
region of hydroquinone-based PHUs (13) prepared from hydroquinone-based bis-carbonate (9) (right).

Table 1 Summary of molecular weight distributions and Ty registered
from SEC and DSC analysis respectively of vanillin-based PHUs

Vanillin M, M, Du Ty
precursor Entry PHU (kg mol™")* (kg mol™")* (M,/M,)* (°C)”
Vanillyl alcohol 1 11 30 20 1.50 41

2 12 12 7 1.71 41
Hydroquinone 3 13 30 17 1.76 50

4 14 26 14 1.86 52
Vanillic acid 5 15 26 13 2.00 60

6 16 23 12 1.92 66

“ Determined by SEC analysis in DMF against poly(styrene) (PS) stan-
dards. ” Thermal transition calculated from the second heating run of
the DSC analysis.

4 and 6), which presented the highest T, between 60-66 °C. On
the other hand, PHUs based on vanillyl alcohol bis-carbonate
exhibited the lowest T, values (Table 1, entries 1 and 2), of
41 °C. The presence of the ester functionality in the vanillic
acid PHUs confers a rotational hindrance not found on the
hydroquinone and vanillyl alcohol PHUs.*>®® As a possible
resonance structure the electron rich aromatic ring can donate
electron density to the ester bond, thus favoring its planarity
with respect to the aromatic ring. This favors n-interactions and
therefore increases the T,. The same effect is not found in the
other PHUs, in which the aromatic ring of the hydroquinone
(13, 14) and vanillyl alcohol (11, 12) possess a higher degree of

2444 | Mater. Adv, 2023, 4, 2437-2448

rotational freedom. The higher T, of the hydroquinone-based
PHUs (13, 14) with respect to the vanillin alcohol-based PHUs
(11, 12) is probably due to the methanolic group attached to the
aromatic ring of the vanillin alcohol, which increases the
mobility of the polymer chain.

Vanillin based PHUs can represent a safer alternative to the
widely used bisphenol A-based polyurethanes. Although both
compounds possess a substituted aromatic ring and therefore
their thermal properties are expected to be similar to some
extent, bisphenol A is a known endocrine disruptor and it is
suspected to produce harmful effects on the reproductive
system.®" To look into the potential for replacement of bisphe-
nol A with vanillin derivatives, the thermal properties reported
above were compared to those of a comparative bisphenol
A-based PHU. In the case of the bisphenol A material, the
observed T, was 56 °C. This is lower than the T, values of the
vanillin-based PHUs synthesized using vanillic acid as precur-
sor (Table 1, entries 5 and 6), which suggests that these bio-
based PHUs can be used in similar application areas.

Conclusions

To the best of our knowledge, this work provides the first
example of a vanillin-based bis-cyclic carbonate for the synth-
esis of bio-based non-isocyanate poly(hydroxy urethane)s

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 DSC curves (2nd heating scan) of the different PHUs obtained from functionalized vanillin bis-carbonates.

(PHUS). Bis-cyclic carbonates were prepared using a metal-free
methodology, which also represents an efficient way to revalor-
ize CO,. The thermal properties of the PHUs were studied by
DSC and subsequently compared to an analogous bisphenol A-
based PHU. The PHUs prepared using bis-cyclic carbonates
derived from vanillic acid as monomer exhibited superior
thermal properties in comparison to the bisphenol A-based
PHU. This result demonstrates that vanillin-based PHUs may
be used to provide a safer alternative to bisphenol A-based
polyurethanes.
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