Volume 5

Number 22
21 November 2024
Pages 8733-9126

Materials
Advances

rsc.li/materials-advances

ISSN 2633-5409

-~ ROYAL SOCIETY PAPER

Benjamin G. Harvey et al.
“ OF CHEMISTRY Fire-resistant propargyl ether networks derived from

bio-based hydroxycinnamic acids



¥® ROYAL SOCIETY

Materials
PP OF CHEMISTRY

Advances

View Article Online

View Journal | View Issue

Fire-resistant propargyl ether networks derived

".) Check for updates‘
from bio-based hydroxycinnamic acidsf¥

Cite this: Mater. Adv., 2024,

5, 8787 Joshua E. Baca, ' Lawrence C. Baldwin,

and Benjamin G. Harvey (&) *

Cristian E. Zavala,
K. Randall McClain

Three bio-based propargyl ether thermosetting resins with trans-stiloene cores were synthesized from
p-coumaric (CD), ferulic (FD), and sinapic (SD) acid, respectively. Differential scanning calorimetry (DSC)
analysis of these materials indicated modest processability due to high melting points, short processing
windows and large exotherms. To address this issue, a fourth resin with a more flexible bridging group
(TD) was synthesized from p-coumaric acid and used as a blending agent. In parallel, CD was
photochemically isomerized to the cis-isomer (PD) and blends of CD:PD were prepared. Cross-linked
networks derived from the resins exhibited glass transition temperatures (T4s) ranging from 285-330 °C
(storage modulus) and char yields from 27-59% at 1000 °C under N,. The processable resin blends
exhibited exceptional thermal stability due to a higher degree of cross-linking enabled by the structural
diversity of the blends. The fire resistance of the networks was evaluated through microscale combustion
calorimetry. The networks exhibited heat release capacity (HRC) values ranging from 43-103 J g~ K™%,
which classified them as either non-ignitable or self-extinguishing materials. The results demonstrate that
abundant, bio-based hydroxycinnamic acids can serve as platform chemicals for the preparation of ther-
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Introduction

Thermosetting polymers are a class of materials that undergo
cross-linking reactions to form robust, three-dimensional net-
work structures. Typical thermoset networks are permanently
cross-linked and cannot be melted or reformed.! This charac-
teristic makes them ideal for applications that require mechan-
ical integrity across a broad temperature range and resistance
to heat and chemicals. These networks are broadly used in
composite materials, coatings, and adhesives.>™ The majority
of high-performance thermosetting resins including epoxies,
cyanate esters, benzoxazines, and phthalonitriles, are derived
from petroleum-based feedstocks.>® In contrast, a wide variety
of monomers with unique functionality can be derived from
plant extracts, produced via fermentation, or generated from
crude biomass sources through valorization and chemical
synthesis. Leveraging the diversity of bio-based molecules
enables the discovery of new materials with novel properties
from sustainable carbon sources.’ Much of the research on this
topic is focused on the exploitation of bio-based polyphenolic
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mally stable, fire-resistant networks for aerospace applications.

compounds.’® For example, our group has previously studied
thermosets derived from resveratrol and eugenol.'"'**”

In addition to well-defined phenolic precursors, crude bio-
feedstocks like lignin are of interest as abundant and low-cost
materials that can be leveraged for material applications.'®"?
Lignin is a complex polymer found in the cell walls of plants and
is the second most abundant biopolymer on Earth.>®*! Lignin-
based thermosetting polymers have been studied and exploit in a
number of applications.>” For example, lignin has been used
extensively as a filler or reinforcing agent in epoxy composites,
providing enhanced mechanical strength, improved thermal sta-
bility, and reduced cost.>*> Recently, Song and co-workers
described a lignin-based epoxy resin with a high glass transition
temperature (193 °C) and outstanding mechanical properties
(tensile strength = 98.3 MPa and flexural strength = 158.9
MPa).”® Lignin has also been chemically modified to produce
polyols that were then cross-linked with isocyanates to form
polyurethane foams. These materials exhibited improved thermal
insulation properties, reduced flammability, and enhanced sus-
tainability compared to traditional polyurethane foams.>”°

Valorization of lignin to generate well-defined phenolic com-
pounds followed by chemical synthesis is an important route for
the preparation of polyphenols. Examples include the synthesis of
bisphenols from vanillin, creosol, guaiacol, and propylguaiacol.>*
More recently, we developed a highly efficient approach to the
synthesis of bisphenols from hydroxycinnamic acids including,
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p-coumaric, ferulic, and sinapic acids.>* These acids can be readily
obtained through lignin depolymerization processes such as treat-
ment with alkali or enzymatic hydrolysis followed by solvent
extraction. Alternatively, molecules like p-coumaric acid can be
efficiently produced from sugars through a fermentation
process.**>® The acids can then be converted to stilbene-based
bisphenols through a process consisting of thermal decarboxylation
followed by [Ru]-catalyzed metathesis.**

Propargyl ether monomers have garnered interest in recent
years due to their ability to generate polymer networks with
glass transition temperatures well above 300 °C while main-
taining processability comparable to that of ubiquitous epoxy
resins.?”® For example, propargyl ether networks derived from
biosynthetic resveratrol exhibited low melting points (39-81 °C,
T,gs ranging from 358 °C to >400 °C and char yields at 1000 °C
ranging from 54-66%."” Propargyl ether monomers typically
cure through a Claisen rearrangement, which forms a chro-
mene ring that subsequently cross-links to form the thermoset
network (Scheme 1).

To explore the properties of propargyl ethers synthesized
from sustainable bisphenols the current work is focused on the
synthesis, characterization, and cure chemistry of stilbene-based
propargyl ethers derived from p-coumaric, ferulic, and sinapic
acid. The bisphenols were converted to bis(propargyl ethers)
through a Williamson-ether synthesis and then thermally cross-
linked to form networks with high thermal stabilities and flame
retardancy. To enhance the processability of the resin systems,
blends with lower melting monomers derived from p-coumaric
acid were prepared. The thermal properties of the networks were
evaluated by differential scanning calorimetry (DSC), thermo-
gravimetric analysis (TGA), thermomechanical analysis (TMA),
and microscale combustion calorimetry (MCC). The properties
of these materials were then compared to conventional networks
prepared from petrochemical sources.

Experimental methods
Materials and methods

Unless otherwise noted, all reagents were purchased and
used as received from the manufacturer without further puri
fication. (E)-4,4'-(ethene-1,2-diyl)diphenol, (E)-4,4’-(ethane-
1,2-diyl)bis(2-methoxyphenol), (E)-4,4’-(ethane-1,2-diyl)bis(2,6-
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dimethoxyphenol), and (E)-4,4’-(but-1-ene-1,3-diyl)diphenol were
all synthesized according to procedures previously reported by
our group.** *H and *C NMR spectra were recorded on a JEOL
400 MHz spectrometer. All NMR chemical shifts are reported in
ppm downfield from tetramethylsilane and are referenced rela-
tive to the NMR solvent according to the literature values:
'H NMR (CDCl, = 7.26 ppm, DMSO-dg = 2.50 ppm, (CD;),CO =
2.05 ppm); *C NMR (CDCl; = 77.16 ppm, DMSO-ds =
39.52 ppm). Fourier transform infrared (FTIR) spectroscopy
was performed using a Thermo Scientific Nicolet 6700 FTIR
spectrometer equipped with a liquid nitrogen cooled MCTA
detector. Experiments were performed using an attenuated total
reflectance (ATR) smart accessory with a germanium window.
Each FTIR spectrum is an average of 16 scans. Differential
scanning calorimetry (DSC) analysis was conducted on a DSC
Q200 (TA Instruments) under N, at 50 mL min . Approximately
2-3 mg of sample were tested under a heating scan from —75 to
400 °C with a heating rate of 10 °C min . Thermogravimetric
analysis (TGA) was performed on cured samples with a TGA
Q5000 (TA Instruments) under N, flow from 24 to 1000 °C with a
heating rate of 10 °C min~". Thermomechanical analysis (TMA)
was performed with monolithic pucks, ~300 mg, on a Discovery
TMA 450 (TA Instruments) under N, flow from 25 to 400 °C at
5 °C min~'. Microscale combustion calorimetry (MCC) studies
were performed on an FTT FAA microcalorimeter with ultra-high
purity N, and 99.5% pure O, gas. Cured samples were broken
into small specimens (2-10 mg) with random shapes, which
were then analyzed in triplicate by the MCC instrument
at a constant heating rate of 1 °C s~ ' according to ASTM D
7309 Method A. MCC tests were conducted with a nitrogen flow
rate of 80 mL min~' and oxygen flow rate of 20 mL min~". The
maximum heat release rate (Qmay), total heat release (THR), and
heat release capacity (1) of the samples were obtained according
to the method.

Synthesis of (E)-1,2-bis(4-prop-2-yn-1-yloxy)phenyl)ethane (CD)

To a solution of (E)-4,4'-(ethene-1,2-diyl)diphenol (0.804 g,
3.8 mmol) in 5 mL of acetone was added propargyl bromide
(0.901 g, 574 pL, 7.6 mmol) and potassium carbonate (2 g,
14 mmol). The resulting red/orange solution was then heated to
reflux and stirred for two days under N,. The resulting solids
were filtered, and the filtrate placed in a —30 °C freezer over-
night. The solids were taken up in 50 mL of CH,Cl, and 50 mL
of DI water. The organic layer was then washed with 3 x 100 mL
DI water and dried over anhydrous MgSO,. Concentrating
under reduced pressure yielded 0.285 g of the product as an
off-white solid. The original filtrate was removed from the
freezer and the crystals in the flask were collected to yield
another 0.140 g of product (m.p. 175-179 °C). The total yield of
CD was 0.425 g (39%). Single crystals suitable for X-ray crystal-
lography were grown by slow evaporation from DCM (CCDC
deposition number 2347707). "H NMR (400 MHz, DMSO-dq) 6
7.52 (d, J = 8.7 Hz, 4H, Ar-H), 7.06 (s, 2H, C(sp*)-H), 6.98 (d, ] =
8.9 Hz, 4H, Ar-H), 4.81 (s, 4H, CH,), 3.57 (s, 2H, C(sp)-H), °C
NMR (100 MHz, DMSO-dg) & 157.1, 131.2, 127.9, 126.6, 115.6,
79.8, 78.8, 55.9.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Synthesis of (E)-1,2-bis(3-methoxy-4-(prop-2-yn-1-
yloxy)phenyl)ethane (FD)

To a solution of (E)-4,4’-(ethane-1,2-diyl)bis(2-methoxyphenol)
(1 g, 3.7 mmol) in 5 mL of acetone was added propargyl
bromide (0.874 g, 557 uL, 7.3 mmol) and potassium carbonate
(2 g, 14 mmol). The reaction and workup was conducted in a
similar manner to that described above for CD to yield 0.533 g
(42% yield) of FD as a light brown solid (m.p. 155-162 °C).
'H NMR (400 MHz, DMSO-d,) 6 7.23 (s, 2H, Ar-H), 7.09 (d, J =
8.5 Hz, 4H, Ar-H), 7.04 (d, J = 8.5 Hz 2H, C(sp?)-H), 4.78 (s, 4H,
CH,), 3.82 (s, 6H, CH;), 3.56 (s, 2H, C(sp)-H), *C NMR
(100 MHz, CDCl;) & 149.9, 146.5, 132.0, 127.1, 119.4, 114.5,
109.3, 78.6, 75.9, 56.9, 56.0.

Synthesis of (E)-1,2-bis(3,5-dimethoxy-4-(prop-2-yn-1-yloxy)phenyl)
ethane (SD)

To a solution of (E)-4,4'-(ethane-1,2-diyl)bis(2,6-dimethoxy-
phenol) (1 g, 3.0 mmol) in 5 mL of acetone was added propargyl
bromide (0.716 g, 456 pL, 7.3 mmol) and potassium carbonate
(1.66 g, 12 mmol). The resulting red/orange solution was then
heated to reflux and stirred for two days under N,. The resulting
solids were taken up in 50 mL of CH,Cl, and 50 mL of DI water.
The organic layer was then washed with 3 x 100 mL DI water
and dried over anhydrous MgSO,. Removal of the solvent under
reduced pressure provided 0.85 g (69% yield) of SD as a red/
orange solid (m.p. 165-170 °C). "H NMR (400 MHz, DMSO-d,) 6
7.18 (s, 2H, C(sp?)-H), 6.92 (s, 4H, Ar-H), 4.60 (s, 4H, CH,), 3.82
(s, 12H, CH3), 3.44 (s, 2H, C(sp)-H), "*C NMR (100 MHz, DMSO-
de)  153.8, 135.1, 133.9, 128.6, 104.1, 80.4, 78.2, 59.7, 56.4.

Synthesis of (E)-4,4'-(but-1-ene-1,3-diyl)bis((prop-2-yn-1-yloxy)-
benzene) (TD)

To a 250 mL round bottom flask under a N, atmosphere and
equipped with a condenser, (E)-4,4’-(but-1-ene-1,3-diyl)diphenol
(4.15 g, 17 mmol), propargyl bromide (4.93 g, 41.4 mol), potas-
sium carbonate (5.96 g, 43.1 mmol), and acetone (85 mL) were
added. The mixture was vigorously stirred with a magnetic
stirring bar and heated to reflux for three days. The solution
was filtered on a fritted funnel and the solids were washed with
acetone. The solvent was removed from the filtrate under
reduced pressure to yield the product as a thick orange oil
(5.09 g, 93% yield). 'H NMR ((CD5),CO, 400 MHz) : 7.34 (d,
J=8.9 Hz, 2H, Ar-H), 7.22 (d, J = 8.7 Hz, 2H, Ar-H), 6.91 (dd, J; =
8.6 Hz J, = 6.1 Hz 4H, Ar-H), 6.35 (m, 2H, C = H), 4.77 (dd, J, =
7.0 Hz J, = 2.4 Hz, 4H, CH,), 3.56 (m, 3H, C(sp)-H, CH), 1.36
(d, J = 6.9 Hz, 3H, CH;) *C NMR (CDCl;, 100 MHz) §: 156.9,
156.0, 139.0, 134.1, 131.0, 128.5, 127.6, 116.3, 115.4, 115.3, 79.9,
79.7, 78.7, 78.6, 56.3, 55.92, 55.90, 41.7, 22.1.

Table 1 Cure protocols for bis(propargyl ether) thermoset networks
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Synthesis of (Z)-1,2-bis(4-prop-2-yn-1-yloxy)phenyl)ethane (PD)
500 mg of CD were added to a 100 mL quartz flat-bottom flask.
Dry MeCN (50 mL) was then added and the mixture sparged
with N, for one h. The flask was then placed in a Luzchem®
LZC-4V photoreactor fitted with fourteen 355 nm, 8 W fluor-
escent lamps and irradiated with stirring for 18 h. Evaporation
of the MeCN resulted in a viscous, gelatinous solid (m.p. 31—
36 °C) that was confirmed to be a 9:1 mixture of cis:trans
isomers (Fig. S38, ESIT). 'H NMR (400 MHz, DMSO-d,) § 7.23
(d, J = 8.7 Hz. 4H, Ar-H), 6.90 (d, J = 8.7 Hz, 4H, Ar-H), 6.49 (s,
2H, C(sp®)-H), 4.70 (s, 4H, CH,), 3.15 (s, 2H, C(sp)-H).

Synthesis of 1,3-dimethoxy-2-(prop-2-yn-1-yloxy)benzene (MPE)

2,6-Dimethoxyphenol (10 g, 0.052 mol), propargyl bromide
(10 mL, 0.13 mol), potassium carbonate (36 g, 0.26 mol), and
400 mL acetone were added to a 1 L round bottom flask.
The reaction mixture was heated to reflux and stirred for
30 h. The reaction solution was then cooled to room tempera-
ture and solids collected on a fritted funnel. The filtrate was
then concentrated under reduced pressure and the resulting
residue purified by silica flash chromatography using a 9:1
hexane/EtOAc mobile phase to yield the product as a yellow oil
(9.0 g, 72% yield). 'H NMR (400 MHz, DMSO-dg)  6.96 (t, ] =
8.3 Hz, 1H, Ar-H, 6.53 (d, J = 8.5 Hz, 2H, Ar-H), 4.66 (d, J = 2.5 Hz,
2H, CH,), 3.79 (s, 6H, CHj,), 2.40 (t, = 2.4 Hz, 1H, C(sp)-H).

Fabrication of monolithic samples

Cross-linked propargyl ether networks were formed by first
pressing the monomers into pellets using a hydraulic press
(~10 tons, 10 min). The pellets were then placed into Cole-
Parmer 0.35 mL aluminum weigh dishes. Preparation of 3:7,
1:1, and 7:3 cis:trans mixtures was accomplished by adding
the necessary amount of pure ¢rans isomer to the 9:1 mixture
in DCM and then concentrating the solution to dryness. NMR
spectroscopy was used to confirm the new cis:trans composi-
tion. Cure protocols for the preparation of the monolithic
samples are summarized in Table 1.

Results and discussion

Three bis(propargyl ethers) were synthesized from hydroxycin-
namic acid-derived bisphenols reported in our previous work.>*
The bisphenols were allowed to react in the presence of K,COj3;
to generate the propargyl ether monomers in 39-69% isolated
yield (Scheme 2). The NMR spectra for CD, FD, and SD were
consistent with the expected ¢rans-stilbene structures (Fig. S30-
S35, ESIT). In addition, a single crystal X-ray structural analysis

Compound Cure protocol

CD 200 °C (2 h), 230 °C (2 h), 260 °C (3 h), 280 °C (2 h)

TD and 7:3 TD:CD 200 °C (2 h), 220 °C (4 h), 240 °C (4 h), 280 °C (2 h)

7:3 PD:CD 80 °C (2 h), 160 °C (1 h), 200 °C (2 h), 260 °C (2 h), 280 °C (2 h)

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 Synthesis of bis(propargyl ethers) from bio-derived, stilbene-based bisphenols.

Fig. 1 X-ray structure of CD with thermal ellipsoids at 50% probability.

of CD confirmed the NMR results and revealed staggered m-
stacking between the aryl rings (Fig. 1 and Fig. S27, ESI{).

To elucidate the cure chemistry of CD, FD, and SD, DSC
experiments were performed. CD melted with an onset tem-
perature of 184 °C (peak at 195 °C), which was immediately
followed by an exothermic cure reaction with a peak at 275 °C
(Fig. 2, black). FD demonstrated a lower melting point with an
onset temperature at 130 °C (peak at 164 °C), followed by an
exotherm with an onset of 186 °C (peak at 245 °C) (Fig. 2,
orange). SD had a melting point intermediate between CD and
FD with an onset at 173 °C (peak at 186 °C) (Fig. 2, red). The
decreased melting points of FD and SD compared to CD are
attributed to the presence of the methoxy groups on the aryl
rings. In the case of FD, the asymmetry induced by the ortho-
methoxy group results in the lowest melting point of the
propargyl ether monomers.>* A small exothermic event at
193 °C of unknown origin, followed by an exothermic cure
reaction (peak at 211 °C) was observed for SD. Due to the

presence of the ortho-methoxy groups, SD is unable to cross-
link through a chromene ring like the other monomers. This
would suggest that the exothermic event with sharp onset at
~200 °C is a polymerization reaction that is not common for
propargyl ethers. To probe this phenomenon, a monofunctional
propargyl ether with two methoxy-groups in the positions ortho
to the propargyl ether group (MPE) was synthesized (Fig. 3). DSC
analysis of MPE indicated a large exotherm peaking at 240 °C
(Fig. 3a), similar to that observed for SD. Further, the exothermic
events for both SD and MPE had much steeper onsets compared
to CD or FD, providing additional confirmation of a different
cure mechanism for SD and MPE.

Polymerized samples of MPE were prepared utilizing condi-
tions obtained from the DSC results. GPC analysis of these cured
samples found an M,, of 3300 g mol ", M,, of 1605 g mol " and
PDI of 2.08, thus confirming the oligomerization of the propargyl
ether through a mechanism other than chromene formation
(Fig. 3b). Based on literature precedent, we hypothesize that both
MPE and SD undergo a linear insertion polymerization at the
terminal alkynes (Fig. 3)."° Given the close proximity of the
exothermic cure reaction in SD and MPE to conventional cross-
linking reactions in CD and FD, it seems likely that the general
cross-linking mechanism of propargyl ethers is more compli-
cated than typically reported. The evidence suggests that this
class of thermosetting resins cross-links through a combination
of linear insertion of alkynes, polymerization via chromene
formation, and further cross-linking through residual alkenes.
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Fig. 2 DSC traces for monomers CD, FD, and SD.
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Fig. 3 (a) DSC profile of MPE and (b) GPC trace of cured MPE.

The cross-linking of the bis(propargyl ether) monomers was
confirmed through FTIR spectroscopy by observing the loss
of the -C=C-H stretch at ~3300 cm ' and the -C=C-
stretch at ~2100 cm ™" (Fig. S28 and S29, ESIt). A comparative
example for CD can be found in Fig. 4. The IR spectrum of
cross-linked SD (Fig. S29, ESIt) confirms the consumption of
the alkyne group during the alternative cross-linking reaction.

The DSC profiles for CD, FD, and SD indicated that they
would be difficult to cure due to exceptionally short processing
windows (~0-10 °C) and large cure exotherms. In an effort
to improve the utility of the resins for composite fabrication, we
attempted to decrease the melting points and increase the
processing window by incorporating a more flexible propargyl
ether as a blending agent. In our previous work, we synthesized a
bisphenol from p-coumaric acid by decarboxylation followed by
thermal dimerization.>* To explore this bisphenol as a network
scaffold, a propargyl ether was synthesized from the thermal
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—~—~——— ]
— w7 @
o
<
©
E
——Monomer £
(7]
8
—Cured =
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Fig. 4 FTIR spectra comparing CD and cross-linked CD.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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dimer and designated as TD. DSC analysis of TD showed a T, at
—32 °C and a cure exotherm initiating around 200 °C (Fig. 5).
This exceptional processing window suggested that TD would be
useful as a blending agent. Blends of TD with CD ranging from
90-70% TD were all homogenous viscous liquids upon heating.
However, blends with higher proportions of TD underwent
phase separation. The resulting mixtures became unworkable
clay-like pastes, even at elevated temperatures. Based on this
result, the 7:3 TD:CD blend was selected for further study.

In addition to the use of TD as a blending agent, it was also
of interest to explore the photoisomerization of CD as a
mechanism to reduce the melting point of the resin system.
A similar approach was successful for both cyanate esters and
propargyl ethers derived from resveratrol.'”*' We previously
studied the photochemical isomerization of the parent bisphe-
nol to the cis-isomer, utilizing 355 nm light in dry MeCN.
Unlike that work, irradiation of CD resulted in a much cleaner
isomerization to the cis-isomer (PD). The only work-up required
to obtain suitably pure resin samples was removal of the
solvent under reduced pressure. This method resulted in a
9:1 PD:CD mixture. However, to determine the minimum
amount of isomerization/energy input required, we prepared
and evaluated several blends with variable amounts of PD. DSC
analysis began with a 30% PD blend, which exhibited two
discrete melting points at 67 °C and 161 °C (Fig. 6a). Increasing
the concentration of the cis-isomer to obtain a 1: 1 mixture also
resulted in two distinct melting points (Fig. 6b). The first Ty,
occurred at a temperature (70 °C) higher than that observed
for the 30% PD blend mixture while the second T,,, decreased to
153 °C. Increasing the PD concentration to 70% resulted in a
single T,,, at 71 °C, 124 °C lower than pure CD, which afforded
a large processing window (Fig. 6¢). The 90% PD mixture
exhibited a subtle increase in Ty, to 75 °C (Fig. 6d). Attempts
at obtaining pure PD (>95%) through either fractional crystal-
lization or column chromatography were unsuccessful, and
based on the DSC results, unnecessary. The 70% PD blend
was utilized for further cross-linking and thermal studies.
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Samples for thermal analysis were prepared by cross-linking
the bis(propargyl ethers) based on the information obtained
from the DSC. The cure protocols are listed in Table 1. TGA data
for the networks can be found in Fig. 7 and are summarized in
Table 2. CD exhibited 5% weight loss (Tys) at 411 °C and a char
yield of 30% at 1000 °C (N,). FD exhibited a Ty5 at 390 °C and a
char yield of 39% at 1000 °C while SD exhibited a Tys at 310 °C
and a char yield of 27% at 1000 °C (N,). As methoxy groups are
added to the system, the degradation temperature decreases.
A similar trend has previously been observed for cyanate ester
resins with methoxy-groups ortho to the cross-linking moiety.**
However, the increase in char yield for FD compared to CD was
surprising. If the methoxy groups are responsible for lower
temperature decomposition mechanisms, one would expect a
consistent trend in which the char yield decreases based on the
number of methoxy-groups present. It doesn’t seem likely that
methoxy-groups are more efficient at producing graphitic char
compared to the conjugated stilbene core structure. Therefore,
the difference in overall char yield must be due to the formation
of a more robust network for FD compared to CD. Based on the
DSC results, FD has a larger processing window and a broader
cure exotherm, which extends the amount of cross-linking time
prior to vitrification. In contrast, as described above, SD under-
goes a different cure mechanism due to the lack of an open
ortho-position next to the propargyl ether group. The lack of any
significant processing window for SD coupled with a rapid
exotherm likely results in a lower cross-link density network
that is more susceptible to thermal degradation.

TD exhibited a Tys at 402 °C and a char yield of 32% at
1000 °C, values similar to CD. Based on the higher proportion

View Article Online
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of sp® hybridized carbons in the CD network one might expect
the char yield of TD to be lower than CD. However, TD enables a
higher cross-link density compared to CD due to the large
processing window for the former. Blending of TD and CD in
a 7:3 mixture resulted in a significant improvement in overall
thermal stability. The TD:CD network exhibited a Tys at 395 °C,
slightly lower than for either of the components, and a remark-
able char yield of 54% at 1000 °C. Similarly, the 7:3 blend of
PD:CD exhibited a Ty4s at 405 °C and a char yield of 59% at
1000 °C. This result puts the thermal stability of the cis:trans
mixture at comparable levels with highly cross-linked resveratrol-
derived propargyl ethers (54-65%)"” and is a significant improve-
ment compared to bisphenol A (BPA) derived propargyl ether
networks (43% at 700 °C).*> The high char yields could be due to
the blend of isomers allowing more complete network formation
as a result of the greater degrees of freedom compared to the
pure monomers. The difference between the PD:CD and TD:CD
blends can be attributed to the higher degree of sp> hybridized
carbons in the former. Another interesting observation from the
TGA data is the difference in slopes between the pure dimers and
the blends. CD, FD, SD, and TD all exhibit significant weight loss
(a downward slope in the TGA trace) as these materials approach
1000 °C. In contrast, the PD:CD and TD:CD blends exhibit near-
zero slopes at 1000 °C, demonstrating the formation of thermally
stable char formation.

Thermomechanical analysis (TMA) was performed on cross-
linked samples to evaluate mechanical properties across a
broad temperature range. The TMA results for networks derived
from CD, TD, and the 7:3 blends are summarized in Table 3
and graphically depicted in Fig. 8. Unfortunately, we were
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Fig. 5 Synthesis of TD from p-coumaric acid and its DSC profile.
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Fig. 7 TGA (N,) traces for bis(propargyl ether) networks.

unable to obtain high quality, void-free samples for FD and SD.
The Tys as measured by the storage moduli (£’) ranged from
285-330 °C. Despite the rigid structure of the CD monomer, the
derivative thermoset had the lowest E' T, (285 °C), likely due to
a lower degree of cure. TD had an E’ T, of 310 °C, which is 25 °C
higher than CD despite the less rigid structure of the TD

© 2024 The Author(s). Published by the Royal Society of Chemistry

monomer. This result is attributed to the extended processing
window for TD, which allowed for a higher degree of cure. The
two blends had virtually identical E' T,s of ~330 °C. This
improvement is attributed to a higher cross-link density
afforded by the structural diversity of the components. The

T,s as measured by the loss peak (£'') ranged from 331-337 °C,
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Table 2 TGA (N,) data for bis(propargyl ether) networks
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Tmax, While FD and SD exhibited substantially lower values due
to the presence of methoxy groups. Heat release capacity (1.)

CD FD SD TD 7:3TD:CD 7:3 PD:CD
values for the thermosets were calculated to be 53, 48, and

Tas (°C) 411 390 310 402 395 405 —1 .

Char yield (1000 °C, %) 30 39 27 32 54 =9 4:? kJ g~ for CD, FD, and SP, respectlvel}f. These Values,.along
with LOI values approaching 50, classify the trans-stilbene
networks as non-ignitable, V-0 according to the UL-94 standard.**
In contrast, TD exhibited a much higher peak heat release at

—1 .. .

Table 3 TMA results for bis(propargyl ether) networks ~102 W g~ and a lower LOI at 39%. This is attributed to the less

thermally stable structure of the bridging group between aromatic
CD ™ 7:3TD:CD 7:3PD:CD  yinos, Blending TD with CD did not improve the flammability. Of

T, (E', °C) 285 310 328 330 course, it should be noted that Qu., values of ~100 W g~ still

Ty (B, OCQ 332 332 331 337 place the networks in the self-extinguishing V-0/5 V category. The

Ty (tan g, °C) 365 348 348 354

which are lower than the highly cross-linked resveratrol pro-
pargyl ethers (384-389 °C),"” but higher than the analogous
BPA propargyl ether (325 °C).** The loss modulus results show
that the bulk polymer chains/networks have similar rigidity
regardless of the monomer and provides evidence that the
significant differences in the E' Tys are a result of residual
small molecules or oligomers trapped during vitrification. The
TMA results considered alongside the TGA results highlight the
power of targeting blends to enhance the properties of rigid
high-temperature thermoset materials.

Based on the high T,s and exceptional char yields of the
networks, particularly the blends, it was of interest to explore
the fire-resistance of these materials. Maximum heat release
rate (Qmax), total heat release (THR), temperature at maximum
heat release rate (Tmax), heat release capacity (HRC, 7.), and
limiting oxygen index (LOI) were measured using microscale
combustion calorimetry (MCC). The results of these experi-
ments are listed in Table 4 while Qn.x values are graphically
depicted in Fig. 9. Similar to our previous report on propargyl
ether thermosets derived from resveratrol,’” the Qmax values for
all of the trans-stilbene networks (derived from CD, FD, and SD)
were exceptionally low at around 40 W g’l. The T,.x values
were consistent with the TGA data. CD exhibited the highest

7:3 blend of PD:CD exhibited MCC results in line with pure CD
and the other stilbenic networks. Taking into account processa-
bility, T, thermal stability as measured by TGA, and fire-resistance,
the 7:3 PD:CD blend is the most promising resin system for
further development.

Conclusion

Three thermosetting propargyl ether resins with trans-stilbenic
cores were prepared from bio-based hydroxycinnamic acids.
Networks prepared from these resins exhibited high T,s and
excellent thermal stability, but suffered from poor processability
due to the high melting points of the resins. To overcome this
challenge, a more flexible bis(propargyl ether) monomer was
prepared from p-coumaric acid by thermal dimerization followed
by reaction with propargyl bromide. The new dimer, which
contained an unsaturated, branched C, bridging group (TD)
was a liquid at ambient temperature and exhibited thermal
properties comparable to the stilbenic coumaric acid-derived
resin (CD). Taking advantage of the lower melting points of
cis-alkenes compared to trans-alkenes, a cis-isomer of the
p-coumaric acid resin (PD) was synthesized by photochemical
isomerization. 7:3 blends of TD:CD or PD:CD resulted in
processable resin mixtures with broad processing windows.
Networks prepared from the blends had extraordinary thermal

3000
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2500 b
""‘"'"-‘“"“«"Muﬁvrﬂs'v.-'.m " ™
Wy AW S ‘v“u‘d\'
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Fig. 8 TMA traces for bis(propargyl ether) networks.
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Table 4 MCC data for bis(propargyl ether) networks
CD FD SD TD 7:3TD:CD 7:3 PD:CD
OQmax W g™ 37.9 + 0.9 40.4 £ 1.1 39.4 + 2.9 102.2 £ 3.3 102.6 £ 0 46.5 + 1.2
T, (°C) 467.4 + 1.2 4282 + 1.5 420.7 + 4.2 44134+ 0 430.6 + 3.0 436.2 4+ 2.0
THR (k] g Y) 6.4 + 0.4 5.7 £ 0.1 4.5+ 0.9 13.3+0 11.54+0 5.9 4+ 0.5
HRC (Jg 'K 53+1 48 +1 43 £2 101 + 4 103 £ 0 48 £2
LOI 46 47 49 39 39 47
120
100 A X, —0CD
i FD
\.
80 . S sD
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: Y ™
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Fig. 9 MCC Traces for bis(propargyl ether) thermosetting resins and blends.

stability, exhibiting char yields of 54 and 59% at 1000 °C for the
TD:CD and PD:CD networks, respectively. Analysis of the stilbe-
nic networks by microscale combustion calorimetry revealed
that these networks are non-ignitable, while pure TD or the
TD:CD blend were self-extinguishing. Overall, the PD:CD blend
exhibited the ideal combination of processability and perfor-
mance. Future work on this topic should focus on studying the
mechanical properties of these bio-based networks as well as the
fabrication and evaluation of polymer matrix composites for
aerospace and fire-retardant applications. Another interesting
avenue of research is the impact of environmental UV irradiation
on the structure, stability and mechanical properties of the
networks containing cis-alkenes. This subject is currently being
studied in our laboratory.
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