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Abstract:

Eugenol, an abundant, naturally occurring phenolic compound, was converted into a thermoplastic
polycarbonate by olefin metathesis followed by interfacial polymerization with triphosghene. This resulted
in polymers with M, ranging from 5300 — 12700 g mol"! and an average glass transition temperature (7,)
of 82 °C. The polycarbonates were depolymerized via ethenolysis reactions under modest ethylene
pressures (150 — 240 psi) in the presence of [Ru]-metathesis catalysts to yield a discrete monomer [bis(4-
allyl-2-methoxyphenol) carbonate, compound 2]. 2 was then polymerized with a second generation Grubbs
catalyst (M204) to produce a recycled polymer with M, = 7500 g mol! and a T, of 114 °C. The 32 °C
increase in T, was due to the isomerization of the allyl group to internal positions, which then allowed for
the formation of stilbene and 3-carbon unsaturated linkages between aromatic groups. To expand the
ethenolysis recycling approach to cross-linked networks, eugenol was converted into a cyanate ester (3),
which was then thermally cyclotrimerized to generate 2,4,6-tris(4-allyl-2-methoxyphenoxy)-1,3,5-triazine
(4), a monomer with a triazine core and three pendent aromatic rings with methoxy and allyl substituents.
4 was cross-linked via olefin metathesis (M204 catalyst) to generate a network with M, = 8600 g mol-! and
a T, of 180 °C. Similar to the polycarbonate, the polycyanurate was efficiently depolymerized in the
presence of ethylene to regenerate 4. Compound 4 was then polymerized and depolymerized two additional
times, demonstrating full circularity for the triazine monomer/network. The recycled networks exhibited
similar T,s (167-184 °C) and thermal stability compared to the virgin polymer. Overall, this work
demonstrates that both thermoplastic and cross-linked networks can be readily prepared from eugenol and
catalytically recycled under standard ethenolysis conditions. Unlike many conventional approaches, the
recycled polymers described in this work exhibited no significant degradation in thermomechanical
properties. This type of approach supports a circular bioeconomy and may help to reduce plastic waste and
the accumulation of micro/nanoplastic particles in the environment.

Introduction:

Replacing petroleum-based polymers with bio-based, recyclable, and upcycled polymer materials has been
proposed as an important step in the development of a sustainable circular economy.[1-3] In addition to
sustainability, the use of bio-based phenols may help address toxicity issues related to bisphenol A
(BPA).[4, 5] Polymers containing bisphenols or phenolic moieties are ubiquitous in modern society and
include polycarbonates, polysulfones, polycyanurates and epoxy resins.[6] Polycarbonates account for a
large portion of the polymer industry due to their outstanding thermal, mechanical, and optical properties
that enable widespread use in packaging, medical devices, and agriculture.[7] Petroleum-based bisphenol

A (BPA) is the most commonly used building block in these polymers, with 4.5 million tons manufactured
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in 2021.[8, 9] Unfortunately, BPA is a pervasive contaminant in both the environment and human body. In
the latter, it acts as an endocrine disruptor, coordinating to estrogen receptors in place of the hormone
estradiol and poses health risks to the reproductive, developmental, and cardiovascular systems.[10] Adding
to the problem, BPA does not follow standard toxicologic paradigms, namely, lower levels of BPA
exposure may cause more severe effects than high exposure levels.[11] Despite longstanding knowledge of
the complex toxicology and adverse health consequences of BPA, its use has persisted around the globe in
consumer and industrial products due to the lack of economical alternatives.[12]

Microplastic accumulation is another key driver for the development of BPA alternatives.[13]
Microplastics are potential contributors to oxidative stress, metabolic disorders, immune response, and
neurotoxicity as well as reproductive and developmental toxicity. These negative health impacts have
created a critical need for the study of polymers based on lower toxicity bisphenols. Bio-based alternatives
could offer a solution to both BPA toxicity and dependence on unsustainable petrochemicals. Eugenol is
an important biorenewable phenolic compound that can be obtained by extraction from plants, such as clove
buds, from the valorization of lignin, or through fermentation of sugar substrates.[14, 15] Currently,
approximately 2000 tons of eugenol are produced from clove oil extraction annually.[16] In addition to
being widely available, eugenol is approved as a food additive, possesses anti-bacterial and antioxidant
activities, and has a chemical structure that is ideal for use as a bio-based commodity monomer.[17]
Eugenol is a phenol with a methoxy group ortho to the hydroxyl group and a three-carbon pendent allyl
chain in the position para to the hydroxyl group. This unique functionality provides a synthetic handle for
either polymerization or the installation of additional chemical groups. Furthermore, the methoxy group as
well as the allylic tail impart unique thermomechanical properties to derivative polymers. Most of the
research to date on eugenol-based polymers has focused on developing materials with comparable
performance to those prepared from BPA. For example, researchers have prepared a cyanate ester monomer
from a eugenol-based bisphenol synthesized by the ruthenium-catalyzed homometathesis of eugenol
followed by hydrogenation of the olefin. [18] In related work, polycarbonates were synthesized from the

same eugenol-based bisphenol and triphosgene with molecular weights up to 14,600 g mol' and
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polydispersity indexes (P) below 2. Despite these success stories, it would be of significant interest to move
beyond the mere utilization of bio-based eugenol polymers to developing methods that leverage the alkene
functionality in eugenol for efficient and low-energy recycling protocols.

Olefin metathesis is a powerful and adaptable synthetic tool that generates new carbon-carbon
bonds in the presence of transition metal centered carbene complexes. Ethenolysis is a catalytic chemical
transformation belonging to the class of olefin metathesis reactions involving ethylene as one of the
reactants.[19] This versatile technique can be leveraged to cleave internal olefins in polymers in the
presence of ethylene to generate compounds with terminal olefins. Acyclic diene metathesis (ADMET) is
a step growth polymerization technique where an unconjugated diene polymerizes in the presence of
Schrock or Grubbs-type catalysts, typically at temperatures between 40 — 80 °C.[19] With the development
of metathesis catalysts exhibiting increased activity and functional group tolerance, combined with the mild
nature of the polymerization conditions, ADMET has become an important synthetic tool for the creation
of engineering plastics as well as specialty polymers.[20,21] In a particularly compelling approach,
polymers with internal olefins can be depolymerized via ethenolysis and then repolymerized via
ADMET][22] resulting in an infinite recycling loop. Several studies have explored the depolymerization of
unsaturated polymers such as polybutadiene and polyisoprene via ethenolysis.[23-25] However, the
recycling of bio-based engineering thermoplastics (e.g. polycarbonates) via ethenolysis has not been
explored in detail. Furthermore, additional work is needed to explore the viability of ethenolysis as a
depolymerization strategy for cross-linked thermoset networks, which are typically insoluble in common

organic solvents, leading to mass transfer issues and reduced reactivity.

In this work, by leveraging the internal alkene in a eugenol-based repeat unit, we demonstrate the
ability to depolymerize a high-performance aromatic polycarbonate in the presence of ethylene to generate
a monomeric species. This monomer is then repolymerized and upcycled via ADMET chemistry. This

methodology is extended to a multi-functional triazine monomer that forms a cross-linked network upon
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polymerization. The robustness and versatility of the ethenolysis/metathesis cycle suggests that it has broad

applications for polymer recycling in support of a circular plastic economy.[26]

Experimental

General. Unless otherwise noted, all reagents were purchased and used as received from the manufacturer
without further purification. Eugenol, triphosgene, triethylamine (TEA), dichloromethane (DCM), hexanes,
tetrahydrofuran (THF), ethyl acetate, Grubbs M102 and M204 catalysts, benzoquinone, and deuterated
chloroform (CDCI;) were purchased from Sigma-Aldrich. Methanol, diethyl ether, cyanogen bromide and
ethyl vinyl ether were purchased from Fisher Chemicals. Sodium hydroxide (NaOH) was purchased from
PolarChem and M720 catalyst was purchased from Ambeed. Ethylene gas (purity 99.95%) was purchased
from Linde. All NMR chemical shifts are reported in ppm downfield from tetramethylsilane and are
referenced relative to the NMR solvent according to the literature values: 'H NMR (CDCl; = 7.26 ppm,
DMSO-ds=2.50 ppm); 3C NMR (CDCl; = 77.16 ppm, DMSO-d¢ = 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 reported is the average
of 32 scans with 4 cm™! resolution. Background subtraction of the clean germanium crystal and baseline
corrections were used to decrease noise from the system. Gel permeation chromatography (GPC) to
determine the molecular weight of the samples was performed on a Viscotec TriSEC Model 302 GPC with
a refractive index (RI) detector. Differential scanning calorimetry (DSC) analysis was conducted on a DSC
Q200 TA instrument under N, at 50 mL/min. Approximately 5 mg of sample were tested under a heating
scan from 40 to 200 °C with a heating rate of 10 °C/min. Thermogravimetric analysis (TGA) was performed
on a TGA Q5000 TA instrument under N, flow from 24 to 800 °C with a heating rate of 10 °C/min. The
decomposition temperature is reported as the temperature at which 5% mass loss occurs (T4 so;).

Synthesis of (E)-4,4’-(But-2-ene-1,4-diyl)bis(2-methoxyphenol) (compound 1). The eugenol bisphenol

was synthesized as described in previous work.[17] Eugenol (25.88 g, 158 mmol) was combined with
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Grubbs M102 catalyst (0.532 g, 0.4 mol%) under a nitrogen atmosphere to form a thick purple solution.
The evolution of bubbles attributed to ethylene gas was immediately observed. After 8 h under nitrogen,
the flask was placed under reduced pressure and allowed to react for an additional 24 h with stirring to yield
a thick resinous mass. Anhydrous DCM was then added and the resulting solution was allowed to react for
an additional 48 h. The solvent was evaporated under reduced pressure and the resulting solid dissolved in
an aqueous NaOH solution (1 L, 1.25 M), which was then filtered through a Celite pad to remove a dark
black precipitate. After filtration, the solution was acidified with concentrated HCI, which resulted in the
precipitation of a pale gray solid. The solid was collected by filtration, redissolved in DCM, washed with
brine (6 x 200 mL), and the organic layer dried over MgSQO,. The solvent was then removed in vacuo to
yield 20.09 g of product (78% yield). Single crystals suitable for X-ray crystallography were grown by slow
evaporation of a methanol solution. 'H NMR (DMSO-d¢, 400 MHz) 8: 8.70 (s, 1H, OH), 6.72 (s, 1H, Ar-
H), 6.66 (s, 1H, Ar-H), 6.56 (s, 1H, Ar-H), 5.59 (bs, 2H, c(sp?)-H), 3.71 (s, 3H, OCHj;) 3.21 (d, /= 7.8 Hz,
2H, CH,). 3C NMR (CDCls, 400 MHz) 8: 146.46, 143.87, 132.73, 130.60, 121.06, 114.27, 111.15, 55.87,
38.60.

Polycarbonate synthesis. Compound 1 was converted into a polycarbonate based on a literature
method.[26, 27] In a general procedure, recrystallized bisphenol (0.901 g, 3.0 mmol) was dissolved in a
1.25 M NaOH solution (25 mL) and allowed to stir for a minimum of one h. TEA (0.05 mL, 0.3 mmol) was
added to the solution and then triphosgene (0.37 g, 1.25 mmol) dissolved in dichloromethane (10 mL) was
added dropwise to yield a biphasic reaction mixture. The mixture was stirred for 10 min at ambient
temperature and then diluted with 100 mL of DCM. The heterogeneous mixture was transferred to a
separatory funnel, and the organic layer was washed with distilled H,O (6 x 100 mL). The organic phase
was then concentrated and added dropwise to stirring MeOH (800 mL) to precipitate the polycarbonate.
The precipitate was isolated by filtration, redissolved in minimal DCM, reprecipitated in MeOH, and
recollected by filtration. The resulting solid was dried in a vacuum oven (60 °C, ~50 torr) for 18 h to yield
0.4316 g of the polycarbonate as a white powder (48% yield). Two different batches of polycarbonate were

prepared, one with a low molecular weight (PC1,,,, M, = 5300), and one with a higher molecular weight
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(PClpigh, M, = 12700). 'H NMR (DMSO-dg, 400 MHz) 6: 7.2 (d, J = 8.3 Hz, Ar-H), 7.0 (bs, Ar-H), 6.8 (d,
J=28.57 Hz, Ar-H), 5.7 (bs, C(sp?)-H), 3.8 (bs, OCHj), 3.3 (bs, CH,).

General polycarbonate depolymerization conditions. The polycarbonate, 5-10 mol % of either M204 or
M720, DCM (5 mg polymer/mL) and 10 mol % benzoquinone were charged to a Parr reactor under a
nitrogen atmosphere. Ethylene gas (99.95% purity) was then charged to the reactor to a pressure of either
150 or 240 psi at either 25 or 70 °C for either 24 or 72 hours. Upon completion of the reaction, pressure
was released from the reactor and the contents were transferred to a round bottom flask. An excess of ethyl
vinyl ether was added, and the mixture was allowed to stir for one h to quench the reaction. An excess of
imidazole was then introduced and the mixture was stirred for one hour followed by the addition of activated
charcoal and an additional hour of stirring. The reaction mixture was then filtered through silica gel and the
solvent was removed under reduced pressure. The resulting solid was then dried overnight under reduced
pressure at 60 °C. In cases where complete depolymerization was obtained, the product of the reaction was
bis(4-allyl-2-methoxyphenyl) carbonate (compound 2): "H NMR (CDCl;, 400 MHz) 8: 7.2 (d, 2H, J= 8.0
Hz, Ar-H), 6.8 (d, 4H, J = 16.0 Hz, Ar-H), 5.97 (septet 2H, J = 6.6 C(sp?)-H, 5.13 (m, 4H, 17.0 Hz), 3.88
(s, 6H, OCH3;), 3.39 (d, 4H, J= 6.7 Hz). 3*C NMR (DMSO-ds, 400 MHz) 6: 151.00, 150.33, 139.60, 137.77,
137.35, 122.00, 120.34, 116.18, 113.27, 55.92. Single crystals suitable for X-ray crystallography were
grown from slow evaporation of a concentrated ethyl acetate solution.

Polycarbonate synthesis via ADMET polymerization of bis(4-allyl-2-methoxyphenyl)carbonate. 2
(0.1075 g, 0.30 mmol), 1,4 benzoquinone (10 mol %), M204 (10 mol %) and DCM (500 mg/mL) were
charged to a flask under an inert atmosphere and allowed to react for 18 h. Then, 2 mL of ethyl vinyl ether
were introduced into the flask and allowed to stir for 1 hour to quench the reaction. The reaction mixture
was precipitated in hexanes (50 mL) and the solid precipitate was collected by vacuum filtration. The
precipitate was then redissolved in minimal THF, precipitated in cold methanol and collected via vacuum
filtration. The solid was dried in a vacuum oven (60 °C, ~50 torr) for 18 h to yield 0.0916 g of white powder
(85.2%). M, = 'H NMR (CDCl;, 400 MHz) 8: 6.80 — 7.15 (m, Ar-H), 5.08 — 6.45 (m, C(sp?)-H), 3.89 (bs,

OCH;), 3.35 (m, CH,)
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4-Allyl-1-cyanato-2-methoxybenzene (Compound 3). Eugenol (5.00 g, 30.5 mmol) was combined with
cyanogen bromide (4.83 g, 1.5 equivalents, 45.6 mmol), placed under a nitrogen atmosphere and cooled to
-78 °C. TEA (1.05 equivalents, 32.0 mmol) was diluted 1:1 with diethyl ether and placed in an addition
funnel under nitrogen. The TEA solution was added dropwise to the stirring reaction mixture over 30
minutes. The reaction was allowed to proceed for 3 h at -78 °C and then allowed to warm to 0 °C. A large
amount of white solids were produced. Once the reaction mixture reached 0 °C, the mixture was filtered
through Celite to remove the white solids, diluted with additional ether, washed with brine (6 x 100 mL)
and 2M HCI (1 x 100 mL), dried over MgSQO,, concentrated under reduced pressure, and dried in a vacuum
oven (60 °C, ~50 torr) for 18 h to yield 4.201 g of a clear, yellow liquid (79.6%). 'H NMR (CDCl;, 400
MHz) &: 7.21 (d, 1H, J = 7.2 Hz, Ar-H), 6.81 (s, 1H, Ar-H), 6.72 (d, 1H, J = 6.7 Hz, Ar-H), 5.88 (septet,
1H, J = 5.9 Hz, C(sp?)-H), 5.08 (m, 2H J = 5.1 Hz, C(sp?)-H), 3.84 (s, OCH;), 3.34 (d, J = 6.8 Hz, 2H,
CH,). 3C NMR (DMSOys, 400 MHz) 6: 148.02, 140.79, 138.92, 136.97, 120.64, 117.34, 116.36, 114.14,
109.53, 56.25.

2,4,6-tris(4-allyl-2-methoxyphenoxy)-1,3,5-triazine (Compound 4). Compound 3 (4.201 g, 24.25 mmol)
was placed in a flask under a nitrogen atmosphere and heated to 150 °C for two h. The temperature was
then increased to 210 °C and held at that temperature for 18 h. The resulting brown solid was dissolved in
a mixture of 90:10 hexanes:ethyl acetate and then filtered. The filtrate was concentrated under reduced
pressure and the resulting solid was dried in a vacuum oven (60 °C, ~50 torr) for 18 h to yield 1.554 g of
the product as a white powder (37.0%). Single crystals suitable for X-ray crystallography were grown by
slow evaporation of a concentrated solution of 4 in a mixture of 99:1 heptane:ethyl acetate. 'H NMR
(CDCl;, 400 MHz) 8: 6.98 (d, 3H, J= 7.0 Hz Ar-H), 6.70 (m, 6H, J= 6.7 Hz, Ar-H), 5.95 (septet, 3H, J =
6.0 Hz C(sp?)-H), 5.12 (m, 6H, C(sp?)-H), 3.71(s, 9H, OCH3), 3.35 (d, 6H, J = 3.4 Hz, CH,). *C NMR
(CDCls, 400 MHz) 6: 173.72, 150.88, 139.07, 138.85, 137.13, 122.13, 120.53, 137.13, 122.13, 120.53,
116.16, 112.89, 55.78, 40.15.

General Synthesis of Polycyanurates. 4 (0.708 g, 1.25 mmol) was combined with M204 (0.053 g, 5.0 mol

%) and DCM (50 mL) in a flask under a nitrogen atmosphere. The solution was stirred for 14 h at ambient
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temperature. Then, 5 mL of ethyl vinyl ether were introduced into the flask and the solution was stirred for
1 h to quench the reaction. The reaction mixture was precipitated in hexanes (500 mL) and the solid
precipitate was collected by vacuum filtration. The precipitate was redissolved in minimal THF,
precipitated in cold methanol and collected via vacuum filtration. The solid was then dried in a vacuum
oven (60 °C, ~50 torr) for 18 h to yield 0.4675 g of the polymer as a beige powder (66.1%). Reactions
conducted for 24 h at ambient temperature resulted in the formation of insoluble cross-linked networks.

General Ethenolysis Conditions for Polycyanurates. In an inert atmosphere, the polycyanurate, 10 mol %
of either M204 or M720, DCM (5 mg polymer/mL) and 10 mol % benzoquinone were charged to a Parr
reactor. Ethylene gas (99.95% purity) was then added to the reactor and the pressure was equilibrated to
240 psi. The reaction was allowed to proceed at 25 °C for 24 h. The pressure was then released from the
reactor and the contents were transferred to a round bottom flask. An excess of ethyl vinyl ether was
introduced into the flask and the reaction mixture allowed to stir for 1 h to quench the reaction. An excess
of imidazole was then added followed by activated charcoal. The reaction mixture was stirred for an
additional hour and then filtered through silica gel. The filtrate was concentrated under reduced pressure
and the resulting solid was dried in a vacuum oven (60 °C, ~50 torr) for 18 h. In cases where complete
depolymerization was obtained, the product of the reaction was 2,4, 6-tris(4-allyl-2-methoxyphenoxy)-1,3,5-
triazine (compound 4). The NMR spectra for this product were identical to those obtained for the starting

monomer.
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Scheme 1. (a) Bisphenol synthesis, polymerization, ethenolysis, and repolymerization of eugenol-
based polycarbonates. (b) Cyanation, thermal trimerization, network synthesis, ethenolysis, and
subsequent rounds of repolymerization and ethenolysis.

Results and Discussion

3.1 Synthesis and Characterization of Bio-based Polymers

The homometathesis of eugenol was performed following previously reported methods to yield
4,4'-(2-butene-1,4-diyl)bis[2-methoxyphenol] (1).[11-13] (Scheme 1). A polycarbonate was then
synthesized from 1 and triphosgene under biphasic conditions. [27,28] Triphosgene was selected as a safer
reagent compared to phosgene while interfacial polymerization allowed us to mimic conditions commonly
used in the industrial production of polycarbonates. There are literature reports describing polymerization
of similar monomers with diphenyl carbonate, but this approach results in low molecular weight oligomers
ranging from 3,000 — 4,000 g mol-'.[29] More importantly, the diphenyl carbonate route is plagued by a

side reaction that creates ether linkages. This changes the connectivity of the repeat units in the polymer,
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which impacts the ability of the polymer to depolymerize to monomer via ethenolysis.[20, 30 - 31] The
yield of the polycarbonate ranged between 48 — 52 % (Table 1). Despite the solubility of the bisphenol in
the NaOH solution, a heterogenous mixture was obtained even after many hours of rigorous stirring. Future
research might focus on the use of pyridine or other amines in place of aqueous NaOH to improve
yields.[30] Extending the reaction time from 10 to 15 min did not impact yield, but increased the molecular
weight more than two-fold, from 5,300 g mol-! to 13,000 g mol! (Figure 1b).

The polycarbonate was characterized by 'H NMR as well as ATR FTIR spectroscopy (Figures 1a
and S5).'"H NMR spectroscopy was used to verify successful polymerization. The 'H NMR spectrum of
the polymer did not contain the peak at 8.70 ppm attributed to the -OH of the bisphenol. In addition, all of
the peaks were shifted slightly downfield. For example, the methoxy peak in the monomer was seen at 3.71

ppm while the methoxy peak for the polymer occurred at 3.79 ppm.
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Figure 1. (a) 'H NMR spectrum of PCly;e, in DMSO-dg. (b) GPC data for PC1,,, and PClyg. ()
DSC traces for PCl,,, and PClyg. Heating cycles ran from 40 °C — 200 °C at 10 °C/min
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The FTIR spectrum of the polycarbonate (Figure S5) exhibited an intense peak at 1780 cm!
attributed to C=0 stretching of the carbonyl group while a peak at 1236 cm™! was consistent with C-O-C
stretching. A broad peak observed from 1442 — 1477 cm! was attributed to both a Cy,?-H bending vibration
and C=C stretching. Other C=C stretching peaks attributed to aromatic ring carbons appeared at 1510 and

1006 cm-1.[32-33]

The molecular weights of the polycarbonates were measured by gel permeation chromatography
(GPC) and found to be dependent on reaction time (Table 1). The number-average molecular weight (M,)
for the polycarbonates in the current work are higher than those reported by Trita et. al. for a similar
polycarbonate synthesized by ester exchange with diphenyl carbonate.[31] The molecular weight ranges
achieved with triphosghene allow for a better comparison to commercially available BPA-based

polycarbonates such as Lexan™ (typical M, = 30,000 — 50,000 g mol-').[34]

In addition to the thermoplastic polycarbonate, a trifunctional monomer was synthesized from
eugenol by cyanation followed by thermal cyclotrimerization (Scheme 1). First, eugenol was reacted with
cyanogen bromide in the presence of base to yield 4-allyl-1-cyanato-2-methoxybenzene (3). Successful
synthesis of 3 was confirmed by '"H NMR (Figure 2a) and FTIR spectroscopy (Figure 3). In the 'H NMR
spectrum, peaks ranging from 7.20-6.74 ppm were attributed to the aromatic protons. A septet and mulitplet
attributed to the alkene protons were observed at 5.88 ppm and 5.06 ppm, respectively. A singlet attributed
to the methoxy protons occurred at 3.84 ppm and a doublet for the methylene protons was present at 3.35

ppm (Figure 2a). Thermal trimerization of 3 resulted in the formation of 2,4,6-tris(4-allyl-2-

Table 1. Synthetic, GPC, and DSC results for eugenol-based
polycarbonates (PCl1o,, PCly;y,) and a cross-linked

polycyanurate(CEN1)

Polymer Reaction Yield M,, GPC b T
Time (min) (%) (g mol!) (°O)

PCloy 10 48 5,300 1.65 82

PClyign 15 52 12,700 2.36 82

CENI1 840 66 8,600 1.75 180

aT, measured by DSC
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methoxyphenoxy-1,3,5-triazine (Compound 4), a monomer with three pendent alkenes. Successful creation
of the triazine ring was confirmed by both 'H and '*C NMR spectroscopy (Figure 2b and c¢). In the 'H
NMR spectrum, the aromatic protons were shifted downfield upon successful triazine formation. The peak
attributed to the terminal alkene protons shifted slightly downfield (Figure 2b) while the peak for the alkene
shifted from 3.84 ppm to 3.71 ppm. In the 13C NMR spectrum, a peak attributed to the carbons of the triazine
ring can be seen at 173.8 ppm (Figure 2¢). FTIR spectroscopy provided further evidence of the successful
synthesis of 3 and complete conversion of the cyanate ester group during the thermal cyclotrimerization
reaction (Figure 3a and b). In the FTIR spectrum for 3, a prominent peak at 2257 cm!' was observed,
confirming successful installation of the cyanate group on eugenol.[36] Upon thermal cyclotrimerization,
this peak was no longer visible, indicating complete cyclotrimerization to generate 4 (Figure 3b). In the
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FTIR spectra for both 3 and 4, peaks for the aromatic C=C groups were observed at 1500, 1270 and 1190
cm-!' while a peak for the C-O stretching vibration appeared at 1030 cm™'.[35] Upon thermal trimerization,
peaks for the triazine moiety were seen at 1610 cm™! (C=N) as well as 1565 and 1506 cm™!' (C=C).[32-33]
Finally, single crystals of 4 were grown from a mixture of heptane/ethyl acetate, and the structure of 4 was

confirmed using X-ray crystallography (Figure 3c).

Compound 4 was polymerized via olefin metathesis using the M204 catalyst to yield a cross-
linked material (CEN1). The polymerization was conducted at ambient temperature and the reaction time
was carefully controlled (14 h) to ensure the arrested polycyanurate network was of low enough
molecular weight to be fully soluble in organic solvents. This enabled straightforward GPC and NMR

characterization, as well as ethenolysis of the network. When the reaction time was extended to 24 h, a
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Figure 3. (a) ATR-FTIR spectrum of 3 before and after thermal cyclotrimerization. (b) Expanded
view of the -OCN region in the FTIR spectrum. (c) X-ray crystal structure of compound 4. Ortep

drawings with thermal ellipsoids at the 50% probability level are included in the supporting
information.
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solid insoluble material precipitated out of solution, which suggested the formation of a highly cross-
linked network."H NMR spectroscopy of the soluble arrested network showed significant peak
broadening when compared to the monomer spectrum, which was indicative of successful polymerization
(Figure 4a). The degree of polymerization was evaluated by GPC and CEN1 was found to have an M,

(based on polystyrene standards) of 8,600 g mol! (Figure 4b and Table 1).

Both the thermoplastic polycarbonates and CEN1 were analyzed by TGA and DSC to characterize
thermal stability and measure glass transition temperatures (7,), melting points (7,,) and crystallization
temperatures (7.). The eugenol-based polycarbonates exhibited similar 7,s (82 °C) irrespective of molecular
weight (Figure 1c¢ and Table 1). This value is higher than previously reported values of 52 — 71 °C for a
saturated eugenol-based polycarbonate [27,35] likely due to the presence of the alkene bridge located
between the aromatic rings in the current work. However, the 7,s measured for PCl,,, and PCly;y, were

much lower than commercially available Lexan™, which is based on BPA and has a T, = 146 °C.[38]
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Figure 4. (a) '"H NMR spectrum of CEN1 in CDCls. (b) GPC of CENI.
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Despite this shortcoming, the 7, of the eugenol polycarbonate was still well above room temperature, which
should make it suitable for a number of commercial applications.[33, 36] The moderate 7, of PC1,,,, and
PClygn was attributed to the 4-carbon bridges between the aromatic rings, which allow for greater
flexibility compared to the isopropylidene linkage in Lexan™. Interestingly, no 7, or 7, was observed for
PCl,,y or PClyg via DSC. Examination of the material in a standard melting temperature apparatus
revealed a 7,, between 160 — 173 °C. CENI1 was found to have a T, of 180 °C (Table 1), which is close to
the reported 7, of a saturated polycyanurate network derived from eugenol (186 °C).[18] The similarity in
these values despite the modest molecular weight in the current case suggests that a fully cross-linked
network derived from the unsaturated eugenol-based monomer would have a higher T, compared to the
network obtained from the saturated version. The 7, for CEN1 is much lower, approximately 100 °C,
compared to the T, of a polycyanurate network derived from bisphenol A dicyanate.[39, 40] As discussed
above for the polycarbonates, this difference is likely due to the more flexible 4-carbon linker between

aromatic rings. As expected, no 7, or 7, was observed for CEN1 due to the amorphous branched structure.

3.2 Catalytic Recycling via Ethenolysis and Olefin Metathesis

After characterizing the polymers, we first explored the depolymerization of the polycarbonates via
ethenolysis (Figure 5a). A key step in closed loop recycling is the ability to convert used polymers back to
monomers followed by repolymerization. Initial ethenolysis conditions were chosen based on previous
work with methyl oleate. [41] Catalytic depolymerization to monomer or low molecular weight oligomers
is desirable for recycling as it prevents damage to the polymer chains that can occur during mechanical
recycling. In addition, this approach creates a,m-diene monomers that can be used in the synthesis of other
polymers.[42, 43] The impact of reaction conditions as well as the molecular weight of the starting polymer
were explored to optimize ethenolysis conditions for obtaining monomeric product. The products of
ethenolysis were purified and characterized by '"H NMR and GPC. For the depolymerized products derived
from PCl,,, and PCl,p, the terminal alkene peaks of the product were clearly visible at 5.95 and 5.09 ppm

(Figure 5b). Integration was performed and normalized to the terminal alkene resonance at 5.95 ppm. The
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Figure 5. (a) Ethenolysis scheme for depolymerization of polycarbonates. (b) "H NMR spectrum of
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peak at 5.68 ppm was attributed to the internal alkene along the backbone of the oligomers. Based on the
'"H NMR integration, it was determined that the ethenolysis reaction yielded oligomers with an average
length of approximately 6 repeat units. Complimentary to the '"H NMR analysis, GPC analysis revealed 5
peaks attributable to different oligomers (Figure 5c¢ and d). The average M, for all of the experiments
ranged from 1700 — 2600 g mol"!, which is consistent with the molecular weight determined by '"H NMR
spectroscopy. It should be noted that the molecular weights determined by 'H NMR are quantitative
whereas the molecular weights determined by GPC are estimates as they are based on elution time related
to polystyrene standards. In addition, the GPC method has less fidelity compared to NMR analysis,

particularly for low molecular weight species.



Page 17 of 29 Polymer Chemistry

The ethenolysis of the eugenol-based polycarbonate was repeated several times while varying the
starting molecular weight, catalyst type, time, temperature, pressure, and use of a radical inhibitor (Table
2). In every case, the product of ethenolysis was an oligomeric distribution with an M, of ~1,500 g mol!
(as determined by '"H NMR spectroscopy). Although it is unclear exactly why the initial depolymerization
step is limited to the formation of oligomers, one possible explanation is that the catalyst is deactivated due
to irreversible binding of the oligomeric product as the reaction proceeds. Alternatively, there may be some
impurity in the reaction mixture that poisons the catalyst prior to complete depolymerization. In an attempt
to drive the reaction to completion, the depolymerization products of several ethenolysis trials were
combined and subjected to further ethenolysis with fresh catalyst. This resulted in complete
depolymerization to bis(4-allyl-2-methoxyphenyl) carbonate (compound 2) as confirmed by 'H NMR
spectroscopy (Figure 6a). The GPC chromatogram of the depolymerization product exhibited one narrow

peak providing further evidence for complete conversion to the monomer (Figure S4). Finally, large single

Table 2. Ethenolysis results for eugenol-based polycarbonates and a polycyanurate under varying

conditions
Polymer  Starting M, After Yield Catalyst Time Temperature Benzo-
M, (g Ethenolysis (%) Typeand  (hours) (°O) quinone
mol!) (g mol!) loading (mol%)
PClipw 5,300 1700 62 5 mol % 24 25 None
M204
PCloy, 5,300 2500 67 10 mol % 24 70 10
M720
PCliow 5,300 2600 64 10 mol % 72 25 10
M204
PClyign 12,700 2000 59 10 mol % 24 25 10
M204
S5-mer PC 1600 — 294.35° 64 10 mol % 24 25 10
26002 M204
CENla 8600 1000 58 10 mol % 24 25 10
M204
CEN1b 1000 600 71 10 mol % 24 25 10
M204

astarting material is a combination of products of the 4 previous reactions
bpure monomer obtained from the ethenolysis reaction
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crystals of 2 were grown from ethyl acetate (Figure 6b) and an X-ray crystal structure was obtained (Figure
6¢). Although two rounds of ethenolysis were required, this work demonstrated that a high molecule weight
bio-derived polycarbonate could be selectively depolymerized to a monomeric species via [Ru]-catalyzed

ethenolysis.

Having found great success in depolymerizing a thermoplastic material to a monomeric building
block, the ethenolysis of CEN1 was attempted (Table 2). The '"H NMR spectrum of the depolymerized
network and X-ray crystal structure of the monomeric species (4) are shown in Figures 7a and 7b,
respectively. Unlike the polycarbonate example, it was not possible to estimate the molecular weight of the
depolymerized product via NMR spectroscopy. The internal alkene peak appearing at 5.64 ppm was not
present in the spectrum, suggesting complete depolymerization. However we did observe some broadening

of the peaks which suggested some polymeric impurity. GPC analysis revealed primarily monomer with a
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Figure 7. (a) '"H NMR spectrum of the CEN1a ethenolysis product in CDCl;. (b) Chemical
structure of the ethenolysis product. (¢) GPC chromatogram of the ethenolysis product.

shoulder due to the presence of oligomers (Figure 7¢). However, based on the NMR data it did not appear
that the shoulder was due to oligomers with unsaturated alkenes in the backbone.

Although the triazine monomer could be easily purified from the product mixture after one ethenolysis
cycle, we typically conducted a second round of ethenolysis to ensure product composition across multiple
experiments for subsequent polymerization reactions (Figure 8). The triazine product obtained after two
rounds of ethenolysis was analyzed via "H NMR spectroscopy and found to be consistent with an authentic
sample of 4 (Figure 8a). Similarly, GPC analysis of the product revealed one narrow peak attributable to
the monomer (Figure 8b). The successful depolymerization of the polycyanurate is significant as it shows
that a cross-linked structure does not prevent depolymerization via ethenolysis and may open the door to

depolymerization of thermoset networks.
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The monomeric ethenolysis products from both the polycarbonate and triazine network were
repolymerized via olefin metathesis in dichloromethane at ambient temperature in the presence of 10%
M204 to generate PC2 and CEN2 from 2 and 4, respectively (Table 3). During the repolymerization of 2,
a partial isomerization of the primary olefin to the internal position was observed by NMR spectroscopy
(Figure 9a). The '"H NMR spectrum showed a new stilbene linkage at 6.45 and 6.32 ppm derived from the

metathesis reaction of two internal alkenes. In addition, we observed a second set of alkene hydrogens at

5.97 ppm attributable to the product obtained by a metathesis reaction between an internal and primary

alkene (Figure 9b).[44] Finally, we observed the conventional linkage from the parent polymer at 5.68

ppm

Table 3. Synthetic and characterization results for a eugenol-based

polycarbonate and polycyanurate repolymerized from ethenolysis products

Polymer Time (min) Yield M, GPC D T, (°C)
(%) (g mol)
PC2 1080 59 7,500 1.49 114
CEN2 840 70 8,600 1.73 173
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(Figure 9b). Careful integration of these regions allowed us to quantify the relative amount of each type of
linkage in the polycarbonate. 61% of the linkages were between two allyl groups, 10% were asymmetric
(between an internal alkene and a primary alkene), and 29% of the linkages were of the stilbene type. An
attempt was made to prevent isomerization of the allyl group to an internal position by the addition of 1,4-

benzoquinone, however, we saw no difference in the product distribution, despite a contrary result in the
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literature.[45] GPC analysis was performed on the recycled polymer, and M, was found to be 7,500 g mol-
!'(Figure 9c¢). This is substantially lower than the initial M, of 12,700 g mol! for PCl1y;4, however, direct
molecular weight comparisons are not warranted because the original polycarbonate was polymerized via
step-growth interfacial polymerization, whereas the recycled polymer was polymerized via ADMET.

Further evidence of alkene isomerization prior to polymerization was provided by DSC analysis of
the recycled material. The 7, of the repolymerized polycarbonate was found to be 114 °C, an increase of
32 °C compared to the virgin polycarbonate (Figure 9d). Mechanically recycled polymers typically exhibit
lower T,s due in part due to dangling chain ends created during the recycling process.[1, 43] Similarly,
harsh chemical depolymerization mechanisms can generate “dirty mixtures” which negatively impact the
properties of the repolymerized material. In the current case, the substantial increase in T, was attributed to
the partial isomerization of the allyl group, which resulted in the formation of more rigid linking groups,
particularly stilbenes. Despite the structural differences, it is remarkable that the recycled polymer product
has an improved 7, compared to the initial material. It is likely that subsequent cycles of de- and
repolymerization would result in additional isomerization of the alkene, leading to further increases in
T,.[44]

3.3 Circularity of Catalytic Recycling

The repolymerized polycarbonate was not subjected to further ethenolysis cycles due to the isomerization
of the allyl group under the established conditions. The isomerization process would generate a different
polycarbonate product over time, resulting in changing material properties. Additionally, the solubility of
the material would be expected to diminish as the stilbenic linkages increase. While the polycarbonate can
be efficiently recycled, the isomerization process would make it hard to evaluate if the catalytic recycling

process detrimentally affected the material properties for this particular system. In contrast, we did not
observe any isomerization during repolymerization of 4. After the initial depolymerization and
repolymerization cycle, two additional cycles of catalytic recycling were successfully performed. In each
cycle, the network was fully depolymerized to 4 (two steps, a and b) and subsequently repolymerized to

generate a polycyanurate (Tables 4 and 5). For clarity, polymers are identified by their polymerization
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round number. For example, CEN1 represents the first round of polymerization while CEN2 is the network
repolymerized from the first round of ethenolysis products, CEN3 is the network repolymerized from the

second depolymerization step, and so on.

Table 4. Ethenolysis results for repolymerized polycyanurates?

Polymer Starting M, After Yield (%) Catalyst Type®  Time
Identity M, (g Ethenolysis (hours)
mol!) (g mol'!)

CEN2a 8600 1800 67 M204 24
CEN2b 1800 700 68 M204 24
CEN3a 7500 1900 72 M204 24
CEN3b 1900 600 85 M204 24
CEN4a 8000 1500 59 M204 48
CEN4b 1540 600 83 M204 24

2240 PSI, 25 °C, 10 mol % benzoquinone
10 mol %; pure monomer required 2 consecutive ethenolysis reactions.

Table 5. Olefin metathesis polymerization results for polycyanurates repolymerized
from ethenolysis products.

Polymer Reaction % yield M,, GPC b 1, C
Time (g mol")
(minutes)
CEN2 840 68 8600 1.73 173
CEN3 840 90 7500 421 167
CEN4 840 82 8000 1.33 184

After each polymerization, the thermomechanical properties of the reconstituted networks were
evaluated. Neither the 7, nor the molecular weight were significantly different in the repolymerized samples
(Table 5 and Figure 10). For CEN3, the 2" repolymerization of the polycyanurate, ® was extremely high.
Careful examination of the GPC trace revealed a small amount of high molecular weight material combined
with a peak attributed to unpolymerized monomer present in this sample. The effects of residual monomer
greatly impacted T, which was 13 °C lower than the virgin polymer. However, in the next cycle the Tg
recovered to 184 °C, an increase in 4 °C over the virgin polymer. Overall, these results show full circularity
for the eugenol-based polycyanurate network, opening the door for this novel recycling method to be

applied to insoluble thermoset networks, a long-standing challenge within the polymer industry.
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Conclusions

A thermoplastic polycarbonate and a cross-linked polycyanurate with alkenes incorporated in the backbone
were synthesized from the biobased phenol eugenol and fully characterized. The resulting materials were
then depolymerized via a two-step [Ru]-catalyzed ethenolysis process to generate monomers with pendent
allyl groups. These monomers were subsequently repolymerized via olefin metathesis to obtain high
molecular weight linear and cross-linked polymers. The depolymerization products were purified without
rigorous effort and found to be suitable for repolymerization. For the depolymerization products of the
linear polycarbonate, isomerization of the allyl group during ADMET polymerization was observed,
preventing direct comparison of the thermo-mechanical properties of the recycled polycarbonate with the
initial polycarbonate. Future work may explore alternative catalysts or lower catalyst loading as a possible
route to prevent isomerization of the allyl group. Interestingly, the isomerization during repolymerization
resulted in a dramatic increase in 7, (32 °C), which essentially providing a route to upcycle the
polycarbonate. In contrast, most polymers recycled via either mechanical routes or treatment with harsh

chemicals at elevated temperature result in materials with decreased T,s and poorer mechanical properties.
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In parallel with the polycarbonate work we demonstrated efficient
depolymerization/repolymerization protocols for a polycyanurate. No isomerization was observed during
the repolymerization of this monomer, enabling full circularity. Three cycles of depolymerization and
repolymerization were performed and no significant decrease in thermo-mechanical properties was
observed. Future work in our laboratory will focus on recycling the ethenolysis catalyst, using more
environmentally friendly solvents, and attempting the ethenolysis of insoluble thermoset networks.
Overall, this work demonstrates the potential of sustainable and fully recyclable eugenol-based polymers
for commercial applications. This approach can be readily extended to other alkene containing
thermoplastics and cross-linked networks, offering a versatile recycling strategy to support the creation of

a circular economy.
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