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ABSTRACT: The synthesis of polymers from lignin-derivable
d 1 trochemical building blocks with
compounds can replace petrochemical building blocks with a T %

renewable feedstock. However, the end-of-life management of
bioderivable, nonbiodegradable polymers remains an outstanding
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challenge. Herein, the chemical recycling and upcycling of two V....’
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higher-glass-transition temperature (>100 °C), lignin-derivable

polymethacrylates, poly(syringyl methacrylate) (PSM) and poly- 0%

(guaiacyl methacrylate) (PGM), is reported. Neat PSM and PGM o ° N ... .C‘f.“‘ "

were thermally depolymerized to quantitative conversions, ‘ N

producing their constituent monomers at high yields and purity.

The deconstruction atmosphere influenced the depolymerization lignin-derivable functionalized chemically recyclable
phenolics monomers polymethacrylates

reaction order, and depolymerization was thermodynamically
favored in air over N,. Further, monomer bulkiness and volatility
impacted depolymerization activation energies. Notably, bulk depolymerization of PSM and PGM was performed without solvent or
catalyst to high polymer conversions (89—90 wt %) and monomer yields (86—90 mol %) without byproduct formation. The
resultant monomers were then upcycled to narrow-dispersity polymers and phase-separated block polymers. The findings herein
offer a pathway to material circularity for higher-performance, lignin-derivable polymethacrylates.

Bl INTRODUCTION primarily burned for energy.”"”* Advances in lignin decon-

The vast majority of polymers manufactured today rely on struction to small molecules in recent decades have

petrochemical feedstocks for synthetic building blocks."” reinvigorated research on the conversion of lignin—a low-
These polymers have substantial benefits, but they also cost, abundant, bioderivable feedstock— into chemicals for

engender significant environmental concerns arising from commodity products.”*™** Lignin deconstruction yields a
both their start-of-life resource extractlon and their end-of- variety of phenolics with either zero, one, or two ortho-
life management and per51stence For examplel approx- position methoxy substitutions and a breadth of para-position
imately 7% of global oil and gas production is directed towards chemical functionalities (e.g., alkyl chains, aldehydes, carbox-
commodity polymer production and draws on a finite, ylic acids).”****” Lignin-derivable phenolics have in turn been
nonrenewable resource.””” At the same time, few end-of-life transformed into polymers for applications spanning packaging
pathways are currently capable of repurposing spent polymers materials, dental composites, epoxy resins, and microelec-
into circular pathways or new products with comparable value tronics, among other examples.””**™** Yet, despite the above-
to the original macromolecules.”' ™" Notably, polymers that mentioned start-of-life advantages in monomer sourcing, the
undergo mechanical recycling—the most prevalent form of responsible end-of-life management of these biobased, non-
polymer recycling today—experience drops in performance biodegradable polymers is unsolved.*™

arising from events such as chain scission, cross-linking, or the This manuscript details, for the first time, the chemical
introduction of 1mpur1121es that result in downcycling to lower- recycling and upcycling of two representative lignin-derivable

value applications.’

One route to address start-of-life concerns for commodity
polymers is the use of biomass-derived feedstocks, such as
lignin, which can be deconstructed into small molecules as
potential sustainable building blocks for polymers.'” ™" For
instance, lignin is a component of biomass that is separated
from cellulose and hemicellulose via 1ndustr1al pulping
operations on the order of 100 Mt annually.”’ Historically,
lignin has been considered a waste byproduct due to its
complex, recalcitrant chemical structure, and consequently, it is

polymethacrylates: poly(syringyl methacrylate) (PSM) and
poly(guaiacyl methacrylate) (PGM) (Figure 1). The material
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T, polymethacrylates from lignin-derivable phenolics. (a) In this report, phenolics obtainable

from lignin deconstruction were transformed to monomers that could be circularly polymerized and depolymerized. (b) Syringol and guaiacol, two
lignin-derivable compounds, were chemically functionalized with methacrylate groups and polymerized by free-radical methods. The resultant
polymethacrylates were then thermally depolymerized to monomers that were used in further polymerizations in a circular framework.

properties of PSM and PGM, reported elsewhere, suggest that
these polymethacrylates are useful for commercially relevant
apphcatlons, including thermoformable, boiling-water-stable
plastics,””*® 3D-printing resins,”"*>*” and adhesives.””*’ In
these applications, simultaneously sourcing materials from
renewable feedstocks and achievin, ng material circularity remains
an outstanding challenge.'”***”*® The conditions leading to
the quantitative thermal deconstruction of PSM and PGM
were investigated, and the volatile products arising from these
processes were identified. The kinetics and thermodynamics of
deconstruction for each polymer in N, and air atmospheres
were also examined. Most notably, bulk depolymerizations of
PSM and PGM were performed by reactive distillation under
dynamic vacuum without added solvent or catalyst to 89—90
wt % conversions and 86—90 mol % monomer yields. The
resultant monomers were produced without byproduct
formation and were then used to synthesize narrow-dispersity
polymers and phase-separated block polymers to demonstrate
viable pathways toward the reuse and upcycling of lignin-
derivable polymethacrylates. The thermal depolymerization
strategy described here unlocks chemical recycling for free-
radically synthesized lignin-derivable polymethacrylates to
obtain pure constituent monomers at high conversions,
enhancing its industrial applicability (and circumventing the
need for chemically labile end groups, e.g, from reversible-
deactivation radical polymerizations).”' = Further, the ability
to achieve high depolymerization conversions of bulk PSM and
PGM homopolymers under very similar conditions implies
that random copolymers of SM and GM (and possibly other
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lignin-derivable methacrylates)— spanning a ~100 °C range of
Tgs37—would efficiently undergo thermal depolymerization in
the same reaction environment. Random copolymers could
then be synthesized from the resulting constituent monomer
mixtures to maintain similar material properties over multiple
life cycles, or monomers could be separated (eg, based on
differences in polarity or monomer volatility®") to formulate
new homopolymers or block polymers, among other potential
options.

B RESULTS AND DISCUSSION

Syringyl methacrylate (SM) and guaiacyl methacrylate (GM)
were synthesized from lignin-derivable syringol and guaiacol,
respectively, in a single-step esterification reaction with
methacryloyl chloride (Figure 1b, see the Supporting
Information). PSM and PGM were then prepared via free-
radical polymerization to obtain macromolecules with number-
average molecular weights (M, )s of ~31—43 kg/mol, weight-
average molecular weights (M,,)s of ~107—184 kg/mol, and
dispersities (D)s of 3.4—4.3, as determined by gel permeation
chromatography (GPC) calibrated to polystyrene standards
(Figure 1b and Table S1). Analysis of polymer thermal
transitions by differential scanning calorimetry (DSC) revealed
Tes of 215 and 118 °C for PSM and PGM, respectively,
c0n31stent with previous reports (Flgure 2a). 37,38

The deconstruction of PSM and PGM into small-molecule
species was first analyzed by thermogravimetric analysis—mass
spectrometry (TGA-MS) (Figure 2b—g). This technique
simultaneously quantified polymer mass loss caused by
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Figure 2. Thermal transitions, thermal deconstruction profiles, and deconstruction products of PSM and PGM. (a) DSC traces on second heating
for PSM and PGM with Ts of 215 and 118 °C, respectively. Traces are shifted vertically for clarity, and Tis are identified with arrows. TGA curves
for (b) PSM and (c) PGM in N, (darker curves) and air (lighter curves). (d—g) In-line MS traces obtained during TGA of PSM in (d) N, and (e)
air, and PGM in (f) N, and (g) air (SM expected m/z = 222; GM expected m/z = 192; characteristic methacrylate monomer fragments, expected

m/z = 41, 69)."4*

thermally induced polymer deconstruction and chemically
analyzed the evolved small-molecule products. TGA-MS was
performed under both N, and air flows to examine the impact
of the reaction environment on polymethacrylate deconstruc-
tion and extract temperatures corresponding to 5% mass loss
(Tsy) and 50% mass loss (Tsoy) for each polymer (Figure
2b,c). For PSM deconstructed in N,, Tso, = 276 °C and Tigo, =
354 °C; for PSM deconstructed in air, Tsq, = 298 °C and Ty
= 320 °C; for PGM deconstructed in N,, Ty = 266 °C and
Ts00 = 353 °C; and for PGM deconstructed in air, Ty, = 291
°C and Ty = 323 °C. TGA data for both PSM and PGM in
N, implied a two-stage deconstruction process; this pathway
has been reported with other polymethacrylates and is
hypothesized to result from the unzipping of unsaturated
chain ends at lower temperatures followed by random chain
scission at higher temperatures.**™*’ In contrast, the unzipping
of polymethacrylates at lower temperatures is suppressed in air
due to the spontaneous reaction of oxygen with thermally
induced polymer radicals to form peroxy radicals that break at
higher temperatures.”® Notably, PSM and PGM quantitatively
converted to volatile molecular species across all atmospheres.
This result suggested that PSM and PGM thermal depolyme-
rization can be performed with minimal char formation, a
useful feature for performing chemical recycling at higher
yields with minimal reactor coking.’"**> Notably, PSM and
PGM can be depolymerized without the use of catalysts, which
may be prone to poisoning by deconstruction products and in
turn have a limited lifespan.>

The deconstruction products from the in-line MS profiles
corresponding to each TGA trace were also examined (Figure
2d—g). These spectra showed the emergence of species with
mass-to-charge (m/z) values of 41 and 69, two known
methacrylate ionization fragments,"**> and “full” monomer
molecular weights (expected m/z of 222 for SM and 192 for
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GM) over the range of temperatures analyzed. The x-axes of
these plots are labeled as a reaction coordinate because of the
nonlinear offset between temperatures of polymer mass loss on
the TGA profiles and the emergence of molecular species on
the mass spectra, attributable to the high normal boiling points
of the monomers (b.p.gy & 221 °C, bp.gy ~ 131 °C)”
relative to the maximum temperature (200 °C) of the line
connecting the TGA instrument and MS detector (Figure S1).
The capability to quantitatively deconstruct cross-linked PGM
to its monomers was also confirmed (Figure S2).

The kinetics and thermodynamics of polymer deconstruc-
tions were modeled to provide insight into the influence of
polymer structure and reaction atmosphere on deconstruction
pathways and inform appropriate conditions for bulk chemical
recycling efforts.”**> Herein, a TGA-based protocol was
employed to capture the deconstruction kinetics and activation
energies for PSM and PGM in N, and air atmospheres. At a
given temperature above a polymer’s onset of thermal
degradation, the change in conversion (@, defined as the
fractional mass of polymer deconstructed relative to its initial
mass) is related to time (t) by

da _ k(1 — @) for a first-order reaction

dt (1)
or

da 2 .

— = k(1 — a)” forasecond-order reaction

dt ()

in which k is a rate constant describing the kinetics of the
deconstruction reaction under isothermal conditions.’®™>®
These equations integrate t0”0 78

—In(1 — @) = kt for a first-order reaction

3)

or
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Figure 3. Kinetics and thermodynamics of lignin-derivable polymethacrylate deconstructions. (a—d) Depolymerization kinetic rate constants
extracted from the slopes of the best-fit lines for PSM and PGM deconstructions in N, and air. Representative first- and second-order fittings for
isothermal TGA holds at 350 °C are shown for (a) PSM in N,, (b) PSM in air, (c) PGM in N,, and (d) PGM in air. (e—h) Rate constants from
isothermal holds over a range of temperatures were linearized to an Arrhenius relationship for (e) PSM in N, (f) PSM in air, (g) PGM in N,, and

(h) PGM in air.

(4)

Rate constants were extracted from the slopes of best-fit lines
using eqs 3 and 4 over a range of deconstruction isotherms
(Figure 3a—d).”*">® Notably, the polymethacrylates’ depoly-
merization reaction orders changed based on the chemical
environment: PSM and PGM deconstruction kinetics fit a first-
order reaction in air and a second-order reaction in N,. This
difference may be attributed to the different reaction
mechanisms described previously and demonstrated in Figure
2b,c 4550

Finally, an effective activation energy for deconstruction, E,,
was calculated based on an Arrhenius relationship

RT

that linearizes to

(1 —a)' — 1=kt forasecond-orderreaction

©)

In(k) = In(4) — ;T

(6)

in which A is a pre-exponential factor, R is the ideal gas
constant, and T is the temperature.‘%_58 E, was thus extracted
from plots of In (k) versus inverse temperature for PSM and
PGM in N, and air to find E_ pspn, = 219 KJ/mol; E, poy air =
147 kKJ/mol; E, paumy, = 272 kJ/mol; and E, pgpair = 110 kJ/
mol (Figure 3e—h). E, »; for each polymer was lower than
E,n, which suggested a catalytic role of oxygen in the
polymethacrylates’ deconstruction to small molecules.’”’
Additionally, E, pgy, was higher than E, psyin, but E, poaair
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was lower than E, pgyai- These trends implied that the
determined E, may be influenced by both the activation energy
for the depolymerization reaction and the energy required to
volatilize monomer products. The depolymerization of PSM
was likely energetically favored over the depolymerization of
PGM due to the relatively higher steric bulkiness of the SM
constituents, leading to a lower E, for PSM than PGM in
N,.°>°! However, if a catalytic reactant like oxygen lowered E,
sufficiently, then the measured E, values could be influenced by
the energy input needed to volatilize the deconstruction
products off of the TGA pan.”” In this case, the substantially
higher boiling point of SM versus GM (b.p.gy & 221 °C,
b.p.gm & 131 °C)*" may have led to a lower measured E, for
PGM than PSM in air. Despite the sensitivity to monomer
volatilities, the E.s determined by the TGA-based method
employed here are useful for the practical implementation of
chemical recycling processes based on monomer volatilization
(e.g, bulk depolymerization with monomer recovery by
distillation).

The insights gleaned about the conditions that enable
efficient PSM and PGM depolymerization were harnessed to
perform bulk thermal deconstructions to high yields (Figure
4). In these experiments, PSM or PGM were heated under
dynamic vacuum (4 h, 300 °C), and the resultant small-
molecule products were distilled and captured in a liquid
nitrogen cold trap. Small-molecule products were characterized
by gas chromatography—mass spectrometry (GC-MS) and
proton nuclear magnetic resonance (‘H NMR) spectroscopy,
and the remnant polymer fractions were characterized by GPC.
In particular, for PSM, the 300 °C deconstruction temperature

https://doi.org/10.1021/acs.macromol.3c01985
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Figure 4. Characterization of PGM and PSM bulk deconstruction products from reactive distillation. (a, b) Gas chromatograms of molecular
outputs from bulk deconstruction of (a) PSM and (b) PGM. Insets provide zoomed-in profiles of the GC traces. (¢, d) In-line MS data for the
major GC peak from (c) PSM deconstruction in panel (a) and (d) PGM deconstruction in panel (b). (e, f) "H NMR spectrum of (e) PSM
deconstruction product and (f) PGM deconstruction product. Assignments of peaks to constituent monomer protons are shown for reference.

provides an ideal processing window (~100 °C) between the
T, and the upcycling conditions. Further, the 300 °C
depolymerization falls below deconstruction temperatures
typical of poly(methyl methacrylate) (PMMA) pyrolysis
methods (x350—600 °C).*

PSM and PGM were deconstructed in bulk to small-
molecule products with 90 and 89 wt % polymer conversions
and 90 and 86 mol % small-molecule yields, respectively.
These yields are at the higher end of the ~30—90 wt %
monomer yields typical of optimized PMMA thermolysis
strategies.”” The close matches between polymer conversions
and collected small-molecule yields suggested that minimal or
no gaseous byproducts (e.g, CO,) evolved under the
employed depolymerization conditions. Analysis of remnant
polymer molecular weights after deconstruction by GPC
showed decreases in both M, and M,, relative to those of the
starting materials (Table S1). Evaluation of the small-molecule
products by GC-MS revealed a single GC peak for each
acquired product fraction (Figure 4a,b). Mass spectra from
these GC peaks corresponded to the constituent methacrylate
monomers (Figure 4c,d), as determined by the presence of
methacrylate fragments™* and monomer molecular weights
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that match the above-mentioned TGA-MS results. Addition-
ally, peaks in the 'H NMR spectra of the deconstruction
outputs were fully assignable to the corresponding monomers
(Figure 4ef). In contrast, the thermal deconstruction of
PMMA is known to yield noxious byproducts (e.g, methyl
isobutyrate, methyl pyruvate) that disrupt polymerizations and
thus limit monomer recycling.”” The suppression of byproduct
formation in PSM and PGM thermal depolymerization is likely
enabled by the use of lower depolymerization temperatures
than those typically employed in PMMA pyrolysis and
eliminates the need to purify the distillate prior to
repolymerization.’>*®  Altogether, the data indicated that
PSM and PGM were depolymerized in high yields to pure
monomers under these conditions.

Finally, new polymers were synthesized from the outputs of
PSM and PGM bulk depolymerizations to demonstrate the
potential for circularity and upcycling of lignin-derivable
polymethacrylates. First, activators regenerated by electron
transfer—atom transfer radical polymerization (ARGET-
ATRP) was employed to synthesize PSM and PGM from
recovered monomers.”**> PSM upcycled by ARGET-ATRP
demonstrated a dispersity significantly narrower (D = 1.2) than

https://doi.org/10.1021/acs.macromol.3c01985
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Figure 5. Low dispersity and block polymers synthesized from SM and GM bulk depolymerization products. (a) GPC traces of PSM synthesized
by ARGET-ATRP (D = 1.2) using monomer from bulk depolymerization and its free-radically synthesized starting material (P = 4.3). (b) GPC
traces of PGM obtained via ARGET-ATRP of reclaimed monomer (D = 1.4) and its free-radically synthesized starting material (D = 3.4). (c) DSC
trace on the second heating of P(LM-b-SM) using SM from bulk depolymerization exhibited a melting peak at —35 °C and a T, at 208 °C.

that of the starting material synthesized by free-radical
polymerization (P = 4.3, Figure Sa). Similarly, PGM obtained
by ARGET-ATRP of recovered monomer exhibited a
substantially lower dispersity (D = 1.4) than its free-radical-
synthesized starting material (P = 3.4, Figure Sb). The
generation of a block polymer also was realized from the
depolymerization products of PSM. In this case, lauryl
methacrylate (LM) was polymerized via ARGET-ATRP and
then chain extended with recovered SM to produce a phase-
separated block polymer, P(LM-b-SM) (Table S1). Lauryl
methacrylate was chosen for this synthesis because it is
bioderivable from lauric and lauryl acids, components of
numerous plant oils,’*®” thus foreshadowing the potential of
an “all-biobased” block polymer. DSC data obtained for P(LM-
b-SM) revealed a melting peak at —35 °C corresponding to the
LM block® and a T, at 208 °C corresponding to the SM block
(Figure Sc). These results suggested that P(LM-b-SM) may be
useful in, e.g, thermoplastic elastomer applications, in which
having phase-separated blocks with distinct thermal character-
istics is important to material function.”””"" In total, the
outputs of PGM and PSM bulk depolymerization were useful
as starting materials for macromolecules of equal or greater
value than those of the initial polymers.

B CONCLUSIONS

Lignin-derivable phenolics offer potential as sustainable
alternatives to petrochemically derived aromatic building
blocks for polymer production. Notably, facile functionaliza-
tion and polymerization of these phenolics enables the
synthesis of high T, (>100 °C), glassy polymers. Despite
these feedstock and thermal performance advantages, respon-
sible end-of-life management for lignin-derivable polymetha-
crylates has remained an outstanding challenge. Here, the
chemical recycling and upcycling of two lignin-derivable
polymethacrylates was demonstrated. PSM and PGM were
thermally depolymerized in N, and air to quantitative
conversions, and the constituent monomers were identified
as the primary deconstruction outputs using TGA-MS.
Analysis of the depolymerization kinetics captured a sensitivity
of the reaction order to the deconstruction atmosphere.
Measurements of thermodynamic parameters of depolymeriza-
tion uncovered a catalytic role of oxygen in polymer
deconstruction and a thermodynamic balance between energy
inputs required for deconstruction versus monomer volatiliza-
tion based on reaction pathways. Finally, depolymerization of
the lignin-derivable polymethacrylates was extended to the
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bulk to obtain SM and GM monomers from PSM and PGM,
respectively, in high yields (86—90 mol %) and absent
byproduct formation. The resultant monomers served as
building blocks for narrow-dispersity polymers (D = 1.2—
1.4) and phase-separated block polymers, demonstrating
methods for upcycling lignin-derivable monomers over multi-
ple life cycles. In summary, the results herein present a bulk,
catalyst-free strategy to chemically recycle lignin-derivable
polymethacrylates with high yields and monomer purity and
illustrate the utility of the resulting monomer for upcycling,
offering a path towards circular material economies for lignin-
derivable polymers.
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