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Molecular post-modification design strategies that enable low-temperature pyrolysis of polystyrene (PS)
remain an underexplored area. Conventional pyrolysis of PS demands heating above 400 °C, creating
economic barriers to commercial-scale monomer recovery. Here, we demonstrate the post-
functionalization of the PS backbone with a labile C-S bond, specifically a trifluoromethylthio group (-
SCF3), to accelerate the depolymerization of PS at lower temperatures. A previously established small-
molecule trifluoromethylthiolation reaction was adapted to PS through solvent screening and reaction
optimization. Across a wide range of molecular weights (M,, = 1.12-110 kg mol™), including consumer-
grade samples, thermogravimetric analysis demonstrates that PS-SCFs exhibits an onset degradation
temperature 10-20 °C lower and a greater mass loss of 10-35% over 20 hours at 300 °C compared to
pristine PS. Flynn—Ozawa-Wall analysis reveals that the average apparent activation energy for
depolymerization of PS-SCFs is approximately 11 kJ mol™! lower than that of pristine PS. To assess the
potential industrial relevance of this protocol, pyrolysis of several consumer-grade PS samples and their
post-modified PS-SCFs analogues was performed at 300 °C; PS-SCFsz samples were found to afford
higher styrene recovery relative to pristine PS. This study explores the potential of backbone post-
functionalization of PS as a strategy to accelerate depolymerization at lower temperatures and shorter
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Introduction

Polystyrene (PS) is among the top six globally produced
commodity plastics, yet remains one of the least recycled plas-
tics.* Pyrolysis is one of the most promising methods for
chemical recycling to monomer, where plastics are heated
above their ceiling temperature (7.) under nonequilibrium
conditions (i.e. depolymerization temperature) and an inert
atmosphere to yield monomeric feedstock.>* However, one of
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the main barriers to the adoption of pyrolysis is the requirement
of high temperatures for maintaining efficient depolymeriza-
tion, making it energy-intensive, expensive, and incompatible
with intermittent renewable energy.>” PS remains an underex-
plored commodity polymer for chemical recycling due to its
high T. of 397 °C;® the polymerization of PS is highly exothermic
and reversibly, the depolymerization of PS is highly endo-
thermic.>'® While depolymerization of PS can be observed at
280 °C over multiple days, conventional pyrolysis of PS typically
requires temperatures upward of 400 °C for processing times of
40 minutes to make it commercially relevant.™**¢

This temperature-time trade-off motivates research efforts
towards recycling PS at lower temperatures and/or faster time-
scales. To accelerate depolymerization at low temperatures, PS
depolymerization would necessitate the promotion of in situ
carbanion or radical generation with an activation energy
barrier lower than the homolysis of the polymer backbone.>*"**
Marquez et al. highlight several examples of using base catalysts
to selectively abstract tertiary protons, forming carbanion
intermediates that depolymerize preferentially to styrene.'****
Kumar et al. rely on another approach of using cations from
various salts to destabilize the PS radical which moderately
accelerates depolymerization.'® Despite the improved styrene
recovery achieved by both approaches, the necessary reaction
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temperatures remain elevated, typically ranging from 350 °C to
above 400 °C. An alternative approach by Doucet et al. and Oh
et al. is to add a photon-absorbing material (i.e. graphite,'” or
carbon black,'®) that can localize high temperatures on the
surface of the nanoparticles to promote PS depolymerization.
More recently, Young et al. synthesized a novel copolymer of
styrene and an N-(methacryloxy)phthalimide that achieved
>90% styrene recovery within 2 hours at 290 °C due to the labile
N-O bond that improves mid-chain initiation of the polymer
backbone.” We envision that depolymerization methods to
pure monomers can have reduced barriers to adoption if it can
be achieved at temperatures lower than 350 °C, and faster
timescales.

In this work, we present a photochemical post-
functionalization of labile C-S bonds onto the PS backbone
that renders lab-grade and consumer-grade PS amenable to low-
temperature pyrolysis at 300 °C, recovering styrene in shorter
reaction times than conventional thermal depolymerization.
Our approach was inspired by Howell et al.‘s systematic study
on the depolymerization kinetics of head-to-tail (HT) PS, head-
to-head (HH) PS, and a HT PS with one HH site. The HT PS with
a single HH site depolymerizes PS at the fastest rate due to the
facile initiation of one labile HH bond following the chain
unzipping to styrene from the regioregular HT units along the
backbone.>** Since PS chains have primarily HT regio-
chemistry, which are harder to initiate than the HH bond as
shown by previous density functional theory (DFT) methods,
our approach post-functionalizes the PS backbone with
multiple weak C-S bonds to form labile initiation sites for
depolymerization, similar to the singly labile HH bond.** The
most effective functionalization of PS for initiating depolymer-
ization is a benzylic C-S bond since it has one of the lowest
bond dissociation energy, aiding in the formation of the
degradative centre for chain unzipping into monomer.>**>>*>>
We hypothesize that benzylic C-S functionalization on the PS
backbone will increase the rate of PS depolymerization, lower
the depolymerization temperature, and improve the yield of
styrene recovery (Fig. 1). To achieve this post-functionalization,
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we drew inspiration from prior work done by Xu et al., which
demonstrated the selective functionalization of benzylic C-H
with a trifluoromethylthio (-SCF;) functional group across
a wide range of small-molecule drug derivatives.”® We con-
ducted a series of reaction optimizations to successfully adapt
this small-molecule reaction to PS, which involved the
following: (i) screening solvents that are concurrently compat-
ible for photochemistry and the dissolution of PS, (ii) reducing
side reactions, and (iii) polymer purification methods. With the
successful synthesis and isolation of PS-SCF3, we then observed
a faster depolymerization rate and lower depolymerization
temperature with PS-SCF; compared to pristine PS across a wide
range of molecular weights. Notably, we achieved a greater
styrene recovery from PS-SCF; compared to pristine PS across
several consumer-grade samples (i.e., PS food container, coffee
lid, and red beverage cup). To our knowledge, this work is the
first demonstration of the successful synthesis and isolation of
PS-SCF; and its accelerated depolymerization relative to pristine
PS.

Results
Synthesis of PS-SCF;

Post-functionalization of PS with SCF; was achieved through
systematic optimization of reaction solvent, base equivalence,
and purification method. Solvent selection in photochemistry is
governed by several criteria: the solvent must be photochemi-
cally inert, polar, aprotic, transparent across the UV-visible
region, and possess a wide redox window.**** For polymer
substrates such as PS, solubility introduces an additional
constraint, as PS is insoluble in solvents commonly employed in
photochemical reactions (e.g., acetonitrile, MeCN) and instead
dissolves in apolar solvents (e.g., 1,2-dichloroethane, cyclo-
hexane).” Xu et al. reported optimal results with MeCN on
a small-molecule substrate, while screening of di-
chloromethane, methanol, dimethylformamide, and tetrahy-
drofuran yielded only trace product, underscoring the
sensitivity of photochemical reactions to solvent polarity and

_—cooling fan

P

370 nm Kessil LED

«——stir plate

Fig.1 Schematic of chemical recycling approaches for PS. Conventional pyrolysis requires high temperatures or longer timescales to recover
styrene while post-functionalized PS-SCFs can recover styrene at lower temperatures and faster timescales. The photoreaction is set up inan N,

glovebox with a 370 nm Kessil LED, cooling fan, and a stir plate.
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redox window.* We screened solvents and solvent mixtures
across a wide range of polarities on our small-molecule model
system (i.e., similar to the repeating styrene structure in the PS
backbone), 2-(4-isopropylphenyl)-4,4,5,5-tetramethyl-1,3,2-
dioxaborolane (referred to as isopropylbenzene-Bpin) as it
enabled simpler structural analysis compared to PS samples.
The broadness of PS proton peaks in nuclear magnetic reso-
nance (NMR) spectroscopy makes definitive proton assignment
challenging.*®*® Product yields of isopropylbenzene-SCF;-Bpin
were determined via high-performance liquid chromatography
coupled with electrospray ionization mass spectrometry using
a linear calibration curve (Fig. S1-S4). Although MeCN provided
the highest reaction yield of 34% (Fig. 2b, entry 1), MeCN is
incapable of solubilizing PS. We therefore employed the second
highest yielding solvent system, which was the binary solvent
mixture of MeCN with 1,2-dichloroethane (1,2-DCE) in a 1:1
ratio (Fig. 2b, entry 14). This mixture offered a 23% reaction
yield and became the solvent system used for the rest of this
study.

The optimized trifluoromethylthiolation conditions estab-
lished for isopropylbenzene-Bpin (Fig. 2b, entry 14) were
applied directly to PS, and the crude polymer mixture was
characterized by gel permeation chromatography (GPC). As PS
does not absorb at the irradiation wavelength employed in the
photoreaction, chain scission was not anticipated and was
indeed absent in the GPC traces. Instead, a small increase in the
molecular weight of the main PS peak was observed, consistent
with successful SCF; functionalization of the PS backbone
(Fig. S5). However, we observed undesirable crosslinking

a Phth-SCF; (1.3 equiv.) c

4CzIPN (2 mol%)
K,CO; (0.2 equiv.)
anhydrous solvent (0.05 M)
Isopropylbenzene-Bpin UV-A LEDs (360-380 nm, 44 W) Isopropylbenzene-SCF;-Bpin
N,, 25-30°C, 16 h

b Entry Anhydrous Solvent Yield (%) by HPLC d
1 acetonitrile (MeCN) | & |
2 1,2-dichloroethane (1,2-DCE) 0
3 tetrahydrofuran (THF) 0
4 chloroform (CHCIs) 0
5 ethyl acetate 0
6 propylene carbonate 0 e
7 benzene 0
N-methylpyrrolidone 0
9 dichloromethane 0
10 acetone 22
" MeCN:acetone (1:1) 16
12 MeCN:acetone (1:3) 19
13 MeCN:acetone(1:9) 20
14 MeCN:1,2-DCE (1:1) 23
15 MeCN:1,2-DCE(1:3) 7

Fig. 2
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between polymer chains, primarily when post-functionalizing
higher molecular weight PS (M,, > 50 kg mol™"). We observed
insoluble solids forming during the reaction and a higher
number-averaged molecular weight (M,,) peak (at least twice the
starting material's M,,, Fig. S5) via GPC. We postulate that the
increase in M, was due to the benzylic radicals on the PS
backbone recombining between chains, in alignment with the
proposed mechanism by Xu et al.>® Experimentally, we found
that a greater amount of base (i.e., potassium carbonate, K,COj3)
reduced the extent of crosslinking. Therefore, for all the
subsequent studies, we decrease the equivalency of Phth-SCF;
(1.3 to 0.1 equiv. Phth-SCF;) and increased the amount of base
(i.e., 0.2 to 1.0 equiv. K,CO3) to reduce crosslinking (Fig. 2c).
To isolate PS-SCF; and enable independent assessment of
the effect of -SCF; functionalization on depolymerization
kinetics, purification of the crude polymer mixture was
pursued. We initially attempted purification of PS-SCF; using
conventional polymer purification techniques, such as precipi-
tation, Soxhlet extraction, dialysis, and preparative recycling gel
permeation chromatography (rGPC), but unexpectedly found an
inseparable, yellow-colored impurity. The yellow, fluorescent
impurity is untraceable via NMR (Fig. S6 and S7) but observable
via ultraviolet-visible spectroscopy (UV-vis) (Fig. S9). We
hypothesize this impurity to be the photocatalyst, 1,2,3,5-
tetrakis(carbazol-9-yl)-4,6-dicyanobenzene (4CzIPN), based on
its characteristic bright yellow color, abd prior reports of high
4CzIPN solubility in PS.** We found that the best purification
came from normal-phase flash column chromatography,
despite this technique rarely being wused for polymer

Phth-SCF, (0.1 equiv.) EEE
4CzIPN (2 mol%) i P
" = K,COs (1.0 equiv.) o= X y TN
& MeCN:12-DCE (0.05M, 1:1) |
=¥ v.ALEDs (360-380 nm, 44 W)

PS N,, 25-30 °C, 16 h PS-SCF,
. p n=7
% |‘|‘: _ _Am/z= SCF,
g
= ; N L . &CR A
el
&) ) ran
< X  f
E
o
{ =
875 900 o 1000 1025 1050
IS: 4,4-DFBP
%
PS TPPRTIoN %
¥ . ity
°

Bpin—@—éSCF;, =}

SCF3

%ran%
x y
PS-SCF,

34 -35 -36 -37 -38

Xu, W. et al.

39 40 41 42 43
f1 (ppm)

-104 -105 -106

(a) Reaction scheme of trifluoromethylthiolation on the small-molecule model system (isopropylbenzene-Bpin). (b) Table of the solvent

optimization to solubilize PS. (c) Optimized reaction scheme of trifluoromethylthiolation on PS. (d) MALDI-TOF-MS spectra of PS-SCF3, which
shows an —SCF3 substitution of the benzylic C—H. (e) °F NMR spectra of PS, isopropylbenzene-SCFs-Bpin, and PS-SCFz which show polymer
functionalization and similar chemical environment shifts. Phth-SCF3 is 2-((trifluoromethyl)thio)isoindoline-1,3-dione, 4CzIPN is 1,2,3,5-tetra-
kis(carbazol-9-yl)-4,6-dicyanobenzene, LED is light-emitting diode, IS is internal standard, and 4,4-DFBP is 4,4-difluorobenzophenone.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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purification as polymers are typically insoluble in solvents for
normal-phase column chromatography and the conventional
desire to purify polymers by size rather than polarity.>** We
determined that a solvent system of cyclohexane and ethyl
acetate separated the impurity from PS-SCF; better than the
other purification techniques, in terms of yield and purity
(Fig. S9 and Table S3). Cyclohexane was selected as it is apolar
and the theta solvent of PS.**** We envision that purification
could be circumvented by directly pyrolyzing the crude mixture,
followed by collection of volatilized styrene via fractional
distillation; however, this concept was not explored in this study
as it adds complexity and we primarily sought to establish
a baseline for the depolymerization of pure PS-SCF;

To determine the successful synthesis of PS-SCF;, we
employed matrix-assisted laser desorption/ionization time-of-
flight mass spectrometry (MALDI-TOF-MS), GPC analysis, and
F NMR spectroscopy (Fig. S24, 2S5 and S39). We analyzed
a low M, PS standard (PS-1.12K, M,, = 1.12 kg mol ") instead of
a high M,, system (M,, > 10 kg mol ") because lower M, PS can be
precisely resolved by MALDI-TOF-MS to help confirm successful
SCF;-functionalization (Fig. 2d).** At high resolutions, MALDI-
TOF-MS can detect the replacement of a proton with SCF;
(Am/z = 100 m/z) and new peaks will appear due to changes in
isotopic distribution from the presence of SCF; (Fig. 2d). The
MALDI-TOF-MS results align well with the GPC traces of PS-
SCF; samples, showing an increase in M, compared to pristine
PS (Fig. S39). We cannot definitively confirm the regioselectivity
of the -SCF; on the polymer backbone (i.e., benzylic C-H vs.
methylene C-H) due to the peak broadening of the alkyl peaks
in the PS "H NMR spectra, as expected for polymeric
samples.”®** However, we postulate that -SCF; is selectively
functionalized on the benzylic position as we observe this with
our small molecule analogue (Fig. 2a) using the same reaction
conditions, which corroborates well with the substrate
screening from Xu et al.>* From "°F NMR, two broad '°F peaks at
~—40 ppm and ~—60 ppm were observed for the purified PS-
SCF; samples (Fig. S12). The —40 ppm peak is attributed to the
desired SCF;-functionalization on the PS backbone as it is
similar in chemical shift to the —37 ppm peak observed for our
small-molecule model system (ie., isopropylbenzene-SCF;-
Bpin, Fig. 2e). To determine the identity of the —60 ppm fluo-
rine peak, we designed a series of experiments on a dimer PS
system (Table S4, Fig. S14-523) to test the influence of water and
oxygen, both potential deterrents in photochemical reac-
tions.***” We found that the additional fluorine peak is present
regardless of the presence and/or absence of water and oxygen,
but the presence of water significantly increases the intensity of
the impurity peak from '°F NMR (Fig. S12). We speculate that
the ~—60 ppm impurity peak can be attributed to -OSO,F or —
SCF,(OH) based on its upfield '’F NMR chemical shift and our
results on a test dimeric PS system (e.g., gas chromatography
mass spectrometry (GC-MS) and direct analysis in real time
mass spectrometry (DART-MS) results in Fig. S14-S23). Never-
theless, the backbone functionalization of -OSO,F or -
SCF,(OH) could decrease or increase the rate of depolymeriza-
tion based on their respective bond strengths (C-O:
358 kJ mol !, C-S: 272 kJ mol *).3*

Chem. Sci.
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Impact of SCF;-functionalization on the depolymerization of
PS-SCF;

Thermogravimetric analysis (TGA) was employed to evaluate
two metrics: (i) onset degradation temperature and (ii) total
mass loss after 20 hours (Fig. 3a and b), providing a direct test of
whether PS-SCF; depolymerizes at a faster rate and lower
temperature than pristine PS.>® Onset degradation temperature
was determined by the intersection of extrapolated linear fits
between the initial baseline and the tangent at the point of
maximum gradient from dynamic TGA (ISO 11358-1,
Fig. 3a).***! Total mass loss was assessed isothermally at 300 °C
(Fig. 3b) rather than at industrially typical temperatures above
400 °C because low temperatures offer improved safety and
reduce formation of secondary byproducts'** The improve-
ments from SCF; functionalization are most pronounced in the
lowest M,, PS-SCF; (M, = 1.12 kg mol ', PS-1.12K-SCF;), which
achieved a six-fold increase in depolymerization rate (Fig. 3a)
and a reduction in the onset degradation temperature from
350 °C to 323 °C relative to its pristine PS M, analogue (Fig. 3b).
The volatilized products from TGA contained styrene, benzene,
and other related species (Fig. 3c) as detected by electron ioni-
zation MS, which suggest effective chain unzipping to mono-
mers. Since SCF; functionalization offers labile initiation
points, we can further accelerate depolymerization by
increasing the number of SCF; units functionalized onto the PS
backbone. The degree of functionalization is expressed as
the mol% of SCF;-functionalized styrene units relative to total
styrene units, representing a sample-averaged quantity. For
context, a 2 mol% functionalization corresponds to approxi-
mately 2 SCF; groups per PS chain at 10 kg mol*, but only 1
SCF; group per 5 chains at 1 kg mol . To understand the trends
of %SCF;-functionalization, we synthesized two different %
SCF;-functionalizations of 1.7 mol% and 2.8 mol% by using
different equivalents of Phth-SCF; (0.1 and 2 equivalents,
respectively) on PS-1.12K (Fig. S55-S62 and Table S6). Dynamic
TGA performed on the 1.7 mol% and 2.8 mol% SCF;-function-
alized samples confirmed that greater %SCF;-functionalization
lowered onset degradation temperatures by 20 °C and 27 °C
relative to pristine PS, respectively. As for isothermal TGA, the
1.7 mol% and 2.8 mol% SCF;-functionalized samples acceler-
ated depolymerization by a greater mass loss of 17% and 34%
compared to pristine PS, respectively (Fig. 3d, e, S63 and S64).
Subsequently, we assessed our approach across a wide range of
molecular weights (M, = 1.12-110 kg mol ") that are repre-
sentative of consumer-grade samples. At each molecular weight,
we observed that PS-SCF; had an onset degradation tempera-
ture 10-20 °C lower compared to its pristine PS analogue and
a greater mass loss of 10-35% over 20 hours (Fig. 3f and g).
To further understand the thermodynamics and kinetics of
PS decomposition, we performed density functional theory
calculations (DFT) on a proposed radical-based depolymer-
ization mechanism consistent with prior literature*"*>**
(Fig. S101), and the model-free isoconversional Flynn-Ozawa-
Wall method (ASTM E1641). We calculated Gibbs free energy
(AG) differences between the products, intermediates, transi-
tion states, and starting material for the potential initiation

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Dynamic TGA of PS-1.12K-SCF3 compared with PS-1.12K. (b)

Isothermal TGA at 300 °C for 20 h of PS-1.12K-SCFz compared with PS-

1.12K. (c) Total ion current for each m/z across time over the isothermal TGA-MS at 300 °C for 20 h of PS-1.12K-SCFs compared with PS-1.12K
which shows the detection of benzene, tropylium ion, and styrene and absence of SCFs. (d) and (e) Percent SCF3-functionalization study using
PS-1.12K-SCF3 on (d) onset temperature from dynamic TGA and (e) mass loss after 20 h from isothermal TGA. (f) and (g) Molecular weight study
on (f) onset temperature from dynamic TGA and (g) mass loss after 20 h from isothermal TGA. The dashed lines are the linear trendlines for each

molecular weight series.

pathways of PS and PS-SCF; were calculated (Fig. 4a). The
small energy difference between states D and G reflects
contributions from the other species present at each respective
endpoint: ethylbenzene for D and HSCF; for G. The overall
activation energy barrier is higher for pristine PS than for PS-
SCF;. Therefore, we propose that the increased depolymer-
ization rate and lower onset degradation temperature
observed for PS-SCF; arise from two cooperative effects: first,
a relatively facile C-S homolytic fission for initiation (A, B vs. E,
F, Fig. 4a); and second, more effective chain scission propa-
gation by the SCF; radical (F, G, Fig. 4a) compared to the
primary or secondary benzylic radicals generated by C-C
homolytic fission in pristine PS (C, D, Fig. 4a). We used the
Flynn-Ozawa-Wall analysis by running dynamic TGA experi-
ments at different heating rates of 1 °C min™*, 2 °C min™*, 5 ©
C min~", and 10 °C min™~" on PS-10K and PS-10K-SCF; (Fig. 4b
and d) to determine the apparent activation energy (E,) of
degradation at specific conversion points (Fig. 4c and e). We
evaluated conversions between 10 and 20% because we wanted
to avoid early loss of volatile impurities while also investi-
gating early degradation pathways, which we speculate would
involve more initiation events than main chain unzipping.***¢
On average, the degradation of PS-10K-SCF; had an E, that is
11 k] mol ™" lower compared to PS-10K, which further supports
our findings of the accelerated depolymerization of PS-SCF;
relative to pristine PS (Fig. 4f). In addition, we observe that as
the conversion increases, the E, decreases, which suggests
a complex, multi-step degradation mechanism indicative of
greater proportion of main chain unzipping from already
initiated chains rather than the initiation of new chains.

© 2026 The Author(s). Published by the Royal Society of Chemistry

Pyrolysis of PS-SCF; under positive flow of argon

To benchmark our protocol, we quantified the yield of styrene
from the pyrolysis of consumer-grade PS and PS-SCF; samples.
We post-functionalized six different consumer-grade PS samples
for pyrolysis, which were obtained from local stores (Fig. S65-S88
and Table S7). We observed a lower onset degradation tempera-
ture for three of the six SCF;-functionalized samples (PS food
container, coffee lid, and red beverage cup) compared to its
unfunctionalized counterpart (Fig. $96, S98 and S100) while the
other SCF;-functionalized Styrofoam peanuts, Petri dishes, and
blue cups had a higher onset degradation temperature compared
to its unfunctionalized counterpart (Fig. S90, S92 and S94). The
inconsistent behavior of consumer-grade PS samples is attrib-
uted to uncharacterized variables inherent to commercial
formulations, most notably differences in polymer architecture
and proprietary additives, which may inhibit depolymerization.
We therefore focused subsequent pyrolysis experiments on the
three consumer-grade samples whose onset degradation
temperatures fell below that of unfunctionalized PS. The PS
standard of M,, = 110 kg mol " was selected as a benchmark PS
sample because its molecular weight was closest to consumer-
grade samples. Each sample was heated to 300 °C for 20 hours
under a positive flow of Argon, and the product feed was subse-
quently trapped in a collection vial containing DMSO-d, (Fig. 5a).
Each sample was compared against a known amount of internal
standard, 1,3,5-trimethoxybenzene, to quantify the styrene yield
in the collection vial, the transfer cannula, and the reaction vial
(Fig. 5b and S108-S119) using '"H NMR. The PS-SCF; standard
(M, = 110 kg mol ") and consumer-grade PS-SCF; samples
consistently produced higher styrene yields compared to their
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Fig. 4

(a) Proposed mechanism on a tetrameric model system for comparing the Gibbs free energy (AG) of the initiation and propagation of PS

and PS-SCF3 to form the degradative centre necessary for chemical recycling to styrene. (b) Dynamic TGA of PS-10K at different heating rates (8
=1°Cmin~%, 2°Cmin~%, 5°C min~? and 10 °C min~?) for the Flynn—Ozawa—Wall analysis. 10% conversion is shown as an example for extracting

the temperature at specific conversions across different heating rates. (c)
energy (E,) at each conversion% between 5% and 15%. (d) Dynamic TGA
C min~%, and 10 °C min™) for the Flynn—Ozawa—-Wall analysis. (e) Plot of
energy (E,) from the slope at each conversion% between 5% and 15%.

between PS-10K and PS-10K-SCF=.

unfunctionalized counterparts. The functionalized samples (PS-
SCF; standard, PS food container, PS coffee lid, and red beverage
cup) yielded styrene recover of 28.5%, 24.8%, 10.7%, and 16.3%,
respectively, compared to 24.4%, 21.6%, 6.3%, and 7.9% for the
corresponding unfunctionalized samples which corroborates
well with the trends from our isothermal TGA results (Fig. 5¢, S53,
S95, S97 and S99). However, the collected styrene yields in the
distillation apparatus are lower than the TGA analysis. We mainly
attribute this discrepancy to the fact that the collected products
from distillation measures styrene yield while TGA measures
mass loss. In addition, the distillation setup resulted in volatili-
zation losses from imperfect collection due to the positive flow of
Argon gas and long reaction times (20 hours) in the collection

Chem. Sci.

Plot of log(g) vs. 1000/T for PS-10K to estimate the apparent activation
of PS-10K-SCFj at different heating rates (1 °C min™%, 2 °C min"%, 5 °
log(B) vs. 1000/T for PS-10K-SCF3 to estimate the apparent activation
(f) Comparison of the apparent activation energy at each conversion

flask. For the PS-SCF; samples, we observed trace amounts of
fluorinated byproducts in the collection vial from '°F NMR which
could be a potential hazard. For future use cases, fractional
distillation could be employed to purify and capture the
byproducts. Unexpectedly, the red dye additive in the red
beverage cup did not prevent the photochemical post-
functionalization as the red dye degrades under UV irradia-
tion,” which allowed for successful SCF; functionalization and
subsequent depolymerization. Our post-functionalization
approach demonstrated effective chemical recycling of these
consumer-grade materials even without significant optimization
or detailed knowledge of their processing history and additive
composition.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) Diagram of distillation apparatus. (b) *H NMR spectra of
collected styrene and internal standard for quantification. (c)
Consumer-grade PS and PS-SCFz samples undergo pyrolysis at 300 °C
over 20 h with styrene % yield.

Conclusions and outlook

In this work, we have developed a proof-of-concept method to
accelerate the chemical recycling of PS by post-functionalizing
labile -SCF; groups onto an otherwise inert PS backbone.
Across a range of molecular weights and consumer-grade
samples, we demonstrate PS-SCF; has improved depolymer-
ization kinetics and a greater recovery of styrene compared to
pristine PS. Subsequent studies will investigate alternative
labile functional groups capable of further reducing the depo-
lymerization activation energy, with an emphasis on mini-
mizing cost and toxicity hazards. Industry collaboration for
pyrolysis scale-up in tandem with understanding processing
methods and additives used for PS is necessary to meaningfully
translate this work to consumer-grade PS products. Overall, the
post-functionalization design strategy described within this
study establishes a compelling approach to post-functionalize
consumer-grade PS and chemically recycle PS at lower temper-
atures and faster timescales. We hope this work will inspire
others to adopt a similar approach and enable access to the vast
quantities of existing plastic waste as a monomeric feedstock.
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