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ABSTRACT: We report a hydrogen atom transfer (HAT)-mediated photo-
catalytic platform that switches between oxidative degradation and precision C—
H functionalization of polyethylene (PE) by simple control of the reaction
conditions. Under O,, anthraquinone (AQ) catalyzes rapid chain scission under N/
visible light at room temperature, resulting in ~90% reduction in molecular
weight (M,) and oxidized compounds. In contrast, under anaerobic conditions,
the reaction is redirected toward functionalization of PE, enabling grafting of
maleimide and maleic anhydride onto the PE backbone without chain
degradation. Grafting efficiency is tunable and verified by NMR, FTIR, and
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functionalized materials.

S ince the emergence of large-scale plastic production in the
1950s, global output has expanded exponentially, exceed-
ing 430 million tonnes in 2024 and projected to approach
~670 million tonnes by 2040."> Among commodity plastics,
polyethylene (PE) dominates (~26% of total production;
>100 million tonnes annually) owing to its low cost, chemical
resistance, mechanical durability, and processability.”™” How-
ever, these same attributes, particularly its chemical inertness,
underpin its environmental persistence, leading to long-term
accumulation and associated ecological impacts.'’™"* Current
recycling efforts remain inadequate to address the accelerating
waste stream, with substantial fractions still landfilled,
incinerated, or released into the environment.'°™'* These
challenges highlight the urgent need for efficient strategies to
valorize PE within a circular materials economy.

Polymer recycling strategies are broadly divided into
mechanical and chemical approaches, both of which face
intrinsic limitations. Mechanical recycling, while industrially
established, suffers from cumulative chain scission and
oxidative degradation, resulting in diminished material proper-
ties and microplastic formation."*™"” In contrast, chemical
recycling enables conversion into monomers, fuels, or value-
added chemicals, offering a more flexible pathway toward
circularity.'*~*' Despite notable progress in other polymers,
such as upcycling of polystyrene (PS)**™>° and efficient
depolymerization of poly(methyl methacrylate) (PMMA) via
thermal, photothermal, and electrochemical routes, ¢ 3°
analogous strategies for PE remain underdeveloped. Existing
methods, including heteroatom insertion, backbone oxidation,
and catalytic cracking, are limited in scope and typically require
harsh conditions, specialized infrastructure, or metal-based
catalysts.”*~** These constraints hinder scalability and increase
environmental burden.
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The fundamental barrier to PE upcycling lies in its
chemically inert backbone, composed of strong C—C and
C—H bonds and lacking functional handles."' Hydrogen atom
transfer (HAT) chemistry has recently emerged as a powerful
approach for activating strong C—H bonds under mild
conditions.””™*  Selective hydrogen abstraction generates
carbon-centered radicals that can be directed toward either
#6759 This dual reactivity
provides a conceptual framework to unify degradation and
modification within a single mechanistic platform. Although
HAT chemistry has demonstrated considerable potential in
polymer contexts, including PMMA depolymerization,”">* PS
upcycling,”*~* and polymer chain and surface functionaliza-
tion,"”*” its use in PE transformation remains comparatively
underdeveloped.”*™>® Recent approaches have enabled either
oxidative degradation of polyolefins or direct backbone
functionalization (e.g., thermal cracking, catalytic pyrolysis,
oxidative degradation); however, these transformations are
typically developed as separate processes and often require
harsh conditions. This can lead to poorly controlled mixtures
of products rather than allowing selective control over
degradation versus functionalization pathways.”*~>’

Controlled degradation of PE into lower-molecular-weight
oligomers is an attractive route to enhance processability and
reactivity while mitigating environmental persistence.’”®!

bond scission or functionalization.
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Scheme 1. General Route for Photocatalytic Degradation (Aerobic Condition) and Functionalization of PE (Anaerobic

Condition) via HAT Chemistry
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Complementarily, direct functionalization offers a route to
increase material value. In particular, grafting maleic anhydride
(MA) introduces polar functionality, improving adhesion,
compatibility, and utility in blends, adhesives, and compo-
sites.””®® The anhydride moiety further enables downstream
derivatization to acids, esters, and amides.®* However,
conventional MA grafting generally relies on high-temperature
peroxide initiation, which can promote undesired chain
scission, cross-linking, and poorly controlled graft structures.®®

HAT-based photocatalysis provides a compelling alternative
by enabling controlled radical generation directly from the PE
backbone under mild conditions. Herein, we report a unified
HAT-mediated strategy that enables divergent reactivity of
polyethylene (Scheme 1). Using anthraquinone (AQ) as an
organic photocatalyst, PE undergoes efficient oxidative chain
scission in the presence of O,, achieving up to ~90% reduction
in molecular weight (M,) at room temperature. In contrast,
under anaerobic conditions, the same HAT mechanism
enables selective grafting of maleic anhydride and its
derivatives. Mechanistic validation via a model substrate
(e.g, dodecane) confirms efficient reactions, which translates
directly to PE without concurrent degradation. Extension to
maleimide (ME) and phenyl maleimide (PhME) introduces
diverse functionality, while postfunctionalization of MA-grafted
PE via amine coupling affords amide-functional materials.
Collectively, the ability to switch between degradation and
functionalization within a single HAT platform represents a
significant advance in polymer upcycling. This work establishes
a mild, metal-free, and mechanistically unified strategy for PE
valorization, providing a foundation for sustainable plastic
recycling and circular materials design.

Polyethylene (PE) degradation studies were initiated by
dissolving the polymer in chloroform at a concentration of 5 g
L™ (178 mM in repeat units, [RU]). For this study, an
amorphous, highly branched low-density PE with a branching
density of 135/1000C was selected (SI, Schemes S1—SS and
Figures S1 and S2). Anthraquinone (AQ) was employed as a
photocatalyst at a loading of 0.05 eq relative to [RU] ([RU]J:
[AQ] = 1:0.05). The solution was purged with oxygen and
irradiated with 405 nm light (A, = 405 nm, 24 mW cm™?) at
25 °C (Figure 1A and SI, Figure S3). Size exclusion
chromatography (SEC) analysis revealed a pronounced shift
in retention time toward lower molecular weights, indicative of

efficient chain scission. After 24 h, the number-average
molecular weight (M,) decreased from 8900 g mol™" to
1400 g mol™" (~84% reduction). Continued irradiation led to
further degradation, reaching ~800 g mol™" (~90% reduction)
after 72 h (Figure 1C and Table S1). For a more quantitative
assessment of the degradation efficiency, the area under the
SEC traces was determined by normalizing the integration
value (I) at O h to 100. This analysis showed that the polymer
signal decreased to 47.1 and 37.6 after 24 and 72 h,
respectively, corresponding to degradation efliciencies of
52.9% and 62.4% (SI, Figure S4 and Table S1). 'H NMR
analysis corroborated these findings, showing attenuation of
characteristic PE backbone resonances (0.8—1.3 ppm) along-
side the emergence of broad signals between 1.5—5 ppm and
downfield features at 12—13 ppm, consistent with the
formation of oxidative oligomeric species (Figure 1D). High-
resolution mass spectrometry (HRMS) of the crude reaction
mixture further confirmed the formation of low-molecular-
weight oxidation products, including carboxylic acids (e.g,
acetic, butanoic, and hexanoic acids) and glutaraldehyde
(Figure 1B and SI, Figures S5—S8).

To substantiate the proposed oxidative degradation
mechanism of polyethylene (PE), a model study was
performed using dodecane as a surrogate substrate owing to
its structural similarity to PE (SI, Scheme S6). When subjected
to the same degradation conditions, "H NMR spectra exhibited
resonances in the 9—13 ppm range consistent with aldehydic
and acidic species. HRMS further identified a range of oxidized
products, including carboxylic acids (butyric, hexanoic, and
adipic acids) and dialdehydes (glutaraldehyde, heptanedial,
and dodecanedial), corroborating a mechanism involving HAT
followed by oxygen trapping and f-scission (SI, Figures S9—
S15).

To further validate this oxidative degradation pathway and
establish the necessity of each reaction component, a series of
control experiments was performed. In the absence of light,
photocatalyst, or oxygen, no measurable degradation was
observed, as confirmed by unchanged SEC traces (SI, Figures
S16—S18). These results highlight the need for the catalyst
(AQ), light, and oxygen in promoting PE degradation.
Building on this, we systematically investigated the influence
of key reaction parameters on degradation kinetics.
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Figure 1. (A) General route for photocatalytic degradation of PE; (B) HRMS for the oxidized oligomers such as acetic acid (m/z 61.0283, calcd
61.0284) (left) and butanoic acid (m/z 89.0596, calcd 89.0597) (right); (C) Evolution of SEC traces with time for degradation of PE; (D) 'H
NMR spectra of the crude mixture at different time points showing degradation of PE. Reaction conditions: [RU] = 178 mM, [RU]:[AQ] = 1:0.05,

temperature = 25 °C, atmosphere = O,, A, = 405 nm, 24 mW cm™>

Given the central role of AQ in mediating hydrogen atom
transfer (HAT), its concentration was varied relative to [RU].
Increasing catalyst loading led to a clear enhancement in
degradation efficiency: at 0.0125 eq AQ, ~70% reduction in
M, was observed after 24 h, increasing to ~78% at 0.025 eq,
and ~84% at 0.0S eq (SI, Figure S19 and Table S2). This trend
confirms a direct dependence of degradation kinetics on
catalyst loading: higher AQ_concentrations increase the flux of
carbon-centered radicals generated by hydrogen abstraction
from the PE backbone, thereby accelerating f-scission and
chain fragmentation.

Temperature effects were also examined by irradiating PE
solutions (S g L™") containing 0.025 eq AQ at 40 and 60 °C.
Surprisingly, higher temperatures led to diminished degrada-
tion efficiency. After 8 h, a 61% reduction in M, was observed
at 40 °C, compared to only 40% at 60 °C. Extending the
reaction time to 16 h resulted in 86% degradation at 40 °C but
only 57% at 60 °C (SI, Figure S20 and Table S3). To
rationalize this unexpected behavior, 'H NMR spectra of the

reaction mixtures were analyzed. In addition to the reduction
of PE backbone signals, a significant decrease in AQ_aromatic
signals (7.8—8.5 ppm) was observed at elevated temperatures,
suggesting catalyst decomposition (SI, Figure S21). To further
probe this, AQ degradation was studied independently under
identical photochemical conditions. Solutions of AQ in
chloroform were irradiated at 25, 40, and 60 °C, and
monitored by UV—vis spectroscopy (4 = 327 nm). Minimal
degradation (~9% absorbance loss) was observed after 2 h at
25 °C, whereas 21% and 47% decreases were recorded at 40
and 60 °C, respectively (SI, Figure $22). These results indicate
that elevated temperatures accelerate photothermal decom-
position of AQ, reducing its effective concentration and
impairing HAT activity. This accounts for the counterintuitive
decrease in PE degradation efficiency at higher temperatures.
Moderate heating (40 °C) nevertheless improves overall
kinetics relative to 25 °C, achieving comparable degradation
in shorter times (86% in 16 h vs 84% in 24 h). Collectively,
these findings reveal a nuanced interplay among catalyst
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Figure 2. (A) General synthetic route for the dodecane modification; (B) HRMS spectrum of dodecane-graft-ME (m/z 268.2267, calcd 268.2271)
(left) and dodecane-graft-MA (m/z 269.2109, calcd 269.2111) (right). Note: The second peaks at 269.2299 (left) (calcd 269.2305) and 270.2142
(right) (calcd 270.2145) observed in HRMS are attributed to the natural isotopic peaks ('*C) of the molecular ions.

stability, temperature, and reaction time, underscoring the
importance of parameter optimization for efficient degradation.

Because the solubility of PE in chloroform limits the
achievable polymer concentration, we next investigated
whether the HAT degradation strategy remains effective at
higher loadings using tetrachloroethane (TCE) as the solvent.
With the [RU]:[AQ] ratio held constant at 1:0.05, raising the
PE concentration from the standard $ g L™ (in chloroform) to
20 g L™ reduced the SEC-determined degradation efficiency
from 52.9% to 36.9% after 24 h, and a further increase to 50 g
L™ lowered it to 17.0% (SI, Figure S23 and Table S4). Thus,
although efficiency decreased monotonically with increasing
concentration, appreciable chain scission was retained even at a
10-fold higher loading. This persistent activity at substantially
higher polymer concentrations highlights the robustness of the
HAT platform and its potential to operate under more process-
relevant conditions. Overall, this HAT-based approach enables
effective PE degradation under mild conditions, offering a
compelling, metal-free alternative to conventional high-temper-
ature pyrolysis.

After degradation, we next turned our attention to the
functionalization of PE without inducing chain scission.
Leveraging the same HAT strategy, carbon-centered radicals
generated on the polymer backbone were reacted with suitable
radical acceptors (Figure 2A and SI, Figure S24). Prior to
polymer modification, dodecane was again used as a model
substrate to evaluate grafting reactions, which were carried out
under argon to suppress oxidative side reactions. Dodecane
was reacted with maleimide (ME) in the presence of AQ under
405 nm irradiation (4,,,, = 405 nm, 24 mW cm™>) (SI, Scheme
S7). The crude product was analyzed by 'H NMR and high-
resolution mass spectrometry (HRMS), confirming formation
of dodecane-graft-ME (m/z 268.2267, calcd 268.2271)
(Figure 2B and SI, Figures S25 and S26). Notably, signals
corresponding to multiple grafted products were also observed
(m/z 365.2430, calcd 365.2434) (S, Figure S25). Analogous
reactions with phenyl maleimide (PhME) afforded dodecane-

graft-PhME, again showing both mono- and difunctionalized
products (m/z 344.2582 and S517.3058, respectively) (SI,
Scheme S8 and Figures S27 and $28). Similarly, maleic
anhydride (MA) was successfully grafted, yielding dodecane-
graft-MA (m/z 269.2109, caled 269.2111) (SI, Scheme S9 and
Figures $29 and S30). These model studies demonstrate that
HAT-mediated radical generation enables functionalization of
otherwise inert aliphatic C—H bonds.

Encouraged by these results, the methodology was extended
to PE. Functionalization of PE is inherently challenging given
its chemically inert, hydrophobic backbone, yet introduction of
polar groups via grafting offers a direct route to modulate
material properties. PE (5 g L™', 178 mM [RU]) was dissolved
in chloroform, followed by the addition of ME and AQ. The
mixture was irradiated after purging with argon to suppress
oxidative degradation (SI, Scheme S10). The resulting PE-
graft-ME was purified by repeated precipitation in cold
methanol. SEC analysis confirmed that no significant chain
scission occurred during functionalization (SI, Figure S31).
Next, FTIR spectroscopy showed characteristic carbonyl (C=
O) stretching bands (~1530—1870 cm™'), confirming
successful grafting (SI, Figure S32). 'H NMR further
supported this, with new resonances appearing between 2.4—
3.2 ppm (SI, Figure S33). To increase grafting density, ME
loading was varied from 10% to 30% relative to the PE repeat
unit ([RU]). For comparison, the polyethylene backbone
signal (2670—3020 cm™') was normalized to 100 in FTIR
analysis, revealing an increase in relative carbonyl intensity in
the 1530—1870 cm™' region (Table SS). While FTIR
integration is semiquantitative, the systematic increase in
carbonyl intensity with ME loading clearly reflects enhanced
graft incorporation.

To obtain more quantitative insight, PAME was employed
(SI, Scheme S11). The grafting and purification procedures
were carried out under analogous conditions. FTIR analysis of
PE-graft-PhME showed characteristic carbonyl (C=O0)
stretching bands in the 1530—1870 cm™' region, consistent

https://doi.org/10.1021/acsmacrolett.6c00309
ACS Macro Lett. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/suppl/10.1021/acsmacrolett.6c00309/suppl_file/mz6c00309_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsmacrolett.6c00309/suppl_file/mz6c00309_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsmacrolett.6c00309/suppl_file/mz6c00309_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsmacrolett.6c00309/suppl_file/mz6c00309_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsmacrolett.6c00309/suppl_file/mz6c00309_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsmacrolett.6c00309/suppl_file/mz6c00309_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsmacrolett.6c00309/suppl_file/mz6c00309_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsmacrolett.6c00309/suppl_file/mz6c00309_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsmacrolett.6c00309/suppl_file/mz6c00309_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsmacrolett.6c00309/suppl_file/mz6c00309_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsmacrolett.6c00309/suppl_file/mz6c00309_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsmacrolett.6c00309/suppl_file/mz6c00309_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsmacrolett.6c00309/suppl_file/mz6c00309_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsmacrolett.6c00309/suppl_file/mz6c00309_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsmacrolett.6c00309/suppl_file/mz6c00309_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsmacrolett.6c00309/suppl_file/mz6c00309_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsmacrolett.6c00309?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmacrolett.6c00309?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmacrolett.6c00309?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmacrolett.6c00309?fig=fig2&ref=pdf
pubs.acs.org/macroletters?ref=pdf
https://doi.org/10.1021/acsmacrolett.6c00309?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Macro Letters pubs.acs.org/macroletters

(A) General route for functionalization of PE

o)
o

~ 013:0 _ @0 °

n-x

(B) FTIR spectra of PE-graft-MA

MA
~ a8 v

30 % PE-graft-MA

20 % PE-graft-MA

(

i

PE

o
v
\

T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)
Figure 3. (A) General synthetic route for the preparation of PE-graft-MA; (B) IR spectra of PE-graft-MA synthesized with an added MA amount
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Figure 4. (A) General synthetic route for the amine coupling of PE-graft-MA using benzylamine; (B) 2D-DOSY contour mode plots for PE-graft-
BA recorded in CDCl,.

with successful incorporation of PAME units (SI, Figure S34). grafting, '"H NMR spectroscopy was employed (SI, Figure
The integrated intensity of this band increased from 9.6 to 24.8 S35). For the 20% PhME-functionalized sample, the aromatic
upon increasing PhME loading from 10% to 20% relative to proton signal at ~7.4 ppm was integrated relative to the PE

the PE repeat unit ([RU]) (Table S6). To further quantify backbone methylene resonance at ~1.2 ppm, yielding a
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grafting yield of 8.82%, corresponding to approximately 5.6
PhME units per PE chain (SI, eq 1). Two-dimensional
diffusion-ordered spectroscopy (2D DOSY) NMR further
confirmed successful covalent attachment. The stacked DOSY
spectra showed that the signals at 1.2 ppm (PE backbone) and
7.4 ppm (PhME aromatic protons) exhibit identical attenu-
ation behavior (SI, Figure S36). Consistently, DOSY contour
analysis revealed a shared diffusion coeflicient in the order of
107 cm? s™! for both resonances, indicating that they originate
from the same molecular species (SI, Figure $S37). The absence
of olefinic PhME signals (~6.8 ppm) further confirms
complete incorporation. Together, these data provide un-
ambiguous evidence for covalent grafting of PhAME onto the
PE backbone.

Following the successful modification of PE with ME and
PhME, we extended the strategy to maleic anhydride (MA), a
widely used grafting monomer in industrial polyolefin
modification.”® PE-graft-MA was synthesized under analogous
conditions and characterized by SEC and 'H NMR, which
revealed new resonances between 2.2 and 4.4 ppm (Figure 3A
and SI, Figures S38 and $39). FTIR spectroscopy further
confirmed successful grafting through the appearance of
carbonyl (C=0) stretching bands in the 1530—1870 cm™"
region, consistent with anhydride functionality (Figure 3B).
PE-graft-MA samples were prepared with three different MA
feed ratios (10, 20, and 30%), yielding PE-graft-MA materials
(Table S7). Increasing MA feed ratios (10—30%) led to
corresponding increases in integral values of carbonyl signal
intensity (11.6 (10%) to 20.8 (20%) and 43.0 (30%)),
confirming tunable grafting density.

Beyond its industrial relevance, MA grafting provides a
versatile platform for further derivatization, as the anhydride
moiety can be readily transformed into acids, esters, and
amides. As a demonstration, PE-graft-MA was subjected to
amine coupling with benzylamine in p-xylene at 120 °C under
argon (Figure 4A). The resulting PE-graft-BA was purified by
precipitation in cold methanol to remove unreacted amine. 'H
NMR analysis showed a downfield shift of the benzylic CH,
resonance from 3.8 to 4.6 ppm upon amide formation (S,
Figure S40). Aromatic signals at ~7.3 ppm were also observed
and used to estimate a grafting density of 10.9 amide groups
per PE chain. FTIR further confirmed successful conversion,
where the initial broad and bimodal C=0 band (1530—1870
cm™") became sharper and monomodal after amine coupling in
PE-graft-BA (SI, Figure S42). DOSY experiments again
confirmed covalent attachment, with all relevant signals,
including the PE backbone (1.3 ppm), benzylic CH, (4.6
ppm), and aromatic protons (7.3 ppm), showing identical
diffusion coefficients (Figure 4B and SI, Figure S41).

To further demonstrate the versatility of this postfunction-
alization strategy, an aliphatic hexylamine was employed as an
alternative nucleophile. Under analogous conditions, PE-graft-
HA was obtained and similarly characterized by 'H NMR and
FTIR (SI, Scheme S12 and Figures S42 and S43). Consistent
with benzylamine coupling, characteristic spectral shifts were
observed in 'H NMR, while again FTIR showed conversion of
the anhydride band from a broad bimodal feature in PE-graft-
MA to a sharper monomodal carbonyl profile in PE-graft-HA,
confirming successful amide formation.

In summary, we have established a unified HAT-mediated
photocatalytic platform for switchable PE valorization, toggling
between oxidative degradation and precision C—H function-
alization within a single mechanistic framework. Under aerobic

conditions, AQ-mediated hydrogen atom transfer promotes
efficient oxidative chain scission, delivering up to ~90%
reduction in molecular weight at room temperature. Excluding
oxygen redirects the same radical manifold toward productive
C—H functionalization, enabling selective grafting of mal-
eimide and maleic anhydride onto the PE backbone.
Subsequent amine coupling of the anhydride moieties affords
amide-functionalized PE architectures, demonstrating the
synthetic versatility of the grafted handles. Future work will
broaden the scope of grafting partners, probe structure—
reactivity relationships in complex polyolefin blends, and
evaluate translation to real-world plastic waste streams under
process-relevant conditions.
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