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ABSTRACT: Plastic recycling strategies to combat rapidly
increasing waste buildup are of utmost environmental importance.
Chemical recycling to monomers has emerged as a powerful
strategy that enables infinite recyclability through depolymeriza-
tion. However, methods for chemical recycling to monomers
typically rely on bulk heating of polymers, which leads to
unselective depolymerization in complex polymer mixtures and
the formation of degradation byproducts. Here, we report a
selective chemical recycling strategy facilitated by photothermal
carbon quantum dots under visible light irradiation. Upon
photoexcitation, we found that carbon quantum dots generate
thermal gradients that induce depolymerization of various polymer classes, including commodity and postconsumer waste plastics, in
a solvent-free system. This method also provides selective depolymerization in a mixture of polymers, not possible by bulk heating
alone, enabled by localized photothermal heat gradients and the subsequent spatial control imparted over radical generation.
Photothermal conversion by metal-free nanomaterials facilitates chemical recycling to monomers, an important approach in
addressing the plastic waste crisis. More broadly, photothermal catalysis enables challenging C−C bond cleavages with the generality
of heating but without indiscriminate side reactions typical of bulk thermolysis processes.

■ INTRODUCTION
While plastics have enabled modern society, the lack of
recycling has led to waste buildup, which is expected to double
by 2050.1 Mechanical recycling can be effective for some
commodity polymers, but there are significant limitations to its
widespread implementation, including the deterioration of
polymer properties after repeated processing.2 In comparison,
chemical recycling to monomers (CRM) enables infinite
recyclability by regenerating virgin materials.3 While methods
such as dilution in solvent to depress the ceiling temperature
(Tc)

4 or catalyst addition can enhance depolymerization
kinetics under mild conditions,5 heating remains the most
general strategy for depolymerization. However, bulk heating
polymers under ambient conditions may lead to oxidized
byproducts due to the unselective formation of reactive
intermediates (Figure 1a).6−10 Additionally, bulk heating
precludes selectivity among polymers in a mixture, which is a
typical complexity in real-world waste streams.2

Visible light photochemistry has enabled selective reactions
via energy or electron transfer.11−13 The selectivity arises from
the inherent redox properties of the reactants with required
proximity to a photocatalyst, providing spatial and temporal
control over reactive intermediates. An underused strategy in
synthetic photochemistry is the photothermal effect. This
phenomenon arises from the irradiation of chromophores with
visible or near-infrared light to access an excited state species
that relaxes to the ground state through a nonradiative decay

pathway.14,15 This light-to-heat conversion process allows
photons in the visible region to realize extreme temperatures
localized to the chromophore while maintaining lower bulk
temperatures. We hypothesized that in contrast to conven-
tional bulk heating, where all molecules and reaction media are
uniformly thermally excited, resulting in high concentrations of
reactive intermediates, photothermal heating would preferen-
tially heat the molecules directly adjacent to the chromophore,
confining the formation of reactive intermediates (Figure 1b).
We wanted to leverage this phenomenon to perform

challenging chemical transformations. For example, a C−C
bond with an activation barrier of 35 kcal/mol would be
cleaved at temperatures >270 °C on a meaningful timescale
but would remain bonded at lower temperatures. By
implementing photothermal heating, C−C bond cleavage
would only proceed proximally to the chromophore. Spatially
confined C−C bond cleavage should result in a lower
concentration of reactive radical intermediates, limiting side
reactions, such as bimolecular oxidation reactions. This
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concept is supported by recent work, which has shown
electrically generated thermal gradients to promote the
pyrolysis of select polymers to monomers with improved
yield and selectivity compared to uniform heating.16 We
hypothesized that photothermal heating could merge the
advantages of photocatalysis�the temporal and spatial control
over radical formation�with the generality of heat to perform
challenging transformations like C−C bond cleavages in
depolymerization reactions.17 We envisioned that this method
could be applied broadly over several classes of polymers, both
through direct thermal C−C bond cleavage and in
combination with additional catalysts to affect CRM (Figure
1c).
To test this concept, we needed to identify a photothermal

agent that could facilitate the depolymerization of common
plastics to monomers. Previous reports have examined metallic
photothermal nanoparticles (NPs), synthesized from gold,
silver, and iron, for unselective polymer degradation without
depolymerization.18a−f Recently, carbon-based NPs were
reported to promote photothermal depolymerization, using
designer carbon nanotubes for polymer glycolysis of poly-
ethylene terephthalate.18g Though these works present notable
advances in photothermal catalysis, a general strategy for
depolymerization to monomers has not been reported. We
envisioned using inexpensive and readily available carbon-
based NPs, such as carbon quantum dots (CQDs), as
photothermal agents for depolymerization. CQDs exhibit
highly tunable absorption and photoluminescence properties
based on carbon source, size, and surface modification.19,20

While CQDs are typically used for energy or electron transfer
applications in sensors,21 drug delivery,22 and photoredox

catalysis,23 emerging work has shown promising photothermal
conversion abilities.24 We hypothesized that CQDs would be
able to produce high-temperature photothermal gradients
capable of inducing depolymerization.
We searched for materials with low fluorescence quantum

yield to identify potential photothermal CQDs, hypothesizing
that they were engaging in nonradiative decay.25 Wang and
coworkers described a formulation using metal-free hydro-
thermal treatment of L-ascorbic acid (vitamin C) to prepare
CQDs with modest photoluminescent properties.26 To test the
photothermal ability of these CQDs for chemical recycling to
monomers, we began our initial depolymerization studies with
poly(α-methyl styrene) (PAMS), which displays a moderately
high degradation temperature (Td = 280 °C) yet facile
depolymerization to monomer due to its modest ceiling
temperature (Tc = 61 °C) and propagating tertiary radical
intermediate.6,27,28

■ RESULTS AND DISCUSSION
Identification of Conditions. In initial studies, we

interspersed CQDs (10 wt % with respect to the polymer)
in PAMS (Mn = 135 kDa) by solvent-casting films from
tetrahydrofuran (THF). After irradiating a 10 mg film sample
over broad-spectrum white (color temperature of 6000 K)
light-emitting diodes (LEDs) for 30 min under an ambient
atmosphere, we recovered 66% monomer with only minimal
oxidative byproduct (<1% acetophenone) and with the
remaining polymer displaying a significant reduction in
molecular weight by gel permeation chromatography (GPC)
(Figure 2a, entry 1). Irradiation of the polymer film without
CQDs did not induce depolymerization or degradation (Table

Figure 1. (a) Bulk heating generates high radical concentrations and facilitates bimolecular byproduct reactions. (b) Temperature gradients
generated through photothermal conversion provide low radical concentrations. (c) Use of CQDs for photothermal conversion and scope of
polymers amenable to photothermal depolymerization.
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S1, entry 3). Further, the polymer-CQD film was stable in the
dark while exposed to background heat from the light source,
signifying that both light and CQDs are necessary to trigger
depolymerization (Table S1, entry 4).
Considering practical implementation, we sought to expand

our method beyond single-layer films. Irradiation of PAMS
powder directly mixed with a highly concentrated solution of
CQDs (10 wt %) in THF afforded a high monomer yield
(65%), comparable to film experiments (Figure 2a, entry 2).
Further, irradiation of PAMS powder manually mixed with dry
CQDs (30 wt %) afforded monomer, albeit with decreased
yields, showing promise for fully solvent-free processing upon
further optimization (Figure 2a, entry 3). Using the polymer
powder mixing protocol, we demonstrated the scalability of our
photothermal depolymerization method, achieving a high
monomer yield (73%) on a gram scale (Figure 2a, entry 4,
and Figure 2b). Additionally, our protocol was conducive to a
distillation setup, where light was employed instead of a
traditional heating source. We successfully invoked vacuum
distillation of the monomer from PAMS-CQD (10 wt %)
powder by photothermal heating, where the monomer was
isolated in 85% yield with high purity (Figure 2a, entry 5). We
attribute the increased yields to greater heat retention by larger
masses of the polymer and CQDs. Excitingly, this built-in
purification step improves the practicality of our method for
closed-loop CRM and allows for the removal and isolation of
more reactive monomers.

With the successful implementation of our protocol, we
compared our photothermal heating strategy to conventional
bulk heating using PAMS (Figure 3). Upon bulk heating of the

PAMS-CQD (10 wt %) film under air for 30 min, trace
monomer was observed at 250 °C and was only formed in
considerable amounts above 270 °C (Figure S68 and Table
S9), in agreement with experimentally determined Td (280 °C)
by thermogravimetric analysis (TGA) (Figure S39). After
uniform heating at 280 °C, the monomer was observed in 66%
yield, comparable to our photothermal method. However, an
increase in the oxidized byproduct acetophenone was also
observed (6% yield). More strikingly, when heated to 290 °C,
the monomer yield decreased to 56%, and the byproduct yield
increased to 16%. Despite the identical atmospheric con-
ditions, our photothermal method yielded <1% oxidized
byproduct, highlighting a significant distinction between bulk
and photothermal heating (Tables S1 and S9). We hypothesize
that cleaner depolymerization to monomers is achieved under
photothermal conditions due to localized heat gradients that
allow reactions to proceed at lower effective bulk temperatures.
The resulting lower reactive intermediate concentrations
should reduce byproduct pathways like bimolecular reactions
with oxygen (Figure 1a). Additionally, heat localization to the
polymer material may allow for better monomer diffusion away
from elevated temperatures compared to bulk heating, limiting
byproduct formation.16

Mechanistic Discussion. We note that a photoinduced
thermal depolymerization mechanism is most probable.
Additional mechanistic studies are inconsistent with single
electron transfer, energy transfer,29 or hydrogen atom
abstraction30 mechanisms. We observed no fluorescence
quenching of CQDs with isopropylbenzene, a model polymer
repeat unit of PAMS (Figures S24−S35), which would occur if
the polymer was quenching the excited state of the CQDs to
activate the polymer backbone for depolymerization. A charge-
transfer complex was also not observed in UV/vis studies
(Figures S16 and S17). Further, treatment of PAMS with eosin
Y, a photocatalyst known for generating singlet oxygen, only
afforded acetophenone and polymer chain cleavage, with no
monomer observed under ambient conditions (Figure S36).
This study negates a mechanism where the excited state of the
CQDs is quenched with oxygen to afford singlet oxygen or
superoxide, which could abstract an H-atom from the polymer
backbone, followed by depolymerization. Lastly, TGA showed
comparable Td for PAMS with and without CQDs, in
agreement with the temperature at which monomer generation

Figure 2. (a) Variations in the procedure to eliminate solvent use,
scale-up, and isolation of the monomer. a10 mg of the polymer, 10 wt
% CQDs; b30 wt % dry CQDs, PAMS Mn = 23.5 kDa; c60 min; d50
mg of the polymer. (b) Scale-up to one gram of the polymer on a
PAMS-CQD powder mixture. See the Supporting Information for full
experimental details.

Figure 3. Comparison of PAMS depolymerization product distribu-
tion under photothermal and bulk heating conditions. See the
Supporting Information for full experimental details.
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was observed upon bulk heating (Figures S39 and S68 and
Table S9).
Kinetics and CQD Analysis. Observing a visual change to

the CQDs after irradiation (Figure 2b) and limited thermal
stability by TGA (Figure S23), we sought to better understand
the role of CQDs as a photothermal agent and any changes
occurring throughout depolymerization. We performed kinetic
trials of PAMS photothermal depolymerization with CQDs
(10 wt %). We observed a rapid increase in the monomer yield
over the first 5 min of irradiation. Yields varied at increased
reaction times but generally were observed to peak at 30 min
(Figure 4a). We note that our maximum monomer yield

(75%) in these kinetic trials was slightly higher than in
previous experiments of a similar scale, which we attribute to
the lower molecularweight polymer sample used (Mn = 23.5
kDa), which should have faster kinetics under a chain
unzipping mechanism.
We hypothesized that the CQDs are further carbonized

upon photothermal heat generation, losing the oxygenated
surface functionality and resulting in higher relative carbon
composition. Indeed, by X-ray photoelectron spectroscopy
(XPS) and infrared spectroscopy (IR), we observed a rapid
loss of both the oxygen content and C−O bond features within
the first 10 min of reaction time, supporting our carbonization
hypothesis (Figure 4b and Figures S58−S66). Loss of the
oxygen surface functionality may benefit more reactive
depolymerization intermediates since the CQD surface
would be less reactive. Because monomer generation is
observed after 10 min of reaction time, we presume that the
carbonized CQDs are still active photothermal agents. To test

this hypothesis, we reused CQDs isolated from a previous
PAMS-CQD photothermal depolymerization reaction. How-
ever, we found that the reused CQDs enabled PAMS
depolymerization upon irradiation, with reduced monomer
yields (30% at 30 min) (Figure 4a), although the kinetic profile
was similar. Additionally, depolymerization continued in light
on−off studies, further supporting that the carbonized CQDs
are still photothermally active (Table S8 and Figure S67).
Since monomer yields were not appreciably lower in the light
on−off studies compared to constant irradiation experiments,
we speculate that the decreased yields with reused CQDs are
related to the observed poorer dispersion in the polymer.

Polymer Scope. We tested the generality of this approach
with different polymer substrates. We began by examining the
depolymerization of polyphthalaldehyde (PPA), a polymer
used for photoresists that has a low Td (160 °C) (Figure S12)
and Tc (−36 °C).31 Upon white light irradiation of the PPA
(20 mg,Mn = 31 kDa) film interspersed with CQDs (10 wt %),
we isolated 58% ortho-phthaldialdehyde monomer (Table S10,
entry 3). However, we observed monomer photodegradation
due to shorter wavelengths (blue light region) in the broad-
spectrum white light source (Table S10 and Figure S111), a
known degradation pathway of o-phthaldialdehyde.32 Con-
sequently, 525 nm irradiation afforded the monomer in 78%
yield without photodegradation (Figure 5 and Table S10).

Next, we looked at the depolymerization of commercial
poly(methyl methacrylate) (PMMA), which has a similar Td
(255 °C)28 but a considerably higher Tc (220 °C)27 than
PAMS. Depolymerization of poly(methyl methacrylate) occurs
efficiently at temperatures >400 °C under an inert atmos-
phere.8,33 Like PAMS, PMMA depolymerization proceeds
through a propagating tertiary radical intermediate. However,
the proximity of the Tc to the Td and unproductive reactions
such as oxidation, cross-linking, and auto-polymerization at
elevated temperatures create a more challenging system.8 We
subjected a solvent-cast mixture of commercial PMMA (50
mg, Mn = 25 kDa) and CQDs (10 wt %) to white light

Figure 4. Depolymerization kinetics and CQD structural changes. (a)
Depolymerization kinetics of PAMS with CQDs and reused CQDs.
Error bars denote standard deviation for triplicate trials. (b) Loss of
the C−O surface functionality in CQDs with irradiation time,
observed by XPS.

Figure 5. Expansion to several classes of polymers. Photothermal
depolymerization of polyphthalaldehyde (PPA), poly(methyl meth-
acrylate) (PMMA), polystyrene (PS), and poly(lactic acid) (PLA) to
corresponding monomers. See the Supporting Information for full
experimental details.
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irradiation in the vacuum distillation setup to isolate the
methyl methacrylate monomer directly into butylated hydrox-
ytoluene (BHT) polymerization inhibitor. Excitingly, after 4 h
of irradiation with white light, we isolated 64% monomer
(Figure 5 and Table S11).
More demonstrative of real-world recycling demands, we

applied our method to various commercial polymers and
postconsumer waste plastics. Depolymerization of poly(lactic
acid) (PLA) was particularly interesting because it is currently
the most widely used biorenewable plastic, produced at over
140,000 tons annually.3,34 Due to its extremely high Tc (>600
°C), PLA undergoes side reactions such as elimination and
epimerization preferentially over depolymerization when
heated.9,35 However, by employing a catalyst, PLA depolyme-
rization to L-lactide monomer can be achieved in bulk at lower
temperatures (∼200 °C).35 With the incorporation of ZnO
(0.5 equiv with respect to the monomer repeat unit) and 5 wt
% CQDs, we were able to generate 95% lactide (90% as L-
lactide versus meso-lactide) from a postconsumer PLA 3D
printer filament (50 mg, Mn = 115 kDa, filtered to remove
composites/dyes) under white LED irradiation for 4 h (Figure
5 and Table S12), demonstrating the compatibility of
photothermal catalysis with other catalytic agents.
Lastly, we turned to polystyrene (PS), a commodity polymer

annually produced on a megaton scale. With a recycling rate of
<1%, PS accounts for a third of the world’s landfills by
volume.36 PS presents a significant challenge to CRM due to
its high Td (350 °C) with even higher Tc (395 °C), for which
meaningful depolymerization must occur at temperatures >400
°C.37 Furthermore, due to highly reactive radical intermedi-
ates, PS undergoes significant random chain scission events
(versus chain unzipping), cross-linking, auto-polymerization of
monomers, and complex byproduct formation (α-methyl
styrene, toluene, acetophenone, benzoic acid, benzaldehyde,
styrene dimers, styrene trimers, etc.).10,28 However, with the
addition of a catalyst, styrene monomer is known to be
generated in moderate to high yields under pyrolysis at 350−
450 °C.38 Remarkably, with our simple photothermal vacuum
distillation protocol (20 wt % CQDs, 0.07 equiv of BaO),
postconsumer PS (25 mg, Hefty clear lid, Mn = 105 kDa) was
converted to styrene monomer in 43% yield after 2 h of
irradiation with white LEDs (Figure 5 and Table S15).
Postconsumer Polymer Recycling. Various postcon-

sumer waste PS products were subjected to our method (20 wt
% CQDs, 1 equiv of ZnO), including foamed PS and
composite-containing samples, yielding 22−50% styrene
(Figure 6a). In contrast to specialized pyrolysis equipment
operated at temperatures of >400 °C, only a simple LED
source and standard short-path distillation glassware were used
here. Further, we incorporated postconsumer PLA with CQDs
and ZnO by a thermoforming technique, eliminating solvent
usage. CQDs (5 wt %) and ZnO (0.5 equiv) were interspersed
in PLA using a Carver press, with a negligible impact on Mn
(Figures S45-S47). This thermoformed material was subjected
to white light irradiation under vacuum distillation to recover
81% lactide (Table S14, entry 5). An identical trial with a used
beverage cup made from PLA provided 91% lactide (Figure 6b
and Table S14, entry 1). Gratifyingly, thermoformed PLA
samples provided comparable monomer yields to solvent-cast
samples (∼80% lactide) at even lower CQDs and ZnO
loadings, 2.5 wt % and 0.25 equiv, respectively (Table S14).
Spatial Control. We hypothesized that the spatial control

imparted by photothermal conversion could enable selective

depolymerization of one polymer in a mixed polymer system, a
common complexity in real-world plastic waste streams.2 To
explore this, we prepared a mixture of PAMS interspersed with
CQDs and commercial PMMA or PS absent of CQDs. When
subjected to visible light irradiation, we observed the formation
of the α-methyl styrene monomer in good yields (51 and 74%
in the presence of PMMA and PS, respectively) with no
depolymerization or degradation of the commercial polymers.
In contrast, when bulk heated to 290 °C, both polymers in the
mixture degraded without selectivity toward CQD incorpo-
ration. Alongside PAMS depolymerization, PMMA was
depolymerized to monomer in 54% yield, and PS was cleaved
into shorter chains and small molecules (Figure 7a−c, Tables
S18−S20, and Figures S88−S93). These results demonstrate
the utility of photothermal heating with localized heat
gradients to enable selective depolymerization in mixed
polymer waste streams.

■ CONCLUSIONS
Herein, we have demonstrated the use of photothermal
catalysis for application in CRM with high monomer
selectivity, in contrast to bulk heating. This method was
successfully implemented with five distinct polymer classes,
including commercial samples and postconsumer waste plastics
of commodity polymers. Furthermore, the spatial and temporal
control afforded by photothermal catalysis allowed for selective

Figure 6. (a) Images of postconsumer waste PS and monomer yields
under 20 wt % CQDs and 1 equiv of ZnO conditions. (b) Images of
postconsumer waste PLA, thermoformed with CQDs and ZnO, and
monomer yield. See the Supporting Information for full experimental
details.
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depolymerization in complex plastic waste streams. Addition-
ally, we studied the compositional changes to CQDs during
photothermal heating to better understand this material as a
photothermal agent. Together, this work shows how photo-
thermal conversion of CQDs can be utilized for challenging
chemical transformations such as C−C bond cleavages with
more control than conventional bulk heating methods due to
localized heat gradients and reduced concentration of reactive
radical intermediates.
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