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of Chemistry The chemical recycling of polystyrene (PS) waste to value-added aromatic compounds is an attractive but
formidable challenge due to the inertness of the C—C bonds in the polymer backbone. Here we develop
a light-driven, copper-catalyzed protocol to achieve aerobic oxidation of various alkylarenes or real-life
PS waste to benzoic acid and oxidized styrene oligomers. The resulting oligomers can be further
transformed under heating conditions, thus achieving benzoic acid in up to 65% total yield through an

integrated one-pot two-step procedure. Mechanistic studies show that the CuCl, catalyst undergoes
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C-H bond and subsequent oxidative cleavage of C—-C bonds. The practicality and scalability of this
strategy are demonstrated by depolymerization of real-life PS foam on a gram scale, thus showing
promising application potential in chemical recycling of PS waste.
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Introduction

Polystyrene (PS), one of the most manufactured plastics in the
world, exhibits wide applications in various fields, such as
packaging, thermal insulation and electronics. The annual
production of PS is estimated to be nearly 17 million tons per
year." However, end-of-life PS plastics either become landfill
waste or escape into the environment, which not only aggra-
vates ecological distress but also threatens human health.”*
Although progress has been made in the development of
methods to recover end-of-life polymers,>™* the PS recycling rate
remains below 1%.'*'” As one of the most valuable all recycling
methods, chemical recycling has demonstrated promising
potential in the depolymerization of these post-consumer
polymer products into useful chemical feedstocks.'®"
However, it remains formidably challenging to realize chemical
recycling of PS waste due to the inertness of C-C bonds in the
polymer backbone.”*** Research efforts have continuously
focused on the traditional thermal depolymerization of PS
(Scheme 1A). For example, the chemical oxidation of PE, PP and
PS to organic acids was achieved by the Co(u)/Mn(u) system at
150-210 °C,**** the oxidative depolymerization of PS into ben-
zoic acid was obtained by nitric acid at 180 °C.*® Yan and co-
workers reported the reductive upcycling of various aromatic
plastic waste (PET, PS, PPO, and PC) to arenes through catalytic
hydrogenolysis over a Ru/Nb,Os catalyst at 320 °C and 0.5 MPa
H,.*® Jiao et al. utilized organic azide to synthesize arylamines
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from alkylarenes and PS with the catalysis of FeCl,,”” while Liu's
group developed a “degradation-upcycling” strategy for the
synthesis of aryl ketones and organosulfur compounds from PS
waste in the presence of equivalent AICI;.>® Despite the effi-
ciency of existing thermal methods, the requirement of high
temperatures restricts their practical application in industry.
Compared with thermal catalysis, photocatalysis has
emerged as a powerful and sustainable method that exhibits
unique reactivity under mild conditions.>** Intense interest
has been focused on the photochemical oxidation degradation
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Scheme 1 (A) Chemical recycling of PS; (B) previous studies on the
photo-oxidative degradation of PS; (C) copper-catalyzed oxidative
degradation of PS (this work).
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of PS due to the use of visible light irradiation and the inex-
pensive oxidant of oxygen.**** The oxidative degradation of PS
involves C-H bond activation and subsequent oxidation with O,
to facilitate the formation of an organic peroxide, leading to the
cleavage of the C-C bond and the generation of oxidized prod-
ucts in the end (Scheme 1B).** Zhu's group developed a non-
selective process for photooxidation of PS plastic into CO, via
the copper phthalocyanine sensitized TiO, photocatalyst under
fluorescent light,* along with the production of CO,. Recently,
progress has been made in the photocatalytic oxidative decon-
struction of PS into value-added benzoic acid. It was reported
that the chlorine radical generated from FeCl; (ref. 36-39) or the
catalytic system of acridinium salts and HCI* facilitated
abstraction of hydrogen atoms from the PS backbone and
subsequent oxidation, resulting in formation of benzoic acid as
a major product along with oligomers. It has been demon-
strated that the reactive oxygen species could initiate PS
degradation into benzoic acid under photo irradiation by an
acid-catalyzed strategy at room temperature*** or heteroge-
neous graphitic carbon nitrides at 150 °C.** Reisner et al
utilized fluorenone as a direct HAT agent in combination with 1
equivalent of H,SO, as an acidic additive to realize the depoly-
merization of PS to benzoic acid (30%), other aromatic
compounds (20%) and oligomers.** By using an anthraquinone
photocatalyst, Kokotos et al. discovered that the aerobic oxida-
tion of PS plastics afforded benzoic acid in 25-58% yields,
without requirement of acidic additive.*® Das and co-workers
reported the photocatalyst system of NBS and CF;SO,Na for
selective upcycling of real-life PS-based waste into benzoic acid,
which can be further transformed into valuable aromatics.*
The photooxidative degradation of plastic waste (PS etc.) into
commercial chemicals was achieved via V(O)(acac), (ref. 47) or
UO,(NO3),-6H,0.*® So far, it remains greatly challenging to
obtain a single product in high yield due to the poor product
selectivity and formation of the oxidized oligomer waste by the
current strategies. Therefore, it is in high demand to develop
a more efficient and cost-effective degradation strategy to
produce a target compound from real-life plastic waste.

Earth-abundant Cu-based photocatalysts have
employed in visible light photocatalysis for production of
valuable chemicals in an ecologically friendly and cost-effective
manner.*>* It is known that CuCl, is capable of serving as
a visible-light photocatalyst and the photoinduced ligand
dissociation of CuCl, complex generates CuCl and the chlorine
radical through ligand-to-metal charge transfer (LMCT).>**® The
formation of the chlorine radical provides the opportunities to
realize the challenging chemical transformations. For instance,
Wan's group developed a CuCl,-promoted photocatalytic
strategy to realize the vicinal dichlorination of alkenes and
styrenes in the presence of HCL> Rovis's group reported the
CuCl,-catalyzed alkylation of alkanes with electron-deficient
olefins.* Encouraged by these pioneering works, we also
applied this photocatalytic LMCT strategy to the generation of
chlorine radicals for the abstraction of the C-H bond from the
polymer backbone under mild conditions. Besides, chlorine
radicals are widely used as hydrogen abstraction agents due to
their characteristic electrophilic selectivity towards the strong
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electron-rich C-H bonds (AHgjss(HCl) = 103 kecal mol ™ *),** and
are kinetically matched with the more hydridic C-H bonds of
the polymer backbone.**** In this context, we developed
a practical copper-based photocatalytic system consisting of
readily available CuCl, as a LMCT reagent, CaCl, as a chlorine
source and O, as a terminal oxidant, which enabled the oxida-
tive cleavage of a wide range of alkylarene and real-life PS waste
to benzoic acid and oxidized styrene oligomers (Scheme 1C).
The corresponding oligomers can be further transformed under
heating conditions, thus achieving benzoic acid in up to 65%
total yield in a one-pot two-step manner.

Experimental
Materials and methods

All reagents were used as received unless otherwise noted.
CuCl, was purchased from Energy Chemical. CaCl, powder was
purchased from Beijing Chemical Works. The methanol and
MeCN (HPLC grade) were purchased from Sigma-Aldrich.
Reactions were monitored by thin layer chromatography
(TLC), visualizing with ultraviolet light (UV); column chroma-
tography purifications were carried out using silica gel. The
reaction mixture was analyzed by a Waters High Performance
Liquid Chromatograph (HPLC) system equipped with an auto-
sampler, a C18 column (length: 150 mm, internal diameter: 4.6
mm, 35 °C) and UV/vis detector (A = 220 nm). CH;0H: 0.1%
HCOOH in H,0 was used as a mobile phase with a flow rate of
1.0 mL min~'. "H NMR spectra was recorded on a Bruker
Avance 11 500 (500 MHz, 'H) instrument at room temperature
(rt). Chemical shifts (6) were reported as parts per million
(ppm). The number-average molecular weight (M,,) and molec-
ular weight distributions (PDI = M,,/M,,) of PS were measured by
gel permeation chromatography (GPC) at 40 °C and a flow rate
of 1 mL min~', using THF (HPLC grade) as an eluent on
a Waters 1515 instrument equipped with a Waters 4.6 x 30 mm
guard column and three Waters WAT054466, WAT044226, and
WAT044223 columns. The instrument was calibrated with PS
standards, and chromatograms were processed with Waters
Breeze2 software.

General procedure for light-induced catalytic reactions

The general procedure for the photooxidative reaction of
alkylarenes. A 10 mL Schlenk tube with a screw cap was charged
with substrate (0.1 mmol, 1 eq.), CuCl, (5 mol%), CaCl,
(20 mol%), and 1.0 mL MeCN. An oxygen balloon was equipped
to maintain an oxygen atmosphere and the whole reaction tube
was kept for 24-72 h under the irradiation of two Kessil H150B
50 W blue LEDs lamps at room temperature (ca. 25 °C), using an
electric fan to control the temperature. After the reaction, the
resulting mixture was dissolved with MeOH to constant volume
in a 10 mL volumetric flask and then filtered. The filtrate was
measured by HPLC equipped with an autosampler.

The general procedure for the photooxidative degradation of
PS. A 10 mL Schlenk tube with a screw cap was charged with PS
waste (0.1 mmol, 10.4 mg), CuCl, (5 mol%), CaCl, (20 mol%)
and MeCN/benzene (0.3 mL/0.3 mL). The reaction mixture was
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stirred for 5 min in the dark. Then an oxygen balloon was
equipped to keep the oxygen atmosphere and the whole reac-
tion tube was kept for 24 h under the irradiation of two Kessil
H150B 50 W blue LEDs lamps at room temperature, using an
electric fan to control the temperature. After the reaction, the
resulting mixture was dissolved with MeOH to constant volume
in a 5 mL volumetric flask and then filtered with a PTFE syringe
filter. The filtrate was measured by HPLC equipped with an
autosampler.

The general procedure for the oxidative degradation of PS
via a two-step one pot process. First step: a 10 mL Schlenk tube
with a screw cap was charged with PS waste (0.1 mmol, 10.4 mg),
CuCl, (5 mol%), CaCl, (20 mol%) and MeCN/Benzene (0.3 mL/
0.3 mL). The reaction mixture was stirred for 5 min in the dark.
Then an oxygen balloon was equipped to maintain an oxygen
atmosphere and the whole reaction tube was kept for 24 h under
the irradiation of two Kessil H150B 50 W blue LEDs lamps at
room temperature, using an electric fan to control the temper-
ature. Second step: after the first step, Cu(NO;),-3H,0
(20 mol%), and MeCN (1 mL) were added into the mixture ob-
tained in the first step, and then the mixture was degassed and
exchanged with O,. Next, the mixture was sealed in a pressure
tube and heated at 140 °C for 24 h, and then cooled down to
room temperature after reaction. The resulting mixture was
dissolved with MeOH to a constant volume in a 5 mL volumetric
flask and then filtered with a PTFE syringe filter. The filtrate was
measured by an HPLC equipped with an autosampler.

Results and discussion

Previously, PS degradation strategies were reported to be
adapted from the strategy for cleavage of C-C bonds in small
molecules.** Therefore, we initially optimized the reaction
condition for the oxidative C-C bonds cleavage of pro-
pylbenzene (1u) to benzoic acid (2a) by using a copper-based
catalyst in O, atmosphere with the irradiation of blue light
(Table 1). The employment of CuCl, led to the production of 2a
in 40% yield (entry 1, Table 1), whereas other non-chloride
copper salts such as Cu(OAc),-H,0, Cu(NOj;),-3H,0 and
CuS0,-5H,0 were ineffective for this reaction in up to 24 h
(entries 2-4, Table 1), highlighting the essentially important
role of the chlorine radicals generated from CuCl, for this
reaction. Previously, photoactive species CuCl; ™~ generated from
the addition of exogenous chloride was found to facilitate the
chlorine radical formation and C-H abstraction.*® Notably,
metal chloride has a dual role in serving as a chlorine source of
CuCl, and modulating the activity of the copper-oxo interme-
diates (Cu™-0-O and Cu"™-0) by the Lewis acidity of the metal
ion,*” especially the latter has a predominant effect. The addi-
tion of LiCl, MgCl, or CaCl, can significantly enhance the yields
of 2a to 67%, 72% or 75%, respectively (entries 5-7, Table 1),
while there was no improvement effect exhibited by HCI, NaCl,
KCl or SrCl, due to their weak Lewis acidity®*® (entries 8-11,
Table 1). The employment of CuCl also showed high efficiency,
leading the good yield of 2a in 63% (entry 12, Table 1). Litera-
ture research revealed that the bromine radicals generated from
CuBr, under photoexcitation could also abstract hydrogen
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Table 1 Optimization of the photooxidative cleavage of C—C bond in
propylbenzene (1u)®
(o]
Additive (20 mol%), O,

o
©/\/ ©AOH L ©)‘\/ . m
]
rt, MeCN, blue LEDs

1u 2a 3u 4u

[Cu] Catalyst (6 mol%)

Yield (%)

Entry [Cu] catalyst Additive 2a 3u 4u
1 CuCl, None 40 14 9
2 Cu(OAc),-H,0 None 0 0 0
3 Cu(NO;),-3H,0 None 0 0 0
4 CuS0O,-5H,0 None 0 0 0
5° CuCl, LiCl 67 6 8
6 CucCl, MgCl, 72 1 6
7 CucCl, CacCl, 75 0 0
8> CucCl, HCI 40 3 2
9? CuCl, NaCl 36 11 10
10° CuCl, KCl 31 8 8
11 CucCl, SrCl, 31 8 6
12 Cucl CacCl, 63 3 0
13 CuBr, None <1 2 4
14 CuBr, CaBr, 27 0 1
15 CuBr, CaCl, 66 0 0
16 CuBr CacCl, 63 5 0
17° CucCl, CaCl, 40 8 4
184 CuCl, CaCl, 69 1 0
19° CucCl, CacCl, 63 2 1
20" CuCl, CaCl, 71 2 0
21 — CacCl, 0 0 0
22f CucCl, CaCl, 0 0 0
23" Cucl, CaCl, 0 0 0

“ Standard conditions: 1u (0.1 mmol), CuCl, (5 mol%), CaCl, (20 mol%),
MeCN (1.0 mL), O, balloon, 50 W blue LEDs, rt, 24 h. The yields were
measured by HPLC using a standard curve of standard substances as
reference. ° MCl (40 mol%). ° CuCl, (1 mol%). ¢ CaCl, (10 mol%).
¢ 30 W.7 In air. ¢ 80 °C in the dark. ” In N,.

atoms.*® However, using CuBr, instead of CuCl,, drastically
decreased the yield of 2a (entry 13, Table 1). The addition of
bromine additives to the reactions catalyzed by CuBr, only
slightly increased the yield of 2a to 27% (entry 14, Table 1).
Switching back to CaCl, could maintain the high yields of 2a by
using CuBr, or CuBr catalyst (66% for entry 15 and 63% for
entry 16, Table 1), highlighting the importance of CaCl, in
achieving 2a in high efficiency. Reducing the concentration of
CuCl, (1 mol%) or CaCl, (10 mol%) decreased the yield of 2a to
40% or 69%, respectively (entries 17 and 18, Table 1). Irradia-
tion of the reaction with 30 W blue LEDs furnished 2a in 63%
yield whereas 71% yield of 2a was obtained in the air (entries 19
and 20, Table 1). Control experiments showed that without
CuCl,, light or O,, there is no observation of 2a in 24 h,
demonstrating the indispensable role of these factors for this
reaction (entries 21-23, Table 1). We also screened the effec-
tiveness of different solvents on this reaction (i.e. MeOH, THF,
DCM, EtOAc, acetone and DMF) (Table S1}) and found that
acetonitrile showed the best performance, probably due to the
stabilization of copper complexes through the ligation of nitrile
to copper.®

© 2025 The Author(s). Published by the Royal Society of Chemistry
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With the optimized reaction conditions in hand, we exam-
ined the generality for the deep oxidation of alkylarenes
(Scheme 2). It turned out that this reaction works for methyl-
arenes with neutral (H 1a), electron-donating (phenyl 1b and
acetoxy 1c) or electron-withdrawing groups (acetyl 1d; -CN 1e; -
CF; 1f; and -Cl 1g), furnishing the corresponding aromatic
acids in good to excellent yields (68-97%). It is noted that the
methylarenes with fluoride substituted at the ortho- (1h), meta-
(1i), and para-positions (1j) furnished the desired products in
72-73% yields. Prolonging the reaction time to 72 h led to the
smooth oxidization of 4-OH substituted methylarene (1k) into 4-
hydroxybenzoic acid (2k) in 72% yield, leaving the hydroxyl
group for post modifications.®”” Unfortunately, this strategy was
not applicable to the NH,-substituted methylarene (11), prob-
ably due to the deactivation of the catalyst resulting from the
coordination of NH, groups with copper. A control experiment
was performed by using propylbenzene as substrates, adding
one equiv. of aniline completely quenched the reaction, thus
confirming the above assumption (Scheme Siat). By using the
alkylarenes with secondary benzylic C-H bonds as substrates,
we further examined this photocatalytic oxidative cleavage of
C-C bond (1m-1x). The ethylbenzene derivatives (1m-10)
produced the corresponding acetophenones (3m-30) as major
products and benzoic acid as minor products. Moreover, there
was no conversion of acetophenone under photocatalytic
conditions, while the oxidative cleavage of other ketone
substrates into aromatic acids occurred (Scheme S27) as ace-
tophenone is more difficult to transform into the enol form
than other ketone intermediates.>***® Remarkably, the strategy
can be applied to the phenylethanol derivatives (1p-1t), deliv-
ering the corresponding benzoic acids in moderate to high

"R, CuCl (5§ mol%), CaCl, (20 mol%) _
RT P O, MeCN, rt, blue LEDs, 24 h
7 Ri=Alk

2a(28%) + 3m (50%)
2¢(34%) +  3n(52%)

10(R=4-0H) _, 2k (23%) +  30(40%)

3m: 53% 3m: 52%

Scheme 2 Substrate scope for the photooxidation of alkylarenes.
?Reaction conditions: substrate (0.1 mmol), CuCl, (5 mol%), CaCl,
(20 mol%), MeCN (1.0 mL), O, balloon, blue LEDs, rt, 24 h. The yields
were measured by HPLC using a standard curve of standards as
a reference. °72 h.
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yields (59-81%). The propylbenzene with a substituent on the
benzene ring (1u-1x) produced the corresponding benzoic acids
in 68-79% yields, except 1x with the 4-OH group only afforded
2k in 30% yield. The low efficiency might result from the inhi-
bition of free radicals by the phenol group.

To verify this assumption, we conducted a control experi-
ment by using propylbenzene as a substrate and found that one
equiv. of phenol led to the conversion of propylbenzene dras-
tically decreasing to 49%, furnishing propiophenone (3u, 10%),
1-phenylpropan-2-one (4u, 5%) and benzaldehyde (7, 10%),
rather than benzoic acid (Scheme S1bf). The cumene (1y) and
tert-butylbenzene (1z) generated acetophenones in 53% and
52% yields, respectively. All these results clearly demonstrated
the good versatility of this photocatalytic strategy towards the
oxidative cleavage of C-C bonds.

Encouraged by such highly efficient CuCl,-catalyzed photo-
oxidative transformation of alkylarenes into benzoic acids, we
further investigated degradation of commercial PS (M,, = 87 kg
mol ", PDI = 3.29; Fig. S31). Due to the poor solubility of PS in
MeCN, we did not detect any small molecular products (Table
S21). In order to improve the solubility of PS in solvent, we
investigated the cosolvent effects and found that in MeCN/
benzene, high molecular weight PS could be efficiently
degraded to small molecular aromatics (benzoic acid (2a) in
22% yield; 1,3-diphenylpropanetrione (5) in 3% yield; phenyl
glyoxylic acid (6) in 6% yield, Scheme 3), the oxidized oligomers
(M, = 0.11 kg mol ", PDI = 3.81; Fig. $37) along with uniden-
tified products in 24 h (Fig. S41), respectively. Small amounts of
aromatic products were detected with the cosolvents of acetone,
THF, EtOAc or DCM (Table S27).

Control experiments showed that in the presence of CuCl,/
CaCl, and under irradiation of blue LEDs, PS could be degraded
to 2a in 22% yield (entry 1, Table 2). Similar results were ob-
tained with the prolonged reaction time to 36 h or heating the
reaction mixture obtained from the photocatalytic first step at
120 °C for 12 h as the second step (entries 2 and 3, Table 2). The
addition of Cu(NOj3),-3H,O0 after the first step and irradiation
during the second step still did not show any improvement,
while the high temperature (120 °C)* instead of irradiation
during the second step enhanced the yield of 2a to 37% after
12 h, further up to 42% for 24 h (entries 4-6, Table 2). Replacing
CuCl, with Cu(NO3),-3H,0 in the first step only produced 2a in
1% yield through such a two-step one-pot process (entry 7, Table
2), suggesting the critically important role of CuCl, in the
photocatalytic degradation of PS. Moreover, heating the

‘MeCN/Benzene (111)

n
% 0,, 1, blue LEDS, 24 h

M, = 87 kg/mol 22/. 3/=
b=329

CuCl, (5 mol%)
CaCI, (20 mol%)

M, =0.11 kg/mol

Identified small molecules =381

(total yield: 31%)
Scheme 3 Results for the PS photooxidative degradation by CuCls.
Reaction conditions: commercial PS (0.1 mmol, based on the amounts
of styrene monomer), CuCl, (5 mol%), CaCl, (20 mol%), MeCN/

benzene (0.6 mL), O, balloon, blue LEDs, rt, 24 h. The yields were
measured by HPLC using a standard curve of standards as reference.
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Table 2 Optimization of the two-step one-pot oxidation of PS*
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(o} o o o]
n (1) CuCl, (5 mol%), CaCl, (20 mol%), O, ©)\0H o
MeCN/benzene (1/1), rt, blue LEDs, 24 h + O 0 O + OH
(2) Cu(NO3),-3H,0 (20 mol%), MeCN
2a 5 6
First step Second step Yield® (%)

Entry Cu-catalyst hy Time (h) Catalyst T (°C) Time (h) 2a 5 6
1 CuCl,/CaCl, hy 24 — — — 22 3 6
2 CuCl,/CaCl, hv 36 — — — 23 2 6
3 CuCl,/CaCl, hy 24 — 120 12 22 3 5
4 CuCl,/CaCl, hw 24 Cu(NO;),-3H,0 hw 12 22 1 4
5 CuCl,/CaCl, hv 24 Cu(NO;),-3H,0 120 12 37 0 3
6 CuCl,/CaCl, hy 24 Cu(NO3),-3H,0 120 24 42 0 2
74 Cu(NO;),-3H,0/CaCl, hy 24 Cu(NO;),-3H,0 120 12 1 0 4
8 CuCl,/CaCl, hy 24 Cu(NO;), 3H,0 140 24 65 0 0
9 CuCl,/CaCl, hy 24 Cu(NO3),-3H,0 160 24 51 0 0
10¢ CuCl,/Cu(NO;),-3H,0/CaCl, hy 24 — 140 24 <1 0 4
11 CuCl,/Cu(NO;),-3H,0/CaCl, hy — — 140 24 <1 0 0

¢ Reaction condition: first step: commercial PS (0.1 mmol, based on the mole amount of the styrene monomer), CuCl, (5 mol%), CaCl, (20 mol%),
MeCN/benzene (1/1, 0.6 mL), O, balloon, blue LEDs, rt. Second step: Cu(NOj3),-3H,O (20 mol%), MeCN (1 mL) was added to the mixture obtained
after first step. ” The yields were measured by HPLC using standard curve of standards as reference. ¢ Second step, blue LEDs. ¢ Cu(NO;),-3H,0/
CacCl, in first step. ¢ CuCl,/Cu(NO3),-3H,0/CacCl, in first step.f CuCl,/Cu(NO3),-3H,0/CaCl, for one-step under blue-LED irradiation at 140 °C.

reaction at 140 °C for 24 h can further increase the yield of 2a to
65%, while the higher temperature (160 °C) led to a yield
decrease to 51% (entries 8 and 9, Table 2). After adding
Cu(NOs),-3H,0 to CuCl,/CaCl,, the mixture was irradiated for
24 h and then heated at 140 °C for 24 h, only furnishing 2a in
<1% yield, even the irradiating the reaction at 140 °C still could
not produce 2a (entries 10 and 11, Table 2). These results
demonstrated that the presence of Cu(NO;),-3H,O0 in the first
step would inhibit the reaction. Therefore, the reaction condi-
tions were optimized as the following: CuCl,/CaCl, as catalysts
under irradiation for 24 h in the first step and Cu(NO3),-3H,0
at 140 °C for 24 h in the second step.

Mechanistic studies

Capture of the radical intermediate. To gain more insights
towards the mechanism of the CuCl,-catalyzed photooxidative
degradation of PS, we tried to capture the radical intermediate
for this reaction. The addition of the radical scavenger, 2,2,6,6-
tetramethylpiperidine-1-oxyl (TEMPO), can completely inhibit
the formation of benzoic acid (Scheme S3af), confirming that
this oxidation reaction is a radical reaction. In order to identify
the radical intermediate, we utilized propylbenzene as a model
substrate to react with one equivalent of CuCl, in N, atmo-
sphere, followed by the addition of TEMPO to the reaction
mixture. The high-resolution mass spectrometry (HRMS) anal-
ysis confirmed the capture of both chlorine and aliphatic radi-
cals by TEMPO (Scheme S3b).

Identification of copper active species. To identify the copper
active species for this photocatalytic system, the time-
dependent UV-vis absorption spectra were obtained for the
mixture of CuCl, and CaCl, with or without PS, respectively

2008 | Chem. Sci,, 2025, 16, 2004-2014

(Fig. 1). Without PS, the intensities of the characteristic
absorption peaks (460 and 310 nm) assigned to the Cu"Cl;~
gradually decreased to almost zero with the irradiation time
(Fig. 1A). The consumption of Cu"Cl;~ should be attributed to
the formation of the reducing Cu'Cl,~ and chlorine radical via
a LMCT process.>** The presence of PS would result in an
obvious change in the time-dependent UV-vis spectral behav-
iour of Cu"Cl;~ (Fig. 1B). In the first 60 min, an absorption peak
appeared which was attributed to the gradual weakening of
cu'Cl;", indicating the formation of Cu'Cl,” and chlorine
radical under the irradiation. After 90-150 min, we did not
observe the absorption signal of Cu'Cl,~ but a new absorption
band attributed to Cu"-OH complexes at 460 nm,” probably
resulting from the homolysis of the Cu(u)-alkylperoxy complex
generated from the reaction of Cu(1) and alkylperoxy radicals
(vide infra).”*

To verify the generation of alkoxy radicals from the homol-
ysis of Cu(m)-alkylperoxy complexes, we selected the secondary

(A) (B)

hv
WeCNiBenzene

CuClz + CaCl CuClz + CaClz + Polystyrene

hv
MeCNiBenzens, 20

=0 min

=30 min

=60 min
90 min

0 min
30 min
60 min
90 min
120 min
15 150 min

" kfé\\k

" 200 300 400 500 600 200 300 400 500 600
A(nm) A(nm)

120 min
150 min
——210 min

Absorbance (A. U.)
Absorbance (A. U)

Fig.1 The time-dependent UV-vis absorption spectra obtained for (A)
the mixture of CuCl,/CaCl, and (B) the mixture of CuCl,/CaCl,
with PS.
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401
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Fig. 2 Time-on-course process of propylbenzene (1u)

catalyzed by CuCls.

photo-

propylbenzene (1u) as a substrate to detect the direct cleavage
product of the C-C bond, which is different from the previously
reported carbonyl (C=O0) products via the aerobic oxidation of
secondary sp3 carbon (-CH,-).**** Therefore, the time-on-
course oxidation process of 1u by CuCl, was monitored by
HPLC (Fig. 2). In the first 2 h, benzoic acid (2a), propiophenone
(3u), 1-phenylpropan-2-one (4u) and benzaldehyde (7) could be
detected. The amounts of 3u, 4u, and 7 then decreased to zero
over time, while the yield of 2a gradually increased to be the
only product ultimately. It should be noted that benzaldehyde
(7) might be formed during the B-scission of alkoxy radicals
generated from the homolysis of O-O bond in the peroxy moiety
of the Cu(u)-alkylperoxy complex, which is consistent with the
observation for the Cu™-OH complex in time-dependent UV-vis
spectra (Fig. 1B). Besides, 3u and 7 were formed after
abstracting the benzylic C-H from propylbenzene, while the
formation of 4u confirmed the abstraction of the aliphatic C-H
bond.

Photocatalytic degradation of PS. To gain deeper insight into
the CuCl,-catalyzed photooxidative PS degradation, we also
monitored the degradation of PS and formation of small
molecular products (Fig. 3 and S61). The number-average
molecular weight (M,,) of PS was rapidly decreased from 8.70
x 10* t0 902 g mol ™" in the first 4 h, indicating the generation of
oxidized oligomers, 1,3-diphenylpropanetrione (5) and phenyl-
glyoxylic acid (6) resulting from the cleavage of C-C bond on the
PS backbone. From 4 to 24 h, the molecular weight of PS kept
decreasing from 902 to 112 g mol ', while the yields of 5 and 6
did not change a lot. Meanwhile, the yield of benzoic acid (2a)
gradually increased, suggesting that 2a was produced from the
cleavage of the chain-end from the oxidized oligomers.** From
24 to 36 h, the yield of 2a remained almost the same, indicating
that there was no transformation of the oligomers into 2a. To
investigate the effect of M,, of polystyrene on the radical reac-
tivity, we also monitored the degradation of PS with different M,,
values and found that the benzoic acid formation rate from the
PS with low M,, was slightly faster than that from the PS with

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 The time-evolution experiments of CuCl,-catalyzed PS
photooxidative degradation (black: M,, of PS; red: yield of 2a; blue:
yield of 6; pink: yield of 5; and green: total yield).

high M, (Fig. S771). These results shed lights on the complicate
dynamics of PS degradation and the evolving formation of small
molecular products.

Simulation of polymer chain-end cleavage by using small
molecular substrates. Considering that 2a was generated from
the cleavage of chain-end of the oxidized oligomers (Fig. 3), for
simplifying the analysis and better understanding the cleavage
process of polymer chain-end, we utilized small molecular
reactions to simulate such a process. A series of small molecules
were employed as substrates and examined under the standard
photocatalytic conditions (Table 3). Using 1,3-diphenylpropane
(8) as a styrene dimer model substrate produced the targeted
C-C bond cleavage products benzoic acid (2a), oxidized 1,3-
diphenylpropanetrione (5) and phenylglyoxylic acid (6) in 82%,
2% and 7% yields, respectively (entry 1, Table 3). To probe more
insights towards the formation process of C-C bond cleavage
products, we monitored the reaction of 8 under standard
conditions by 'H NMR spectroscopy (Fig. S81) and found that
benzaldehyde (7), 1,3-diphenylpropan-1-one (9) and 1,3-
diphenylpropan-2-one (10) were rapidly generated at the initial
stage. The formation of 9 was the dominant process, which was
decreased along with the generation of 2a. Control experiments
using 9 or 10 as substrates could efficiently produce 2a (entries 2
and 3, Table 3). Furthermore, kinetic studies revealed that the
oxidative C-C cleavage of aromatic ketone 9 was higher priority
because the conversion of 9 was faster than that of 10 (Fig. S9
and S10%). All these results indicated that both 9 and 10 are
important reaction intermediates. During the monitoring
process, small amounts of 1,3-diphenylpropane-1,3-dione (11),
2-chloro-1,3-diphenylpropane-1,3-dione (12) and 1,3-diphenyl-
propanetrione (5) were observed as the further oxidation prod-
ucts from 9, which all could be transformed into 2a ultimately
by this photocatalytic system (entries 4-6, Table 3). As there are
two pathways to obtain 2a from 9: the oxidative C-C cleavage of
benzylic carbon in 9 (red pathway) or oxidation of its benzylic
C-H bonds into ketone intermediates (11, 12 and 5) followed by
the oxidative C-C cleavage of ketones (blue pathway). We

Chem. Sci., 2025, 16, 2004-2014 | 2009
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Table 3 Mechanistic studies by using small molecules as substrates®
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“ Reaction conditions: substrate (0.1 mmol), CuCl, (5 mol%), CaCl, (20 mol%), MeCN (1.0 mL), O, balloon, blue LEDs, rt, 24 h; conversion and

yields were measured by HPLC using a standard curve of standards as reference.
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Scheme 4 Possible reaction mechanism proposed for the oxidative C—C bond cleavage of 1,3-diphenylpropane (8).

performed a kinetic study of 11 to see which one was preferred
and found that the formation rate of 2a from 11 was really slow
(Fig. S111). In combination with the fact that the ketone inter-
mediates 11 and 12 did not accumulate during the monitoring
process, it can be concluded that the oxidative C-C cleavage
pathway of 9 was adopted as a major pathway to produce 2a (red

2010 | Chem. Sci., 2025, 16, 2004-2014

pathway). On the basis of the above results, the proposed
mechanism for the conversion of 8 was shown in Scheme 4.
Moreover, small amounts of phenylglyoxylic acid (6) were
detected from the reactions of 8 and 9 under photocatalytic
conditions (entries 1-2, Table 3), whereas the yield of 6 from the
oxidative degradation of polystyrene in a two-step method was

© 2025 The Author(s). Published by the Royal Society of Chemistry
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almost negligible, as the low yield of 2a was obtained from 6
under photocatalytic conditions, but a high yield of 2a was
obtained from 6 in the presence of Cu(NO;),-3H,0 at 140 °C
(entries 7 and 8, Table 3). The employment of 2-phenyl-1-
propanol (13) or 2-phenylpropionaldehy-de (14) as the multi-
step oxidation model intermediates of alkyl radical chain-ends
generated from one oxidative cleavage of PS chain, both fur-
nished the decarbonylation product, acetophenone (3m), as
a major product along with 2a and 2-phenylpropionic acid (15)
as minor products (entries 9 and 10, Table 3). Under photo-
catalytic conditions, only 34% conversion of 15 and a total 21%
yield of cleavage products were obtained (entry 11, Table 3).
However, replacing CuCl, with Cu(NO3),-3H,0 and heating at
140 °C can quantitatively convert 15 to 2a and 3m in 42% and
10% yield, respectively (entry 12, Table 3). The above results
highlighted the fact that both the Cu(NO;),-3H,O catalyst and
heating conditions are essentially important for further trans-
formation of the oligomers into the C-C bond cleavage prod-
ucts. The ketone and carboxylic acid moieties are assumed to be
installed when primary alcohols and aldehydes are formed on
the polymer chain end.

On the basis of the above-described experimental details and
previous CuCl,-catalyzed photochemical studies,** a plausible
reaction mechanism was proposed, as depicted in Scheme 5.
First, the chloride of CaCl, was coordinated with the Cu'Cl, (A)
to form photoactive Cu"'Cl;~ (B), which can be confirmed by UV-
vis spectroscopy (Fig. S5f). Subsequently, the irradiation of
cuCl;~ (B) would undergo the LMCT process to generate
a reactive chlorine radical (Cl') and [Cu'Cl, ].***° Due to the

(a) through benzylic C-H abstraction
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stronger bond dissociation (BDE = 103 kcal mol ) compared
with that of C-H bond, the Cl" could abstract a hydrogen atom
from PS (C) to generate a carbon-centred radical D along with
HCI. Radical D was then captured by O, to form a peroxy radical
intermediate E, which was reduced by Cu'Cl,” to generate the
Cl,Cu(u)-alkylperoxy complex (F).”* Followed by the O-O bond
homolysis of the peroxy moiety, complex F was transformed
into an alkoxy radical G and generate Cl,Cu"0".”*">7 The Cl,-
Cu"O" complex may abstract a hydrogen from PS other than
MeCN solvent” because the bond dissociation energy of the
benzylic C-H bond (BDE = —90 kcal mol ") is lower than that of
the C,~H bond (BDE = 96 kcal mol ')** of MeCN, thus trans-
forming C into radical D and form [Cl,Cu”™-OH] complex. Its
combination with HCl would close the photocatalytic cycle,
along with the release of water. For the selectivity of abstraction
of tertiary benzylic C-H or secondary aliphatic C-H via CI", we
propose two plausible reaction pathways for PS degradation
(Scheme 5a and b). Upon the abstraction of tertiary benzylic
C-H in PS and subsequent oxidation with O, (Scheme 5a), the
alkoxy radical G was generated through the repeated O-O bond
homolysis, followed by rapid PB-chain cleavage to form an
aromatic ketone chain end (H) and a primary alkyl radical chain
end (I). For aromatic ketone chain end H, the chlorine radical
would abstract a Cg—H bond adjacent to the ketone to generate
a benzylic radical, which was then transformed into the alkoxy
radical J via a repeated oxidation process.** The B-chain scission
of J produced the aromatic ketone chain end K and o-acyl
radical L. The a-acyl radical L was oxidized into an oxygen-
centred radical by O,, which subsequently underwent f-

(b) through aliphatic C-H abstraction
: H
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Scheme 5 Possible mechanism proposed for PS degradation through (a) benzylic C—H abstraction or (b) aliphatic C—H abstraction.
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scission and oxidation, furnishing benzoic acid ultimately.*
The primary alkyl radical chain end (I) proceeded with the
following routes for production of small molecules: First, the
chain end I could be oxidized to the primary alcohol chain end
(M) or aldehyde chain end (O). The C,-H on the alcohol of M
can be abstracted by a chlorine radical to form intermediate N,
which would be rapidly oxidized to aldehyde chain end (0).*
The acyl hydrogen on the aldehyde of O could be abstracted to
form an acyl radical chain end (P) through another HAT. P could
be decarbonylated to a secondary benzylic radical chain end (Q)
or partially oxidized to a carboxylic acid moieties chain end (R).
The chain end Q was trapped by O, to form alkoxy radical chain
end (S) through repeated O-O bond homolysis, followed by the
formation of a ketone chain end K via HAT or benzoic acid via -
chain scission and oxidation processes.

Alternatively, another degradation mechanism occurred
through the abstraction of secondary aliphatic C-H bond
(Scheme 5b). The reaction involving the secondary C-H
abstraction and subsequent oxidation with O, would generate
the secondary alkoxy radical on the PS backbone (G,), followed
by rapid B-chain cleavage to form aldehyde chain end (O) and
benzylic radical chain end (Q).* Besides, the secondary alkoxy
radical G; could also undergo HAT process to produce ketones
on the PS backbone (T),** which would subsequently be oxidized
to generate the acyl radical chain end (P) and aromatic ketone
chain end (H). These chain ends (O, Q, P, and H) would go
through similar processes as above to generate benzoic acid and
carboxylic acid moieties chain end (R). On the basis of the
above-described small molecule study, low conversion of the
carboxylic acid moieties chain end (R) occurred during photo-
catalytic process. The fact that full consumption of 2-

o o o (o]
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Scheme 6 The degradation of real-life plastic waste. Reaction
condition: first step: commercial PS (0.1 mmol, based on the mole
amount of the styrene monomer), CuCl, (5 mol%), CaCl, (20 mol%),
MeCN/Benzene (0.6 mL), O, balloon, blue LED (50 W), rt, 24 h. Second
step: Cu(NO3),-3H,O (20 mol%), MeCN (1 mL) was added to the
mixture obtained after first step, 140 °C, 24 h. The average values were
obtained from the HPLC yields of two parallel PS degradation
experiments.
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Scheme 7 The gram-scale PS degradation.

phenylpropionic acid (15) and improved product yield of ben-
zoic acid can be obtained by Cu(NOj;),-3H,0 under heating
conditions (entry 12, Table 3), which also confirmed that the
integrated two-step strategy can produce benzoic acid with high
efficiency.

With the understanding of the reaction mechanism and
optimized reaction conditions at hand, we applied this inte-
grated two-step strategy to a plethora of real-life plastic waste to
examine the generality of this strategy (Scheme 6). Initially, the
“one step” photocatalytic protocol showed somewhat different
effects on the degradation of synthetic PS with different
molecular weights, furnishing benzoic acid in 20-22% yields. It
is known that polymer additives are typically mixed into real-life
PS plastics during their manufacturing. We are very glad to see
that this photocatalytic method displayed excellent compati-
bility with a wide variety of real-life PS waste ranging from food
boxes, coffee lids, forks, bowls, cups, spoons, and foam to
laboratory weighing boats and Petri dishes, delivering benzoic
acid in 15-24% yields. Furthermore, the integrated two-step
strategy was adopted to deconstruct PS waste as shown in the
“two step”. Gratifyingly, the two-step method works well for the
degradation of all PS materials, drastically increasing the yield
of benzoic acid to 46-65%. There are many additives in
commercial polystyrenes, so we selected several widely used
polystyrene additives to further investigate the tolerance of our
system, such as antioxidants (e.g. 2,6-di-tert-butyl-p-cresol (BHT)
and propyl gallate), ultraviolet absorbers (e.g. phenyl salicylate
and 2-(2-hydroxy-5-methylphenyl)benzotriazole) and 2,4-dihy-
droxybenzophenone, foaming agents e.g. azodicarbonamide
and 2,2-azobis(2-methylpropionitrile) and diethyl azodicarbox-
ylate. It turned out that the employment of 0.5 wt% additives
did not affect the 2a yields obtained by our one step photo-
catalytic protocol and the two-step method, while increasing to
5 wt% additives led to a slight decrease in the 2a yields, except
that 2-(2-hydroxy-5-methylphenyl)benzotriazole showed drasti-
cally decreased reactivity via a two-step method (Tables S3 and
S4t). These results clearly demonstrated the universality and
tolerance of the oxidative strategy for recycling PS waste. We
also performed a gram-scale degradation of PS waste and ob-
tained benzoic acid in 50% yield (0.57 g after acid-base wash
and extractions without further purification), demonstrating
the practicality and scalability of this integrated two-step
strategy in PS degradation (Scheme 7).

Conclusions

In summary, we developed a highly efficient photocatalytic
strategy for the oxidative cleavage of alkylarenes and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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degradation of real-life PS waste into benzoic acid and oxidized
styrene oligomers, by using commercially available CuCl, and
CaCl, as catalysts in O, atmosphere at room temperature. The
addition of Cu(NOj),-3H,0 and heating the reaction can
further convert the oxidized styrene oligomers to benzoic acid,
thus achieving up to 65% total yield of benzoic acid. The prac-
ticality and scalability of such a two-step protocol can be verified
by the degradation of real-life PS foam on the gram scale, thus
showing the great application potentials of this strategy in the
recycling of plastic waste into valuable chemicals in the future.
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