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Photocatalytic polymer degradation based on harnessing the abundant light energy present in the
environment is one of the promising approaches to address the issue of plastic waste. In this study, we
developed a multi-stimuli-responsive photocatalytic polymer degradation system facilitated by the photo-
catalysis of a polyoxometalate [y-PVoW;0040]°~ in conjunction with chloride ions (CL7) as harmless and
abundant stimuli. The degradation of various polymers was significantly accelerated in the presence of
Cl7, which was attributed to the oxidation of Cl™ by the polyoxometalate photocatalysis into a highly reac-
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tive chlorine radical that can efficiently generate a carbon-centered radical for subsequent polymer
degradation. Although organic and organometallic photocatalysts decomposed under the conditions for
photocatalytic polymer degradation in the presence of Cl7, [y-PV2W10040]5_ retained its structure even
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Introduction

Plastic waste has become a pressing environmental concern,
demanding the development of effective technologies for
polymer degradation.” Given that most plastics demonstrate
stability and resist natural degradation processes in the
environment, their improper disposal results in severe
environmental harm. To address this issue, diverse waste man-
agement methods have been developed at both the fundamen-
tal research and industrial levels.> Among these, photocatalytic
polymer degradation stands out as one of the promising tech-
niques, as it is based on harnessing the readily available and
abundant light energy from the environment without the need
for specific polymer structures, excess amounts of reactants,
and high reaction temperature.’ Photocatalytic reactions trun-
cate polymer chains and induce oxygenation, facilitating sub-
sequent degradation by microorganisms. However, most
photocatalytic systems rely solely on light as a stimulus and
have difficulty in controlling the polymer degradation (Fig. 1a).

To achieve more controlled photocatalytic polymer degra-
dation, we aimed to develop a photocatalytic system that
requires multiple stimuli for polymer degradation beyond just
light. The stimulus we focused on was chloride ions (Cl7),
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under these highly oxidative conditions.

which are innocuous and abundant in various salt forms in
the environment and, more importantly, can be converted to
highly reactive chlorine radicals (Cl) via electrochemical or
photochemical processes.”” Photocleavage of the M~Cl bonds
of chloride salts of various metals, such as Cu?', Fe**, Ni**,
and Ti"*, via ligand-to-metal charge transfer has been
employed to generate Cl".° In addition, since the one-electron

a) Conventional photocatalytic polymer degradation
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Fig. 1 Schematic representations of (a) a conventional photocatalytic
polymer degradation system utilizing a single stimulus, light, and (b) this
work: multi-stimuli-responsive polymer degradation by polyoxometalate
photocatalysis utilizing both light and chloride ions.
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oxidation potential of CI” is ca. +1.5 V vs. the normal hydrogen
electrode,” photocatalytic oxidation processes with photoredox
catalysts can also be harnessed to generate CI' from CI~.*%°
Importantly, the generated CI' exhibits a remarkably high
hydrogen atom transfer (HAT) ability, enabling it to abstract
hydrogen atoms from various organic molecules, consequently
generating carbon radicals. This propensity arises from the
higher bond dissociation energy of H-CI (103 kcal mol™") com-
pared to that of typical H-C(sp®) bonds (e.g;, H-CH,CHj,
101 kecal mol™; H-CH(CH3),, 98.6 kcal mol™)."® The carbon
radicals generated via Cl-mediated HAT can react with O,,
making this approach suitable for polymer degradation. While
organic dye photocatalysts, like 9-mesityl-10-methylacridinium
ion (Acr’-Mes), have been reported to generate Cl” from Cl~ by
photo-irradiation,® they are susceptible to decomposition by
CI" and are therefore unsuitable for polymer degradation.

Polyoxometalates (POMs) are anionic metal oxide clusters
considered as emerging materials in the field of
photocatalysts.'"'* Their redox potentials and reactivities can
be finely controlled by selecting their structures and constitu-
ent elements. In addition, POMs offer a distinct advantage as
they have a significantly greater oxidative durability compared
to organic dye and organometallic photocatalysts. We have
recently reported a highly efficient polymer degradation system
based on the photocatalysis of decatungstate [W;oO3,]""."
However, owing to its pronounced HAT ability, decatungstate
photocatalysis for polymer degradation relies exclusively on
photo-irradiation, without requiring additional stimuli. We
have previously reported the visible-light-responsive photocata-
lysis of a vanadium-containing polyoxotungstate
[y-PV,W1,040]> (PV2W10, Fig. S1f) for the aerobic oxygen-
ation of organic substrates via single electron transfer (SET)
initiated by the photoactive catalyst.'® In this study, by harnes-
sing the photocatalytic SET property of PV2W10, we developed
a system for multiple-stimuli-responsive polymer degradation
that allows efficient degradation of various polymers when
multiple stimuli, specifically, light and Cl-, are present
(Fig. 1b).

Results and discussion

We investigated the multi-stimuli-responsive photocatalytic
degradation of polycaprolactone (PCL), our selected model
polymer, using various photocatalysts, including POMs,
organic dyes, organometallic complexes, and inorganic semi-
conductor photocatalysts. The PCL degradation experiments
were conducted under photo-irradiation by a xenon lamp (1 >
350 nm) in acetonitrile with an O, atmosphere (1 atm)
(Table 1, Fig. S27). After 4 h of the photocatalytic reaction, the
number-average and weight-average molecular weights of PCL
(M,, and M,,) were determined via gel permeation chromato-
graphy. Degradation efficiency was evaluated based on the
degradation rate, which was defined as (Mo — M,)/Myo (%)
(where My, is M, before reaction, Table 1, entry 1). PCL degra-
dation by the tetra-n-butylammonium (TBA) salt of PV2W10
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Table 1 Photocatalytic PCL degradation by various catalysts in the
presence or absence of Cl™?

catalyst

(o] photo-irradiation + CI~
degraded products
\L/\/\)kolrn 0,,4h
PCL

M, (Mo — M) M,/
Entry Catalyst TBAC] (kg mol™) My, (%) M,
1 (Before reaction) — 20.8 (Myo) — 1.72
2 TBAPV2W10 — 19.4 7 1.94
3 TBAPV2W10 Yes 10.2 51 1.89
4° TBAPV2W10 Yes 10.8 48 1.95
5 TBAPV2W10 (dark) Yes 20.7 <1 1.78
6 TBAPV2W10 (Ar) Yes 22.0 <1 1.67
7 — Yes 20.9 <1 1.76
8° — (sunlight) — 21.0 <1 1.72
9° TBAPV2W10 (sunlight) — 18.5 11 1.80
10  TBAPV2W10 (sunlight) Yes  14.6 30 1.81
11 TBAW10 — 3.98 81 1.53
12 TBAW10 Yes 7.40 64 2.17
13 TBAH,[y-SiV,W10040] — 20.5 1 1.71
14 TBAH,[y-SiV,W;0049] Yes 17.8 15 1.88
15 TBA;[0-PW;,0,] — 19.6 6 1.75
16 TBA3[0-PW,0,0] Yes 19.4 7 1.75
17 TBA4[0-PVW1;04] — 19.9 4 1.73
18 TBA4[a-PVW,;0,] Yes 19.8 5 1.75
19 TBA6[-PV;WO,0] — 20.2 3 1.70
20 TBA4[0-PV3WO 0] Yes 20.0 4 1.74
21 Eosin Y — 17.6 15 1.83
22 Eosin Y Yes 14.9 29 1.92
23 Acr*-Mes ClO,~ — 19.6 6 1.80
24 Acr*-Mes ClO,~ Yes 16.3 22 1.94
25 Ru(bpy);Cl, — 19.8 5 1.78
26 Ru(bpy);Cl, Yes 19.6 6 1.83
27°  TiO, (ST-01) — 18.1 13 2.35
28°  TiO, (ST-01) Yes 18.4 11 1.87

Reaction conditions: PCL (40 mg), catalyst (0.0011 mmol, equivalent to
4 mg of TBAPV2W10), TBACI (4 mg), O, (1 atm), acetonitrile (4 mL),
photo-irradiation (xenon lamp, A > 350 nm), 4 h. After the reaction, M,,
and M, were determined by gel permeation chromatography. “ Photo-
irradiation (xenon lamp, 4 > 400 nm). ? Sunlight 10 h. ¢ Sunlight 10 h,
TBAPV2W10 (9 mg). “ TBACI (8 mg). ¢ TiO, (4 mg).

(TBA4H[y-PV,W;404], TBAPV2W10) hardly proceeded, result-
ing in a degradation rate of only 7% (Table 1, entry 2). In stark
contrast, the addition of TBACI (tetra-n-butylammonium chlor-
ide) as a Cl” source to the reaction solution significantly
enhanced the degradation, achieving a degradation rate of
51% (Table 1, entry 3 and Fig. S31). The degradation also pro-
ceeded when using visible light (4 > 400 nm, Table 1, entry 4).
It is important to highlight that degradation did not proceed
without photo-irradiation or under an argon (Ar) atmosphere
(Table 1, entries 5 and 6). Furthermore, without TBAPV2W10,
degradation did not proceed even when light, Cl7, and O, were
all present (Table 1, entry 7). These results firmly established
that this multi-stimuli-responsive polymer degradation was
realized by the photocatalysis of MgCl TBAPV2W10. Even when
the amount of TBAPV2W10 was reduced, the acceleration
effect of Cl™ was still observed (Table S11). Remarkably, this
system was efficient also under sunlight. After 10 h of sunlight
irradiation (Fig. S4t), the PCL degradation rates in the absence
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and presence of TBAPV2W10 were only <1% and 11%, respect-
ively (Table 1, entries 8 and 9). On the other hand, the coexis-
tence of TBAPV2W10 and CI™ significantly accelerated PCL
degradation, leading to a degradation rate of 30% (Table 1,
entry 10).

We also explored the utility of other photocatalysts. As we
recently reported, TBAW10, the TBA salt of decatungstate
(TBA4[W1,03,]) is an exceptionally reactive photocatalyst for
polymer degradation.'* With TBAW10, PCL degradation pro-
ceeded both in the absence and presence of Cl”, and multi-
stimuli-responsive polymer degradation could not be achieved
(Table 1, entries 11 and 12). TBAH,[y-SiV,W10040], which has
the same structure as TBAPV2W10 but contains different
heteroatoms (Si and P), also exhibited enhanced reactivity for
PCL degradation when CI~ was present (Table 1, entries 13
and 14). However, the enhancement was much lower than that
obtained with TBAPV2W10, resulting in a degradation rate of
only 15% even in the presence of Cl™ (Table 1, entry 14). In
contrast, TBA;[0-PW1,040], TBA4[0-PVW,040], and
TBAG[0-PV3;Wo0,] hardly showed any activity for PCL degra-
dation under photo-irradiation (Table 1, entries 15-20).

Organic dye photocatalysts, such as Eosin Y and Acr'-Mes
Clo,~, proved ineffective in this system (Table 1, entries
21-24). Although Eosin Y is known to promote various reac-
tions via both SET and HAT processes,”” the UV-Vis spectra
revealed its decomposition during PCL degradation under
photo-irradiation (Fig. 2a and b).'® In addition, previous
reports have shown that Acr’-Mes ClO,~ can generate Cl from
Cl™ via photo-irradiation;® however, reactivity for PCL degra-
dation remained modest, achieving a degradation rate of only
22% in the presence of CI~ (Table 1, entries 23 and 24).
Notably, although Acr’-Mes ClO,~ is stable under photo-
irradiation in the absence of CI™ (Fig. 2c), the absorbance of
Acr'-Mes ClO,~ in the UV-Vis spectrum significantly decreased
under photo-irradiation in the presence of Cl7, revealing an
issue with its durability (Fig. 2d). This was likely caused by the
decomposition of Acr-Mes' ClO,~ by the highly reactive CI’
generated from CI™. In contrast, TBAPV2W10 can maintain its
structure even under oxidative conditions. The UV-Vis and *'P
and 'V NMR spectra proved that the structure of TBAPV2W10
was maintained even after polymer degradation in the pres-
ence of CI™ (Fig. 2e-h). Slight changes in the absorbance of
the UV-Vis spectrum and *'P NMR chemical shifts were likely
attributed to TBAPV2W10 protonation during the reaction
rather than decomposition of the catalyst (Fig. S5-S77). The
durable TBAPV2W10 provided superior catalytic activity com-
pared to these organic dyes. The organometallic photocatalyst
Ru(bpy);Cl, was not effective for polymer degradation, either
in the absence or presence of CI™ (Table 1, entries 25 and 26).
This was likely due to its structural change, as observed in the
UV-Vis spectra (Fig. S81). These results revealed that organic
and organometallic photocatalysts have durability issues
under the conditions of polymer degradation where various
reactive radical species, including CI’, are generated. TiO,, a
well-studied photocatalyst for polymer degradation,® was also
assessed. Although TiO, showed low efficiency in polymer

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Stability test for various photocatalysts. UV-vis spectra of (a and
b) Eosin Y, (c and d) Acr*-Mes ClO,~, (e and f) TBAPV2W10 before and
after PCL degradation in the absence and presence of Cl™ by photo-
irradiation (1 > 350 nm) for 4 h. (g) 3P and (h) >V NMR spectra of
TBAPV2W10 before and after PCL degradation in the presence of Cl™ by
photo-irradiation (2 > 350 nm) for 4 h.

degradation (degradation rate, 13%) without CI~ by photo-
irradiation, it did not exhibit multi-stimuli-responsive polymer
degradation in the presence of CI™ (Table 1, entries 27 and 28).

Next, we investigated the effect of CI~ by employing various
counter cations of Cl~ and other anions as additives while
using TBAPV2W10 as a photocatalyst (Table 2). When tetra-
methylammonium (TMA), tetrabutylphosphonium (TBP), and
tetraphenylphosphonium (TPP) were employed as counter
cations instead of TBA, they exhibited a comparable PCL degra-
dation activity (in terms of degradation rate) to that under the
system employing TBACI (Table 2, entries 1-6). This indicated
that the choice of counter cation did not have any noticeable
effect on this system. Furthermore, the inorganic salts LiCl
and NaCl also accelerated PCL degradation under TBAPV2W10
photocatalysis, despite their incomplete dissolution in the
solution (Table 2, entries 7 and 8). In contrast, when bromide

Nanoscale, 2024, 16, 8013-8019 | 8015
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Table 2 Photocatalytic PCL degradation by TBAPV2W10 in the pres-
ence of various additives

)

TBAPV2W10, additive
degraded products

photo-irradiation

PCL Oz 4h

M, (Mo — M)/ M,/
Entry Additive (kg mol™) Mo (%) M,
1 (Before reaction) 20.8 (Myo) — 1.72
2 — 19.4 7 1.94
3 TBACI 10.2 51 1.89
4 TMACI 8.65 58 1.92
5 TBPCl 8.82 58 1.97
6 TPPCl 9.16 56 1.90
7 LiCl 11.4 45 2.06
8 NacCl 16.4 21 2.00
9 TBABr 16.5 21 1.86
10 TBPBr 15.1 27 1.80
11 TPPBr 15.0 28 1.82
12 TBAI 20.0 4 1.73
13 TBAHSO, 16.7 20 2.04

Reaction conditions: PCL (40 mg), TBAPV2W10 (4 mg), additive
(0.014 mmol), O, (1 atm), acetonitrile (4 mL), photo-irradiation (4 >
350 nm), 4 h.

(Br7), iodide (I"), and hydrogen sulfate (HSO,”) ions were
employed instead of CI7, the degradation rates significantly
changed depending on the type of anion used (Table 2, entries
9-13 vs. entries 3-6). While Br~ and HSO,~ showed PCL degra-
dation capabilities via TBAPV2W10 photocatalysis, the degra-
dation rates were significantly lower than when Cl~ was
employed. When TBAI was employed, the degradation hardly
proceeded (Table 2, entry 12). Interestingly, the PCL degra-
dation rates decreased in the order of TBACI > TBABr > TBAI,
aligning with the order of the electron detachment energies of
halogen anions (X7),"” the order of the bond dissociation ener-
gies of H-X (X = Cl, Br, and I), and the HAT ability of the
corresponding halogen radicals (X')."® These results indicated
that this photocatalytic degradation system proceeded via oxi-
dation of X~ to the corresponding radicals by TBAPV2W10
photocatalysis, followed by halogen-radical-mediated HAT,
resulting in the generation of carbon radicals on the polymer.

To investigate this hypothesis, we conducted the reaction in
the presence of 2,2,6,6-tetramethylpiperidine 1-oxyl (TEMPO)
or 2,6-di-tert-butyl-p-cresol (BHT), which are commonly used
radical scavengers. When TEMPO was added to the reaction,
the degradation rate decreased from 51% to 24% (Table S2,T
entries 2 and 3). Similarly, the addition of BHT also led to a
decrease in the degradation rate (Table S2,T entries 2 and 4).
PCL degradation was inhibited by radical scavengers,
suggesting that the process is regulated by a radical-mediated
mechanism. In particular, TEMPO showed a greater suppres-
sion than BHT, suggesting that degradation proceed with the
generation of carbon radicals followed by oxygen insertion.'®"°
The 'H NMR spectrum of PCL after photocatalytic degradation
by TBAPV2W10 in the presence of ClI”~ showed the formation of
formate esters and aldehydes, which derived from oxidative
chain cleavage (Fig. S97).

8016 | Nanoscale, 2024, 16, 8013-8019

View Article Online

Nanoscale

To confirm the generation of Cl’ during the photocatalytic
reaction, we applied photo-irradiation to an acetonitrile solu-
tion containing TBAPV2W10, Cl™, and styrene in an O, atmo-
sphere. The subsequent GC-mass analysis of the solution con-
firmed the production of phenacyl chloride along with other
oxidation products (Fig. S10 and S11%). Phenacyl chloride
likely formed through the addition of CI" to the C=C bond of
styrene, followed by the introduction of O, at the benzyl posi-
tion.”® These results supported the conversion of Cl~ to CI" by
the TBAPV2W10 photocatalysis.

Density functional theory calculations were employed to
delve deeper into the mechanism of this system. First, the reac-
tivity of the photo-excited PV2W10 with Cl~ was evaluated. The
spin density distribution of the lowest triplet state of the
PV2W10-Cl~ complex showed that one of the unpaired elec-
trons was located at the CI atom, indicating that SET occurred
from the photocatalyst to the Cl atom, resulting in PV2W10' ™ -
Cl" (Fig. S127). Thermodynamic calculations also confirmed
the experimental results. As shown in Table S3,7 the one-elec-
tron oxidation of CI™ by the lowest triplet state of PV2W10 was
exergonic. The Gibbs free energy of the reaction for PV2W10
(Ty) + CI” — PV2W10~ + CI" was negative (—18.3 kecal mol ™),
revealing that this electron transfer was thermodynamically
favorable. Importantly, the one-electron oxidation by the
ground state PV2W10 was 42.3 kcal mol™" weaker than in the
excited state, and the electron abstraction from CI~ was
thermodynamically unfavorable (+23.9 kcal mol™"). These
results indicated that CI" may have formed through the oxi-
dation of Cl” by the photo-excited PV2W10 rather than the
ground-state one. Furthermore, we confirmed that Cl° can
abstract a hydrogen atom from PCL to produce a carbon-cen-
tered radical. The Gibbs free energy of the reaction for abstrac-
tion of a hydrogen atom from model PCL using Cl" ranged
from —11 to —17 kcal mol™" (Table S4%). Moreover, the calcu-
lations corresponded to the order of the PCL degradation
rates: CI~ > Br~ > I" (Table 2). Both the electron detachment
energy’’ and the Gibbs free energy of the reaction (Table S31)
indicated that the heavier halide ion was more easily oxidized,
but the reactivity of the formed radicals reversed (Table S47).
In particular, the iodine-mediated HAT reactions were highly
endergonic in all cases, which is consistent with the experi-
mental results showing essentially no degradation reaction.

Based on these findings, we propose a plausible mecha-
nism regulating this multi-stimuli-responsive polymer degra-
dation (Fig. 3). ClI” was oxidized by photo-exited PV2W10 to
form CI', which performed HAT on the polymer to generate a
carbon radical, followed by oxidative chain cleavage.

Finally, we investigated the applicability of the multi-
stimuli-responsive polymer degradation system to various poly-
mers (Fig. 4 and Table S47). In addition to degrading PCL, this
system can efficiently degrade various other polymers, such as
poly(1,4-butylene adipate) (PBA), polyvinyl acetate (PVAC), and
cellulose acetate (CA), by photo-irradiation in the presence of
both TBAPV2W10 and CI". In particular, the degradation rate
of these polymers was significantly enhanced in the presence
of CI™. In contrast, polyethers with low bond dissociation ener-

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 Photocatalytic degradation of various polymers by TBAPV2W10
in the absence and presence of Cl™. Reaction conditions: polymer
(40 mg), TBAPV2W10 (4 mg), TBACL (4 mg), O, (1 atm), acetonitrile
(4 mL), photo-irradiation (1 > 350 nm), 4 h. * CsPV2W10 (1.8 mg), NaCl
(0.42 mq), water (4 mL), 2 h.

gies and low redox potentials, such as poly(propylene glycol)
(PPG), underwent degradation via TBAPV2W10 photocatalysis,
with moderate enhancement of the degradation rate in the
presence of Cl™. The system was also shown to degrade poly-
mers in water by using a water-soluble Cs salt of PV2W10
(Css[y-PV,W1¢04], CsPV2W10). By employing the photocataly-
sis of CsPV2W10, polyethylene glycol (PEG) degradation was
facilitated in the presence of NaCl in water.

The results revealed a good correlation between the degra-
dation rate of the polymers and their redox properties.
Table S31 shows that the Gibbs free energy of the reaction for
polyethers (PPG and PEG) was comparable to that of CI".
Thus, a direct electron transfer from the polymer to the photo-
catalyst is a plausible mechanism that works similarly in the

This journal is © The Royal Society of Chemistry 2024
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absence of Cl™ ions, and such a mechanism is consistent with
the experiment (Fig. 4), showing that polyethers can degrade
quickly even without C1™. The carbon radical cations generated
by the transfer of electrons to the photocatalyst may also cause
fragmentation. The enhancement of polymer degradation by
Cl™ may be due to an increase in ion-derived radical initiators.
In contrast, the SET reaction of polyesters (PCL and PBA) and
PVAC was slightly endergonic, and the SET mechanism leading
to the formation of carbon radical cations was less favorable
(Table S3t). Furthermore, the HAT by CI" provided an exergo-
nic reaction pathway to the polymer’s radical species
(Table S4t).

Conclusions

In conclusion, we developed a photocatalytic polymer degra-
dation system that requires multiple stimuli. This system har-
nesses the photoredox property of a polyoxometalate, TBA,;H
[Y-PV,W14040] (TBAPV2W10), requiring both light and chloride
ions (CI7) as stimuli. In the presence of Cl7, the degradation
rate of PCL, defined as (Myo — My)/Myo (%) (Where My, is My,
before reaction), using TBAPV2W10 under photo-irradiation
was significantly enhanced (degradation rate 7% without CI™,
51% with CI7). This enhancement was attributed to the oxi-
dation of CI” to highly reactive chlorine radical (Cl") by the
photo-activated TBAPV2W10. The CI° species exhibited a
notable ability to transfer hydrogen atoms, allowing their
abstraction from polymers to generate carbon-centered rad-
icals for subsequent polymer degradation. Although organic
and organometallic photocatalysts significantly decomposed
under the conditions of photocatalytic polymer degradation in
the presence of Cl™, TBAPV2W10 retained its structure even
under these highly oxidative conditions. Moreover, this multi-
stimuli-responsive polymer degradation system demonstrated
its effectiveness across various types of polymer and was
capable of operating even under sunlight and in water. We
believe that this system will open new possibilities for the
development of polymer degradation methods in environ-
ments where CI” and light can be harnessed, such as the
ocean.
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