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A density functional study of the photocatalytic
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A recent experimental study has reported that decatungstate [W1o03,]*~ can degrade various polyesters
in the presence of light and molecular oxygen [Li et al., Nanoscale, 2023, 15, 15038]. We apply density
functional theory to the photocatalyst—polycaprolactone model complex in acetonitrile solution and
elucidate the degradation mechanisms and catalytic cycle. We consider hydrogen atom transfer (HAT)
and single electron transfer (SET) mechanisms. The potential energy profiles show that the former pro-
ceeds exergonically in a single step but that the latter involves a subsequent proton transfer and finally
yields HAT products as well. Oxygenated polymer species can regain the transferred hydrogen and
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regenerate the reduced photocatalyst. We propose a photocatalytic cycle that realizes both the photo-
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Introduction

Polyoxometalates (POMs) are a unique class of nano-scale
anionic metal-oxide clusters that adopt versatile structures. By
introducing several metal atoms together, one can design a
variety of novel POMs and precisely manipulate their proper-
ties, such as redox potentials, acid-base strengths, absorption
bands, and electronic structures. The decatungstate, W10035"
(hereafter referred to as W10), has been studied for its potential
as a photocatalyst in organic synthesis reactions’*° such as the
functionalization of C-H bonds, the functional group transfor-
mations, and the oxidation of substrates.

Photocatalytic processes utilizing sunlight and atmospheric
molecular oxygen are environmentally benign for degrading
pollutants and waste materials. With this background, POMs
have been used to solve environmental problems."" For exam-
ple, the sodium salt of W10 can degrade aqueous pollutants
such as pesticides.’*™* Along with these chemicals, plastics
dumped or leaked into the ocean pose urgent problems. Li
et al."® have shown that POM photocatalysts, specifically W10,
efficiently degrade various polyesters and polyethers under
sunlight and air. These authors conducted several control
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catalyst regeneration and the polymer degradation.

experiments and found that polymer degradation mediated
by W10 required light and molecular oxygen.

The photocatalytic activity of W10 has been studied exten-
sively by time-resolved techniques, kinetic measurements, and
computational methods.'®® These studies suggest that
excited-state transient species called “wO” plays an essential
role. The light absorption promotes the W10 to the ligand-to-
metal charge-transfer excited state, which decays within 30-
50 ps to form the reactive intermediate wO with possibly triplet
multiplicity. This species persists sufficiently long (55-77 ns)
and shows the characteristic absorption maximum near
780 nm. The reaction between wO and substrates proceeds by
either hydrogen atom transfer (HAT)'*'921293 or single elec-
tron transfer (SET).*° The HAT mechanism is presumably
dominant over SET, but the extent of the contribution of the
latter depends on the oxidation potential of W10 (+2.44 V vs.
SCE?®) and substrates.

A recent study conducted by Musgrave et al.”" has shown
that the W10 can generate chlorine radicals from chloride ions
in the photochemical partial oxidation of methane. Using the
experimental techniques and density functional theory (DFT)
calculations, these authors argued the chlorine radical for-
mation by the SET mechanism and the methane conversion
by halogen radicals. They also presented the energy profile of
the HAT reaction between W10 and methane and that of the
reoxidation of reduced W10 by molecular oxygen.

In the present work, we theoretically investigate the reaction
mechanisms of polymer degradation by a W10 photocatalyst.
To this end, we analyse the energy profiles of the lowest triplet
state of a W10-model polycaprolactone (PCL) complex by the
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DFT method and discuss (1) HAT reactions, (2) the reoxidation
of reduced W10 by oxygenated species, and (3) SET reactions.
We discuss these reaction mechanisms based on Gibbs free
energies, potential energy profiles along the reaction coordi-
nate, and reaction paths by the string method. Finally, we
propose a photocatalytic cycle of the W10-polymer system
based on the computational results. This work is the first step
toward understanding recently reported multi-stimuli-
responsive polymer degradation by a POM photocatalyst.*>

Computational details

Fig. 1 presents the molecular structures of W10 and model PCL.
The PCL was truncated to a dimer. Although the phenomena
associated with the polymer structure, such as folding and
entanglement, may affect the kinetics, the present study
focuses on the chemical reactions at the local sites. The DFT
calculations were performed using the ORCA program suite.*®
We considered the lowest triplet-state minimum (W10*) as a
putative reactive intermediate (wO) mentioned in Introduction.
The lowest triplet state was considered using an unrestricted
DFT approach. We monitored the spin contamination and
confirmed that the deviation from the ideal value of the triplet
state (2.0) was moderate (see Tables in the ESIt for detailed
values) Therefore, the multi-reference character is not severe, at
least for the potential energy surfaces explored in this study.

The tetrabutylammonium cations used in the experiments
were replaced with sodium ions. Indeed, the sodium salt of
W10 can also degrade the polymers in water.™® It is important
to note that sodium ions do not adequately present bulky
substituent effects. Not only the reaction itself, but also the
association/dissociation process is essential for realizing cata-
lytic activity. We assumed that cations merely offer a positive
electrostatic field during the reaction and studied the reactions
from the energetic viewpoint. We cannot exclude the possibility
that kinetics controls the overall process; the bulky cations
prevent polymer chains from approaching the reactive site. One
must apply the molecular dynamics simulation to examine if
the complexation already occurs in the ground state before the
light irradiation and if the diffusional time scale matches the
lifetime of the photocatalyst.

A hybrid functional based on the pure Perdew-Burke-
Ernzerhof functional®**° was adopted, and the dispersion
interaction was considered using the atom-pairwise correction
with the Becke-Johnson damping scheme (PBE0-D3BJ).*”*® An
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Fig. 1 Molecular structures of (a) W10 and (b) model PCL: W (grey) and O
(red) atoms.
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extensive benchmark study of 200 functionals and 5000 data
points shows that PBE0-D3BJ might not be accurate enough for
thermochemistry.®® To investigate how the thermodynamical
data varied with density functionals, we analysed the hydrogen
abstraction reaction using several functionals from pure general-
ized gradient approximation (GGA) to range-separated hybrid
meta-GGA (see Section S1 and Fig. S1 in the ESIf for details).
PBE0-D3B] yielded the reaction energy of —28.5 keal mol™", in
comparison to —30.0 kcal mol " yielded by the most promising
functional suggested in ref. 63. Despite a limited number of test
calculations, the result is encouraging. The def2-SVP basis set®®
was used in the geometry optimization. More extended basis sets
were used for the final single-point energy calculations: def2-
TZzvP* for H, W, and Na atoms and minimally augmented def2-
TZVP (ma-def2-TZV)*>*® for C and O atoms. For the solvent
acetonitrile, a conductor-like polarizable continuum model was
used. The transition state was determined by the saddle-point
optimization or the nudged elastic band (NEB) method.*"*> The
thermochemical data were estimated at the temperature of
298.15 K. A quasi-rigid rotor harmonic oscillator approach was
applied to evaluate the vibrational entropy due to the floppy and
flexible nature of the model PCL polymer.®* The Gibbs free
energies reported are the corrected values.

Results and discussion

We discuss the reaction mechanisms based on Gibbs free
energies, potential energy profiles along the reaction coordi-
nate, and reaction paths by the string method. See Tables in the
ESIf for detailed thermochemical data, potential energies at
relevant geometries, and reaction schemes.

Thermodynamics

First, we examined which oxygen site is the most favorable for
the HAT process. In D,, symmetry, W10 has six non-equivalent
oxygen atoms. The lowest-triplet minimum (W10*) was considered
as a putative reactive intermediate (wO). Fig. S2 in the ESIt shows
the Gibbs free energies of the a-hydrogen abstraction, W10* +
PCL-H, — H-W10° + PCL,’. All values are negative (—20 to
—35 keal mol™"), indicating that the HAT reaction is highly
exergonic. Thus, any oxygen can accept a hydrogen atom. The
formation of carbon-centered radicals is consistent with the
experiments where radical scavengers significantly suppressed
the degradation rate of PCL."> The reaction free energy of the
bridge oxygen (Op,) has a negative number with the maximum
absolute value (—34.7 kcal mol '), making this site the most
favorable hydrogen acceptor. Musgrave et al®' reported that
this site has the second-best hydrogen binding energy (lower
by 0.4 kcal mol™" than the best) and is easily accessible.
Therefore, we selected the bridge site as the primary reaction
site in this study.

Fig. 2 shows energy diagrams of the photochemical pro-
cesses, and Table 1 summarizes the Gibbs free energies of the
individual reactions. We considered all positions (alpha to
epsilon) and tentatively assumed that the products are the
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Fig. 2 Photochemical reaction profiles: (a) potential energies (without the
zero-point energy correction) and (b) Gibbs free energies at 298.15 K.
Relative energies (kcal mol™) of the reactants in the ground state.

regenerated W10 and PCL-OOH. Hydroperoxide species appear
as an intermediate in the photo-oxidation of adamantane and
cyclohexane.>""**** The PCL degradation products observed in
"H-NMR include hydroxy, formate, formyl, and carboxyl
groups,'® suggesting the presence of hydroperoxide intermedi-
ates. Direct hydrogen abstraction by the ground-state W10 is
significantly unfavorable (~30 kcal mol '), and the result is
consistent with the experimental observation that polymer
degradation does not proceed without light.

Upon the photoexcitation of W10, the three processes pro-
ceed exergonically: (1) HAT from PCL to W10*, (2) formation of
PCL-0O0°*, and (3) formation of PCL-OOH and ground-state
W10. The epsilon site is the most favorable in the overall
reaction. In step (1), the a-hydrogen is the most favored site
due to the adjacent carbonyl group, while the subsequent
process is slightly unfavorable. The energy released in the HAT
process is large (~ 30 kcal mol™"), allowing efficient reactions of
the PCL radicals produced. The reaction with molecular oxygen,
step (2), is highly exergonic (<—10 kecal mol™"). In contrast, a
radical propagation reaction, PCL* + PCL-H — PCL-H + PCL®,
leads to polymer breakage, but the process is slightly unfavor-
able (0-6 kcal mol™). In step (3), PCL-OO® abstracts the hydro-
gen from H-W10°* and yields the ground-state W10 and PCL-
OOH, completing the photocatalytic cycle. Although O,-
mediated oxidation, H-W10°* + *0, — W10 + HOO®, is
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potentially competitive (+3.3 kcal mol "), oxygen-based radicals
are not the main reactive species as shown by the experiment
using radical scavengers.'®> Molecular oxygen plays an essential
role in the decomposition of PCL, both in the (hydro)peroxide
formation and in the regeneration of W10, which is consistent
with the experimental results that the degradation does not
proceed without molecular oxygen."®

HAT reactions of the W10-PCL complex

Fig. 3 shows the reaction energy profile of the W10-PCL
complex. The results are consistent with the thermodynamics
discussed above. The HAT from the PCL to W10* proceeds
exothermically, and the o-hydrogen is the most reactive. The
barrier height of the HAT reaction ranges from less than 1 kcal
mol ™' (zamma and delta) to 5.5 kcal mol~* (alpha), indicating
that the HAT reaction occurs without difficulty and yields PCL
radicals. The presence of radical species is consistent with the
experiment where the radical scavenger significantly sup-
pressed the degradation rate of PCL."” Interestingly, the reac-
tion at the alpha position has the highest barrier despite the
largest exothermicity. The experiments have pointed out the
low reactivity at the o-carbon site.>” Synergetic control by polar
and steric effects plays a vital role in the site-selective C-H
functionalization by W10*” and the unusual regioselectivity
upon aromatic hydroxylation by a divanadium-substituted v-
Keggin POM.*° Such selectivity is due to the formation of highly
electrophilic oxygen centers with partial radical character of the
photoactive state of W10. As shown by the DFT calculations,’”
the a-C-H bond is the weakest, but the transition state is polarity
mismatched due to the adjacent electron-withdrawing carbonyl
group. Besides, steric repulsion may have some effect on the
reactivity of the alpha position. The adjacent carbonyl group
repels the terminal oxygen sites (a and c). After the HAT reaction,
a conformational change occurs due to the interaction of the
transferred hydrogen with the polar oxygen atoms in PCL. The
weak interaction with the radical center (C*- - -H-OW) changes to
a hydrogen bond with an alkoxy (O—CO- - -H-OW) or a carbonyl
(OC=0- - -H-OW) group.

We investigated whether the PCL radicals further react with
the reduced catalyst H-W10°. Here, we addressed the hydro-
xylation reaction based on the rebound mechanism proposed
for cytochrome P-450.%7*% Preliminary calculations suggest that
this reaction may play some role in the recently reported photo-
catalytic multi-stimuli-responsive polymer degradation.*> The
reaction of the HAT product is severely endergonic for the alpha
position or marginally exergonic for the others, and the barrier

Table 1 Gibbs free energies (298.15 K) of photochemical processes shown in Fig. 2(b). Units: kcal mol™*

Reactions o p Y 1 &

W10 + PCL-H —» H-W10°* + PCL* 32.8 37.7 37.5 38.4 36.5
W10* + PCL-H —» H-W10°* + PCL* —34.7 —29.8 -30.0 —29.2 —-31.1
PCL-O0°* + H-W10°* — PCL-OOH + W10 —27.0 —24.1 —22.7 —23.8 —27.9
PCL* + PCL-H, —» PCL-H + PCL,* 0.0 4.9 4.7 5.6 3.7
PCL® + 30, —» PCL-O0°® -10.1 —20.2 —20.6 —20.4 —19.8
PCL-O0O* + PCL-H, — PCL-OOH + PCL,* 5.8 8.7 10.1 9.1 5.0
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Fig. 3 Potential energy (without zero-point energy correction) profiles.
Relative energies (kcal mol™) of the ground-state complex. The transition
states are saddle points (HAT) and energy maxima on the NEB path
(oxygen insertion). The energy levels shown by dashed lines were taken
from the minimum and maximum of final single-point energy calculations
at the scanned geometries because the geometry optimization did not
yield the corresponding geometry.

height is relatively large, 14-28 kcal mol " (Fig. 3 and Table S3 in
the ESIf). In addition, the escape of the PCL radical from the
HAT product complex also requires 14-20 kcal mol " (Table S3,
ESIT). Therefore, polymer radicals stay in the complex long
enough to decompose intramolecularly or react with molecules
other than H-W10°.

Fig. 4 exemplifies the potential energy curves and the
associated spin density maps for the reaction at the gamma
position. We studied four representative structures (HT1-HT4).
The first reaction is the HAT from PCL to HAT. In the geometry
optimization, a guess reactant complex relaxed spontaneously
to form product HT2. Note that the shallow minimum (HT1)
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and small barrier connecting HT1 and HT2 appeared only in
the final single-point energy calculations. For HT1, the two
unpaired electrons are in the catalyst moiety. For the HAT
product, HT2, one of the two unpaired electrons is at the y-
carbon of PCL, and the other delocalizes over the tungsten
atoms. An early transition state for the HAT reaction is con-
sistent with the experiments on the oxygenation of aromatic
alcohols."” Intermediate HT2 is not a true minimum because it
has one small imaginary mode, the H-O-W bond angle. A
slight displacement along that mode led to another product,
HT3, where the transferred hydrogen interacts with the alkoxy
oxygen. Despite the unsuitable reaction coordinate, there is a
negligible barrier between HT2 and HT3 [Fig. 4(a)]. Thus, the
conformational change between HT2 and HT3 proceeds with-
out problems, and the overall HAT from the reactants through
HT3 works efficiently. The second reaction is hydroxylation,
i.e., the bond formation between the radical-center carbon and
bridge oxygen atoms. Product HT4 is PCL-OH and W10 with a
defect. The two unpaired electrons delocalize over the eight
equatorial tungsten atoms. The single point energy calculations
on the NEB path yielded an approximate barrier of 14.7 kcal mol ™
from HT3 [Fig. 4(b)], implying that this reaction is slow. Hence,
HT3 can be a reactive intermediate with a nonnegligible lifetime.

Reoxidation of reduced W10 by molecular oxygen

As discussed, the hydroxylation reaction between the PCL
radical and H-W10°* appears to be inefficient. We studied the
reaction with molecular oxygen instead. The initial state
assumed is the molecular oxygen 0, (1 1) and the triplet radical
pair PCL () - -- H-W10 (] ). We applied the broken-spin DFT and

(a) (b)
T 75 I < 75
o) ©
E 65 - =eea . £ 65 L -
g s5¢ 1 8
g B-5-oe %
5 35 . | . ‘ . . &
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r(HC) - (HO)/ A
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Fig. 4 Potential energy profiles of the reactions at the gamma position: (a) hydrogen abstraction by relaxed surface scan and (b) oxygen insertion by the
NEB method. Relative energies (kcal mol™?) of the ground-state complex. HT1 and HT2 are not true minima (see text). Spin density distribution at (c) HTL,
(d) HT2, (e) HT3, and (f) HT4: C (brown), O (red), W (gray), and H (white). The transferred hydrogen is in blue. Positive spin surface (more spin-up electrons)
is in yellow, and negative (more spin-down electrons) in cyan. Iso-surface level is 0.003 for (c) and 0.002 for (d)—(f).
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analyzed the reaction at the alpha position. Note that the o-
radical is unfavorable by about 10 kcal mol~" compared to the
others (see —10.1 kcal mol™" in Table 1). Fig. 5 shows the
potential energy profiles and the spin density distributions in
the reaction with molecular oxygen. Initially, the molecular oxygen
attacks the H-W10°---PCL®* complex to form the adduct (0O1),
which is lower in energy by 2.1 kcal mol ' than the infinitely
separated molecules. One of the two spin-up electrons is at the a-
carbon atom, and the other delocalizes over the tungsten atoms.
On the other hand, the two spin-down electrons are at the
molecular oxygen. The bond formation with oxygen results in
the peroxide (002). The spin-up electron resides in the terminal
oxygen of the peroxide, while the spin-down electron is intact in
the process [Fig. 5(d)]. For the reactions from the infinitely
separated reactants to 002, the approximate barrier (top of the
potential energy curve) is 5.3 kcal mol !, and the reaction energy is
—24.3 keal mol™". Thus, the molecular oxygen can approach the
complex, and the peroxide formation is more favorable than the
oxygen insertion reaction described above. Note that these results
rely on the energetics, not kinetics. The diffusion of molecular
oxygen does matter in the actual system because of bulky neigh-
bors: tetrabutylammonium cations, long-chain polymers, and
solvent molecules. The present calculations do not explicitly take
account of the molecularity of solvation structure nor the time
scale of oxygen diffusion. The classical molecular dynamics simu-
lations on the aqueous a-Keggin POM anions pointed out the
importance of the microscopic molecular details of the solvent-
shared structures weakly bound to the POM anions.*’

To abstract the hydrogen of H-W10°, the PCL-OO® must
change its conformation from 002 to 003, where the -OO*
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group points to the target hydrogen [Fig. 5(e)]. The energy
difference is +6.0 kcal mol™*. The hydrogen abstraction by
the peroxide yields the hydroperoxide complex (004). Since
neither the ground-state W10 nor PCL-OOH is a radical any-
more, there is no spin density in the final product. The reaction
profile of 003 shows a small barrier (5.2 kcal mol™') and is
exothermic (—28.9 kcal mol ™). The overall reaction is strongly
exothermic (—47.2 keal mol™'), as is consistent with the ther-
modynamics (Fig. 2). Therefore, the series of reactions consid-
ered here are some of the possible mechanisms of the
regeneration of the ground-state W10.

The discussion above assumes that the PCL peroxide abstracts
the hydrogen from H-W10°* as proposed in the oxidation of
alkanes.”® Another possibility is that the molecular oxygen
abstracts the hydrogen from H-W10° to form the hydroperoxide
*OOH as proposed for the regeneration of reduced W10 in the
methane oxidation.>' The Gibbs free energy of hydrogen abstrac-
tion, H-W10* + 0, — W10 + *OOH, is slightly endergonic
(+3.3 keal mol ™ "). The reaction is thermodynamically unfavorable
compared to the scheme above (Table 1) and would provide a
minor pathway. In both scenarios, the regeneration of W10 by
oxygen molecules is consistent with the experimental results."

SET reactions of the W10-PCL complex

The SET process represents another reaction mechanism. Fig. 6
shows the potential energy profiles of the radical ion pair
(PCL*"-W10° ") and spin density maps. In the initial structure
(ET1), the radical center of PCL*" resides in the carbonyl oxygen.

The y-hydrogen migration occurred spontaneously in the
geometry optimization, and such reaction is known as
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Fig. 5 Potential energy profiles of the reaction of a PCL*---H-W10° radical pair with molecular oxygen: (a) O, approaches the carbon radical center
followed by (b) hydrogen abstraction by PCL peroxide from H-W10. Relative energies (kcal mol™?) of the W10-PCL complex and O, in the ground state.
Spin density distribution at (c) 001, (d) 002, (e) 003, and (f) O04. The transferred hydrogen is in blue. Positive spin surface (more spin-up electrons) is in
yellow, and negative (more spin-down electrons) in cyan. Iso-surface level is 0.005 for (c) and 0.003 for (d)—(f).
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Fig. 6 Potential energy profiles of a PCL**~W10°*~ radical ion pair for (a) y-hydrogen abstraction, (b

) B-cleavage, and (c) proton transfer from the enol

radical cation to the catalyst anion radical. Relative energies (kcal mol™?) of the ground-state complex. Spin density distribution at (d) ET1, (e) ET2, (f) ET3,
and (g) ET4. Note that ET1 is not a minimum. The a- and B-carbon atoms are in green, and the transferred hydrogen in blue. Positive spin surface (more
spin-up electrons) is in yellow, and negative (more spin-down electrons) in cyan. Iso-surface level is 0.003 for (d) and 0.002 for (e)—(g).

McLafferty rearrangement’®>> observed in the carbonyl radical

cation. In the product radical ion pair (ET2), one unpaired electron
is at the y-carbon atom, and the other delocalizes over the tungsten
atoms. We could not determine the path to ET1 because the
energy increased monotonically in the relaxed surface scan. The
energy of ET1 is about 65 kcal mol~* and comparable to those of
HAT reactant complexes (Fig. 3). These energy levels suggest that
either (1) the SET reactant minimum, if it exists, is higher in energy
than that of the HAT reactant or (2) the bifurcation between the
HAT and SET processes occurs at an early stage. To rationalize the
branching mechanism, one must apply methods beyond the
ground-state DFT and explicitly consider multiple electronic states.
The DFT calculations for the lowest state show that the carbonyl
oxygen radical spontaneously abstracts the y-hydrogen once the
complex switches to the charge-transfer state.

According to the McLafferty rearrangement, we examined
the possibility of B-cleavage. As shown in Fig. 6(b), the energy
curve along the C,~Cp bond rises sharply, and the energy of the
product alkene (ET3) is comparable to that of ET1. The Gibbs
free energy of the reaction from ET2 to ET3 is highly endergonic
(+16.8 kcal mol 1), and such a reaction does not appear to be an
efficient route.

We investigated another reaction channel involving the PT
from the PCL enol radical cation to the W10 anion radical (ET4).
The reaction involves SET followed by PT, and this two-step
reaction is equivalent to HAT. Fig. 6(c) shows the energy profile
along the PT reaction. We chose the terminal oxygen (O.) as the
proton acceptor [Fig. 6(g)]. The O. site is closer to the target
proton than the bridge oxygen (Oy), though the former is less
favorable by 8.2 kcal mol " than the latter (Fig. S2, ESIT). We
obtained an approximate barrier height of 3.1 kcal mol " by a
relaxed surface scan along the reaction coordinate. If the radical
ion pair adopts the conformation where the migrating proton is
closer to the bridge oxygen, the reaction would be more exother-
mic, and the barrier height would decrease further.

This journal is © the Owner Societies 2024

Summary of degradation mechanisms

Fig. 7 summarizes the polymer degradation mechanisms based
on the experiments and present calculations. The photo-excited
W10 abstracts the hydrogen from PCL by either single-step HAT
or two-step HAT (SET followed by PT). The PCL radical triggers
chain reactions leading to polymer degradation or combines
with molecular oxygen to form peroxide. The peroxide initia-
lizes radical propagation or regenerates the ground-state W10
by the hydrogen abstraction from the reduced catalyst (H-
W10°*). The proposed cycle is consistent with the experiment:*>
(1) the photocatalyst, light, and molecular oxygen are essential;
(2) the carbon-centred radicals are formed; and (3) oxygen-
based radicals play a minor role.

The remaining question is how polymer radicals decom-
pose. The discussion so far is focused on the photo-oxidation of
PCL, not the photo-degradation. To accelerate the degradation
of polyesters, the bond cleavage or hydrolysis in the main chain
must occur. Ref. 53 has reviewed the degradation mechanisms
relevant to PCL: radical-mediated, thermal, or enzymatic degra-
dation. As discussed in Section 3.2, the PCL radicals persist
long enough as the HAT product complex. When the intersys-
tem crossing occurs, the recovery of the ground-state W10 by

Hydrogen abstraction
HAT or
SET + PT
H-W10Qe---PCL-

O L]
PCL—T)& 2 PCL Degradation
__»PCL-00-

Degradatlon H-W10e---PCL-00°
Fig. 7 Proposed photocatalytic cycle of the W10-PCL system.
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the reverse HAT reaction is strongly exergonic (see the first
reaction in Table 1). Besides, leaving the complex requires
considerable energy (14-20 kcal mol ). Thus, the role of free
PCL radicals appears to be minor. Fig. S4 (ESIt) shows the
Gibbs free energies of the p-cleavage of PCL radicals. We found
that the e-radical is the most labile (+6.4 kcal mol ') and that
the bond dissociation can compete with the radical propaga-
tion (Table 1). Besides, the formation of stable CO, by decar-
boxylation is a thermodynamical driving force, and the free
energies of decomposition are —7.4 and —8.8 kcal mol ™~ for the
beta and delta sites, respectively. From a thermodynamic point
of view, these paths may contribute to the polymer degradation.

The final product of this cycle is hydroperoxide. The sub-
sequent reactions of this species have been proposed.*' Hydrogen
peroxide is the product of the sequential removal of hydrogen by
molecular oxygen from the two reduced W10, O, — °*OOH —
HOOH. The generated HOOH reacts with (a) the hydroxy radical,
HOOH + *OH — °*OOH + H,0, or (b) hydroperoxide, HOOH +
*OOH — °*OH + H,0 + ®0,. Following these mechanisms for
HOOH, we computed the Gibbs free energies of putative reactions
of PCL-OOH (Table S4, ESIT). The reactions with H-W10°, *OH,
*O0H, and PCL-OO0"* are all exergonic. The alkoxy radicals (PCL-
0O°) generated are highly reactive intermediates, and several reac-
tions are conceivable: recombination (dimerization), hydrogen
abstraction, addition to double bonds, rearrangement, bond fis-
sion, and disproportion.”*>> The hydrogen abstraction deactivates
the radical and yields the hydroxylated product (PCL-OH). The
experiment has detected the hydroxy group." The B-cleavage of
alkoxy radicals is one of the reaction mechanisms considered in
the context of photochemical polymer degradation.’®”® Fig. S5
(ESIT) shows the Gibbs free energies of the B-cleavage of PCL-O®
radicals. These radicals decompose more efficiently than the PCL
alkyl radicals as shown in Fig. S4 (ESI{). Most reactions are
exergonic, and the formation of aldehydes agrees with the
experiment.’

Conclusions

In the present work, we examined the polymer degradation
mechanisms by the W10 photocatalyst using density functional
theory. The conclusions derived from the calculations are as
follows:

e W10 in the lowest triplet state can abstract any hydrogen
from PCL. The reaction is highly exothermic, and the
barrier height is low enough.

e PCL radicals (a) react with molecular oxygen and form
PCL-O0* or (b) undergo radical propagation and
decomposition.

e PCL-OO* can abstract the hydrogen from H-W10°* and
regenerate the ground-state W10. Thus, molecular oxygen
plays an essential role in maintaining the photocatalytic
activity of W10.

e SET reaction promotes the y-hydrogen abstraction of the
PCL radical cation, but subsequent B-cleavage is highly
endergonic. In contrast, the PT reaction has a sufficiently
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small barrier and allows a two-step process (SET followed
by PT) equivalent to HAT. The contribution of the SET
mechanism will depend on the redox potential of sub-
strate polymers, as suggested by the experiment.>®>%”
This study did not answer how the bifurcation between HAT
and SET occurs and what factors control it. Since the SET
reaction involves multiple potential surfaces, one must explore
crossings, reaction paths, and barriers using elaborate electro-
nic structure methods.”®>*®° Another direction is to monitor
the whole photochemical processes on the fly using the mole-
cular dynamics simulation with multiple electronic states.®"**
Finally, it will be interesting to see how far this study can
explain the degradation of other polymers. For example, poly-
ethylene terephthalate (PET) has been used extensively in real
life. Since the photo-oxygenation of the aromatic hydrocarbons
and alcohols proceeds via the HAT mechanism,'®*® the present
results would hold for PET. Polyethers such as polyethylenegly-
col and polytetrahydrofuran are polymers that W10 can
degrade."” Since the oxidation potential of polyethers is lower
than that of polyesters, SET will have an appreciable impact on
the degradation. The present calculations provide valuable
insights into the development of environmentally friendly
POM photocatalysts for polymer degradation.
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