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Integrating Metal Complex Units and Redox Sites into
Thorium-Based Metal-Organic Frameworks for Selective

Photocatalytic Oxidation of Sulfides

Xiu-Fen Li, Pengfei Wu, Liang Kan, Qian Niu, Sheng-Nan Sun, Qing Huang,*

and Ya-Qian Lan*

A series of high-symmetry Th,—metal-organic frameworks (MOFs) are
constructed using various metal complex units and the thorium (Th) cluster,
and then being applied as a well-defined catalyst model in the photocatalytic
oxidation of methyl phenyl sulfide reactions. The integration of Th,-MOFs by
incorporating metal complex units and redox sites (Thg cluster and
single-metal site) can effectively modulate the conversion rate and selectivity.
Among them, Ni-PBA-Th, (PBA = 4-pyridin-4-yl benzoic acid) achieves up to
~99% conversion and ~97% selectivity for methyl phenyl sulfone.
Experiments and theoretical calculations further elucidate that Th, cluster is
the catalytic site for the oxidation of methyl phenyl sulfide to methyl phenyl
sulfone, while Ni—PBA is the catalytic site for the reduction of hydrogen
peroxide. This work sheds new insight into the structural design and
photocatalytic application of more efficient thorium-based MOF catalysts.

diverse linkages, finally giving rise to new
types of structures.[’) Metal-organic frame-
works (MOFs) are highly tunable due to
the inclusion of different inorganic metal
nodes and functional organic ligands, mak-
ing them structurally diverse.[* Introduc-
ing Th or its clusters into MOF structures
not only helps to study the chemical be-
havior of Th,!°! but allows the construc-
tion of new Th-MOFs with unique chemical
and physical properties.l®! These characters
have many potential applications in various
aspects, such as gas separation,’! heteroge-
neous catalysis,® and radiation detection.’]
However, fundamental properties includ-
ing thermodynamics, electronics, or de-

1. Introduction

Thorium (Th) element, as one of the most abundant actinides
on earth, shows enormous potential applications in the nuclear
energy feedstock, medical and industrial fields owing to its nu-
clear attribute, heat and radiation resistance.[!! Therefore, it is
of great necessity to explore the chemical behavior and perfor-
mance of Th-based materials during these applications. Relative
to these metal ions (e.g., Zr*", Hf*", and Ce*"),[?! Th usually
exists in a similar state (IV) but has a larger ionic radius and
more bonding front orbital, which may facilitate the construc-
tion of metal node with richer coordination patterns and more
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tailed photophysics are currently lacked in

the field of Th-MOFs, and the field of Th-

based materials for photo/thermal catalysis
applications is yet to be explored.'] Furthermore, Th** is
strongly Lewis acidic and its hydrolysis is very rapid, leading to
the coexistence of multimers (e.g., dimers, tetramers, hexam-
ers, octamers, or decamers). This makes it difficult for Th to
form a fixed framework structure.''] The synthetic challenges
of Th-MOF materials have limited their research in various cat-
alytic fields. Only a few Th-MOFs have been reported for CO,
cycloaddition,®®! benzylamine oxidative coupling,'?] etc. How-
ever, Th-MOFs, as a novel heterogeneous molecular catalyst with
a precise crystal structure, defined catalytic active center, and
evenly distributed active site, are expected to improve the con-
version and selectivity of catalytic reaction. The precise structure
of MOFs also provides a visualization platform that can clearly
reveal the catalytic mechanism and chemical activity of Th ele-
ment. Therefore, it is necessary to develop more Th-MOF cata-
lysts to explore more catalytic applications and mechanisms of
Th element.

Sulfur oxides (SO, ) generated from the combustion of sulfides
in fuels are a significant contributor of air pollution, causing acid
rain and particulate matter.'¥l One potential solution for reduc-
ing the sulfur content of fuels and mitigating its impact on the
environment and the energy industry is to oxidize them to sul-
foxide and sulfone, in addition to separating SO, from combus-
tion products through selective trapping.'l Furthermore, methyl
phenyl sulfone (MPSO,) is one of the very important organic
compounds, and sulfone derivativeshave a wide range of ap-
plications in pesticides, pharmaceuticals, and food flavors.!¢]

© 2023 Wiley-VCH GmbH
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Conventional oxidants or homogeneous catalysts often lead to
side reactions with easily oxidized substrates, making it difficult
to remove unreacted oxidants, by-products, and catalyst residues
from the reaction system.!'”] Moreover, enhancing the selectiv-
ity of MPSO, in the catalytic oxidation of methyl phenyl sulfide
(MPS) poses another great challenge.['®]

The main catalytic processes for MPS oxidation are thermal
catalysis, photocatalysis, and photo—thermal catalysis. In contrast
to photocatalysis, high energy consumption is required for ther-
mal and photothermal catalytic reactions, while photocatalysis
offers several advantages over traditional thermal catalysis. One
of the main advantages is that the photons as the driving forces
just need milder conditions relative to other two reactions, re-
sulting in less greenhouse gas emissions and cost-consumption.
Another important advantage is that photocatalysis provides op-
portunities for incompatible redox reactions to occur simultane-
ously. In addition, photocatalysts can exhibit high catalytic activ-
ity and ideal selectivity under light-driving conditions due to effi-
cient charge separation. Efficient photocatalysts require a suitable
bandgap width, sufficient oxidation capability, efficient electron—
hole separation ability, and a low recombination probability. Most
catalysts used for the photocatalytic oxidation of MPS are 2D
nanosheets, organic small molecules, and composite materials.
The complex structural components limit the mechanistic explo-
ration of the photocatalytic oxidation of MPS. However, MOFs
have adjustable structures and functions, and can regulate the
bandgap and electron—hole separation ability by assembling dif-
ferent functionalized ligands and metal clusters, promoting the
high efficiency of sulfur ether reactions and their catalytic mech-
anism analysis.[*]

Herein, we have successfully prepared a series of M-L-Th,
MOF catalysts (M = metal and L = ligand) with similar struc-
tures, including Ni-INA-Th,, Ni—PBA—Th,, Ni—FCA—Th,,
Ni—MCA—Th,, Co—INA—Th,, Co—PBA—Th,, Co—FCA—Th,,
Co—MCA—Th,, Cd—INA—Th,, Cd—PBA—Th,, Cd—FCA—Th,,
Cd—MCA—Th, (INA = isonicotinic acid, PBA = 4-pyridin-4-yl
benzoic acid, FCA = 3-fluoroisonicotinic acid, and MCA = 3-
methyl-4-pyridinecarboxylic acid). These catalysts feature metal
complex units (M—ligands) and Th cluster, which were assem-
bled in M—L—Th, MOFs to investigate the performance and
mechanism of photocatalytic oxidation of MPS. For the first time,
we systematically investigated the effects of metal complex units
and Th, cluster on the photocatalytic oxidation of MPS, and
found that endowing metal complex units and Thy cluster in Th,-
MOFs could effectively modulate the conversion rate and selec-
tivity. The series of catalysts were able to convert MPS into both
methyl benzyl sulfoxide (MPSO) and MPSO, products after the
photocatalytic reaction. The reaction was significantly accelerated
under the light-driven condition compared to the light-free condi-
tion, of which Ni—PBA—Th, exhibited the most excellent photo-
catalytic activity with ~#99% conversion rate and ~97% selectivity
for MPSO,. Moreover, Ni—PBA—Th, exhibited excellent univer-
sality in the photocatalytic oxidation thioether reactions. Exper-
imental characterizations and theoretical calculations indicated
that the Thy cluster acted as the active site for the oxidation re-
action, and the M—ligand acted as the active site for the reduc-
tion reaction. To our knowledge, this is a novel approach using
thorium-based MOF catalysts for the highly selective oxidation of
MPS to MPSO,. It provides a reasonable design strategy for syn-
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thesizing the structure of thorium-based MOFs, contributing to
their developments and applications.

2. Results and Discussion

A series of M—L—Th, MOF crystals (Figure 1; Figures S1-S5,
Supporting Information) were successfully synthesized using
metal complex units (M—ligands) and Th, cluster. Single-crystal
X-ray diffraction (SC-XRD) analysis revealed that Ni—PBA—Th,
crystallized in the simple cubic space group Pm-3m
(Tables S1-S3, Supporting Information). The asymmetric unit
contained one Th atom (Th1), u3-O/OH, a hydroxyl molecule,
a Ni atom, and a PBA molecule. Th was in the 9-coordinated
mode, connecting four u3-bridged oxygen atoms, four carboxy-
late oxygen atoms, and one terminal oxygen atom. Six Th(IV)
ions bridged to eight u3-O/OH to form the Th,O, (Th, cluster)
core, similar to the Zr,Og4 in UIO-66. Each Th cluster connected
outward 12 organic ligands. Ni was in the 6-coordinated mode,
linking four PBA ligands and two hydroxyl molecules. The
pyridine N atom on the ligand was coordinated to the second
metal, forming a M-ligand pattern. Each M—ligand connected
four Th, cluster through the carboxyl group, resulting into
a highly symmetrical 3D structure. The other crystals were
isomorphic to Ni—PBA—Th, except for differences in the lig-
and molecules and the second metals used (Figures S6-S9,
Supporting Information).

The high purity of the M—ligand—Th, samples was confirmed
by the comparison of their simulated and synthetic powder
XRD (PXRD) patterns (Figures S10-S13, Supporting Informa-
tion). After 48 h immersion in different organic solvents (N, N-
dimethylformamide (DMF), CH,OH, C,H,;OH, CH,CN, N, N-
dimethylacetamide (DMAC)), the PXRD patterns of M—L—Th,
MOFs showed that they maintained a stable chemical structure
(Figures S14-S19, Supporting Information), indicating they had
a good solvent stability, which formed the basis of subsequent cat-
alytic reaction research. The thermogravimetric analysis curves
showed that all M—ligand—Th, MOFs retained their frameworks
below about 300 °C (Figure S20, Supporting Information). X-ray
photoelectron spectroscopy (XPS) was performed to confirm the
valence states of the thorium and nickel elements. The results
indicated only Th (IV) and Ni (II) were present in these MOFs,
with binding energies of 344.1 eV (4f;),) and 334.7 eV (4f; ,) for
Th. 873.1eV (2p, ;) and 855.5 eV (2p; ;) for Ni (Figures S21-523,
Supporting Information).

The solid ultraviolet—visible (UV-vis) absorption spectra were
used to evaluate the light absorption capacity of these M—L—Th,
MOFs (Figures S24-S26, Supporting Information). All three
M—PBA—Th, MOFs with different second metals exhibited a
wide range of absorption during the UV region of 200-400 nm,
but Ni—PBA—Th, had a higher absorbance intensity and also
had absorption in the visible region. For Ni—ligand—Th, MOFs
with different ligands, Ni—PBA—Th, exhibited a broader light
absorption range (Figure S24, Supporting Information), which
indicated its strong light absorption ability and the potential ap-
plication of photocatalysis. Based on the results of solid UV-vis
absorption spectra, the bandgap energy values for Ni—INA—Th,,
Ni—PBA—Th,, Ni—FCA—Th,, Ni-MCA—Th,, Co—INA—Th,,
Co—PBA—Th,, Co—FCA—Th,, Co—MCA—Th,, Cd—INA—Th,,
Cd—PBA—Th,, Cd—FCA—Th,, and Cd—MCA—Th, were 3.41,
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M-INA-Th,

M-MCA-Th,

M-FCA-Th, M-PBA-Th

Figure 1. The crystal structures of M—Thg—MOFs (M = Ni, Cd, and Co). a) Polyhedron model of Thy cluster. b) Diagram of various metal complex units.
c) The coordination pattern of the Thg cluster in M—Ligand—Thg. d) 3D structure of M—L—Thg. All hydrogen atoms were omitted for clarity.

3.26,3.53, 3.49, 3.45, 3.26, 3.27, 3.37,3.97, 3.68, 3.99, and 3.96 eV,
respectively (Figures S27-S29, Supporting Information).[?° Sub-
sequently, the flat-band potentials of M—L—Th, MOFs were
obtained from the x-axis intercepts of the linear regions in the
Mott—Schottky plots (Figures S30-S32, Supporting Informa-
tion). The bottom conduction band (CB) values of M—L—Th,
MOFs were estimated to be —0.85, —1.00, —1.10, —1.10, —0.87,
—-0.86, —0.97, —0.75, —1.10, —0.99, —0.89, —0.97, and —0.94 V
versus normal hydrogen electrode (NHE). The positive slope
in these plots implied that these M—L—Th, MOFs have n-type
semiconductor-like properties.(?!! Based on the equation E,y =
Ecp + E,,[**) the top of valence band (VB) values were calculated
to be 2.56 V (Ni—INA—Th,), 2.26 V (Ni—PBA—Th,), 2.43 V
(Ni—FCA—Thy), 2.62 V (Ni=MCA—Thy), 2.59 V (Co—INA—Th,),
239 V (Co—PBA—Th,), 252 V (Co—FCA—Th,), 227 V
(Co—MCA—Thy), 2.98 V (Cd—INA—Th,), 2.79 V (Cd—INA—Th,),
279 V (Cd—PBA—Th,), 3.02 V (Cd—FCA—Th), and 3.02 V
(Cd—MCA—Th,) (Figures S33-S35, Supporting Information).
These M—L—Th, MOFs had appropriate levels of VB values,
which allowed them to be applied to some oxidation reactions,
such as the oxidation of MPS. Besides, to evaluate the pho-
toresponsivity of these M—L-Th, MOFs, transient photocurrent
response tests were performed. As shown in Figures S36-S38
(Supporting Information), the photocurrent density remained
relatively high. Among M—PBA—Th; MOFs, the transient
photocurrent response cycle of Ni—PBA—Th, under full light
conditions exhibited a stronger current density. Among of
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Ni—L—Th, MOFs, the results were similar to the above. This
indicated that Ni—PBA—Th, had a higher photoresponsivity,
which provided necessary conditions for photocatalytic oxidation
of MPS.

In order to explore the application of thorium-based MOFs in
catalytic reactions, the model system was applied to the photo-
catalytic oxidation of MPS. First, solvent screening experiments
were carried out over Ni—PBA—Th, (Table S4, Supporting In-
formation). Among these solvents (DMF, CH,CN, C,H;OH,
and CH;OH), the optimum conversion rate and product selec-
tivity could be obtained in CH;OH. Subsequently, the screen-
ing of oxidants was performed, as shown in Table S5 (Support-
ing Information). The oxidizing ability of O, and tert-butyl hy-
droperoxide (TBHP) was both inferior to H,0,, which could
not satisfy both the high conversion rate and the high se-
lectivity of a certain product. H,0, was selected as the op-
timal oxidant for the reaction. Based on the above experi-
ments, MPS (0.108 mmol), 30% H,0, (0.5 mmol), and cata-
lyst (20 mg) were added to methanol solvent (4 mL), and the
photocatalytic reaction was carried out for 48 h. High conversion
with high selectivity to obtain the product MPSO,. First of all,
the photocatalytic performance of M—L—Th, MOFs with differ-
ent second metals was carried out. For M—PBA—Th,, the results
showed that this series of catalysts were able to convert MPS
into both MPSO and MPSO, products, of which Ni—PBA—Th,
exhibited the most excellent photocatalytic activity with 99%
conversion rate and 97% selectivity for MPSO, (Figure 2a;
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Figure 2. Photocatalytic performances of M—Thg—MOFs. a) Conversion and selectivity of photocatalytic MPS oxidation on M—L—Thg. b) Some com-
parative experiments to verify the importance of catalysts. c) Some control experiments to illustrate that the Thg cluster is beneficial to the oxidation of
MPS to obtain the product of MPSO,. d) Conversion and selectivity of catalytic oxidation of MPS with Ni—PBA—Thg in three repeated cycles. e) EPR
spectra of Ni—PBA—Thyg in the presence of DMPO/TEMP (a sextuplet is characteristic of DMPO-O, ~ adducts).

Figure S39, Supporting Information). Although the conversion
of Cd—PBA—Th, was similar to Ni—PBA—Th,, it displayed a
lower product selectivity of around 83.1% for MPSO,. Compared
to the above two catalysts, Co—PBA—Th, was much inferior. In
other words, the performance sequence was Ni—PBA—Th >
Cd—PBA—Th, > Co—PBA—Th,. For M—MCA—Th, (Figure S40,
Supporting Information) and M—FCA—Th, (Figure S41, Sup-
porting Information), the order of conversion and selectivity to
MPSO, was still Ni-MCA/FCA—Th, > Cd—MCA/FCA—Th, >
Co—MCA/FCA—Thy. As for M—INA—Th, (Figure S42, Support-
ing Information), the results indicated the catalytic activity of
Ni—INA—Th, was superior to other two catalysts. In a word, the
performance of Ni modification was superior to Cd and Co in
M—L—Th, MOFs. Divergent catalytic active centers led to vari-
able catalytic performance, this may be due to the differences in
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the catalytic role of active centers and the synergy with the Th,
cluster.

Subsequently, the photocatalytic properties of different lig-
ands in M—L—Th; MOFs were evaluated. All four Co—L—Th,
MOFs exhibited poor catalytic activities, wherein the rela-
tively good catalyst was Co—PBA—Th, with a conversion rate
of about 99% and a selectivity of about 38.3% for MPSO,
(Figure S43, Supporting Information). Then, it was followed by
Co—INA—Th,, Co—MCA—Th,, and Co—FCA—Th,, with lower
conversion and selectivity. The Cd—L—Th, MOFs exhibited bet-
ter catalytic activities than Co—L—Th, (Figure S44, Support-
ing Information). Among of Cd—L—Th, MOFs, Cd—PBA—Th,
showed the best catalytic performance with ~99% conversion
rate and about 83.1% selectivity for MPSO,. The performance se-
quence was Cd—PBA—Th, > Cd—MCA—Th, > Cd—INA—Th, >

(4 of 10) © 2023 Wiley-VCH GmbH
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Cd—FCA—Th,. Finally, Figure 2a showed that all four Ni—L—Th,
MOFs could achieve more than 90% conversion rate in the re-
action, but there were variations in the selectivity for MPSO,.
In these Ni—L—Th, MOFs, Ni—FCA—Th, exhibited poor selec-
tivity for MPSO, with only 36.9%. The catalytic selectivity val-
ues of Ni—=INA—Th, and Ni-MCA—Th, were similar with 51.2%
and 49.7%, respectively. Ni-PBA—Th, achieved a high conver-
sion rate of ~#99%, and also had a high MPSO, selectivity of
~97%. That is, the sequence of performance was Ni—PBA—Th, >
Ni—INA—Th, ~ Ni-MCA—Th, > Ni—FCA—Th, (Table S6, Sup-
porting Information). Even compared to the previously reported
catalysts, the performance of Ni—PBA—Th, catalyst was excellent
(Table S7, Supporting Information). To sum up, the PBA ligand
was superior to the other three ligands due to the better induction
and conjugation effects between phenyl and functional groups.

From the above experimental results, the overall catalytic per-
formance of Ni—L—Th, MOFs was found to be superior. To ex-
plore the discrepancies in the performance of these Ni—L—Th,
MOFs, choosing Ni—L—Th, as a typical model to investi-
gate transient photocurrent patterns, transient-state photolu-
minescence (TSPL) spectroscopy, and carrier lifetime of these
Ni—L—Th, MOFs (Figures S36 and S45-S49, Supporting In-
formation). As shown in Figure S36 (Supporting Information),
Ni—PBA—Th, exhibited the strongest photoresponsiveness, fol-
lowed by Ni—INA—Th,, Ni-MCA—Th,, and Ni—FCA—Th,. The
results were compatible with the experimental results. Be-
sides, Ni—PBA—Th, exhibited the lowest TSPL intensity and the
longest carrier lifetime (r,, = 0.994 ns), indicating that it dis-
played the highest electron-hole separation efficiency (Figures
S45-S49, Supporting Information). These results verified that
the functionalization of Ni—L—Th, MOFs by PBA ligand indeed
enhanced the charge-separation efficiency and further promoted
the photocatalytic oxidation reaction.

In the M—L—Th, system, Ni—PBA—Th, MOF was an ex-
cellent catalyst for the photocatalytic oxidation of MPS to
MPSO, reaction. Cycle stability experiments demonstrated that
Ni—PBA—Th, maintained good catalytic efficiency with >96%
conversion rate and >90% MPSO, selectivity throughout three
cycles (Figure 2d). PXRD spectra confirmed that the framework
structure of Ni—PBA—Th, maintained its integrity after reac-
tion (Figure S51, Supporting Information). Fourier transform in-
frared spectroscopy (FTIR) results indicated that its functional
groups did not change after the reaction (Figure S52, Support-
ing Information). XPS analysis certified that the valence states of
the metal elements kept consistent before and after the reaction
(Figures S21-S23, Supporting Information). The above results
demonstrated that Ni—PBA—Th, was a good heterogeneous cat-
alyst maintaining structural integrity in the catalytic process.

Ni—PBA—Th, was chosen as the catalyst for the extended sub-
strate experiments. Various thioether derivatives, including F, Cl,
Br, m-Me, m-Et, 0-Me, and propyl sulfide, were investigated in
the CH;OH-H, 0, system to verify the universality of the cata-
lyst (Figure 3). As the results illustrated, no sulfoxide product was
detected, the conversion rate of the reaction was up to 99% and
the selectivity of the sulfone was about 95%. All these derivatives
could be well oxidized to the corresponding sulfone.

To confirm the key factors for reaction occurrence, a range
of controlled experiments were conducted (Figure 2b; Table S8,
Supporting Information). Without Ni—PBA—Th, catalyst, the ox-
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idation of MPS mainly accomplished the first step for MPSO
generation, along with trace amounts of MPSO,. The crucial ex-
periment illustrated that the catalyst enabled efficient access to
the MPSO, product. The conversion rate was only 19.6% with
only 18.8% selectivity for MPSO, when without H,0, in the re-
action, indicating that H,O, was beneficial to greatly promote
the whole photocatalytic experiment. The above results also sug-
gested that H,0, played a major role in the first step (from
MPS to MPSO) and catalyst played an indispensable role in
the second step (from MPSO to MPSO,). Furthermore, the ad-
ditional experiment on photocatalytic oxidation of MPSO was
performed, only trace amounts of MPSO, could be detected
without Ni—PBA—Th, (Figure S60, Supporting Information),
whereas in the presence of Ni—PBA—Th,, the sole MPSO, prod-
uct was obtained along with 93.5% conversion rate. This fur-
ther illustrated the indispensable role of the catalyst in accessing
the final product from MPSO to MPSO, (Table S9, Supporting
Information).

Experiments were conducted under light-free conditions to in-
vestigate the role of light in the catalytic process (Table S10, Sup-
porting Information). As shown in Figure S61 (Supporting Infor-
mation), the reaction still proceeded without the light, but with
significantly reduced efficiency in terms of both conversion and
selectivity of MPSO,. For M—PBA—Th, and M—MCA—Th,, the
conversion rate dropped significantly to around 8-25%, and their
selectivity for MPSO, was slightly reduced by around 5-15%.
As to M—INA—Th, along with M—FCA—Th,, the conversion
rate and selectivity were significantly decreased by 10-20%. The
room-temperature catalytic performance of Ni—ligand—Th, also
showed a significant decline in conversion rate by 10-30% and a
slight loss of MPSO, product selectivity compared to photocatal-
ysis, so that occurred for Cd—ligand—Th, and Co—ligand—Th,.
These results indicated that light irradiation was an essential re-
quirement for efficiently obtaining MPSO, product, possibly due
to higher efficiency in photogenerated electron and hole separa-
tion under light irradiation. In addition, control tests were carried
out under light-free conditions. As shown in entries 13 and 14,
poor conversion rate and selectivity were obtained in the absence
of oxidant or catalyst, which revealed that catalyst and oxidant
played important roles in the reaction. To ascertain the catalytic
active site, we conducted several comparative tests (Figure 2c).
When using nickel oxide or organic ligands as catalysts, the ox-
idation reaction could only proceed to the first step, leading to
MPSO as the main product. However, when using the Th, clus-
ter as the catalyst, it was capable of obtaining ~#96% conversion
rate and x~78% selectivity of MPSO,, indicating that the catalytic
center was on the Th, cluster for MPSO, generation.

For identifying the reactive oxygen species (ROS) involved
in the reaction, electron paramagnetic resonance (EPR) experi-
ments were conducted. In Figure 2e, the detection of all possi-
ble ROS formed by H,0,, such as '0,, O,~, and -OH. Among
them, -OH was quenched by the methanol solvent.”)) Using
2,2,6,6-Tetramethylpiperidine-N-oxyl (TEMP) as the 'O, radical
trapping agent, ] it turned out that no signal of 'O, was detected
under dark or light conditions, while adding 5,5-dimethyl-1-
pyrroline-N-oxide (DMPO) as the O, ~ radical trapping agent,!?!
Ni—PBA—Th, under visible light irradiation showed a sixfold
state signal, but a faint EPR signal could also be recognized in
the dark. To verify the involvement of O, in the reaction, the
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Figure 3. Photocatalytic performances of Ni—PBA—Thg. Reaction scope on photocatalytic oxidation reaction of MPS: reaction conditions unless noted
otherwise: substrate, 0.1 mmol; catalyst, 20 mg; 0.5 mmol H,0, (30% w/w); solvent, 4 mL of CH;OH; reaction time, 48 h, in full light (T = 25 °C),

isolated yields.

corresponding verification experiments were performed. Adding
p-benzoquinone to the reaction as an oxygen radical quenching
agent,[?®! no inhibition of the reaction was found. The catalyst
still achieved over 99% conversion rate and >90% selectivity for
MPSO,. Thus, O,~ was not the key reactive oxygen in the reac-
tion. Given these experimental outcomes, the most probable case
could be that H,O, participated in the photocatalytic reaction in
the form of adsorbed state on the active site.
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During the H,O,-involved MPS oxidation reaction, the re-
sults certified that the catalyst was indispensable in the highly
selective oxidation of MPS to the final product (MPSO,), espe-
cially reflected by that the highly selective oxidation function of
the catalyst in transferring MPSO to MPSO,. In order to verify
the experimental results, density functional theory (DFT) anal-
ysis was carried out to further explore the catalytic mechanism
of M—L—Th, MOFs for highly selective oxidation of MPS to
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Figure 4. The DFT calculation and proposed reaction mechanism. a) Calculated Gibbs free energy distribution for the reaction of MPSO producing
MPSO,/H,0, to produce H,O on Thg cluster of Ni—PBA—Thg. b) Calculated Gibbs free energy distribution for the reaction of MPSO producing
MPSO,/H,0, to produce H,0 on Ni of Ni—PBA—Thg. c) Compared the Gibbs free energy for the H,O, to H,0O reaction on M of M—PBA—Th.
d) Calculated Gibbs free energy distribution on the Thg cluster of Ni—PBA—Thg for the reaction of MPSO to produce MPSO, under light-free condition.
e) Proposed reaction mechanism for the photocatalytic oxidation of MPS to MPSO, by Ni—PBA—Th.

MPSO,. To determine the active sites, we calculated the energy
barriers of catalytic sites for oxidation and reduction, respectively
(Figure 4; Table S11, Supporting Information). After the oxida-
tion of MPS to MPSO, the catalyst oxidized the MPSO to MPSO,
in three steps subsequently. The first step was the generation
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of CgH;SO,CH;" and OH™ adsorbed states from the adsorbed
state of C;H;SOCH," and H,0, (aq) under the action of the cat-
alytic center. In the second step, the C;H;SO,CH;* and OH" ad-
sorbed states obtained electrons and protons to generate the in-
termediate C;H;SO,CH," adsorbed states. The third step was to
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desorb/release the C;H;SO,CH, " adsorbed on the catalytic cen-
ter from the catalyst. It was not difficult to find out that the en-
ergy barrier demanded in the second step (AG,) was the highest,
so it was the rate-determining step (RDS) during the catalysis
process. For Th cluster, AGypg of oxidation reaction (AGgpg.q)
was —1.700 eV (Figure 4a), much lower than that of Ni—PBA
(—0.660 eV; Figure 4b). Moreover, the energy barrier value of the
AGgpg.o Was much lower than AGgpg of the reduction reaction
(AGgps.g)- Therefore, the Th cluster was more likely to play the
role of the catalytic active site for the highly selective formation of
MPSO,, which was also consistent with the previous experimen-
tal results. Similar to that result, the AGypg o values on Cd—PBA
and Co—PBA were —0.586 and —0.400 eV in Cd—PBA—Th, and
Co—PBA—Th, catalysts, respectively, also much larger than the
AGgps o value of Th cluster (—1.700 eV) (Figures S62, S63, and
S65, Supporting Information). Therefore, it could be deduced
that Th cluster was still the oxidation reaction center during the
catalysis. In other words, the oxidation reaction of Co—PBA—Th,,
Cd—PBA—Th,, and Ni—PBA—Th, all took place on the Th
cluster.

At the same time, the Gibbs free energy of the reduction re-
action of H,0, was calculated for different catalytic centers. As
shown in Figure 4a,b, the AGypgy values of the Th cluster and
Ni—PBA were 0.604 and —0.104 eV, respectively, which also indi-
cated that it was easier for the reduction reacted on Ni—PBA. In
other words, Ni—PBA may be the active site for H,0, reduction.
Similarly, the energy barrier of the AGypgy value on Cd—PBA
was 0.307 eV in the reduction reaction, much smaller than that
on the Th cluster (0.604 eV). Cd—PBA was the active site for H,0,
reduction. However, the AGgps i value of the reduction reaction
on Co—PBA was calculated to be 0.746 eV, higher than that on
Th cluster (Figure 4c). Therefore, for the Co—PBA—Th, catalyst,
Co—PBA could not promote the occurrence of a reduction reac-
tion, which could be one reason to explain its lower selectivity
than that of Ni—PBA—Th, and Cd—PBA—Th, catalysts. More-
over, the AGgpgp of reduction reaction on Ni—PBA was lower
than that on Cd—PBA. Thus, the difference in AGgpgy values
may lead to the catalytic performance decreasing in an order of
Ni—PBA—Th, > Cd—PBA—Th, > Co—PBA—Th,.

Another reason for the discrepancy in their performance could
be caused by the difference in the absorption peak and electronic
density of state distribution of the highest and lowest occupied
molecular orbitals (HOMO and LUMO). Both Th cluster and
M—PBA contributed to HOMO and LUMO (Figure S64, Sup-
porting Information). The absorption ranged between 300 and
1000 nm. During the illuminating period, for M—PBA—Th, (M =
Ni, Cd, and Co) crystalline molecules, photogenerated electrons
transition from HOMO to LUMO, holes generated on HOMO
were used for oxidation reaction, while the electrons on LUMO
were utilized to promote the reduction reaction. Therefore, the
flow direction of electrons involved in the effective part of the re-
action was more likely to be transferred from the Th cluster to the
Ni—PBA under light irradiation (Figure 4e). Figure S64 (Support-
ing Information) showed the variation of HOMO-LUMO elec-
tronic density information when Ni was replaced by Co and Cd.
Similarly to Ni, both the Th cluster and M—PBA contributed to
HOMO and LUMO in Co—PBA—Th, and Cd—PBA—Th molec-
ular systems. The peak of Ni—PBA—Th was relatively higher and
had a wider absorption except at 700 nm. Thus, Ni—PBA—Th,
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exhibited the best light absorption activity among the three
catalysts, including the Co—PBA—Th, and Cd—PBA—Th. This
might also lead to the highest selectivity of MPSO, generation on
Ni—PBA—Th,. Furthermore, the AGgpq values increased in an
order of Ni—PBA < Cd—PBA < Co—PBA, resulting in the differ-
ent catalytic performance decreased in an order of Ni—PBA—Th,
> Cd—PBA—Th, > Co—PBA—Th,. For the slight variations in the
properties of Ni—L—Th, (L = PBA, FCA, INA, and MCA) con-
structed by Ni and different ligands, Figures S64, S67, and S68
(Supporting Information) illustrated the proper reason for the di-
versity performance among PBA, FCA, INA, and MCA ligands,
contributed by the relatively close properties in both HOMO-
LUMO and absorption ranges of the four samples. Among these
catalysts, Ni—PBA—Th, had the strongest light absorption in-
tensity, exhibiting the highest light absorption efficiency. Cou-
pled with the longer carrier lifetime and stronger photogener-
ated current, the better catalytic performance of Ni—PBA—Th,
exhibited among the other ligands constructed Ni—L—Th,
catalysts.

Experimental results proved that the MPS oxidation reaction
could proceed under the light-free condition, but the final prod-
uct could not be obtained with high conversion and high selec-
tivity. To elucidate the catalytic mechanism, we carried out the
DFT analysis of the reaction under conventional light-free con-
ditions. We found that the AG,,,, for the oxidation reaction
on the Th cluster was 2.11 eV (Figure 4d), while the AG, .,
for the same reaction on Ni was 2.67 eV in the reaction deci-
sive step (Figure S66, Supporting Information). The energy bar-
rier of AG, ., for the oxidation reaction on the Th cluster was
much lower than that on Ni, making the reaction more plausible
to occur on the Th cluster, which is consistent with the exper-
imental results. Under light-free conditions, both the oxidation
and reduction sites on the Th cluster, and the hydrogen peroxide
absorbed on the catalyst subsequently assisted to complete the
whole reaction. In contrast, under the photocatalytic conditions,
the oxidation site was on Th and the reduction site was on Ni;
both metals synergistically catalyzed to complete the oxidation
and reduction reactions, respectively. For the Th active site, the
energy barrier for the oxidation reaction under the light condi-
tion (0.578 eV) was much lower than that in the absence of light
(2.11 eV), rendering the reaction easier to proceed. This might be
the reason of photocatalysis in obtaining sulfone product more
efficiently.

Based on the experimental results and DFT calculations,
the reasonable catalytic mechanism of Th, clusters and single-
metal site in the optimal catalyst Ni—PBA—Th, was proposed
(Figure 4e). Th, cluster was the catalytic site for oxidation of
MPSO into MPSO,, and Ni—PBA was the catalytic site for the
reduction of H,0,. In the photocatalytic reaction, the photogen-
erated electrons transferred from Th, cluster to Ni—PBA under
full spectral conditions. The differences between catalyst perfor-
mances were mainly due to the divergences of electronic state
density distribution on HOMO-LUMO and the distinctions of
Gibbs free energy of adsorption state on active site.

3. Conclusion

In summary, we constructed a series of M—L—Th, MOFs, and
then investigated the effect of various metal complex units
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and the Th cluster on the photocatalytic oxidation of MPS
to MPSO,. In the H,O,-involved photocatalytic oxidation of
MPSO,, Ni—PBA—Th, achieved more than ~99% conversion
rate and ~97% selectivity under full light condition, being the
best-performing heterogeneous catalyst among all the M—L—Th,
MOFs. Moreover, Ni—PBA—Th, exhibited excellent universality
in the photocatalytic reaction. The further cross validation of ex-
perimental results and DFT calculations revealed that the Th,
cluster acted as the active site for the for the oxidation of MPS
to MPSO, and the M—ligand acted as the active site for the H,O,
reduction reaction. Under irradiation, photogenerated electrons
flowed from Thy cluster to M—ligand to complete the above redox
reaction.

4. Experimental Section

Preparation of Materials: Al solvents and reagents were commercially
available analytical grade solvents and reagents, and no further purifica-
tion was required during use. Th(NO3),-4H,0 and isonicotinic acid were
purchased from Macklin; 4-pyridin-4-yl benzoic acid was purchased from
Jinan Henghua Technology Co., Ltd.; Ni (NO3),-6H,0O and nitric acid were
purchased from Guangzhou chemical reagent; and 3-fluoroisonicotinic
acid from Bide Pharmaceuticals, Co(NO;),-6H,0, (CH;COO),Co-4H,0,
(CH3;CO0),Cd-2H, 0O, 3-methyl-4-pyridinecarboxylic acid, methyl phenyl
sulfide, and its derivatives were purchased from Aladdin.

Synthesis of M—INA—Ths; MOFs: Caution! Th is radioactive and
standard protections for radioactive materials should be followed.
Th(NO;)4-4H,0 (0.1 mmol, 58.8 mg), Ni(NO;),-6H,0 (0.1 mmol,
29.1 mg), and isonicotinic acid (0.3 mmol, 37 mg) in DMF (5 mL)
were ultrasonically dissolved. The mixture was sealed in 10 mL glass vial
and then heated at 85 °C for 72 h. After cooling down to room tem-
perature, light blue cube crystals of Ni—INA—Thg were collected, The
preparation processes of Co—INA—Thg and Cd—INA—Thg were similar
to Ni—INA—Thg except that Ni(NO;3),-6H,0 (0.1 mmol, 29.1 mg) was
replaced by Co(NO;),-6H,0 (0.1 mmol, 29.1 mg), (CH;CO0),Cd-2H,0
(0.2 mmol, 53.3 mg) and nitric acid (20 uL).

Synthesis of M—PBA—Th; MOFs: Same as the synthesis step of
M—INA—Thyg, except that isonicotinic acid was replaced with 4-pyridin-4-yl
benzoic acid (1.85 mmol, 37 mg).

Synthesis of M—FCA—Th; MOFs: Same as the synthesis step
of M—INA—Thg, except that isonicotinic acid was replaced with 3-
fluoroisonicotinic acid (2.62 mmol, 37 mg).

Synthesis of M—MCA—Th; MOFs: Same as the synthesis step of
M—INA—Thg, except that isonicotinic acid was replaced with 3-methyl-
4-pyridinecarboxylic acid (2.70 mmol, 37 mg), and Co—MCA—Thg use
(CH3C0O0),Co-4H,0 (0.2 mmol, 49.8 mg) and nitric acid (20 pL) as syn-
thetic materials.

Structural Characterization: The room-temperature PXRD measure-
ments were recorded ranging from 1.5° to 50° on a D/max 2500 VL/PC
diffractometer (Japan) with a Cu-target tube and a graphite monochro-
mator. FTIR spectra were recorded on a Brucker Tensor 27 in the range
of 4000-400 cm™~ using the KBr pellets. XPS was recorded using an Es-
calab 250Xi instrument (Thermo Scientific) equipped with an Al Ka mi-
crofocused X-ray source. UV-vis absorption spectra were acquired on a
Varian Cary 5000 in the wavelength range of 200-800 nm using BaSO, as
a reflectance standard. EPR experiments were conducted on Bruker EMX
PLUS. The electrochemical tests were carried out with EC-Lab SP-150 work-
station (Bio-Logic) and CHI660E (CH Instruments). The photocatalytic lig-
uid products were analyzed by GC-MS (Agilent 8890 and 5977B equipped
HP-5-MSUI or HP-PLOT Molesieve capillary column).

Photocatalytic Measurement: The photocatalytic oxidation of methyl
phenyl sulfide activities of all the catalyst was carried out in a sealed quartz
reactor at temperature of 20 °C maintained by using a thermostatic water
bath. Generally, the photocatalyst (20 mg) was dispersed in 4 mL CH;OH
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containing 0.1 mmol of methyl phenyl sulfide in a quartz reactor (10 mL),
then 0.5 mmol 30% H,0, was added, and the photoreactor was sealed. A
300 W xenon lamp (light intensity: 200 mW cm™2) was used as the light
source of the reaction. The reaction temperature was controlled at 298
K by cooling water circulation. After reaction, the solution was collected,
centrifuged, and filtered through 0.22 um the syringe filter to remove cat-
alyst particles. The filtrate was identified by GC-MS, and the conversion
and selectivity were analyzed by GC-MS. A similar method was used to
conduct other sulfide derivatives of the same concentration, and analyzed
the corresponding conversion rate by GC-MS.

The conversion of MPS and selectivity for MPSO and MPSO, product,
were calculated with the following equations (Equations (1-3))

C-C
Conversion (%) :% x 100% m
0
G
Selectivity (%) of MPSO =——MPSO___ » 100% @)

mpso + Cupso,

Cvipso,

Selectivity (%) of MPSO,= % 100% (3)

mpso + Cuipso,

where G is the initial concentration of MPS; Cyps, Cupso, and Cypsoz
stand for the concentration of the residual MPS and the corresponding
product of MPSO and MPSO, at a certain time after the catalytic reaction,
respectively, Selectivity is defined as selectivity relative to two products.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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