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How to break through the oxidation energy barrier of C(sp3)-H bonds with high dissociation energy and
prevent excessive oxidation is a significant challenge. This study presents the atomic-level regulation of
POMOF dimensions by inducing structural differentiation through hydroxide end-capping. Two homolo-
gous isomers, named as Co-Wjy and OH-Co-Wjo respectively, have formed three-dimensional (3D) and
two-dimensional (2D) structures through varied metal coordination modes. The 2D structure of OH-Co-
Wjo demonstrates excellent electron delocalization and transfer channels over the 3D structure of Co-Wj,.
OH-Co-Wj exhibits enhanced oxygen activation capacity compared to Co-Wy. In the catalytic oxidation
of toluene, OH-Co-Wy achieves an impressive conversion rate of 98.1 %, and the selectivity of benzalde-
hyde is as high as 97.3 % (6720.2 nmol/g), which is cleaner and more efficient than that of the latest
photocatalysts and Co-Wyg (4713.1 umol/g). In this study, the hydroxide capping strategy is proposed for
generation of homologous isomers, offering a new direction for catalytic oxidation of C(sp3)-H bonds by

expounding differences in active sites through distinct structural features.
© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia
Medica, Chinese Academy of Medical Sciences.
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In the field of photocatalytic oxidation of C(sp3)-H bond,
polyoxometalate-based metal-organic frameworks (POMOFs) have

The selective oxidation of C(sp®)-H bonds for alkyl aromatics
synthesis driven by visible light is a crucial and the environmen-

tally friendly way. The current significant challenge currently exists
in the overcoming the oxidation energy barrier of C(sp3)-H bond,
while also preventing over oxidation [1-4]. A landmark example
is the selective oxidation of toluene to benzaldehyde, which holds
substantial industrial significance. However, benzaldehyde is highly
susceptible to over oxidation, leading to the formation of benzoic
acid or even extensive ring opening decomposition [5,6]. Photo-
catalysis utilizes light energy to activate molecular oxygen and of-
fers a promising approach to promote selective C(sp3)-H bonds ox-
idation under mild conditions, in which the core is the develop-
ment of heterogeneous catalysts with high activity, selectivity, and
stability [7-10].
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attracted significant attention owing to their unique electron trans-
fer capabilities and adjustable active sites [11-13]. Clear correlation
between structure and performance of POMOFs could be estab-
lished through atomic level regulation of local coordination chem-
istry at metal nodes [14-16]. Moreover, as the structural node
directly engaged in framework assembly, POMs can benefit for
exposing active sites and optimizing reaction pathways directly,
which requires atomic control strategies, and the selection of ap-
propriate POMs anions to regulate coordination environment of the
metal nodes.

Decatungstate ([W;9032]%, Wyg) is widely used due to its
unique photoactivity and hydrogen atom transfer capabilities. As
a superior photosensitive unit of POMs, the electron-deficient sur-
face of Wyy can effectively act as an oxidation center as well as
broad light absorption spectrum and prolonged excited state du-
ration [17-19]. The numerous terminal oxygen sites of Wy can
offer the potential for diverse coordination modes with metal
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Scheme 1. Schematic diagram illustrating the self-assembly of POMOF building
blocks and the interaction of active sites with O, and C(sp?)-H bonds.

ions, which make the potential candidate for POMOFs construc-
tion [20,21]. Nevertheless, how to precise control the coordina-
tion interactions of W;3-POMOFs to achieve targeted specific di-
mensions and pore environments, and the comprehensive elucida-
tion of structure-activity relationship, represent significant arduous
task.

In light of the aforementioned considerations, homologous iso-
meric POMOF systems, namely Co-W;o, and OH-Co-W;, were de-
signed and synthesized by self-assembly of Wy, Co2t and the
flexible ligand bix (Scheme 1). Co-bix (the single crystal structure
is shown in Fig. S1 in Supporting information), Co-W;9 and OH-
Co-W;o were applied to explore the reaction of toluene catalytic
oxidation. Notably, OH-Co-Wy, exhibited superior conversion rate
(98.1 %) and selectivity (97.3 %) during the oxidation of toluene
to benzaldehyde. Analysis of the single crystal X-ray diffraction
structure revealed that Co-Wjy structure exhibits two coordina-
tion types of cobalt sites, Co2 (CoO,N4) and Col (CoNg) (Fig. 1a),
and the OH-Co-W;¢ comprises one coordination type of cobalt site,
Co3 (CoONy4(OH)) (Fig. 1b). Wy acts as a pillar to open the inter-
layer channels in the c-axis direction. Ligand bix adopts a trans-
conformation and coordinates with Co3 and assembles in the a-
axis direction. A hydroxide ion coordinates with one Co3 and oc-
cupies the axial position as capping agent, thereby inducing two-
dimensional conjugated permeable layered structure with exposed
active sites. (Fig. 1c and Fig. S3 in Supporting information). Co1 and
Co2 are coordinated by W;o and bix with conformational trans-
formation to form a tightly packed three-dimensional framework
(Fig. S2 in Supporting information). Co1l and Co2 coordinate with
cis-trans isomers of bix, while Co3 exclusively coordinates with
trans-bix. The cis conformation, characterized by tight packing and
high energy, contrasts with the low-energy trans conformation. The
2D structure exhibits enhanced electron delocalization and trans-
port pathways (7.91 x 7.54 A) compared to the 3D structure (Fig.
S4 in Supporting information). Furthermore, the open channels in
the OH-Co-Wq structure can facilitate rapid substrate adsorption
and product desorption, preventing prolonged contact and exces-
sive oxidation risk.

The oxygen adsorption model was constructed and optimized
to compare the adsorption energy of Col, Co2 and Co3 through
density functional theory (DFT) calculations. The adsorption en-
ergy (Col for 2.61 eV, Co2 for 0.79 eV, Co3 for -0.82 eV) gradually
changed from positive to negative, and the adsorption of oxygen by
the photocatalyst transformed into a spontaneous process [22-26].
The calculation results of the electron transfer quantity show that
Co1 lacks a synergistic effect, and the electron transfer is restricted.
In the Co-Wyq structure, Col is coordinated by a CoNg octahedron,
and all the coordination sites are occupied by N atoms (from the
bix ligand), and the electronic transfer efficiency of the ligand itself
is extremely low. The O, molecule cannot directly form a chemi-
cal adsorption with Col. The adsorption energy (+2.61 eV) is the
result obtained by forcibly placing the O, molecule near Col and
optimizing. Under the “W” synergistic effect, the electron transfer
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efficiency of Co2 increases. Co3 has the largest electron transfer
quantity under the hydroxide electron-pushing effect and the “W”
synergistic effect (Figs. 1d-f). The homogenization of Co3 coordi-
nation patterns in OH-Co-Wyq increases the density of active sites,
enhances the oxygen activation efficiency, promotes the generation
of superoxide radicals and singlet oxygen, and thereby improves
the oxidation efficiency of toluene.

Powder X-ray diffraction (PXRD) analysis indicated that Co-bix,
Co-Wyo and OH-Co-W;y were pure phases (Figs. S5-S7 in Support-
ing information). In thermogravimetric analysis (TGA), Co-W;y and
OH-Co-W;( can maintain thermal stability before 300 °C (Figs. S8
and S9 in Supporting information). For FTIR spectra, the charac-
teristic peaks at 959.59, 887.21 and 780.52 cm’! are attributed to
W=0, W-0,-W and W-O.-W, which is mainly from Wy, (Figs. S10
and S11 in Supporting information) [27]. X-ray photoelectron spec-
troscopy (XPS) confirmed that cobalt ions possess +2 and +3 va-
lence states (Figs. S12 and S13 in Supporting information) [28]. The
solid UV-vis spectra shows that the main absorption band of OH-
Co-Wyg (Eg=2.84 eV) has a significant redshift compared with Co-
Wyg (Eg =2.96 eV) and Wy (Eg =3.05 eV), and the reduction of the
band gap proves enhanced light absorption capacity (Figs. 2a and
b). Corresponding conduction band and valence band indicate that
the conduction band (CB) of OH-Co-Wyq is -0.9 V (vs. NHE) (Figs.
S$14-516 in Supporting information). The potential of Ecg is lower
than that of oxygen reduction (O,/-O,7, -0.33 V vs. NHE), which
indicates that OH-Co-W;y as N-type semiconductor can promote
the semi-reaction of toluene oxidation. Electrochemical impedance
spectroscopy (EIS) shows smaller resistance of charge transfer at
the OH-Co-Wqq interface and higher carrier transfer efficiency (Fig.
2c). OH-Co-Wjq exhibits outstanding oxidation and reduction ca-
pabilities in the linear sweep voltammetry (LSV) under light ir-
radiation (Fig. S17 in Supporting information) [29]. High transient
photocurrent response intensity proves better carrier separation ef-
ficiency of OH-Co-Wq (Fig. 2d). Photoluminescence spectroscopy
and fluorescence lifetime tests showed the lifetimes of Co-W;g and
OH-Co-Wjq are 9.50 and 43.34 ns, indicating that the electron-hole
recombination efficiency is lower, and catalytic reactions could oc-
cur both on the surface and channels of OH-Co-Wy, (Figs. 2e and
f). Kelvin probe force microscopy (KPFM) further clarifies the dy-
namic process of charge transfer in photocatalysts. The carriers of
N-type semiconductors are mainly electrons. In the dark state, the
surface is rich in electrons. Under light conditions, the holes mi-
grate to the surface, neutralizing some of the negative charges, re-
sulting in positive shift in the electric potential [30-33]. By com-
paring the potential changes, 123 mV of OH-Co-W/q is greater than
those of Co-bix (54 mV) and Co-W;g (108 mV). Compared with Co-
bix without Wyg and tightly structured Co-Wyg, the potential varia-
tion value of OH-Co-Wyy is larger, and the accumulation of surface
holes is more conducive to the generation of benzyl radicals (Figs.
2g-i).

To further distinguish the contributions of coordination ef-
fect, electronic effect and geometric effect to the catalytic per-
formance of OH-Co-W;y, a comparative analysis was conducted.
Firstly, the coordination effect originated from the hydroxide end-
capping on Co3*. In OH-Co-Wj, the axial OH" ligand in the unique
CoO(N4)(OH) unit has an electron-donating effect, increasing the
electron density at the Co site and reducing the O, adsorption en-
ergy to -0.82 eV (spontaneous process, Fig. 1f). In contrast, Col
(CoNg) and Co2 (CoOyN4) in 3D Co-Wyo lack such end-capping
groups, and their O, adsorption energies are +2.61 and +0.79 eV,
respectively, indicating that the adsorption is non-spontaneous or
weak adsorption. Therefore, the coordination effect is the primary
factor determining the oxygen activation ability. Secondly, the elec-
tronic effect is mainly dominated by the Wy, clusters as the pho-
tosensitizer. The narrow bandgap (2.96 eV for Co-W;g and 2.84
eV for OH-Co-W;,) and the lower conduction band position (-0.9
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Fig. 1. Crystal structure diagram. (a) Asymmetric unit of Co-Wyo (The coordination modes of Col and Co2). (b) Asymmetric unit of OH-Co-W;, (The coordination mode of
Co3 and hydroxide). (c) The two-dimensional (2D) layered structure along the b-axis direction and the mass transfer channels of OH-Co-Wyy. (d-f) The oxygen adsorption

energy and electron transfer amount of Co-Wyg (Co1), Co-W;o (Co2), OH-Co-W1o(Co3).

() (b)

1.6 —_W

-~ 3 — Ol z o
= \\ =
cos8 \ >
= N =
2 \ M~ :
-] \ =
Z04 N

=

<

v

-
°

~~
N’

200 300 400 500 600 700 800

Wavelength (nm) 15 20

5 30 35
Photon energy (eV)

14 —
~120
£
=
S
= 80
N
) ‘.‘14
40
/| /4
0
40 45 50 100 150 200 250 300

Z'(kohm)

(@,

=
t
~
(¢
g

,.\
e

1
06
; — 0l —_— W -
g 4 ~ 3
<05 A = € 0.1
= [ 1 7 = e
= 04 [ [l /] b £
= [ = 3 g
3 | [ /
=03 | | S { [ 1] 2| / gom
= 4z o A | SV ]
202 f’ \4 ‘f'/ k H\\I\ |~ = M -
=10 1 1 ﬂ 0.001
g9 | | | \ ‘ e
oL N N NN NN N
0 50 100 150 200 250 300 " . 45 500 550 6 9 12 15
(g Time (s) h) Wavelength (nm) (i) Time (ns)

2
350 mv

CPD (mV)
CPD (mV)
g
3

450 t Sy

71 A-108my —takt

CPD (mV)

—Dark

1050 scismy

0 So 10 150 200 250 300 350 0 LT
Distance (nm)

Distance (nm)

00 250 30 350 0 S0 100 150 200 2% 300 30
Distance (nm)

Fig. 2. (a) UV-vis absorption spectra. (b) Tauc plots. (c) EIS spectra. (d) Transient photocurrent response. (e) PL spectra. (f) Luminescence decay curves. KPFM images of (g)
Co-bix, (h) Co-Wyg, (i) OH-Co-Wyg in the dark and under light irradiation and the corresponding contact potential differences.

V vs. NHE) enable effective electron-hole separation under visible
light. However, the electronic effect alone cannot explain the huge
performance gap between the two isomers. Both materials exhibit
similar transient photocurrent responses and KPFM surface poten-
tial changes (Co-Wjp: 108 mV, OH-Co-Wyg: 123 mV). The mod-
erate enhancement of OH-Co-Wyq is attributed to better electron
delocalization in its two-dimensional layered structure, evidenced
by a longer fluorescence lifetime (43.3 ns vs. 9.5 ns) and a lower
EIS charge transfer resistance. Finally, we found that the geometric
effect is unique to the two-dimensional layered structure of OH-
Co-Wig. It has open interlayer channels (7.91 x 7.54 A), which can
serve as a fast channel for substrate adsorption and product des-
orption. This geometric feature minimizes the residence time of
benzaldehyde at the active site, thereby inhibiting the peroxidation

to benzoic acid. 3D Co-Wqq has a tightly packed framework and cis
configuration of bix ligands, lacking such accessible channels, and
thus has lower selectivity.

To assess the efficiency of selective oxidation of the ben-
zyl C(sp3)-H bond in aromatic compounds, Co-W;, and OH-Co-
Wi, catalysts were used as catalysts in the oxidation reaction of
toluene. Employing acetonitrile as the solvent, oxygen as the ox-
idizing agent, and OH-Co-W;y as the catalyst, toluene achieved a
conversion rate of 98.1 %, with a benzaldehyde selectivity of 97.3 %
and 2.7 % over-oxidation to benzoic acid, after 48 h of irradiation
under 10 W blue LED light. Notably, OH-Co-W;, exhibited signifi-
cantly enhanced efficiency and selectivity than Co-W, (Fig. 3a and
Fig. S18 in Supporting information). When only W;, was present,
the conversion rate and selectivity dropped significantly. The test
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Fig. 3. Performance tests of the photocatalytic C(sp3)-H reaction. (a) Tests with different catalysts and control conditions (20 mg catalyst, 3 mL of acetonitrile, 15 uL of
toluene, 100 pL of H,O, 10 W 400 nm LED light). (b) Stability testing of the catalyst for five cycles. (c) Mechanism diagram of photocatalytic oxidation of toluene to

benzaldehyde. (d) Substrate extension test under the same conditions.

results at other wavelengths also confirmed that 400 nm was the
optimal choice (Table S6 in Supporting information). The results
of molecular dynamics show that the catalytic oxidation reaction
of toluene by OH-Co-W;¢ mainly occurs within the 2D confined
pores (Fig. S19 in Supporting information). Only a trace amount of
toluene conversion rate was observed when no light and catalyst
(Fig. 3a), which further highlights the significance of catalysts and
light in the photocatalytic oxidation process of toluene. The de-
sign of metal coordination modes and dimensional variance have
endowed OH-Co-W;y with stronger capability in catalyzing sur-
face oxidation reactions comprehensively. Furthermore, the trans-
port channels of OH-Co-W;g promote rapid substrate adsorption
and product desorption, thereby strengthening the selectivity of
benzaldehyde.

Recyclability, stability and high efficiency are of vital impor-
tance for heterogeneous catalysts [34-36]. After five cycles of recy-
cling and reutilization, OH-Co-Wq exhibited only slight decrease
in both conversion rate and selectivity (Fig. 3b). Noteworthy, the
PXRD and FTIR analyses revealed no significant alterations in the
structures before and after the reaction, proving the effective-
ness of Co-Wjo and OH-Co-W;y as heterogeneous catalysts (Figs.
S20-S22 in Supporting information). To clarify the reactive oxygen
species (ROS), free radical capture experiments and electron para-
magnetic resonance (EPR) tests were conducted utilizing various
quenchers (Table S7 and Fig. S23 in Supporting information). The
inclusion of AgNO3; notably decreased the yield of toluene oxida-
tion, indicating the involvement of electron transfer (ET) in this
process [37-40]. According to the results of density functional the-
ory (DFT) calculations, both W and Co in the Co-W;y and OH-Co-
W structures can transfer electrons to O,. Among them, a certain
type of Co3 in OH-Co-W;q has a higher electron transfer efficiency
compared to Col and Co2 in Co-W;q, which have very low elec-
tron transfer amounts. Based on the amount of electron transfer
and whether the adsorption occurs spontaneously, it can be deter-
mined that OH-Co-W;g has a higher oxygen activation ability. This
is also an important reason why OH-Co-W;q has a higher conver-
sion rate in the toluene oxidation reaction. Furthermore, the intro-
duction of p-benzoquinone (scavengers of -O,") resulted in a de-
crease in the conversion rate, suggesting the potential significance
of .0, as reactive oxygen species for OH-Co-Wyq activation (Fig.
3c). As an n-type semiconductor, Co-Wg and OH-Co-W;y have nar-
row band gap and generates electrons and holes (h™) under illumi-

nation. In the subsequent reaction, the photogenerated electrons
reduce O, to -0, radicals, while the holes activate toluene to form
cationic radicals. These radicals then react with -0, radicals and
0, to form benzaldehyde.

A key mechanistic question is whether the electron transfer
(ET) pathway is mutually exclusive with the classical hydrogen
atom transfer (HAT) mechanism known for decatungstate photo-
catalysts. In this POMOF systems, the two pathways are not mu-
tually exclusive but operate synergistically. The Wy unit retains
its intrinsic HAT activity, as confirmed by the TBADT control ex-
periment (Table S6). Meanwhile, the Co centers act as electron re-
lays, enabling an ET pathway, photogenerated electrons are trans-
ferred from Wy, to Co and then to O,, generating -O,", while the
remaining holes oxidize toluene to the benzyl radical. This hybrid
mechanism is supported by DFT, KPFM and scavenger experiments.
The Co centers, particularly Co3 with the OH" ligand, play a crucial
role in facilitating O, activation and mediating electron transfer,
thereby enhancing both activity and selectivity.

When toluene is oxidized in solvents of different polarities,
both the conversion rate and selectivity will decrease to varying
degrees (Table S8 in Supporting information). This is mainly be-
cause a high dielectric constant enhances the separation of pho-
togenerated electrons and holes, reducing the probability of re-
combination [41-45]. In addition, during the substrate expansion
experiment test, methylbenzene with substitution can also be ox-
idized into the corresponding aldehyde. Among them, electron-
donating groups promote the high selectivity of aldehydes. Other
substituents produce carbonyl compounds also exhibit high selec-
tivity (Fig. 3d). The efficiency and perfect selectivity of OH-Co-Wq
in the oxidation of toluene are comparable to those of most re-
ported catalysts (Tables S9 and S10 in Supporting information).

In summary, we constructed two homologous heterogeneous
POMOF systems (Co-W;o and OH-Co-Wjy) using the hydroxide
end-capping strategy. By systematically distributing steric, elec-
tronic, and geometric effects, we revealed that the OH- end-
capping ligand achieved spontaneous O, adsorption and activa-
tion through the coordination effect on Co3+. At the same time,
the electronic effect of the Wy photosensitizer provided efficient
charge separation, and the two-dimensional layered structure fur-
ther enhanced electron delocalization. Additionally, the geometric
effect of the two-dimensional open channels promoted the rapid
desorption of products and inhibited peroxidation, thereby achiev-
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ing 97.3 % selectivity for benzaldehyde. This work not only pro-
vides an efficient catalyst for C(sp3)-H bond oxidation, but also es-
tablishes a clear framework for distinguishing various structural ef-
fects in POMOF design.
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