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Metal–organic frameworks are versatile platforms for photocatalysis owing to their facile capacity to

incorporate active sites within organic linkers, nodes and open channels. However, the dual tuning of

both nodes and functional guests for enhanced photocatalytic performance remains largely unexplored.

Herein, we report the incorporation of functional polyoxometalate guests, {PM10V2} (M = Mo or W), into

isoreticular 2D MOFs that are constructed from an anthraquinone-derived ligand and dinuclear nodes of

{Cd2X(H2O)4} (X = Br or I), yielding isostructural polyoxometalate@metal–organic frameworks, denoted as

POMOF 1–POMOF 3. By systematically varying the node from {Cd2Br(H2O)4} to {Cd2I(H2O)4} and the

polyoxometalate guest from {PMo10V2} to {PW10V2}, we achieve a structural evolution from POMOF 1 to

POMOF 3. Notably, POMOF 1 shows the highest activity towards photocatalytic oxidative coupling of

benzylamine and its derivatives due to the synergistic effect of {PMo10V2} and {Cd2Br(H2O)4}, which facili-

tates the highest photocurrent and an optimal band gap distribution for reactive oxygen species formation

and substrate activation. This study demonstrates a promising strategy for designing photocatalytically

active materials with enhanced performance via dual regulation.

Introduction

Polyoxometalates (POMs), a class of functional metal–oxygen
clusters, are widely used in photocatalysis due to their facile
photoredox properties, tunable band gap structures and high
efficiency in substrate activation.1–6 Upon photoirradiation,
POMs can undergo reversible redox reactions, triggering a
series of photocatalytic transformations, from oxidation to
unactivated C–H functionalization.7–10 A prominent example is
the direct activation of CH4 via decatungstate.7,11 The photo-
catalytic activities of POMs can be tailored by metal substi-
tution and photosensitizer/organic functionalization, allowing
for facile tunability.12–17 For example, introducing heterometal
sites on the pristine Keggin-type POM skeleton or switching
between isostructural {PW12}, {PW6Mo6}, and {PMo12} with

varying metal compositions can afford significantly distinct
photocatalytic performances.18–20 These unique features
enable POM clusters to act as photoactive building blocks for
constructing multifunctional photocatalysts.21–24

As an emerging type of crystalline porous material, metal–
organic frameworks (MOFs) show great potential as photo-
catalytic platforms, as their active sites can be facilely inte-
grated into organic linkers, metal nodes and the pore struc-
tures of MOFs.25–32 Consequently, linker engineering, metal
node modulation and the incorporation of multifunctional
nanostructured guests have been developed as effective
approaches for optimizing MOF photocatalytic activity.33–37 In
this context, POM-encapsulated MOFs (POM@MOFs) have
recently received substantial research interest. The rational
combination of POMs with MOFs not only ensures the
uniform dispersity of POMs within the pore structure and
synergistic photocatalytic properties between MOFs and POMs,
but also facilitates fast diffusion of reactants and
products.38–41 As such, a variety of POM@MOFs have been con-
structed and applied for photocatalytic water splitting,
CO2 reduction, degradation of organic pollutants and selective
oxidation of organics.42–46 Despite the great progress in apply-
ing these materials to photocatalysis, structural regulation typi-
cally focuses on either MOFs or POMs; dual tuning of both
sides for enhanced performance is rarely explored.34,35,47–51
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Considering the structural diversity and tunability of MOFs
and POMs, a dual tuning approach will drive the further devel-
opment of novel, high-performance photocatalytic systems
while providing deeper insight into the structure–activity
relationship.

Herein, we report the dual tuning of nodes and POM guests
within a series of isostructural {PM10V2}@MOFs (M = Mo or
W), POMOF 1–POMOF 3, for enhanced photocatalytic oxidative
coupling of amines under green LED irradiation. POMOF 1–
POMOF 3 feature a 2D square-like layered framework con-
structed from a photosensitive 2,6-di-(4H-1,2,4-triazol-4-yl)
anthracene-9,10-dione (AQ) ligand and dinuclear {Cd2X(H2O)4}
(X = Br or I) nodes, with {PM10V2} clusters intercalated
between 2D metal–organic layers, leading to 1D open channels
along the a-axis (Scheme 1). By dual tuning of the nodes from
{Cd2I(H2O)4} to {Cd2Br(H2O)4} and POM guests from {PW10V2}
to {PMo10V2}, POMOF 1 demonstrates the best performance in
the photocatalytic oxidative coupling of benzylamine under
green LED irradiation, and a series of benzylamines and their
derivatives can be facilely converted into the corresponding
imines with yields up to 99%. Photochemical studies revealed
that POMOF 1 exhibited the highest photocurrent and appro-
priate band gap distribution for the generation of reactive
oxygen species and substrate activation, attributed to the
synergistic combination of {Cd2Br(H2O)4} and {PMo10V2}.

Results and discussion
Structural description

POMOF 1, POMOF 2, and POMOF 3 were synthesized via the
self-assembly of classical Keggin-type POMs {PMo10V2}/
{PW10V2} with cadmium halides and the AQ ligand under
hydrothermal conditions. Single-crystal X-ray diffraction ana-
lysis reveals that the three compounds are isostructural,
differing only in their metal nodes and POM guests. Therefore,
POMOF 1 is selected to elucidate the detailed structural fea-

tures. POMOF 1 crystallizes in the monoclinic space group I2/
a, and its asymmetric unit comprises half the formula, i.e.,
one {PMo10V2} cluster, one {Cd2Br(H2O)4} unit and two AQ
ligands (Fig. S5a† and Fig. 1a). Replacing {Cd2Br(H2O)4} with
{Cd2I(H2O)4} affords POMOF 2, while substituting {PMo10V2}
with {PW10V2} generates POMOF 3 (Fig. S5 and S6†). The Cd
center adopts a six-coordinate geometry, coordinated by three
nitrogen atoms from three AQ ligands, one bromine atom, and
two oxygen atoms from two water molecules (Fig. 1a). One tri-
azole moiety of AQ employs two N atoms to bridge two Cd
sites within {Cd2Br(H2O)4}, while the other adopts a monoden-
tate coordination mode to connect with Cd atoms.
Consequently, {Cd2Br(H2O)4} behaves as a 4-connected node,
and the AQ ligand acts as a 2-connected linker, resulting in a
2D square-like metal–organic layer with an aperture of 19.2 Å ×
15.4 Å (Fig. 1b). Regulated by the a-glide plane, the adjacent
layers display a staggered packing mode along the a-axis
(Fig. 1c). To balance the charge, {PMo10V2} clusters are evenly
encapsulated between different layers, yielding a 3D supramo-
lecular POM@MOF (Fig. 1d). Accordingly, the dimensions of
1D microporous channels along the a-axis are reduced to 8.3 Å
× 8.0 Å (Fig. 1d). Besides electrostatic interaction, a network of
hydrogen bonds is identified between the surface oxygen
atoms of {PMo10V2} and the aromatic hydrogen atom of 2D
layers (C–H⋯O distances of 2.2791–2.6203 Å) (Fig. S7b†).
Additionally, the shortest distance between the terminal
oxygen atom of the {PMo10V2} cluster and the central quinone
unit of the AQ structure is 2.8686 Å, indicative of a typical
anion–π interaction (Fig. S7c†).52–54 The presence of these
interactions is believed to further enhance the structural stabi-
lity (Fig. 1d).

Fig. 1 (a) Molecular structure of POMOF 1, (b) view of the single layer
of the 2D framework, (c) view of the staggered packing of 2D layers
along the a-axis, and (d) 3D supramolecular structure of POMOF 1 along
the a-axis, built from intercalation of {PMo10V2} clusters between adja-
cent layers.

Scheme 1 Schematic diagram showing the assembly of POMOF 1,
POMOF 2 and POMOF 3, which share the isostructural networks but
with different nodes and POM guests (color code: Cd, orange; C, grey;
N, deep blue; Br, green; I, purple; O, red; Mo, blue; W, dark green; V,
yellow; P, pink. H atoms are omitted for clarity).
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Characterization of POMOFs 1–3

Initially, the phase purity of the three complexes was assessed
using powder X-ray diffraction (PXRD) analysis. The close cor-
respondence between the experimentally obtained PXRD peaks
and the simulated peaks validated the high phase purity of
POMOF 1, POMOF 2, and POMOF 3 (Fig. 2a and Fig. S8, S9†).
Furthermore, the thermal stability of the three complexes was
evaluated via thermogravimetric analysis (TGA) under a nitro-
gen atmosphere over a temperature range of 30–800 °C. As
depicted in the TGA curves, POMOF 1, POMOF 2, and POMOF
3 exhibited analogous weight loss profiles (Fig. 2b and Fig.
S10, S11†). Taking POMOF 1 as an example, the initial weight
loss stage occurs between 30 °C and 335 °C, attributed to the
removal of lattice water and coordinated water molecules, fol-
lowed by the gradual loss of halogen atoms. Subsequently, the
system enters the second weight loss stage, during which the
AQ ligand undergoes decomposition. Beyond 400 °C, complete
structural degradation converts the framework into related
metal oxides, including CdO, MoO3, and V2O5.

Fourier transform infrared spectroscopy (FT-IR) was
employed to elucidate the chemical structures of POMOF 1,
POMOF 2, and POMOF 3. As depicted in Fig. S12–S14,† the
FT-IR spectra of these compounds clearly exhibit characteristic
peaks associated with PMo10V2 or PW10V2. This observation
confirms the intact incorporation of POM units within the
framework of the compounds. In POMOF 1 and POMOF 2, the
vibrational modes of P–Oa (a: tetrahedral oxygen atom),
MovOd (d: terminal oxygen atom), Mo–Ob–Mo (b: corner-
sharing oxygen atom), and Mo–Oc–Mo (c: edge-sharing oxygen
atom) are observed at 1051 cm−1, 943 cm−1, 871 cm−1, and
777 cm−1, respectively. These frequencies are consistent with
those of pristine {PMo10V2}, indicating similar local structural

environments.55 In POMOF 3, the vibrational peaks at
1070 cm−1, 957 cm−1, 885 cm−1, and 782 cm−1 are assigned to
the P–Oa (tetrahedral oxygen), WvOd, W–Ob–W, and W–Oc–W
(edge-sharing oxygen) groups, respectively.56 Additionally, the
CvO stretching vibration peak, observed at 1675 cm−1, is
attributed to the symmetrical ketone groups within the anthra-
quinone core in all three compounds.57

The stability of POM@MOFs is critical for their application
in heterogeneous catalysis. Therefore, POMOF 1 was chosen to
assess its chemical stability in various organic solvents and
aqueous solutions with different acidities. As shown in Fig. 2c,
the structural integrity of POMOF 1 was well preserved after
immersing in the tested organic solvents and aqueous solu-
tions with pH values of 1 and 12, demonstrating good toler-
ance of POMOF 1 towards different media. Moreover, the
slight change of the FT-IR signals before and after the test also
further verified that POMOF 1 maintained its structure
(Fig. S15†). The good thermal and chemical stabilities of
POMOF 1 suggest its potential as an ideal platform for photo-
catalytic oxidation.

To elucidate the elemental composition and chemical oxi-
dation states, X-ray photoelectron spectroscopy (XPS) was con-
ducted on POMOF 1, POMOF 2, and POMOF 3. The XPS
spectra unambiguously revealed the presence of essential
surface elements, including C, Mo (or W), V, Cd, and Br (or I),
in all three structures (Fig. S17–S19†). In the high-resolution
Cd 3d spectrum, the two peaks with binding energies of 405.7
eV (Cd 3d5/2) and 412.4 eV (Cd 3d3/2) correspond to the oxi-
dation state of Cd2+ (Fig. 2d and Fig. S20†).58 The high-resolu-
tion Mo 3d spectra of POMOF 1 and POMOF 2 showed two
characteristic peaks at 235.7 eV and 232.6 eV, which were
attributed to Mo6+ 3d3/2 and Mo6+ 3d5/2 of {PMo10V2} in the
two structures, respectively.59 The W 4f spectra of POMOF 3
showed two characteristic peaks at 37.6 eV and 35.5 eV, corres-
ponding to W6+ 4f5/2 and W6+ 4f7/2 of {PW10V2} species,
respectively.60 In the V 2p region, the two peaks at 524.7 eV
and 517.2 eV belong to V 2p1/2 and V 2p3/2, respectively, which
are in accordance with the V5+ oxidation state, and the two
peaks at 523.7 eV (V 2p1/2) and 516.1 eV (V 2p3/2) belong to the
V4+ oxidation state, respectively (Fig. 2e and Fig. S20†).61,62

Photochemical property study

To further determine the band gaps, HOMO and LUMO levels,
as well as charge separation and transfer capabilities of
POMOF 1–POMOF 3, photoelectrochemical measurements
were performed. First, the UV–vis diffuse reflectance spectra
(UV–vis DRS) of the three complexes were recorded to deter-
mine their optical band gaps. Consistent with their structural
similarities, they exhibit comparable visible-light absorption
profiles, characterized by a broad band spanning from 300 to
800 nm, with the peak absorption centered at 485 nm that is
approaching the edge of the green light region (Fig. 3a). From
the Tauc plots, the optical band gap values (Eg) were deter-
mined to be 1.91 eV for POMOF 1, 1.90 eV for POMOF 2, and
1.95 eV for POMOF 3, respectively (Fig. S21–S23†). Despite the
quite similar band gaps, the HOMO and LUMO levels of

Fig. 2 (a) Experimental and simulated PXRD patterns of POMOF 1, (b)
TGA curve of POMOF 1, (c) PXRD patterns of POMOF 1 after being
soaked in different organic solvents and aqueous solutions of pH = 1
and 12 for 24 hours, and (d and e) resolved Br 3d, Cd 3d, Mo 3d, V 2p,
and XPS core-level spectra of POMOF 1.
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POMOF 1–POMOF 3 are dramatically distinct. The LUMO
levels were derived from the flat-band potentials (Efb) obtained
through Mott–Schottky analysis. As depicted in Fig. S24–S26,†
the positive slopes of the fitted lines confirm that POMOF 1,
POMOF 2, and POMOF 3 are n-type semiconductors.63 Their
flat-band potentials were determined to be −1.42 V, −1.28 V,
and −0.97 V versus the normal hydrogen electrode (NHE). The
corresponding highest occupied molecular orbital (HOMO)
positions were subsequently calculated using the band gap
energy equation (Eg = EHOMO − ELUMO), with 0.49 V for POMOF
1, 0.62 V for POMOF 2, and 0.98 V for POMOF 3 versus the
NHE (Fig. 3b). Therefore, the modulation of nodes and POM
guests leads to LUMO energy levels in the sequence of POMOF
1 < POMOF 2 < POMOF 3. Since the O2/O2

•− redox couple is
−0.33 V vs. the NHE, the more negative the potential than this
value, the more efficiency can be, in principle, achieved to
convert O2 into reactive oxygen species of O2

•−.64 Moreover, as
depicted in Fig. 3c, the electrochemical impedance spec-
troscopy (EIS) results indicate that POMOF 1 exhibits the smal-
lest Nyquist semicircle radius, indicative of the fastest inter-
facial charge transfer for POMOF 1. Consequently, the photo-
current intensity of POMOF 1 also recorded the highest value
among the three complexes, demonstrating enhanced elec-
tron–hole separation efficiency in this framework (Fig. 3d).
Taken together, these findings suggest that the dual tuning
not only enables POMOF 1 to have the most favourable LUMO
level distribution, but also facilitates the highest charge separ-
ation and transfer capacity.

Photocatalytic oxidation of benzylamines

Imines and their derivatives are critical building blocks for the
synthesis of pharmaceuticals, fine chemicals, and biologically
active heterocycles.65–68 Photocatalytic oxidative coupling of
amines under visible light and molecular oxygen has recently

developed as a green and atom-economical approach for imine
production. In view of the proper band structures and excellent
chemical stability of POMOF 1–POMOF 3, we investigated their
potential as heterogeneous photocatalysts in aerobic oxidation
reactions. As presented in Table 1, POMOF 1 demonstrated the
most superior photocatalytic performance for the oxidative
coupling of benzylamine under green light irradiation and an
atmosphere of 1 atm O2 in CH3CN at r.t. for 24 h, yielding the
corresponding N-benzyl-1-phenylmethanimine in 98% yield
(Table 1, entry 1). In stark contrast, the yields decreased sig-
nificantly to 76% and 23% when POMOF 2 and POMOF 3 were
employed as photocatalysts under identical conditions
(Table 1, entries 2 and 3). This is consistent with the photo-
current sequence for POMOFs 1–3. Although all the three com-
pounds can trigger the generation of O2

•−, the photocurrent
intensity of POMOF 3 is only approximately one-fifth of that of
POMOF 1. This significantly low electron–hole separation
efficiency will thus dramatically slow down the processes of
photogenerated electron/energy transfer to O2 and the acti-
vation of substrates by holes. The photocatalytic performance
of POMOF 1 diminished considerably when yellow or red LEDs
were employed as the light source, highlighting that the
energy of green light is crucial for effective electron excitation
(Table S7†). The photocatalytic aerobic oxidation of benzyla-
mine was conducted using various solvents, including CH3OH,
CH3CH2OH, cyclohexane, toluene, and CH3CN. The results
demonstrate that a nonprotonic polar solvent, such as CH3CN,
is advantageous for enhancing the photocatalytic performance
(Table S9†).69

Control experiments indicated that the superior photo-
catalytic activity of POMOF 1 is primarily attributed to the
synergistic effect of its components (Table 1). The individual
precursors of POMOF 1–POMOF 3, except for AQ, exhibited

Fig. 3 (a) UV–vis DRS of POMOFs 1–3, (b) schematic diagrams of the
optical band gap of POMOFs 1–3, (c) EIS Nyquist plots of POMOFs 1–3,
and (d) Photocurrent–time curves of POMOFs 1–3 under visible light
irradiation.

Table 1 Visible-light-driven photocatalytic oxidative coupling of
benzylaminea

Entry Catalyst Yieldb (%)

1 POMOF 1 98
2 POMOF 2 76
3 POMOF 3 23
4 PMo10V2 24
5 PW10V2 7
6 CdBr2 9
7 CdI2 4
8 AQ 52
9 PMo10V2 + CdBr2 + AQ 59
10 No catalyst 3
11 POMOF 1, no light 4
12 POMOF 1, under air 64
13 POMOF 1, under N2 3

a Reaction conditions: substrate (0.10 mmol), catalyst (2.1 mol%),
CH3CN (1.0 mL), r.t., 24 h, LED (10 W), O2.

b The yield was determined
by GC (N-hexadecane was used as the internal standard substance,
sel.: 99%).
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lower yields in the photocatalytic process (Table 1, entries
4–8). This result indicates that the photocatalytic activity is pre-
dominantly derived from the photoactive AQ ligand (Table 1,
entry 8).70 Regarding the two POM precursors, {PMo10V2}
demonstrated significantly higher activity than {PW10V2}, con-
firming the importance of regulating functional guests and the
contribution of POM cluster as well (Table 1, entries 4 and
5).19,33 Similarly, the photocatalytic performance of CdBr2 was
also superior to CdI2 (Table 1, entries 6 and 7), which likely
accounts for the different behaviours of dinuclear {Cd2Br
(H2O)4} and {Cd2I(H2O)4} nodes.71 It should be noted that a
marginally enhanced yield was achieved when the mixture of
PMo10V2, CdBr2, and AQ was employed as the catalyst (Table 1,
entry 9). This unambiguously highlights the synergistic contri-
bution of the integration of the dinuclear {Cd2Br(H2O)4} node,
{PMo10V2} guest, and photoactive AQ into the porous frame-
work of POMOF 1, which not only creates the optimal active
sites and photochemical parameters for photocatalysis but
also enhances substrate and product diffusion through the
open channels. Additionally, control experiments conducted
without the catalyst or light irradiation could hardly proceed
(Table 1, entries 10 and 11). These results confirm that both
the catalyst and light irradiation are essential for the photo-
catalytic oxidation process. When the reaction was performed
under ambient air conditions, the imine product was har-
vested in a significantly reduced yield (Table 1, entry 12).
Moreover, the catalytic process was nearly ineffective under a
nitrogen atmosphere (Table 1, entry 13). These observations
suggest that molecular oxygen is the primary source for gene-
ration of reactive oxygen species.

Under optimized conditions, we then tested the substrate
scope of POMOF 1 in the photocatalytic oxidative coupling
reaction (Table 2). Gratifyingly, POMOF 1 demonstrated broad
applicability and efficiently converted all tested benzylamines
and their derivatives into the corresponding imines with high
to excellent yields. In most cases, substrates bearing both elec-
tron-donating and electron-withdrawing groups, such as
methyl and halides, exhibited comparable yields (Table 2,
entries 2–9). The ortho-substitution effect is observed for
2-chlorobenzylamine, resulting in a relatively low yield of
imine due to steric hindrance (Table 2, entry 6). Notably, the
catalytic system also showed good tolerance with a heterocyclic
substrate, affording the coupling product in a yield of 97%
(Table 2, entry 10). Moreover, secondary amines such as diben-
zylamine, which are typically challenging to oxidize using
POM-based photocatalysts, can also be facilely converted into
the corresponding imines with a high yield (Table 2, entry
11).72

Identifying the reactive oxygen species (ROS) generated
under visible-light irradiation is essential for elucidating the
mechanism of benzylamine oxidation. To this end, we probed
the roles of ROS and photogenerated holes in the oxidation of
benzylamine using a series of scavengers. As shown in
Table S10,† the addition of the superoxide radical scavenger
p-benzoquinone (BQ) resulted in a significant decrease in yield
(32%), indicating the involvement of superoxide radicals (O2

•−)

in the reaction (Table S10,† entry 1). Upon introducing the
singlet oxygen scavenger 1,4-diazabicyclo [2.2.2] octane
(DABCO), only a trace amount of product was obtained
(Table S10,† entry 2), thereby confirming the significant contri-
bution of singlet oxygen (1O2) to the oxidation process.
Additionally, the addition of KI as a photogenerated hole (h+)
scavenger led to a substantial reduction in the reaction yield to
19% (Table S10,† entry 3), highlighting the critical role of
holes in activating the benzylamine substrate. Similarly, the
introduction of AgNO3 as a photogenerated electron (e−)
capture agent resulted in a yield drop to 21% (Table S10,†
entry 4), indicating that electron transfer is crucial for gene-
ration of ROS. In contrast, the reaction yield remained largely
unaffected when t-BuOH was used as a hydroxyl radical (•OH)
scavenger (Table S10,† entry 5), suggesting that •OH is not a
major reactive oxidant during catalysis.

Drawing on the literature and our experimental analyses,
we propose a plausible mechanism for the photocatalytic
aerobic oxidation of benzylamine (Fig. 4).73–76 Upon
irradiation with 500 nm LED light, the photogenerated holes

Table 2 Visible-light-driven photocatalytic oxidative coupling of ben-
zylamine derivativesa

Entry Substrate Product Yieldb (%)

1 98

2 98

3 99

4 98

5 97

6 86

7c 93

8 97

9 94

10 97

11 82

12 98

a Reaction conditions: substrate (0.10 mmol), POMOF 1 (2.1 mol%),
CH3CN (1.0 mL), r.t., 24 h, LED (10 W), O2.

b The yield was determined
by GC (N-hexadecane was used as the internal standard substance,
sel.: 99%). c 30 h.
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of POMOF 1 initially oxidize benzylamine to form an amino
radical. Concurrently, the photogenerated electrons activate
adsorbed oxygen molecules on the surface of POMOF 1, gener-
ating singlet oxygen (1O2) and superoxide radicals (O2

•−).
These reactive oxygen species then react with the amino
radical to produce benzaldehyde, which subsequently con-
denses with another molecule of benzylamine to yield the
corresponding imine product.

To evaluate the reusability of POMOF 1, recycling experi-
ments were conducted for the benzylamine oxidation reaction.
The results indicated that the photocatalytic efficiency dis-
played negligible loss over three cycles (Fig. S29†). PXRD and
IR tests of the recycled catalyst verified that POMOF 1 retained
its structural integrity after recycling (Fig. S30 and 31†).
Moreover, ICP analysis of the filtered solution after catalysis
indicated negligible amounts of metal ions (<0.01%), demon-
strating no catalyst leakage and the heterogeneous nature
during the reaction (Table S11†). Filtration tests revealed that
the reaction almost completely ceased after catalyst removal,
further confirming the heterogeneous nature of the catalysis
(Fig. S32†).

Conclusions

In summary, we have demonstrated that the dual tuning of the
nodes and POM guests in isostructural POMOF 1–POMOF 3
effectively modulates photocatalytic activity for oxidative coup-
ling of benzylamine and its derivatives. By systematically alter-
ing the node from {Cd2Br(H2O)4} to {Cd2I(H2O)4} and POM
clusters from {PMo10V2} to {PW10V2}, we achieved an optimal
combination in POMOF1. This combination enables the most
favorable photochemical parameters, which significantly
enhance the generation of superoxide radicals and singlet
oxygen, leading to the most efficient substrate oxidation. This
work highlights the significant advantage of the dual tuning
strategy for improving the photocatalytic performance and
suggests a pathway for developing novel photocatalysts
through dual or even multiple regulation approaches.
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