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ABSTRACT: Photocatalytic dehalogenation reduction, which
converts a C—X bond into a C-H bond, plays a significant role in
synthetic catalysis and pollutant remediation. However, the
reduction is significantly affected by photoinduced electron transfer
(PET) from organic photoredox catalysts to metal ions or clusters.
By introducing photosensitive ligands and cluster-based nodes into
metal-organic frameworks (MOFs), we synthesized Co;(u3-O)s-
cluster MOFs using the easily redox cobalt ions and a
tetraphenylbenzene-1,4-diamine-based ligand modified by the
central skeleton, effectively regulating the redox potential. The
synergistic interactions between the Co,(us-O); cluster and the
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photosensitive ligands enable efficient PET process. This synergy provides a concise strategy for photocatalytic
dehalogenation reduction using cobalt-cluster MOFs under mild conditions, which can be extended to aryl halide and

halogenated aromatic pollutants.
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1 Introduction

Chlorinated and brominated aromatics, which are frequently found
in industrial wastewater and contaminated soils, constitute a major
class of environmental contaminants. These substances are highly
toxic, persistent, and bioaccumulative [1-3]. To mitigate the
associated environmental risks, significant research efforts have
been directed toward developing efficient and practical
dehalogenation methods [4-7]. However, this transformation
remains one of the most challenging tasks in environmental
remediation, which often necessitates harsh reaction conditions [8].
In the past decade, advances in organic photosensitizers and
transition metal catalysts have enabled dehalogenative reduction
under milder conditions, offering a promising alternative to
conventional approaches [9-13]. Despite these advances, the direct
integration of photosensitizers with transition metal catalysts still
faces three key limitations: achieving high-efficiency photoinduced
electron transfer (PET) while minimizing back-electron transfer,
preventing photobleaching and self-quenching of excited
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photosensitizers, and maintaining the stability of transition metal
catalysts throughout the catalytic cycle [14-17].

Owing to their tunable structures, high porosity, and well-
defined active sites, metal-organic frameworks (MOFs) present an
ideal platform to address these challenges [18-21]. A key advantage
of MOFs lies in their ability to systematically regulate functionality
at the molecular level through framework chemistry [22, 23]. The
combination of metal ions or clusters with functionalized organic
ligands results in various MOFs with outstanding functions,
especially for combining photocatalysis and metal catalysis [24, 25].
Metal clusters with unsaturated coordination sites serve as catalytic
centers, and photoactive organic ligands act as photoredox catalysts.
This integrated design enables the precise control of PET process
between the cluster and the ligands, resulting in high efficiency and
minimized back- electron transfer [26-28]. Moreover, immobilizing
functional organic dyes as bridging ligands within MOFs effectively
suppresses their aggregation and polymerization, thereby
preventing self- quenching of the excited state [29, 30].

In MOFs, transition metal ions are usually connected by
hydroxide, oxide, water, and carboxylate groups, forming various
polyoxometalate (POM) nodes, which enhance the stability of the
frameworks [31-37]. POMs are a class of inorganic metal-oxygen
cluster compounds characterized by structural tunability,
compositional diversity, and efficient electron transfer and storage
capabilities. Recently, POM-based MOFs that integrate POM units
with metal-organic linkers to form diverse structures have been
extensively synthesized, demonstrating broad prospects in catalysis
[38-40]. These materials contain POM nodes or metal-oxygen
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Scheme 1 Schematic diagram of the preparation of cobalt-based cluster MOFs Co-TBAPO for photocatalytic dehalogenation reduction.

clusters structurally similar to POMs, thereby endowing them with
multiplemetal catalytic capabilities and multielectron redox
activities [41, 42]. Furthermore, cluster-based open metal sites
generated after the removal of coordinated solvent molecules often
exhibit higher stability than single metal atoms, enhancing the
durability of the catalyst during reaction cycles [37]. In addition, the
synergistic combination of MOFs and POMs provides a unique
heterogeneous platform that integrates molecular-precision catalytic
activity, photoredox properties, and the stability of macroscopic
materials, thereby extending POM applications to photocatalysis
(43, 44].

Inspired by the active center of natural dehalogenase, a cobalt
complex with open coordination sites, and its distinctive
microenvironment rich in carboxyl groups [45, 46], herein, we
synthesized a heptanuclear cobalt cluster-based MOF, denoted as
Co-TBAPO, by introducing methoxy groups into a
tetraphenylbenzene-1,4-diamine-derived ligand (Scheme 1). Within
the framework, the ligands adopt an orderly arrangement without
n-1t stacking, effectively suppressing the undesired quenching of
excited states. The incorporation of electron-donating methoxy
groups endows Co-TBAPO with a more negative reduction
potential upon photoexcitation. The interconnected cobalt clusters,
which are similar to redox-active POM cores, can efficiently accept
electrons via PET process. Their polynuclear architecture acts as an
electron concentrator, mitigating electron back-transfer. The
removal of coordinated water molecules generates open catalytic
sites on the clusters, and the robust cluster-based framework
ensures structural stability throughout the catalytic cycle. Therefore,
the developed heterogeneous cobalt-cluster MOF enables efficient
photocatalytic dehalogenation reduction of aryl bromides and
chlorides. The system can be extended to halogenated aromatic
pollutants, thereby bridging MOF design principles with cluster-
based electron-transfer functionality and paving the way for scalable
and sustainable POM-inspired photosynthetic strategies.

2 Experimental

2.1 Synthesis of 44'4"4"-((2,5-dimethoxy-1,4-phenylene)
bis(azanetriyl))tetra-benzoic acid (H,TBAPO)

The H,TBAPO ligand was synthesized via Buchwald-Hartwig
coupling of 1,4-dibromo-2,5-dimethoxybenzene and methyl 4-
aminobenzoate in xylene, followed by Buchwald—Hartwig coupling
with methyl 4-bromobenzoate. The obtained ester was hydrolyzed
to form H,TBAPO as a white solid. Further details of H,TBAPO
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synthesis and characterization are provided in the Electronic
Supplementary Material (ESM).

2.2 Synthesis of Co-TBAPO

A mixture of CoCL-6H,0 (0.08 mmol) and H,TBAPO (0.015
mmol) in N,N-dimethylformamide (DMF, 5.0 mL) with 0.2 mL
H,O and 1.0 mol-L"* HBF, (0.1 mL) was added to a 10 mL Parr
Teflon-lined vessel. The vessel was capped and heated to 393 K for
60 h. The resulting mixture was cooled to room temperature, and
violet block crystals were obtained (yield: 56%. CCDC: 2494127.
Anal. Calcd. for C;H,¢Co,4,N,0,5: C, 52.99; H, 3.21; Co, 16.83; N,
3.43. Found: C, 52.19; H, 3.54; Co, 15.95; N, 3.83).

2.3 Photoinduced dehalogenation reduction

Co-TBAPO (1.0 pmol), aryl halide (0.15 mmol), morpholine (0.6
mmol), and HCOOH (0.6 mmol) in N,N-dimethylacetamide
(DMAg, 5 mL) were added to a 20 mL flame-dried Schlenk quartz
flask. The flask was degassed by bubbling argon for 15 min at room
temperature under atmospheric pressure. After that, the samples
were irradiated using a 50 W LED lamp at 395 nm, and the
reaction temperature was maintained at 298 K by using a water
filter to absorb the heat. The yields of the crude products were
determined by gas chromatography (GC) analysis using 1,3,5-
trimethoxybenzene as the internal standard.

3 Results and discussion

3.1 Characterization of Co-TBAPO

Single crystal X-ray diffraction structural analysis revealed that Co-
TBAPO adopts a three-dimensional (3D) structure and
crystallizesin the R32 trigonal space group. All cobalt ions in the
framework exhibit octahedral coordination geometry (Fig. 1(a) and
Fig. S1 in the ESM). Co0l is six-coordinated with three p;-O* and
three carboxylate oxygen atoms of three TBAPO* ligands. Co02 is
coordinated with five carboxylate oxygen atoms and one O.
Similarly, Co03 is six-coordinated with one O*, one water oxygen
atom, and four carboxylate oxygen atoms from four TBAPO*
ligands. Each O* bridges three Co atoms to form a Cos(;-O)
tetrahedron, and three such tetrahedra are fused via vertex sharing
of Co01 to form a C; symmetric twisted triangular prism Co,(y;-
0)5(00C-),; cluster, with the remaining coordination sites capped
by nine carboxylate groups and three water molecules (Fig. 1(b)).
For balanced charges, the seven Co ions must contain 18 positive
charges, indicating four Co(III) ions in the Co,({13-O); cluster. The
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Figure1 (a) Trigonal Co,(p3-O);(O0C-),, cluster. (b) Bridging coordination mode of ligands. (c) The cubic cavity of Co-TBAPO. Three-dimensional framework of Co-
TBAPO showing (d) the channels and (e) the repeat unit. (f) The dfs topology of Co-TBAPO. Color scheme: C, gray; N, blue; Co, cyan; and O, red and yellow.

six TBAPO* ligands connected to eight Co,(j3-O); clusters form a
cubic cage with an internal cavity of 14 A x 14 A x 14 A (Fig. 1(c)),
providing a favorable microenvironment for photocatalytic
reactions. Each Co,(p3-O); cluster is located at the apex of the cubic
cavity, and the coordinated water molecules on it extend to the
interior of the cavity. By removing the water molecules, the Co,(ys-
O); cluster forms an empty Co active center similar to
dehalogenase, and the structure of the cluster ensures the stability of
the skeleton during catalysis [47]. The nine coordinated carboxyl
groups on the Co,(l;-O); cluster ensure structural stability and
provide an enzyme-like microenvironment. In addition, its multiple
open-type channels facilitate the diffusion of reactants and products
(Fig. 1(d)) [48]. As a repeat unit, the cage is further extended into a
microporous 3D framework with a dfs topology (Figs. 1(e) and 1(f))
[49]. Upon the removal of guest molecules, the Co-TBAPO
structure exhibits a porosity of ~ 49.8% and a void volume of about
12,830 A’ per unit cell (calculated using PLATON [50]). The
Brunauer-Emmett-Teller (BET) surface area and average pore
width of the framework are 10.682 m*g " and 1.410 nm, respectively
(Figs. S2 and S3 in the ESM). The pore volume of the BET test was
consistent with that recorded by single-crystal X-ray diffraction
analysis, indicating that the pore channels of Co-TBAPO are large
enough for the smooth diffusion of substrates into MOFs.
Thermogravimetric analysis (TGA) revealed that Co-TBAPO did
not decompose below 430 °C (Fig. S5 in the ESM), indicating that
Co-TBAPO maintained a stable structure at room temperature. In
addition, it was capable to activate Co-TBAPO by removing
coordinated water molecules through tolerating heat. The
impressive solvent weight loss of 6.2% for Co-TBAPO in the
temperature range of room temperature to 430 °C can be attributed
to the removal of three coordinated water molecules of the Co(;-
O); cluster and one free solvent DMF molecule in the cavity [10].
We infer that Co-TBAPO can form empty coordination cobalt
nodes by removing some of the coordinated water molecules,
which enables the activation of the substrate, thereby promoting the
reaction through interactions with unsaturated cobalt clusters [30].
Therefore, the Co-TBAPO crystal was treated under a vacuum at
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70 °C for 2 h to obtain activated Co-TBAPO. The powder X-ray
diffraction (PXRD) patterns of Co-TBAPO revealed the phase
purity of the bulk sample after synthesis (Fig. 2(a) and Fig. $4 in the
ESM). The PXRD spectra of Co-TBAPO before and after treatment
were similar, indicating that the structure was retained after
activation [51]. TGA of the activated Co-TBAPO revealed thermal
stability similar to that of the unactivated framework and a gradual
solvent weight loss of 5.2 wt.% as the temperature increased from
room temperature to 430 °C (Fig. S5 in the ESM). The weight loss
can be attributed to the removal of various solvent molecules with
hydrogen-bonding interactions in the cavity, further indicating the
elimination of coordinated water molecules during activation [30].
The empty coordination sites of the activated Co-TBAPO enable
the activation of substrates for synergistic catalysis [52]. Fourier
transform infrared (FT-IR) spectroscopy also revealed that Co-
TBAPO exhibited no significant changes after activation, except for
the loss of the broad peak of the O-H bands (approximately
3670-3100 cm™) for water molecules (Fig. 2(b) and Fig. S7 in the
ESM). These results are consistent with the in situ test results
(Fig. 2(c) and Fig. S8 in the ESM). The intensity of the characteristic
peak at ~ 3450 cm” (O-H stretching vibration) decreased
significantly, indicating the removal of the coordinating water
molecules in Co-TBAPO. After activation, XRD revealed that the
activated Co-TBAPO maintained the original framework, ensuring
sufficient structural stability for synergistic photoredox catalysis.

The morphological characteristics of Co-TBAPO after grinding
were obtained by scanning electron microscopy (SEM). The SEM
images show dark-purple block crystals with a size of 300-500 nm
(Fig. 2(d)). The mapping spectrum revealed that O, N, C, and Co
were distributed within the structure (Fig. 2(d) and Fig. S9 in the
ESM), consistent with the energy-dispersive X-ray spectroscopy
(EDS) results (Fig. S10 in the ESM). The solid-state
ultraviolet-visible (UV-Vis) spectra of Co-TBAPO exhibited
strong absorption bands spanning a broad range of 200-450 nm
(Fig. 3(a)), which can be attributed to the H,TBAPO ligands. The
new bands over 600 nm are typical d-d transition peaks of Co, (-
0); clusters [53]. These broad absorption bands of Co-TBAPO
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Figure2 (a) PXRD patterns of the single-crystal simulated Co-TBAPO (black), the fresh as-synthesized Co-TBAPO (pink), Co-TBAPO after measurement for activation
(orange), and the recycled Co-TBAPO after catalysis (cyan). (b) FT-IR spectra of Co-TBAPO as-synthesized (cyan) and after measurement (pink). (c) In situ IR spectra of
Co-TBAPO with heating from 30 to 120 °C. (d) SEM image and annular-dark-field EDS element mapping of Co-TBAPO elemental, with Co (blue), O (green) and C

(red).

indicate promising potential for light harvesting under UV/visible
irradiation. The spectra showed significant absorption up to 395
nm, indicating that the cobalt-based MOFs are photoactive under
395-nm irradiation. Based on the Kubelka—Munk formula, a
bandgap of 2.71 eV was estimated from the Tauc plot of the
UV-vis spectra of Co-TBAPO, indicating that the MOF can be
excited under 395-nm illumination (Fig. 3(a)). Mott—Schottky
measurements of Co-TBAPO were conducted at frequencies of
1000, 2000, and 3000 Hz, and the positive slope of the C values (vs.
applied potentials) indicates an n-type semiconductor (Fig. 3(b)).
The flat band potential of the MOFs derived from the frequency
intersection point was —1.84 V vs. Ag/AgCl, consistent with the
cyclic voltammetry (CV) test results (Fig. S18 in the ESM). The CV
tests on H,TBAPO showed a reduction potential of —2.10 V vs.
Ag/AgCl (Fig. S17 in the ESM). Considering that the bottom of the
conduction band (ie., the lowest unoccupied molecular orbital,
LUMO) in n-type semiconductors is approximately 0.2 V above the
flat band [54], the LUMO of Co-TBAPO is located at
approximately —1.64 V vs. NHE. The corresponding highest
occupied molecular orbital (HOMO) was then calculated to be
1.07 V vs. NHE (Fig. 3(d)), which is consistent with the valence
band test via X-ray photoelectron spectroscopy (XPS) (Fig. S15 in
the ESM). The luminescence emission spectra of H,TBAPO were
also measured at room temperature with an excitation wavelength
of 395 nm, and green luminescence was observed at 500 nm

Polyoxometalates, 2026, 5, 9140120
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(Fig. S12 in the ESM). The excited-state energy E* of H,TBAPO
determined from the cross point of the UV-vis absorption and
fluorescence spectra at 417 nm was 2.97 eV. The LUMO of
H,TBAPO was located at approximately —1.90 V vs. NHE (Fig. S12
in the ESM), and the HOMO was 1.07 V vs. NHE (Fig. 3(d)). Such
an energy-band structure makes Co-TBAPO theoretically suitable
for facilitating photoinduced dehalogenation reactions [55].
Furthermore, the addition of an electron agent into the DMAc
suspension containing H,TBAPO quenched approximately 20% of
the emission intensity (Fig. 3(e)). The fluorescence lifetime of the
ligand decreased from 2.68 to 1.29 ns after the addition of formic
acid (Fig. 3(f)). The lifetime of Co-TBAPO was shorter than that of
the ligands upon the addition of formic acid, with the fluorescence
intensity becoming almost unmeasurable, indicating that the
photosensitive ligand can absorb light and give out electrons to the
Co,(u3-0); clusters through photoinduced metal to ligand charge
transfer (MLCT) process, forming a highly redox-active cluster
catalyst for dehalogenation reactions. The oxidized ligands are
regenerated by obtaining electrons from the electron agent [56].

The transient photocurrent responses of Co-TBAPO showed a
reproducible photocurrent upon the on/off cycles of the 395-nm
LED irradiation (Fig. 3(g)), suggesting that Co-TBAPO exhibits
high electron-hole separation efficiency [57]. Furthermore,
electrochemical impedance spectroscopy (EIS) revealed that Co-
TBAPO exhibits lower electron transport resistance (R,

(B 7% 2 | Sci@pen
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Figure3 (a) UV-vis spectrum and (inset) the Tauc plot of Co-TBAPO. (b) Mott-Schottky plots and (inset) EIS Nyquist plot of Co-TBAPO at 1000, 2000 and 3000 Hz.
(c) Cydlic voltammogram of H,TBAPO (0.1 mmol/L) and H,TBAP (0.1 mmol/L) in DMAc. (d) The diagrams of HOMO and LUMO levels of Co-TBAPO and
H,TBAPO. (e) Fluorescence quenching spectra of H,TBAPO in DMAc suspension upon the addition of HCOOH and (inset) the corresponding simulated Stern-Volmer
curve. (f) The PL decay curves of H,TBAPO, H,TBAPO with HCOOH and Co-TBAPO. (g) Photocurrent signals of Co-TBAPO (blue) and Co-TBAP (pink). XPS

spectra of of Co 2p of Co-TBAPO (h) before and (i) after illumination.

approximately 3.5 kQ) than Co-MOFs (Fig. 3(b)), indicating that
rapid electron transfer in Co-TBAPO, which promotes efficient
photocatalytic reactions [58]. The XPS spectra of Co-TBAPO
confirmed the +2 and +3 two-type states of the Co element in
MOFs (Fig. 3(h)), with Co(II) 2ps,, Co(III) 2ps;,, Co(Il) 2p,,, and
Co(Ill) 2p,, peaks at 781.01, 782.82, 796.70, and 79820 eV,
respectively, and distinct satellite peaks (785.68, 788.98, 801.44, and
804.24 eV, respectively) [59]. Fine peak fitting showed that the
relative atomic percentage of Co(I) species was 45%, which is
consistent with the calculated proportion of Co(Il) in the crystal.
The O 1s peaks centered at 531.08, 531.86, and 533.17 eV are
assigned to Co-O bonds, C-O bonds of central benzene, and
-COOH, indicating that Co ions and oxygen atoms are
coordinated in the MOFs (Fig. S13 in the ESM). Because of the
forced torsion between the metal nodes and the ligands, Co ions in
Co-TBAPO polymerize to form electron-deficient Co,(us-O);
clusters, resulting in a lower charge density surrounding the
catalytically ~active cluster. Co-TBAPO emitted negligible
fluorescence, indicating that cobalt clusters facilitate the smooth
transfer of the excited electrons on the ligand to the Co,(p;-O);
clusters. Clusters with both Co(Il) and Co(Ill) can efficiently
accumulate electrons and promote reduction. After 395-nm
illumination, the Co-TBAPO XPS data showed that the Co 2ps,

(& 727w | Sci@pen
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and Co 2p,, peaks red-shifted by 0.1-0.2 eV (Fig. 3(i) and Fig. S14
in the ESM). Fine peak fitting revealed that the relative atomic
percentage of Co(Il) increased significantly (from 45% to 56%),
indicating that electrons were transferred from photosensitive
ligands to the center of the Co, cluster, resulting in the partial
reduction of Co(III) to Co(Il). Therefore, ligand-regulated cobalt-
cluster MOFs for synergistic photocatalysis can be achieved.

3.2 Photocatalytic dehalogenation of aryl halides

We conducted experiments to investigate the photocatalytic
performance of the proposed Co-cluster MOFs using C-X
dehalogenation reactions as the benchmark. Under standard
experimental conditions, the reactions occurred at room
temperature in a quartz flask containing ethyl 4-chlorobenzoate 1
(0.15 mmol), morpholine (0.6 mmol), and HCOOH (0.6 mmol) in
a DMAc (5.0 mL) solution. The loading of 1.0 pmol of Co-TBAPO
in argon under irradiation with a 395-nm LED for 5 h resulted in
the formation of ethyl benzoate 1a at a yield of approximately 93%
(Table 1, entry 1). Replacing 1 with ethyl 4-bromobenzoate under
similar reaction conditions, 1a was also obtained at a good yield
(98%) (Table 2). Without Co-TBAPO or light (control
experiments), no reaction was recorded (Table 1, entries 2 and 3).
With light, the activity of the catalytic systems for the formation of
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Table1 Control experiments of photocatalytic dehalogenation with Co-
TBAPO*

Cl
Co-TBAPO, 395 nm LED

HCOOH morpholine
DMAC, Ar,RT, 5 h

Y

-00Et OOEt

1 1a
Entry Conditions Yield (%)

1 No change with standard conditions 93

2 No catalyst N.R.

3 No light N.R.

4 50 °C instead of rt 93

5 air instead of Ar N.R.

6 420 nm LED trace

7 DABCO instead HCOOH 58

8 0.5 equiv HCOOH morpholine 47

9 CoCl,-6H,0 trace
10 un-activated Co-TBAPO 62

11 H,TBAPO/CoCl,-6H,0 as catalyst 46

‘Reaction conditions: ethyl 4-chlorobenzoate (0.15 mmol), morpholine
(0.6 mmol), HCOOH (0.6 mmol), and Co-TBAPO (1.0 umol) in DMAc
(5.0 mL) under irradiation with a 395 nm LED in argon atmosphere within
5h.

la at 50 °C was not improved (Table 1, entry 4), indicating that
photocatalytic dehalogenation is not a thermodynamically driven
reaction [12]. The catalytic system exhibited poor performance in
the air (Table 1, entry 5), and in the presence of 420 nm LED light,
it exhibited no activity for the formation of 1a (Table 1, entry 6).
Replacing HCOOH with 1,4-diazabicyclo[2.2.2]octane or reducing
the amount of electron agent reduced the reaction efficiency (Table
1, entries 7 and 8). By changing the loading of the catalyst Co-
TBAPO, the yields gradually decreased following the catalyst
reduction (Fig. S16 in the ESM). When CoCl,-6H,0 was used as a
catalyst (Table 1, entry 9), no activity for the formation of la was
recorded, indicating that free cobalt ions are not the main active
species. Using the unactivated MOFs as the catalyst, the yield of 1a
decreased from 93% to 62% (Table 1, entry 10).

Furthermore, when H,TBAPO was used as the photocatalyst, 1a
yield further decreased to 41%, with over 50% of the reactants
remaining under the same conditions (Fig. 4(a)). Using a physical
mixture of H,TBAPO and CoCl-6H,0 afforded 1a at only a 46%
yield (Table 1, entry 11). These results indicate that the cobalt
clusters in the proposed MOF improve the reaction activity of the
catalyst. To verify this process, we compared the proposed
framework with Co-TBAP [51], which contains Cog(y,-O); clusters,
a similar diphenylamine ligand, and three more concealed
coordination water molecules than Co-TBAPO. The reduction
potential of H,TBAP is positive compared with that of H,TBAPO
(Fig. 3(c)). Because photoinduced excitons have good activity only
after effective charge separation, Co-TBAPO exhibited better
photocurrent response characteristics than Co-TBAP, indicating

Table2 Photocatalytic dehalogenation of aryl halides with Co-TBAPO photocatalytic system®

X
R Co-TBAPO o R
X 395 nm LED, DMAc, EA, RT X
cl Cl cl cl cl cl cl
Cl SN
o0 7
0“0
93% 98% 65% 92% 72% 34% 67% 41%
Br Br Br Br Br Br Br
Br | ~N
0“0 7
0“0
|
0 [ o N H,N"YO ofs 9™0
98% 98% 64% 98% 85% 53% 70% 63%
cl cl cl Br @LN)\ N
~N ~N
B Pe® A O
Br
cl Br
62% 74% 58% 68% 44% 58%

J

‘Reaction conditions: substates (0.15 mmol), morpholine (0.6 mmol), HCOOH (0.6 mmol), and Co-TBAPO (1.0 umol) in DMAc (5.0 mL) under irradiation

with a 395 nm LED in argon atmosphere within 5 h.
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Figure4 (a) Control experiments of photocatalytic dehalogenation of 1. (b) The ESR plots of H,TBAPO and Co-TBAPO with morpholine before and after 395 nm
illumination. (c) The corresponding reaction rates of different potential substrates under standard conditions. (d) In-situ FT-IR spectra of the system containing Co-
TBAPO, substrate 1, morpholine, and HCOOH under 395 nm irradiation with different times. () Yield of photocatalytic reduction of 1 with different conditions. (f) The

recycling experiments of Co-TBAPO under the standard conditions.

that Co-TBAPO exhibits higher photocatalytic activity than Co-
TBAP (Fig. 3(g)). Replacing Co-TBAPO with Co-TBAP in the
experiment under the same conditions, the yield of 1a decreased to
64% (Fig. 4(a)).

The control experiments showed that photogenerated radicals
are vital for this reaction. Electron spin resonance (ESR)
measurements revealed that Co-TBAPO exhibits a prominent
signal at g = 2.003, even without light (Fig. S22 in the ESM),
indicating the presence of an oxygen or nitrogen radical due to the
conjugated structure of 2,5-dimethoxybenzene-1,4-diamine in the
ligand [60]. This signal was further enhanced under 395 nm
illumination, indicating that Co-TBAPO exhibits good
photosensitivity and can improve the efficiency of photocatalytic
reactions. Upon the introduction of morpholine to the H,TBAPO
ligand, morpholine radicals were detected under illumination after
5 min, indicating that PET process occurred between the ligand and
the electron donor morpholine, resulting in morpholine and ligand
radicals [61]. Under the same light and time conditions, Co-
TBAPO with morpholine exhibited a stronger signal than that of
the ligand (Fig. 4(b) and Fig. S23 in the ESM). We infer that the
Co,(u3-O); clusters of Co-TBAPO more effectively promote
electron accumulation on the Co-MOFs, improving their
photocatalytic activity. CuSO, effectively quenches photogenerated
electrons [62]. Upon the introduction of CuSO, into the catalytic
system under the same conditions, the yield of 1a decreased to 51%
(Fig. 4(a)), indicating that photogenerated electrons are vital for this
reaction.

Based on the experimental results and previous studies, we
identified a potential mechanistic pathway for photocatalytic
dehalogenation reactions with two main steps: dissociation of the
C-X bond to generate phenyl radicals and the reduction of the
phenyl radicals by active metal hydrogen [55, 63]. To further
determine the rate-determining step of the photocatalytic reaction,
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we measured the substrates with different reduction potentials [12,
13, 64-66]. The results show that brominated and chlorinated
reactants that produce the same phenyl radicals have different
reaction rates (Fig. 4(c)) and that the reaction rates of substrates
with different potentials are directly proportional to their potentials
(excluding the reactants, whose potential is much lower than the
LUMO of Co-TBAPO), indicating that the reaction rate is
determined by the fracture of the C-X bond in the first step.
Considering the effect of DM Ac on the potential, E(ArX/(Ar + X))
is approximately 04 V higher than E(ArX/ArX") in the actual
process; thus, the lowest reactive potential of Co-TBAPO is -2.24 V
(vs. SCE) (Fig. 4(c)) [65]. Therefore, Co-TBAPO cannot achieve the
photocatalytic dehalogenation reduction of substrates with a
potential much lower than the LUMO of Co-TBAPO (such as
fluorobenzene and aryl halides with electron-rich substituents).

To confirm the proposed mechanism, in situ FT-IR spectroscopy
was performed to monitor the photocatalytic reaction process
(Fig. 4(d) and Fig. S21 in the ESM). Under 395 nm irradiation, the
intensity of the characteristic peak at ~ 3400 cm™ (O-H stretching
vibration) significantly decreased, indicating that the coordinated
water molecules of the Co, cluster were effectively removed. The
intensity of the characteristic C-Cl stretching vibration at ~ 740
cm™ gradually decreased over time [67], indicating the occurrence
of light-triggered reductive cleavage of the C-Cl bonds. Concurrent
with the decay of the C-Cl band, a new band appeared in the ~
2900 cm™ region, characteristic of v(Co-Cl) stretching vibration,
which captures the atomic chlorine transfer from the organic
substrate to the cobalt center, forming a Co-Cl intermediate [68].
The new bands that emerged in the 2430-2780 cm™ region can be
assigned to Co-NH coordination vibrations that became IR-active
due to the generation of unsaturated Co sites upon dehydration
[69]. These results indicate that morpholine (or its formate
counterpart) initially coordinated to the Co site, activating the
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catalyst and facilitating electron donation to form the product.
Based on the experimental results, we propose the photocatalytic
mechanism shown in Fig. 5. Upon irradiation, the cobalt cluster
becomes active via MLCT, reduced by the excited ligands. This
facilitates C-Cl bond cleavage and subsequent C-H bond
formation, resulting in product formation. Concurrently, the
oxidized ligand is regenerated due to electron transfer from the
sacrificial ~electron donor, completing the photocatalytic
dehalogenation reduction cycle.

The time-dependent tracing curve shows that the reaction yield
increased rapidly to a maximum value within 5 h (Fig. 4(e)).
However, the removal of Co-TBAPO after 3 h halted the reaction,
and the yield remained constant for another 3 h, indicating that Co-
TBAPO is a stable heterogeneous catalyst. Inductively coupled
plasma mass spectrometry before and after the reaction revealed a
cobalt leaching ratio of 0.21% (Fig. S25 in the ESM), indicating that
Co-TBAPO remained stable during the catalytic process and could
be used for subsequent experiments. The residual Co-TBAPO from
the reaction, recovered by filtration, was used for successive runs.
The dehalogenation reduction yield remained approximately 75%
after five-cycle experiments, indicating that Co-TBAPO is a good
heterogeneous catalyst (Fig. 4(f)). This efficient photocatalytic
dehalogenation reduction system was extended to various aryl
bromide and aryl chloride compounds (Table 2), and also suitable
for halogenated aromatic pollutants (PAHs) [70].

4 Conclusion

In this study, we synthesized, Co-TBAPO, a Co-based MOF for
light-driven dehalogenation of aryl halides, achieving a 98% yield of
ethyl benzoate in 5 h. The high catalytic efficiency of the MOF can
be attributed to the synergistic interaction between the Co,(j1;-O);
cluster and the photoactive ligands. I situ spectroscopy and kinetic
analyses revealed that amine rapidly quenches photogenerated
holes, generating radicals. The cluster accepts electrons, breaks the
C-X bond, and completes the hydrogenation. The dissociation of

the C-X bond determines the reaction rate. Therefore,
photocatalytic dehalogenation reduction is suitable for aryl bromide
and aryl chloride compounds containing electron-withdrawing
groups. This study provides a versatile photocatalytic platform with
dual potential for environmental remediation, particularly for the
degradation of persistent halogenated organic pollutants under
mild, solar-driven conditions, and for sustainable synthetic
chemistry.

Electronic Supplementary Material: Supplementary material
(synthesis, PXRD, TG, FT-IR, UV-vis, ESR spectra, and 'H NMR)
is available in the online version of this article at https://doi.org/
10.26599/POM.2026.9140120.

CCDC 2494127 contain the supplementary crystallographic
data for this paper. These data can be obtained free of charge
via www.ccde.cam.ac.uk/data_request/cif, by emailing
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