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Herein, we have successfully synthesized a modulator-free, micro-
porous, highly crystalline cubic (100) phase of Fe-soc-C MOF via a
solvothermal process. This material exhibited a high BET surface
area (889 m? g~1), microporosity, and a low bandgap (2.037 eV). This
Fe-MOF showed excellent photocatalytic activity for benzimidazole
synthesis and benzylamine coupling reactions under blue light.

Metal-organic frameworks (MOFs) are highly crystalline porous
materials made from multidentate organic ligands connected with
metal clusters." They possess high BET surface area, crystallinity
and low density, making them versatile for catalysis, gas storage,
separation, biomedical and sensing applications.? In the last few
decades, MOFs have attracted huge attention in photocatalysis due
to their unique organic-inorganic hybrid architectures.

In MOFs there are three sites that can be used for photo-
catalysis: the internal void space (as they are porous in nature),
the organic ligands or linkers and the uncoordinated metal
clusters.® The organic ligands act as an antenna; they collect
the incident photons and transfer the electrons from the HOMO
(highest occupied molecular orbital) of the metal center to the
lowest unoccupied molecular orbital (LUMO) to create a photo-
generated excited state. The metal sites can function as isolated
semiconductor quantum dots to absorb light and donate elec-
trons to the ligand via metal-to-ligand charge transfer (MLCT).
On the other hand, the n-n* transitions in the aromatic group of
the organic ligand enable ligand to metal charge transfer
(LMCT).*® The difference in HOMO-LUMO energy determines
the band gap and its value ranges from 1 to 5 eV. Because of the
aromatic polycarboxylates, MOFs offer a wide range of applica-
tions for usage as photocatalysts. Due to the exceptional photo-
activity of Fe-O (iron-oxo) clusters, iron-based MOFs (e.g., MIL-
100, MIL-53, MIL-101, MIL-88A, and MIL-88B) have been widely
used for photocatalytic processes:*® benzylamine oxidation
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reactions, polymer degradation, and benzyl alcohol oxidation
reactions®'® are worth mentioning here.

Benzimidazole and imines are both well recognized as
essential heterocyclic compounds as well as N-containing organic
intermediates used for the synthesis of several biological, medicinal,
and agricultural substances. Traditionally they are made by dehy-
drating an amine and condensing it with an aldehyde or ketone,
these compounds suffer from low selectivity due to reactive carbo-
nyls. Direct amine oxidation can solve this but needs costly,
environmentally harmful oxidants like tert-butylphenylsulfinimidoyl
chloride.™ The preferred method for synthesizing these compounds
would be the direct oxidation of amines by utilizing dioxygen as an
oxidant."® It is therefore an emerging area of research to find new
selective catalysts for this reaction.

The use of molecular oxygen as an oxidizing agent rather than
organic peroxides is very challenging. Specifically, the synthesis of
Fe-soc-C MOF (“soc” refers to square-octahedron topology) with a
cubic morphology under a modulator/structure directing agent is
an additional challenge. Herein, we developed the cubic phases
(100) of an interesting Fe-soc-C MOF via solvothermal process.
Again, the presence of diazo group (-N=—N-) bridges enhances the
planarity and n-conjugation. The azo-group also acts as a chromo-
phore and absorbs light in the visible spectrum. So, in this work
this Fe-MOF was used for several photocatalytic oxidation reac-
tions in the presence of molecular oxygen and under mild reaction
conditions. At first, we synthesized the ligand H,ABTC via N—N
coupling reaction and then Fe-soc-C MOF using Fe*" and the
H,ABTC ligand (Fig. 1a, details in the Experimental Section, SI).
Previously reported methods for the synthesis of Fe-soc-C MOF
using different structure directing agents are listed in Table S1, SI.

Herein, we have modified the conventional synthesis method
of Fe-soc-C MOF, which involves modulator-free synthesis. The
PXRD pattern (Fig. 1b) of the sample (2-50° of 26) clearly matched
with the previously reported simulated PXRD pattern, which
confirms the bulk phase purity of the sample."® In order to check
the porosity of the sample N, sorption measurement was carried
out at 77 K to calculate the Brunauer-Emmett-Teller (BET) surface
area. Before performing the surface area analysis, the sample was
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Fig.1 (a) Schematic representation of the synthesis of Fe-soc-C, (b)
simulated and experimental PXRD pattern, (c) N, adsorption—desorption
isotherm, (d) pore size distribution plot and (e) FE-SEM images.

degassed at 393 K for 4 h. The BET isotherm clearly shows that the
considerable N, uptake in the low P/P, region suggests the
presence of pure micropores'® and the calculated BET surface
area is 889 m”> g~' (Fig. 1c). The pore size distribution was
calculated by using the NLDFT method, suggesting clear micro-
pores of dimension 1.05 nm (Fig. 1d)."* FTIR analysis of Fe-soc
MOF (Fig. S2) showed bands at 3100-2900 cm ' (aromatic-H),
1374 em™' (aromatic C), 1630 ecm ' (C=0), and 1574 cm '
(N=N)."® Peaks at ~620 and 540 cm " indicate Fe-O bonds in the
MOF.">"'® The material is fairly stable up to 370 °C confirmed
from the thermogravimetric experiment (Fig. S3, SI). Fe-SEM
images of Fe-soc-C MOF revealed cube-like crystalline morphology
(Fig. 1e). From elemental mapping, the homogeneous distribu-
tion of all the elements was confirmed (Fig. S4, SI). Elemental
analysis is shown in Table S2. The UV-vis DRS spectrum was
collected in the range of 200-800 nm, which is shown in Fig. 2a
indicating a strong absorption in the range of 500-600 nm due to
ligand to metal charge transfer, while the peak at 300-200 nm is
due to the n-r* transition."”” The direct band gap is calculated to
be 2.037 eV from Tauc’s equation (Fig. 2a inset) and it is
important to mention that this value is less than 3.1 eV, indicating
the good semiconducting nature.'® In addition, fluorescence
spectra of the sample show a broad peak at 452 nm upon
excitation of 320 nm, which may be attributed to the n-n* charge
transfer transition between the ligand by the influence of the
metal center (Fig. 2b).

To further investigate the photocatalytic properties, we have
performed photoelectrochemical studies such as linear sweep
voltammetry (LSV), electrochemical impedance spectra, and
chopped-chronoamperometry. Fig. 2¢ shows the LSV plot of
both in the presence of light and in the absence of light. In the
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Fig. 2 (a) UV-Vis and band-gap, (b) PL-spectra, (c) linear-sweep voltam-
metry (under dark and light), (d) impedance spectra (under dark and light),
(e) chopped chronoamperometry (under dark and light) and (f) Mott—
Schottky plot of Fe-soc-C MOF.

absence of light, the current density was almost 0.2 pA cm ™2 at

a potential of 1.2 V vs. Ag/AgCl, whereas the current density
increased to almost 1.4 pA cm™> under the same applied
potential. This sevenfold increment in current density could
be attributed to the absorption of photons and photoexcited
electrons and photoinduced holes. The charge transfer effi-
ciency is also explained by the measurement of the electro-
chemical impedance study (Fig. 2d). The smaller radius in the
presence of light compared to in the dark indicates the higher
charge separation efficiency. The photocurrent response was
also checked through chopped-chronoamperometry under a
potential of 1.5 V versus Ag/AgCl. The photocurrent density
increased by applying light divulging rapid e-h separation. In
order to get a better understanding of the band-edge potential,
Mott-Schottky analysis was performed. The positive slope in
the 1/C* vs. applied potential plot indicates the n-type semi-
conductor nature. The flat-band potential (Eg,) was calculated
from the 1/C,.” vs. potential plot at the point where 1/C,.”> = 0,
and it shows —0.67 V vs. Ag/AgCl; —0.473 V vs. NHE. The
calculated conduction band (CB) potential is —0.573 V (CB =
Eg, — 0.1 V) and the valence band potential is 2.61 V vs. RHE
(VB - CB = Eg). The oxygen activation ability of the catalyst was
checked through electro paramagnetic resonance spectroscopy
(Fig. 2e). After activation of oxygen in the presence of light,
catalyst and solvent (Experimental section, SI), we have used
2,2,6,6-tetramethyl-4-piperidone (TEMP) as a radical trapping
agent and sacrificial molecule. It shows a signal in EPR
spectroscopy of TEMP-'0, at 77 K (Fig. 2f) confirming the
formation of singlet oxygen. So, this catalyst is capable of
oxygen activation and reactive oxygen species formation.

As this MOF exhibits a lower band gap, a good response in
photocurrent and the ability to activate oxygen, we have
explored its photocatalytic activity in benzimidazole synthesis
via oxidative coupling of o-phenylenediamine and aldehyde in
the presence of oxygen and MeCN as a solvent. Benzimidazole
derivatives are highly important chemicals because of their
pharmacological and biological applications.'® In this study
o-phenylenediamine and benzaldehyde are taken as a model

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 (a) Photocatalytic activity of Fe-soc-C for benzimidazole synthesis
and optimization study, (b) substrate scope. Conversions were calculated
using GC-MS analysis (conversions were indicated in black and selectivity
was indicated in red).

substrate and then we have performed the reaction under blue
light (427 nm) irradiation in the presence of an oxygen environ-
ment. Before performing the catalytic reaction, a blank test was
performed, which showed lower product yield. The conversion
was monitored using GC-MS analysis and the formation of the
product was confirmed using 'H NMR analysis. In addition to the
main product, a side product also formed. After 8 h of reaction, we
observed that all the reactant molecules are consumed and
benzimidazole formed exclusively (Fig. 3a). To identify the reactive
species, the reaction was performed in the presence of different
scavenging agents. In the presence of AgNO; as an electron
scavenger, the yield gradually decreased, indicating the formation
of photogenerated electrons. Again, the yield decreased upon the
addition of KI, clearly indicating the formation of photogenerated
holes. So, upon irradiation of light, the e-h separated rapidly in
this reaction. We then tested the catalytic activity towards a series
of substrates, which are shown in Fig. 3b. Most of the substrates
show maximum conversion with high selectivity, except for the 4-F
containing substrate, which may be due to the electronegative
effect of fluorine in the para position.

We further conducted the catalytic experiments for benzylamine
oxidation in the presence of blue light.>>*" In our previous study, we
observed that MeCN was the best solvent for this transformation.*
In 2 h of reaction we observed that the conversion was 33.7%. With
increasing time, the yield gradually increased to 60.6% after 6 h and
the total benzylamine was converted after 10 h (products were
analysed by GC-MS and 'H NMR). Furthermore, the catalytic
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experiment was evaluated under different intensities of light, which
is shown in Fig. S5, SL This benzylamine coupling reaction proceeds
under blue light irradiation at room temperature. We have started
our experimentation with benzylamine as a model substrate in the
presence of an oxygen environment. This reaction is possible only
two ways: one is the elimination of ammonia and the other is via the
formation of benzaldehyde, which is shown in the mechanism. In
the "H NMR analysis we observed derivatives of benzaldehyde as a
side product. A series of substrates have been tested, which are
mentioned in Fig. 4b. Less conversion was observed when an
electronegative group was present in the para position.

The probable mechanism for both the photocatalytic reactions
over Fe-soc-C MOF is shown in Fig. 5. In both reactions, the
activation of oxygen and formation of reactive oxygen species is
important. The mechanistic pathway shows the involvement of
0,*~ and 'O, as reactive oxygen species. To check the formation of
0O,°~ species 5,5-dimethyl-1-pyrroline N-oxide (DMPO) was used as
a trapping agent and EPR analysis was performed in both 77 K and
at room temperature, respectively. In this study we did not get any
typical signal of DMPO-0,*" species at room temperature. How-
ever, we observed a typical signal of DMPO-O,° "~ at 77 K which may
be due to the lower concentration of O,*~ (Fig. S7, SI).>* Further-
more, we observed the typical signal of TEMPO at room tempera-
ture as well as 77 K with high intensity, indicating high
concentration of 'O, in the system.”* Again, the singlet oxygen
species was confirmed through oxidation of 1,3-diphenyliso-
benzofuran (DPBF), which is a classical sacrificial agent of singlet
oxygen. The decrease in intensity with time of the distinguished
absorption band of DPBF (Fig. S6, SI) at 410 nm indicates the
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Fig. 4 (a) Photocatalytic activity of Fe-soc-C for benzylamine coupling
and optimization study, and (b) substrate scope. Conversions were calcu-
lated using GC-MS analysis (conversions were indicated in black and
selectivity was indicated in red).
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Fig. 5 Probable reaction mechanism of (a) benzylamine coupling reac-
tion and (b) benzimidazole synthesis over Fe-soc-C MOF.

oxidation of DPBF by the singlet oxygen. The stability of the catalyst
was further assessed through PXRD and FT-IR analysis (Fig. S8 and
S9, SI), which revealed that there was no structural change up to
four cycles. Tables S3 and S4, SI highlight the superiority of Fe-soc-C
MOF for both the reactions in comparison to the state-of-the-art
catalysts. The amount of catalyst loading for other cases was high in
comparison to our catalytic systems.

In conclusion, we have reported a new synthetic method for
the cubic Fe-soc-C MOF without using any modulator. This
Fe-MOF with a very low band gap displayed excellent photo-
catalytic activity for the benzimidazole synthesis and benzylamine
coupling reactions. Thus, our result may open new avenues for
eco-friendly photocatalysis in the future.
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