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Abstract: Research on the utilization of sustainable and renewable energy sources has increased
as a result of the world’s expanding energy demand. In this regard, we report the photocat-
alytic performance of two synthesized Mn-MOFs: MnII3(tp)6 /2(bpy)2.(dmf) (C47HzsMnzN50;3)
and Mnj(tpa), (dmf), (CopHpaoMnyN>Oqg). The two MOFs were characterized using different spectro-
scopic and analytical techniques: powder X-ray diffraction, thermogravimetric analysis, diffuse re-
flectance spectroscopy, Fourier transform infrared spectroscopy, energy-dispersive X-ray spectroscopy,
and scanning electron microscopy. Mn''3(tp)s /2 (bpy)z.(dmf) possesses a band gap value of 2.5 eV,
which exhibits significant photocatalytic activity when exposed to simulated visible light irradiation.
Mn;(tpa),(dmf), shows a larger band gap of 3.16 eV, which renders the photocatalytic performance
under visible light. The oxidation of benzylamine to N,N-benzylidenebenzylamine by a photo-
catalytic reaction was selected to evaluate the photocatalytic activities of Mn!3(tp)s /2 (bpy)z.(dmf)
and Mny(tpa),(dmf), in the visible region. In addition to its high photocatalytic performance,
Mnll;3(tp)s /2 (bpy)2.(dmf) also showed high thermal stability up to 430 °C. Accordingly, the strategy
of designing frameworks possessing mixed ligands provides stability to the frameworks as well
as enhancing the photocatalytic performance of frameworks containing bipyridine ligands such as

Mn'l5(tp) /2 (bpy).(dmf).

Keywords: Man(tp)é /2(bpy)2.(dmf); Mny(tpa)a(dmf),; band gap; metal-organic framework; visible
light; photocatalyst

1. Introduction

In recent years, environmental pollution and energy shortages have received tremen-
dous attention [1]. In this regard, solar-driven technologies have been intensively studied
as an alternative to overcome these problems. Moreover, using solar energy to drive chemi-
cal transformations on semiconductor photocatalysts is a viable technology for meeting
clean and sustainable energy demands [2—4]. In the past few decades, numerous methods
have been created to address the significant limitations of semiconductor photocatalysts,
including low recyclability, limited visible-light absorption, fast charge recombination,
and low quantum efficiency [1]. As a result, different approaches have been implemented
in an effort to address these issues, including heterojunction creation [5,6]. doping an-
other semiconductor photocatalyst [5,7], and composite fabrication [8,9]. Visible light
from total incident solar irradiation accounts for nearly 45%, making the use of visible
light more viable for future practical applications and effective utilization of solar en-
ergy [10]. Hence, there is a significant need to establish more highly active and stable
visible light-responsive photocatalysts.

Metal oxides are a class of semiconductors that have been widely studied. ZnO, TiO,,
CeO;, and SnO;, for example, are most commonly utilized as photocatalysts due to their
stability. On the other hand, their large bandgap energies are the fundamental obstacle
to deploying them as photocatalysts, which only allow for absorbance in the ultraviolet
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region [11,12]. Among semiconductor photocatalysts, metal-organic frameworks (MOFs)
are a promising subclass of porous crystalline materials made up of organic linkers and
metal nodes (metal ions or clusters) [13].

MOFs have recently drawn increasing attention in the photocatalysis field due to
their high surface area, diverse topology, and easily modifiable porous structure [14,15].
The unique properties of MOFs arranged in a crystalline lattice are different from those of
regular inorganic semiconductors [10]. As an example, MIL-125 [16], MIL-101 (Cr) [17],
UAEU-50 [18], and MIL-100 (Fe) [19] exhibit strong photocatalytic activity when exposed to
visible light, consistent with their band gap energies of 3.24 eV, 2.28 eV, 3.0 eV, and 2.17 eV,
respectively. As a result, there has been intensive research on the development of new
synthetically challenging MOFs that initiate various transformations, such as photocatalytic
CO;, reduction [20], hydrogenation [21], CO, conversion reactions [18,22], and different
organic reactions [23].

Despite the above-mentioned advantages of MOF materials, their photocatalytic effi-
ciency remains a challenge. To overcome such drawbacks, a number of strategies have been
developed to improve the photocatalytic performance of MOFs for different applications,
such as synthesizing mixed metal centers [24,25], mixed ligands [26], ligand functionaliza-
tion [27], metal ions immobilization [28], MOF or COF coupling [29,30], semiconductor
coupling [31], adding magnetic materials, surface modification using metal nanoparti-
cles [32], carbon-based materials [31], and dye sensitization [33]. These techniques have
been used to increase MOFs’ ability to absorb visible light, achieve efficient separation and
transfer of charge carriers, and increase the degree of recyclability [10,12].

For diverse applications of MOFs, one of the major concerns is the stability of the
targeted MOF, which includes thermal, chemical, and mechanical stability. In particular,
the chemical stability of MOFs in solvents, e.g., moisture, aqueous solutions, acids, and
base environments. Great efforts have been made to develop strategies to boost the stability
of MOFs [34]. In terms of photocatalytic performances, the stability of MOFs is critical for
their long-term activity and reusability. The degradation of MOFs can result in a loss of
their photocatalytic activity, which reduces their efficiency and performance. Therefore,
understanding the stability of MOFs is essential for designing and developing efficient
photocatalysts for various applications.

Improving the functionalities of MOF frameworks, such as tuning the nature and size
of the organic linkers used, will help to target diverse applications [35-37]. It is worth
mentioning that controlling the properties of organic linkers, such as type, length, flexibility,
and symmetry, will control the pore size and internal chemical functionality of the pores,
making them hydrophobic, hydrophilic, and more able to adsorb specific molecules [38-41].
Therefore, accurate organic linker selection is crucial. In particular, the use of mixed linkers
can lead to flexible, porous frameworks with various topologies and functionalities. In
mixed-linker MOFs, modulating dimensionality, pore size, surface area, reactivity, and
loading capacity would only require changing the linker structure, size, and functional
groups [40—42]. For example, one of the first mixed linker MOFs was prepared by Kim and
his group upon mixing different diamine and dicarboxylate ligands to alter the original
[Zn;(1,4-bdc),(dabco)] MOF, which enhanced the properties of this MOF [43].

Bipyridines are a group of attractive organic ligands that have been widely applied in
the production of several metal complexes with significant potential use in a variety of ap-
plications, including therapeutics [44], C—H borylation, oxidation reactions, photocatalysis
for CO, reduction, water splitting, luminescence sensors, energy storage organic reactions,
solar cell applications, and catalysis [44,45].

This nitrogen donor-based ligand has been often used in the development of cat-
alytic systems for chemical synthesis and solar energy conversion reactions because of
its flexibility of functionalization, strong redox stability, and ability to coordinate with
a variety of metal ions [46]. More recently, Manna and co-workers showed in several
studies that the addition of simple bipyridine ligands to UiO-type MOFs is an effective
method for stabilizing homogeneous catalysts, affords a significantly increased catalytic



Catalysts 2023, 13, 613

30f13

activity, and even results in high catalytic performance that cannot be obtained with the
unmodified UiO-MOF [46,47].

MOFs-based bipyridine ligands showed efficient light harvesting performance in
the number of photocatalytic reactions [48-50]. In this sense, Lin and his group synthe-
sized six stable UiO-67 MOFs containing bipyridine ligand and mixed precious metals
using a mix-and-match synthetic method. Those MOFs were used in different applica-
tions such as catalytic water oxidation, photochemical CO, reduction, and photocatalytic
organic transformations such as aerobic thioanisole oxidation, aerobic amine coupling,
and the aza-Henry reaction. These heterogeneous catalysts can facilitate catalyst reuse
and recycling [49].

Therefore, MOFs created from manganese, one of the most abundant metals, have
demonstrated effective catalytic activity toward different photocatalytic reactions, such as
CO;, reduction [18,51], methylene blue (MB) degradation [52], and hydrogen generation [53].

Herein, we report the synthesis of two related manganese (II)-based MOFs. MnH3(tp)6 /2
(bpy)2.(dmf) and [Mny(tpa)a(dmf);] were synthesized according to previous methods, and
their stabilities and photoactivates were examined and compared. To the best of our
knowledge, no research has been reported on using these MOFs as photocatalysts.

2. Results and Discussion
2.1. Strucutres Details

In this study, we selected two related manganese (II)-based MOFs: MnH3(tp)6 /2(bpy)z.(dmf)
and [Mny(tpa);(dmf),]. In 2008, MnII3(tp)6 /2(bpy)2.(dmf) was first synthesized by Lu
and co-workers [54]. MnII3(tp)6 /2(bpy)2.(dmf) has a 2D framework structure showing a
monoclinic crystal system with parameters of a = 18.38 A, b = 25.73 A, ¢ = 9.91 A and
angles of « =90°, § =91.45°, v =90°. Man(tp)é /2(bpy)2.(dmf), consisting of a Mn atom
as a metal node and two linkers, 2,2’-bipyridyl (BPY), and benzene dicarboxylic acid
(BDC). The Mn trinuclear cluster consists of three Mn atoms in a linear arrangement with
a distance of 3.266 A between each Mn atom. The middle Mn atom binds to six BDC
linkers through carboxylate groups, while each of the two terminal Mn atoms binds to
three different BDC linkers and one BPY linker (Figure 1A). On the other hand, Ladrak
et al. synthesized Mnj(tpa),(dmf), with a 3D framework structure using Mn and one
organic linker, BDC [55]. Mny(tpa)(dmf), has a monoclinic crystal system with parameters
a=13.414 A, b=10.162 A, c = 17.653 A and angles of a = 90°, f = 90.21°, v = 90°. The Mn
central atom adopts an octahedral coordination environment by binding to five oxygens
from different BDC linkers and one oxygen from dimethylformamide solvent (Figure 1B).

(A)

Figure 1. Crystal structure of MnII3(tp)6 /2(bpy)2.(dmf) (A) and Mnj;(tpa),(dmf), MOF (B). Atom
color: O—red; C—grey; N—blue; Mn—cyan.
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2.2. Powder X-ray Diffraction (PXRD)

To confirm the phase structure and purity of the prepared photocatalysts, PXRD
spectra for the two MOFs (Man(tp)6 /2(bpy)2.(dmf) and Mny(tpa)2(dmf),) were obtained
(Figure 2). Comparing the PXRD pattern of the prepared MOFs with the simulated pattern
obtained from SC-XRD matched the previously reported pattern [54,55]. In the case of
MnH3(tp)6 /2(bpy)2.(dmf), some peaks were missing, which might have been a result of
the preferred orientation that is typical for 2D MOFs (Figure 2) [56-58]. According to
Figure 2, the peaks for synthesized Mn;(tpa),(dmf), are in good agreement with the previ-
ous study [55], which proved that prepared Mnjy(tpa),(dmf), was successfully and purely
synthesized. The synthesized Mnj(tpa)y(dmf), and Man(tp)é /2(bpy)2.(dmf) exhibited
good crystallinity, as shown by the sharp intensities of the diffraction peaks.

Synthesized
Mn"(tp)g2(bpy),.(dmf)

) 3 A A

Simulated
l l Mn'(tp)s»(bpy),.(dmf)
Ae MA.A_J .
Synthesized
Mn,(tpa),(dmf),
J Jl TV

Simulated
l Mn,(tpa),(dmf),
M S A A i
T T T T T T

10 20 30 40 50
26

Figure 2. PXRD pattern of synthesized and simulated Mnl 3(tp)s/2(bpy)2.(dmf) and Mny(tpa), (dmf), MOF.

Intensity (a. u.)

2.3. Scanning Electron Microscope (SEM) and Energy-Dispersive X-ray Spectroscopy (EDX)

The SEM images of activated Man(tp)é /2(bpy)2.(dmf) showed cubic-like crystals
with sizes larger than 40 um (Figure 3A). Additionally, EDX analysis showed the sample’s
expected elemental composition, i.e., manganese, carbon, nitrogen, and oxygen, since those
are the only elements found in this framework (Supporting Materials, SM, Figure S1, and
Table S1) with no impurity elements present in the sample. The reported Mnjy(tpa),(dmf),
also showed a needle-shaped morphology (Figure 3B), and EDX analysis confirmed the
presence of the same atoms (Supporting Materials, SM, Figure S2, and Table S2). It is worth
mentioning that the carbon and oxygen contents cannot be correlated directly to the exact
percent in each sample, since carbon tape is used in measuring the EDX of the samples
in the presence of atmospheric oxygen. Nonetheless, the constituent composition was
correctly matched with the expected formulas.

2.4. UV —Vis Diffuse Reflectance Spectroscopy (UV—Vis DRS)

The band gaps of both MOFs were determined using the relationship between the wave-
length and reflected light intensity from DRS using the Tauc plot method and Equation (1).

(@hv)!/" = A (hv — Eg) (1)

«, h, and v are the absorption coefficient, Planck’s constant, and light frequency,
respectively. The n value is characteristic of the semiconductor transition (n =1/2 for a
direct allowed transition), A is a proportionality constant, and Eg is the measured band



Catalysts 2023, 13, 613

50f13

(ahv)?

gap energy. As illustrated in Figure 4, A, the band gap energy was determined by plotting
(hv) vs. («hv)?. As a result, the synthesized Man(tp)é /2(bpy)2.(dmf) had a band gap of
2.5 eV and exhibited strong visible light absorption. Furthermore, the diffuse reflectance
data exhibit a peak in the visible light region starting at 492 nm, which confirms the ability
of the photocatalyst to absorb visible light (Supporting Materials, SM, Figure S3A). This is
attributed to the enhanced light harvesting capability of such an auxiliary ligand, i.e., the
bipyridine, resulting in lower band gap energy compared to pristine material without the
bipyridine ligand, i.e., Mnj(tpa),;(dmf), MOEF. On the other hand, the band gap for the
Mny(tpa),(dmf), MOF is 3.16 eV, which also shows strong absorption in the visible light
region (Figure 4B). Additionally, the Mny(tpa),(dmf), MOF absorbs light at approximately
392 nm, closer to the lower end of the visible light, as shown in the diffuse reflectance
spectrum (Supporting Materials, SM, Figure S3B).

(A)

(cthv)?

E/~3.16 eV

2.25

2.5 275 3 2.8 2.9 3 3.1 32 33 34 3.5
hv(eV) hv (eV)

Figure 4. Tauc plot of Mn'l3(tp)g /2(bpy)2.(dmf) (A) and Mny(tpa),(dmf), (B); the band gap was
calculated by the intercept of the line with the x-axis.



Catalysts 2023, 13, 613

6 of 13

Intensity (a. u.)

2.5. Thermal Gravimetric Analysis (TGA)

Thermal gravimetric analysis under nitrogen gas was used to investigate the thermal
stability of Man(tp)6 /2(bpy)2.(dmf) between 25 °C and 600 °C (Supporting Materials, SM,
Figure 54). The 5.53 mg of Man,(tp)6 /2(bpy)2.(dmf) was decomposed in two steps. At
160 °C, the first weight loss started, and 9% of the sample was lost due to trapped DMF
molecules in the pores of the MnH3(tp)6 /2(bpy)2.(dmf) framework. The second step was
then observed between 430 °C and 600 °C, with a major drop in weight (loss of 71%) as a
result of the decomposition of the organic linkers, i.e., bipyridine and benzene dicarboxylic
acid. The remaining 20% mass is a formation of manganese oxide (Mn;O3), which is the
outcome of the decomposition of Mn!3(tp)s /2(bpy)s.(dmf). However, Mny(tpa),(dmf),
started to decompose at 150 °C, which could be attributed to the DMF solvent. Following
this step, there are two degradation steps at 270 °C and 400 °C when it converts to man-
ganese oxide (MnyO3) (Supporting Materials, SM, Figure 54). The production of Mn,Oj for
both MOFs was confirmed using PXRD and the Match3! software program, as shown in
Figure S5.

2.6. Stability Test

The chemical stability of MnH3(tp)6 /2(bpy)2.(dmf) was tested in several organic sol-
vents, such as acetonitrile, ethanol, methanol, and acetone. Upon comparing the PXRD pat-
terns of the four samples with that of the pure activated MOF, it was clear that Man(tp)6 /2
(bpy)2.(dmf) exhibits great stability in all the aforementioned solvents after 7 days of per-
manent exposure to the solvent system (Figure 5A). A similar test was performed for the
pristine Mny (tpa),(dmf), to compare its stability with that of the Mn!!3(tp)s2(bpy)z.(dmf).
Interestingly, Mny(tpa),(dmf), showed less stability than Mn'3(tp)s /2(bpy)2.(dmf) in most
of the solvents, whereas it totally decomposed in acetonitrile and acetone after only 2 days
(Figure 5B). The PXRD patterns of Mny(tpa),(dmf); in all solvents were different than the
synthesized pristine one; the peak at approximately 5 degrees disappeared, whereas a new
peak at 15 degrees appeared, indicating a difference in the structure of Mny(tpa)z(dmf),.
However, acetonitrile was used in the photocatalytic reaction; therefore, it was difficult to
evaluate Mn;(tpa),(dmf); in such a solvent environment.

A B
ﬁ Acetonitrile ( ) Acetonitrile
| A A
J Ethanol /; Ethanol
N B i
2
J Methanol 2 Methanol
s X A A 2 .
‘ Acetone Acetone
A A A A A L—/\
J Mn'ly(tp)g»(bpy),.(dmf) I Mn,(tpa),(dmf),
10 20 30 40 50 0 2 30 40 50
20 20

Figure 5. Chemical stability test of Man,(tp)é /2(bpy)2.(dmf) (A) and Mny(tpa)z(dmf), (B) proven by
the PXRD pattern in several solvents (10 mg sample was immersed in 5 mL of each solvent).

2.7. Fourier-Transform Infrared (FT-IR) Spectroscopy

As shown in Figure 6, the coordination interaction and binding mode between the
starting material, benzene dicarboxylic acid (BDC), and manganese were confirmed using
FT-IR spectroscopy. Upon comparing the red IR spectrum of Mn'3(tp)s /2 (bpy)s.(dmf) with
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the blue IR spectrum of BDC, in Man(tp),s /2(bpy)2.(dmf), the IR band at 3474 cm ! indi-
cated that the O-H group for BDC disappeared, which suggests the chelation of manganese
with the hydroxyl group of BDC. Furthermore, a slight shift was observed in the carboxylic
band (C=0) from 1684 cm™ (BDC) to 1601 cm™~! Mn''5(tp)e /2(bpy)2.(dmf), which further
supports the -OH group as the binding site. Compared to Mny(tpa)(dmf),, this shift is
higher due to Mn binding to bipyridine. A slight shift was observed in Mnj(tpa),(dmf),
in the carboxylic band (C=0) from 1684 cm™! (BDC) to 1654 cm™! to prove the chelation
between the hydroxyl group in BDC and the manganese metal ion.

Cc=0
Mn'l(tp)s»(bpy),.(dmf) (1601)
X '
()
Q
=}
8
X Cc=0
g Mn,(tpa),(dmf), (1654)
7
g
£
O—H
(3474)
Cc=0
BDC (1684)

T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™!)

Figure 6. FTIR spectra of MnH3(tp)6 /2(bpy)z2.(dmf), Mny(tpa),(dmf), and BDC.

2.8. Mn!l3(tp)gn(bpy),.(dmf) Photocatalytic Activity

The photocatalytic activity of Mn!3(tp)s 2 (bpy)a.(dmf) was investigated based on its
band gap value of MnH3(tp)6 /2(bpy)2.(dmf), which is 2.5 eV using a simulated visible light
halogen lamp light source. An oxidative coupling reaction of benzylamine was carried out
as a model photocatalytic reaction. A 90% conversion yield with Man(tp)6 /2(bpy)z.(dmf)
was obtained. On the other hand, Mnj;(tpa);(dmf), was unstable and decomposed in
acetonitrile when used as the solvent for the photocatalytic reaction because the reaction
was performed under neat conditions, which gave a very low yield of 9%. 'H-NMR, 13C-
NMR, and FTIR were used to confirm the isolated product, N-benzylidenebenzylamine
(Supporting Materials, SM, Figures S6 and S7). The same procedure was used for all control
experiments, as shown in Table 1. The NMR shifts obtained for the product were as follows:
'H-NMR (400 MHz, CDCl3): & 8.40 (s, 1H), 7.80-7.77 (m, 2H), 7.43-7.41 (m, 3H), 7.35-7.34
(m, 4H), 7.29-7.26 (m, 1H), 4.83 (s, 2H), and '*C-NMR (400 MHz, CDCl3): & 162, 139.23,
136.09, 130.78, 128.61, 128.49, 128.27, 127.98, 126.99, 65.06.

Furthermore, a variety of control experiments were carried out to investigate other
reaction conditions and prove that the reaction is photocatalytic in nature, as listed in
Table 1. The percent yields were determined following Equation (2) by comparing the
'H-NMR integral of the -NCH protons of the starting material (*H,) with the relevant
protons in the product ('Hy) (Scheme 1) [59].

Lo @)

Conversion = —————
(1Ha + 1Hb)
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Table 1. Photocatalytic oxidation of benzylamine using the Mn-MOFs photocatalysts under different

conditions.
NH, _ Mn-MOFs <2
ACN, open air
Entry Control Conditions Conversion Yield (%)
I 5mg MnH3(tp)6 /2(bpy)2.(dmf), light, acetonitrile (ACN) 90
1II 5mg Man,(tp)é /2(bpy)z.(dmf), light, no solvent 2
1 MnH3(tp)6 /2(bpy)2.(dmf), no light, no heat Nil
v Mnll3(tp)s /2 (bpy)2.(dmf), heat, no light 2
\Y% Heat, no light, no Mn'3(tp)2(bpy)2.(dmf) Nil
VI light, no Mn!'5(tp) 2 (bpy)2.(dmf) Nil
vil 5 mg Mnj(tpa)z(dmf),, light, no solvent 9

Reaction optimum conditions: 0.5 mmol (51 uL) benzylamine, 6.4 x 10~3 mmol photocatalyst,
2 mL acetonitrile (ACN), open air, irradiated for 24 h.

H H
®Ha °Hp
NH2 Mn-MOFs - N*

Scheme 1. Synthesis of N-benzylidenebenzylamine.

The highest yield obtained was 90% when the reaction was conducted in 2 mL acetoni-
trile in the open air, while the yield was only 2% in the absence of solvent (neat condition).
It has been experimentally proven that polar solvents can enhance imine formation con-
version, which explains the low observed yield under neat reaction conditions [60]. The
acetonitrile solvent was chosen as the optimum medium among other solvents that were
experimentally examined by Sun and his group [61]. The reaction was also performed un-
der no light irradiation (entry III), which showed no conversion, proving that this reaction
is photocatalytic in nature. Since the halogen lamp used has a heating effect, to study the
effect of heat in the absence of light irradiation, a test was conducted in the dark at 70 °C in
the presence of the photocatalyst (entry IV) and without the photocatalyst (entry V), which
gave yields of 2% and 0%, respectively, indicating that heat has no effect on the reaction
performance. Entries V and VI show no conversion in the absence of the photocatalyst,
which supports the photocatalytic activity of the Mn''3(tp)s /2(bpy)2.(dmf). The photoactiv-
ity performance of Mnj(tpa),(dmf), was tested under neat conditions due to the instability
of this MOF in ACN solvent, which yielded 9% (entry VII). After the photocatalytic run,
an attempt was made to recycle the photocatalysts by filtering; however, the crystalline
quality of the powder material was difficult to retain and was lost during filtration.

Scheme 2 showed the proposed mechanism of aerobic oxidative coupling of benzy-
lamine using Man,(tp)é /2(bpy)2.(dmf) started when the photocatalyst was irradiated with
simulated visible light, and the electron was excited and moved to the conduction band
(CB), leaving a hole behind it in the valence band (VB). The photoexcited electron reacted
with the atmospheric oxygen molecules to produce the O,°*~ radical, which was confirmed
previously by electron spin resonance (EPR) measurements [62-64]. The photoinduced hole
in the VB oxidized the adsorbed benzylamine, producing an aminium radical cation inter-
mediate. Then, the intermediate reacted with the O,°~ radical to form phenylmethanamine
(Ph—CH,-NH,) through hydrogen-atom abstraction, producing H,O, and Ph-CH=NH
as a result [63]. The subsequent dissociation of H,O, to ¢OH radicals triggers oxidized
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benzylamine to form imine, which as a result reacts with free benzylamine to produce the
N-benzylidenebenzylamine product and releases ammonia [64].

b —
NH, + HO;

~H0,

Scheme 2. Proposed mechanism of benzylamine coupling over Mn'3(tp)g /2(bpy)2.(dmf). Radical
cation is presented by (+-) and radical anion is presented by (—-).

3. Experimental Section
3.1. Materials and General Procedures

Manganese (II) nitrate tetrahydrate (Mn(NOj3),-4H,0), 2,2’-bipyridyl (BPY), benzene
dicarboxylic acid (BDC), anhydrous dimethylformamide (DMF), dichloromethane (DCM),
acetone, and acetonitrile (ACN) were received from Sigma-Aldrich (St. Louis, MO, USA)
and used without purification. Powder X-ray diffraction (PXRD, Neu-Isenburg, Ger-
many) measurements were performed by a Rigaku MiniFlex benchtop X-ray diffractometer
equipped with a CuK radiation tube (A = 1.542 A) at 40 kV with an operating rate of
2° min~! in the range of 3—50° 20. Scanning electron microscopy (SEM, Waltham, MA,
USA) images were captured with a Quattro ESEM instrument operated with a 30 kV accel-
erating voltage and high vacuum. For the EDX analysis, a Quattro ESEM was used with
an energy-dispersive X-ray (EDX detector, Waltham, MA, USA). To determine the band
gap energies, UV —Vis diffuse reflection spectroscopy (DRS, Kyoto, Japan) was conducted
using a Shimadzu UV —3600 UV —Vis diffuse reflectance spectrophotometer in the 200 nm
to 800 nm wavelength range with a baseline sample of barium sulfate. Thermogravimetric
analysis (TGA, Kyoto, Japan) was performed in a Shimadzu TGA-50 analyzer using an
aluminum pan sample container under nitrogen gas with a 50 mL min™! flow rate. The
FT-IR spectra of the prepared MOFs and the final product of the photocatalytic reaction
were produced using a Thermo Nicolet Nexus 470 FI-IR spectrophotometer (Santa Clara,
CA, USA) by using the potassium bromide (KBr) pellet method. The measured spectral
range was 4000 cm~! to 500 cm~!, with an average spectral resolution of 2 cm~!. Each
FTIR spectrum was automatically subtracted from the initial background (air) spectrum.
To obtain the 'H-NMR and '*C-NMR spectra of the generated photocatalytic compounds,
a Varian-400 MHz instrument (Palo Alto, CA, USA) was used at room temperature with a
ppm reference and TMS standard. CDCl3 was used as the deuterated solvent in all samples.

3.2. Synthesis of Mn'3(tp)s o (bpy),.(dmf)

MnH3(tp)6 /2(bpy)2.(dmf) was synthesized by a solvothermal method with modified
conditions as reported by Lu et al. [54] Mn (NOg3),-4H,0 (8.9 mg, 0.05 mmol), BPY (15.6 mg,
0.1 mmol), and BDC (16.7 mg, 0.1 mmol) were added to a 75-mL Pyrex-sealed tube with
10 mL of DMF solvent. Then, the sealed tube was tightly closed and placed in a preheated
oven at 100 °C for 24 h. After the reaction was complete, the yellow crystals were washed
with acetone three times. For activation, the acetone solvent was removed, and the crystals
were dried at 100 °C in a vacuum oven for 24 h.
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3.3. Synthesis of Mn;(tpa),(dmf), MOF

Mny(tpa), (dmf), was prepared following the same procedure reported by Ladrak et al. [55]
The reaction was attained in a 75-mL Pyrex-sealed tube by dissolving BDC (99 mg,
0.5475 mmol) and Mn(NO3),-4H,0 (92 mg, 0.365 mmol) in 10 mL DMEF solvent. The
reaction was placed in a preheated oven for 24 h at 120 °C. Colorless crystals were isolated,
washed with DCM, and dried under vacuum for 24 h at 50 °C.

3.4. Photocatalytic Activity

Photocatalytic testing was conducted under normal atmospheric “open air” conditions.
In a typical procedure, 5.0 mg (0.006 mmol) of the photocatalyst and 51 uL (0.50 mmol) of
benzylamine in 2 mL of acetonitrile were added to a 25-mL round-bottom flask attached
to a condenser. The reaction was stirred and subjected to a 400-W halogen lamp (OSRAM
HALOLINE, Munich, Germany) operating in the wavelength range of 380-780 nm for 24 h
without using a cutoff filter. After that, the photocatalyst was washed using acetonitrile and
removed by syringe filtering. The solvent was then removed by a rotary evaporator, and a
pale-yellow oil was produced. The pure final product was characterized using 'H-NMR,
I3C-NMR, and IR techniques.

4. Conclusions

Mn'5(tp)e /2(bpy)2.(dmf) and Mny(tpa),(dmf), were successfully synthesized with
BDC and manganese metal for Mn;(tpa),(dmf),; and with mixed ligands BDC and BPY
for MnH3(tp)6 /2(bpy)2.(dmf). The stability of these MOFs was tested by different exper-
iments and characterization techniques, which showed that the mixed ligand MOF i.e.,
MnH3(tp)6 /2(bpy)2.(dmf), has higher chemical stability. In addition to its stability, the band
gap proved that Mn!'5(tp)s 2 (bpy)2.(dmf) has a lower band gap (2.5 eV), making it a promis-
ing candidate as a photocatalyst under visible light irradiation. Man(tp)6 /2(bpy)2.(dmf)
showed higher photocatalytic performance under mild reaction conditions than Mnj(tpa), (dmf),.
The advantages of using the mixed ligand strategy presented in this report open opportuni-
ties for a synthesized variety of mixed ligand MOF materials with enhanced physical and
optical properties suited for diverse applications. In summary, the presented bipyridine
mixed ligands metal-organic framework showed enhanced chemical and thermal stability
and photoresponse, and the optical absorption spectra confirm that the incorporation of
bipyridine improves the visible light absorption property of the metal-organic framework.
The overall investigation implements mixed ligands as potential future light-harvesting
materials for manifold applications.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/catal13030613/s1, Figure S1: EDX spectrum of MnH3(tp)6 /2(bpy)2.(dmf) with
presence of elements Mn, N, C, and O in the sample; Figure S2: EDX spectrum of Mnj;(tpa),(dmf);
showing the elements Mn, C, O, and N in the sample; Figure S3: The diffuse reflectance spectrum
of MnH3(tp)6 /2(bpy)2.(dmf) (A) and Mny(tpa),(dmf), (B); Figure S4: Thermogravimetric analysis
of MnH3(tp)6 /2(bpy)2.(dmf) and Mnjy(tpa),(dmf); under nitrogen flow and 10 °C min~! heating
rate; Figure S5: The PXRD pattern of obtained MnyOj3 from calcinated Mn-MOFs through TGA
analysis; Figure S6: 'H-NMR (A) and 3C-NMR (B) Spectra of N-benzylidenebenzylamine product;
Figure S7. FT-IR spectrum of N-benzylidenebenzylamine product; Table S1: Atomic percentages of
Man(tp)6 /2(bpy)z.(dmf) and Table S2: Atomic percentages of Mny(tpa),(dmf),.
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