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Abstract: Synthesis of manganese citrates was carried out in the presence and absence of
fluoride ions. The presence of HF or NaF led to the formation of new layered manganese
citrates whose crystal structures were determined by single-crystal X-ray diffraction. The
prepared single-phase citrates with and without fluoride ions were then used as precursors
for the preparation of mesoporous MnyOy, and hierarchically porous MnyOy@C phases,
which could be of interest for catalytic, sorption, and electrochemical applications.

Keywords: manganese(Il) carboxylate; single-crystal structure determination; metal-organic
structure; porous manganese oxides; porous manganese carbons

1. Introduction

Manganese carboxylate complexes have long been of special interest since they are
known to be active in some metalloenzymes and proteins [1,2]. On the other hand,
manganese-based inorganic catalysts for the treatment of organic pollutants in the en-
vironment have also been well established and studied [3-9]. Metal-organic frameworks
(MOFs) with crystalline three-dimensional porous structures perfectly combine the char-
acteristics of inorganic constituents with those of organic ligands and are readily used
for gas capture and separation applications [10]. While MOFs also show promise in
catalysis, an issue still remains in the limitation of MOFs for thermal and photothermal
catalysis due to their finite thermal stability. A recently proposed approach to the use of
MOFs as precursors for value-added thermal decomposition products has received a lot of
attention [11-13]. In addition to the preparation of MOF-derived catalysts [14], MOF-
derived supercapacitors [15] and electrode materials [16-20] have also been reported.
Namely, the selected thermal treatment of MOF precursors can lead to the formation of
porous metal oxides and metal(oxide)—carbon composites, adding to the performance in
the above-listed applications.

In light of the advances in coordination chemistry and due to the boom of research
into MOFs, we decided to revisit Mn-based metal-organic materials synthesis [21-27]. A
recently reported Co-citrate complex for catalytic application [28,29] motivated us to re-
examine the potential of citric acid in the formation of new manganese carboxylate structures.
Citric acid, an a-hydroxyl tricarboxylic acid, and citrate ions are simple and easily acces-
sible reagents. A literature review revealed a few known manganese citrate complexes,
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[Mn(H,0),][Mn, (HCit),(H,0)4]-4H,O [30] and (NHy)4[Mn(HCit),] [31], two chain-like coor-
dination structures, [Mn(C¢HgO7)(H,0)] [32] and [Mn(H,0)g[[Mn(HCit)(H,O)],2H,O [33],
a layered structure, {K[Mn(HCit)(HO)]} [34], as well as quite a few three-dimensional frame-
work structures, i.e., [[Mn(HCit)(H,O), },Mn(H,O0),], [IMnNa(HCit)], [MnCa, (HCit),(H,0)4],
[Mn(HCit)(H20)], and [{Mn(HCit)(H,0)2}2Mn(H,0)] [35].

Here, we report a hydrothermal synthesis of two new manganese citrate complexes,
which were prepared in fluoride media. In recent years, fluorine incorporation has shown
tremendous promise in both the fields of materials science [36] and proteomics [37]. As such,
we decided to test the synthesis in the presence of HF and NaF, as fluorine ions are known
structure-directing agents and mineralizers, enhancing crystal formation and growth [38].
In the fluoride media, two new layered manganese citrate compounds were prepared,
their crystal structures solved, and thermal behavior determined. While HF has already
been used to form defects in Mn-based MOFs, partially replacing benzenedicarboxylate
ligands [39], this is to our knowledge the first report on the use of fluorine ions in the
preparation of new manganese citrate phases. Both, the new citrates, as well as a benchmark
fluorine-free citrate, were then calcined in both air and argon, and the thusly prepared
value-added oxides and Mn,Oy@C textural properties were evaluated.

2. Results and Discussion
2.1. Synthesis

The PXRD data for fluorine-free product revealed that the obtained compound was a
known manganese citrate with a crystal structure that was already reported in the literature,
i.e., chain Mn complex structure [Mn,(HCit)(H,O)] MnCit CCDC:WADHAL) [32]. As
shown in the Rietveld plot in Figure S1, the measured PXRD of fluorine-free product is in
agreement with the calculated diffraction pattern of WADHAL.

The PXRD (Figure 1) data for both fluorine-based products revealed two unknown
crystalline phases. When only one source of fluorine was used, single-phase large crys-
tallites suitable for single-crystal X-ray structure determination could be obtained as was
confirmed by the Rietveld plots in Figures S2 and S3. A 50/50 molar ratio of fluorine
sources led to a mixed-phase system of the two new phases.

PXRD of synthesized samples

MnCit-HF
MnCit-NaF

MnCit

W/}DHAL calculated

| 1 | "

Intensity (a.u.)

5 10 15 20 25 30 35 40 45
20 (°)

Figure 1. PXRD of obtained phases of manganese citrates and theoretical pattern for MnCit (WADHAL).
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The optimal solvent system was determined to be ethanol/water with a small addition
of HFE. In other cases, when more HF or ethanol was present, additional phases of MnF,
and/or MnCit were formed. The temperature and time of crystallization had some impact
on the morphology of the crystals, but not on the phase composition in the final product. In
the case of the NaF synthesis, changing the Mn/NaF ratio led to the formation of products
with lower crystallinity or a MnCIT-NaF and MnCIT mixed-phase system.

2.2. Crystal Structures

Single-crystal X-ray diffraction analysis revealed two layered manganese(II) carboxy-
late structures, MnCit-HF and MnCit-NaF. The atomic parameters of both crystal structures
are presented in Table 52, with bond distances and angles in Table S3. The +2 oxidation
state of manganese was also confirmed by bond valence sum calculations, BVS (Table S5).

The ORTEP drawing of the asymmetric unit of MnCit-HF with the formula [Mn;
(CsH507)(H20),F] is shown in Figure 2 (top). There are two different crystallographic
manganese sites of manganese(II) central ions, Mn(1) and Mn(2). As shown in Figure 2
(bottom), the Mn(1) ion has a slightly distorted octahedral coordination composed of five
oxygen atoms and one fluorine atom. The Mn(2) ion has a distorted pentagonal bipyramidal
geometry constructed of six oxygen atoms and one fluorine atom. Mn(1) and Mn(2) are
interconnected by a bridge of citrate and fluoride ligands. Each citrate ion is, via all its
seven O atoms, coordinated to four manganese(Il) central ions.

Figure 2. (top) The asymmetric unit of MnCit-HF with labeling of non-hydrogen atoms. Ellipsoids
are drawn on a 50% probability level; (bottom) the coordination of Mn(1) and Mn(2) atoms in
MnCit-HF (bottom).
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Polyhedrons of Mn(2) and Mn(1)-octahedrons are then interconnected through the F
linkers into a layer parallel with the ab plane. Layers are stacked along the c-axis (Figure 3).
The structure is stabilized by O-H...O and O-H. . .F hydrogen bonds. The hydrogen-bonding
geometry (A, °) is summarized in Table S4. The number and orientation of H-bonds confirm
the proposed structural model, with terminal aqua and bridging fluoride ligands.

Figure 3. View of the MnCit-HF structure along the a-axis. Hydrogen bonds are colored light blue.

The formula of MnCit-NaF is Na(HO),[Mn3(CsH507)2(H,O)F]. The asymmetric unit
is presented in Figure 4. Several atoms lie in special positions: Na, O2w, O3w, Hlw3, and
H2w3 lie on the same mirror plane, while Mn1, F, and Olw lie on another, symmetry-related
mirror plane. Both manganese (II) central ions, Mn(1) and Mn(2) are in an octahedral
coordination environment (Figure 4). Sodium cations are coordinated by four oxygen
atoms from two citrate ions and by two water molecules. The coordination polyhedron is a
distorted trigonal prism. The fluoride ion is part of the coordination environment of Mn
octahedra and is bonded to three Mn atoms. The two Mn(2) octahedra share one edge. Each
citrate ion is coordinated to a sodium cation via two O atoms and to four manganese(II)
cations via six O atoms—O5 is bonded to Na and Mn(2). With all these connections, layers
parallel to the ab plane are formed. As is shown in Figure 5, such planes are stacked along
the c-axis. Layers are connected by O-H. . .O intermolecular hydrogen bonds between water
molecules from neighboring planes. The geometric parameters of hydrogen bonds are
given in Table 54.

In hopes of gaining further structural information about the fluorine in the structures,
MAS NMR measurements were attempted for both 1°F and 2*Na (Section S2). In the 2Na
spectra of the MnCIT-NaF sample, we could observe one main contribution at around
—20 ppm, with a very small contribution at around 20 ppm; the second contribution is
most likely some small Na impurity not removed by the washing step. The °F spectra of
both appear to only have one contribution, which can be attributed to the PTFE that the
rotors are made of. A reference MnF3; sample was recorded under the same conditions,
and the main peak of pure MnF3 (—122 ppm) overlaps greatly with the PTFE signal. The
overlap in peak positions in combination with the seemingly larger peak broadening than
expected leads to the samples being not suitable for °F ssNMR study.

2.3. Analysis of Thermal Properties

Variable-temperature powder X-ray diffraction (HTXRD) was used to investigate the
thermal stability of the three citrates (Figure 6). All three materials studied retain their
crystallinity up to 200 °C, with both fluorine phases showing some residual diffraction at
250 °C despite a significant loss of crystallinity. The observed structural stability is in line
with TGA-observed mass loss (Figure S5). In general, it appears that the incorporation
of fluorine did not significantly affect the thermal stability of the Mn citrates. Only in
the case of MnCit was a crystalline Mn,O3 phase observed after thermal decomposition;
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in the fluorinated samples, the only peak observed was the broad peak at around 7 °26,
which belongs to the sample holder. We anticipate that the nature of the layered structures
of both fluorine samples may lead to slower oxide formation kinetics, compared to the
chain-like fluoride-free sample, which is why no crystalline oxide formation was observed
in the HTXRD.

Figure 4. (top) The asymmetric unit of MnCit-NaF with labeling of non-hydrogen atoms. Ellipsoids
are drawn on 50% probability: (bottom) the coordination of Mn1, Mn2, and Na atoms in MnCit-NaF.

Figure 5. View of the MnCit-NaF structure along the a-axis. Hydrogen bonds are presented in light blue.
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Figure 6. X-ray thermodiffractogram of (a) MnCit-HF, (b) MnCit-NaF, and (c) MnCit. In (c), the main
peak of the formed crystalline Mn, O3 is highlighted.

2.4. Mesoporous Oxide Formation

With HTXRD showing that the formation of Mn, O3 starts at around 400 °C and that
the peaks narrow up to 550 °C, we decided to calcine our samples in air at 550 °C. The

products successfully calcined in air were denoted with K-. PXRD analysis (Figure 7)
showed that Mn,O3 was obtained in the case of MnCit and MnCit-HF The MnCit-NaF
sample showed a lot of additional peaks, some of which we could assign to MnF;, NaF, and

Mn30O;4. The presence of additional phases can be potentially explained due to the presence

of Na in the structure and possibly due to shorter distances between Mn in MnCit-NaF

compared to the other two phases.

N, physisorption experiments (Section S3) were then performed on the samples to
determine the textural properties of obtained pure oxides. K-MnCit and K-MnCit-HF had
St values of 19 m?/g and 15 m? /g, respectively. Modeling of the pore size distribution

(Figure 8), in combination with the use of the t-plot method, reveals that while both had

apparent microporosity, it was very low, with both samples exhibiting micropore volumes
of 0.001 mL/g (K-MnCit) and 0.002 mL/g (K-MnCit-HF). K-MnCit-NaF had the lowest
Sppr of 14 m?/ g and the same micropore volume as K-MnCit. Looking at the total pore

volume, we see that MnCit, with 0.14 mL/g, had almost triple the total pore volume of
K-MnCit-HF, which had a total pore volume of 0.048 mL /g, while K-MnCit-NaF had the
lowest total pore volume, with 0.033 mL/g. All prepared oxides had comparable total pore

volumes to the ones prepared from Mn-MIL-100 [14], with all samples showing at least
double the surface area of the 3D MOF-derived samples.
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PXRD of Calcined samples
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Figure 7. PXRD of calcined samples, with calculated reference diffractograms from PDF cards of
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Figure 8. N, physisorption determined pore size distribution.

SEM imaging (Figure 9) showed no significant differences between the two Na-free
samples, with both showing agglomerated particles. The outlier was K-MnCit-NaF, where
SEM images showed distinct needle-like particles, in accordance with the PXRD results,

where multiple phases were determined.
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Figure 9. SEM images of Mn citrate-derived oxides, K-MnCit, K-MnCit-HF, and K-MnCit-NaF.

2.5. Carbonization of the Samples

We then decided to also test out the prepared materials for the preparation of porous
carbon with metal oxide particles. This was achieved through carbonization of the samples,
denoted with C-. An additional 50 °C increase in thermal treatment temperature in Ar was
used, just in case, to hopefully achieve single-phase oxide products on porous carbon. PXRD
analysis (Figure 10) of the prepared carbonized samples shows that in all cases, MnO was
formed as the main product. A pure MnO@C product was determined only for C-MnCit. In
the case of the other two, some additional phases, i.e., MnFy, Mn3Oj, and NaF, were present
in the PXRD. The SEM images (Figure 11) of C-MnCit-HF show that very large particles of
parent-MnCit materials were retained. The C-MnCit sample revealed needle-like particles on
which multiple small crystallites could be observed, while the C-MnCit-NaF samples seemed
to contain the least uniform particles, with overall smaller particles.

For the prepared materials, the N; isotherms were collected (Section S3), and this
time, we observed the same trend in porosity. C-MnCit-HF had higher microporosity and
a slightly larger surface area at 83 m?/g, while the C-MnCit sample had a slightly higher
Sger Of 99 m?/ g. The C-MnCit-NaF sample had a Sggt of 78 m?/ g. What we can observe is
a switch in the trend of the oxides. Here, the highest V., was determined for C-MnCit-HF
(0.14 mL/g), followed by C-MnCit-NaF (0.097 mL/g) and finally C-MnCit (0.07 mL/g).
Similarly, C-MnCit had the highest micropore volume (0.024 mL/g), followed by C-MnCit-
HF (0.012 mL/g), while C-MnCit-NaF exhibited almost no microporosity (0.006 mL/g).
EDS mapping was performed to ensure homogeneity of the Mn distribution; in all three
samples, Mn was found to be homogenously dispersed throughout the sample (Section S4).
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PXRD of Carbonised samples
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Figure 10. PXRDs of carbonized samples; the reference diffractograms were obtained from the
individual PDF cards.

Figure 11. SEM images of carbonized samples: C-MnCit-HF (top left), C-MnCit-NaF (top right), and

C-MnCit (bottom).

Both sodium-free samples therefore led to comparable hierarchically porous carbon

supports with homogenously incorporated oxide nanoparticles. As such, they can poten-
tially be suitable for various catalytic applications [15,20].
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3. Materials and Methods
3.1. Materials

Manganese(Il) acetate tetrahydrate (Mn(AcO),.4H,0, 99%, Fluka, Dorset, UK), citric
acid (HCit (99.8%, Baker, Den Helder, NL, USA), hydrofluoric acid—HF (40%, Merck,
Darmstadt, Germany), sodium fluoride (NaF), and ethanol (EtOH, 97%) were obtained
commercially. Water was deionized in-house.

3.2. Synthesis

Synthesis of the products was performed using reaction gels with the following molar
ratios of reactants: 1 Mn(CH3COO),.4 H,O : 1 C¢HgOy : 56 H,O : 43 C,H50H : 0.5 XF (for
HF and NaF synthesis). Manganese(II) acetate tetrahydrate (2.45 g, 0.01 mol) was dissolved
in water (10.08 g, 0.56 mol). Citric acid (1.92 g, 0.01 mol) was dissolved in ethanol (19.78 g,
0.43 mol), separately. Both solutions were merged together and stirred for 5 min at room
temperature. For the HF-based synthesis, at this stage, HF (0.26 g 40% HEF, 0.005 mol) was
added dropwise to the reaction mixture. For the NaF synthesis, anhydrous salt (0.21 g,
0.005 mol) was added to the Mn precursor solution.

The final gels were moved into Teflon-lined autoclaves (50 mL) and heated at
150 °C for 5 days. After cooling to room temperature, the products were filtered, washed
with deionized water, and dried in a ventilation oven at 50 °C. The products were named
MnCit-HT and MnCit-NaF, respectively. In the case of HF synthesis, a small amount of
white powder, attributed to MnCit impurities, was removed from the pink crystals by
washing in an ultrasound bath.

For MnCit synthesis, the fluorine source was omitted, due to a lack of formation of
large crystal particles, and the ultrasound washing step was omitted.

The synthesized layered manganese citrates were then calcined in airflow at 550 °C
for five hours with a heating rate of 10 °C/min. The products were named K-MnCit,
K-MnCit-HT, and K-MnCit-NaF.

Carbonization of the synthesized manganese citrates was carried out at 600 °C for
five hours in Ar with a heating rate of 2 °C/min. The products were named C-MnCit,
C-MnCit-HT, and C-MnCit-NaF.

3.3. Characterization

The obtained products were checked for crystallinity and phase purity by collecting
powder X-ray diffraction data (PXRD) on a PANanalytical X'Pert PRO high-resolution
diffractometer (Malvern Panalytical, Malvern, UK) using CuK«1 radiation (1.5406 A)in the
26 range from 3 to 50° (100 s per step 0.017° 28) with a fully opened X’Celerator detector.
The diffractograms were analyzed with the HighScore Plus 4.9 program package (Malvern
Panalytical, Malvern, UK). Characterization and purity of single-phase samples of MnCit,
MnCit-HF, and MnCit-NaF were confirmed by Rietveld refinement, which was performed
with the Topas2.1 program (Bruker AXS, Karlsruhe, Germany). We have refined the scale
factor, zero error, background, crystal size, strain parameters, and unit cell parameters.

The size, form, and morphology of the crystals were studied with a SUPRA 35 VP
scanning electron microscope (SEM) (Carl Zeiss, Jena, Germany) and an Aztec energy
dispersion spectrometer (Oxford Instruments, Oxford, UK). An energy-dispersive X-ray
microanalyzer (EDX) connected to a scanning electron microscope was used to determine
the amount of manganese and carbon in gold-coated samples.

Single-crystal diffraction data of MnCit-HF and MnCit-NaF compounds were collected
using MoKu radiation and omega scans at 150.0(1) K on an Agilent SuperNova dual-
source diffractometer with an Atlas detector and mirror monochromator (Agilent, Santa
Clara, CA USA). The data were processed using CrysAlisPro 2024 version 1.171.43.121a
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(Rigaku Oxford Diffraction, Yarnton, UK), with multi-scan empirical absorption correction.
Structures were solved by direct methods using SIR97 [40]. A full-matrix, least-squares
refinement on F? was employed with anisotropic temperature-displacement parameters
for the non-hydrogen atoms. H atoms in all structures were observed in difference Fourier
maps. Nevertheless, H atoms from methylene groups were placed at calculated positions
and treated as riding. H atoms bonded to oxygen atoms were located in the difference
Fourier maps. For the refinement of the positions of H atoms from water molecules,
restraints were applied to O-H bonds. The position of the F atom was determined on
the basis of (a) chemically reasonable position in the structure according to literature
data, (b) electroneutrality of the structure, (c) difference map calculations, which clearly
revealed the presence of water ligands, not OH bridges, between two Mn atoms, (d) critical
examination of temperature factors, and, finally, (e) examination of the hydrogen bonding
scheme. SHELXL-2018/3 software [41] was used for structure refinement and interpretation.
Drawings of the structures were produced using ORTEPIII [42] and Mercury [43]. Details on
crystal data, data collection, and structure refinement are given in Supplementary Materials
in Table S1. All crystallographic details for both structures have also been deposited in
the Cambridge Crystallographic Data Centre as deposition numbers 2435004 and 2435005,
respectively. These data can be obtained free of charge via https://www.ccdc.cam.ac.uk/
structures/ accessed on 12 April 2025 (or from the CCDC, 12 Union Road, Cambridge CB2
1EZ, UK; fax: +44 1223 336033; e-mail: deposit@ccdc.cam.ac.uk).

Nitrogen physisorption isotherms were recorded at —196 °C using the Autosorb
iQ3 (Quantachrome, Boynton Beach, FL, USA). Before adsorption analysis, the samples
were degassed under a vacuum for 10 h at 150 °C. The Brunauer-Emmett-Teller (BET)
specific surface area was calculated from adsorption data in the relevant pressure range
as determined using the Roquerol plot method. The t-plot method was used to determine
micropore volume. Pore size distribution was determined using the enclosed software
(ASIQwin 5.21) using the DFT pore size distribution function.

Solid-state magic angle spinning (MAS) nuclear magnetic resonance (NMR) spectra
were recorded on a Bruker AVANCE NEO 400 MHz NMR spectrometer (Bruker, Billerica,
MA, USA) equipped with a 4 mm CP-MAS probe. The Larmor frequencies of 2Na and F
were 105.84 MHz and 376.51 MHz, respectively. Sample MAS frequencies were 15 kHz for
the measurements. The 2*Na spectra were acquired using a single 7t/2 pulse sequence with
a duration of 1.5 ps, 1200 scans, and a delay between scans of 0.5 s. The F spectra were
acquired using a Hahn echo pulse sequence of 71/2 and 7t pulses with varying durations. In
the case of the MnFj3 spectra, 2.5 ps and 5.0 ps, respectively, 28 scans, and a delay between
scans of 1 s was used. The '°F spectra of MnCIT-HF and MnCIT-NaF were measured with
pulse lengths of 2.8 us and 5.6 us, respectively, 230 scans, and a delay between scans of
300 s. The shift axis in all spectra was referenced to an external reference of adamantane.

Thermogravimetric analysis (TGA) was performed on a TA Instruments Q5000 sample
processor (TA Instruments, New Castle, DE, USA). The measurements were carried out in
a continuous airflow (25 mL/min air), by heating samples from 25 °C to 650 °C at a rate
of 10 °C/min.

The thermal behavior of the materials was also studied using high-temperature X-ray
diffraction (HT XRD) in a vacuum on a PANalytical X'Pert PRO HTK (Malvern Panalytical,
Malvern, UK) diffractometer (CuK« A = 1.5406 A radiation) in the 50-650 °C temperature
range. The XRD patterns were collected using continuous scanning mode over a 26 range
of 5-50°, with a scanning speed of 0.013° and a counting time of 100 s per step.
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4. Conclusions

The use of fluorine in the synthesis of manganese carboxylates revealed two new
layered structures. In MnCit-HF, fluorine is incorporated in the structure at the bridg-
ing site between two manganese atoms, while in MnCit-NaF, fluorine acts as a triden-
tate ligand connecting three Mn polyhedra. Comparison with the crystal structures ob-
tained from the same ratio of manganese and citric acid [30,31,34,35], but in a fluorine-
free synthesis, revealed that the addition of HF significantly changed the crystallization
mechanisms, which resulted in the new structures. The structure-directing role of HF
was already observed in some inorganic porous materials [38] and was thus transferred
to manganese citrates.

The obtained products, together with a fluorine-free Mn citrate, were tested as sac-
rificial precursors for mesoporous oxide and hierarchically porous carbon formation. In
the case of K-MnCit-NaF and C-MnCit-HF, multi-phase products were obtained. All three
sample-derived oxides showed some mesoporosity, with the MnCit-HF-derived oxide
having the smallest pores and the MnCit-derived oxide having the largest pores. In the
case of the derived carbons, the HF-free sample showed more microporosity, while the
MnCit-HF-derived sample showed more mesoporosity, as evidenced by the higher total
pore volume of the sample.

The data obtained confirmed that thermal treatment of the materials resulted in
porous products that have further potential as catalysts, depending on the required micro-
/meso-/macroporosity of the catalyst and the compatibility of the reaction with the added
impurities, which require further studies.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /molecules30081794/s1, Section S1 (Tables S1-S5) with crystallo-
graphic data, References [44,45] are cited in the Supplementary Materials. Section S2 ssNMR spectra.
Section S3 N, isotherms and pore size distribution, TGA data, and Section S4 EDX mapping results
for carbonized samples.

Author Contributions: A.S., synthesis of MnCit-NaF and MnCit; synthesis of oxides and car-
bons; characterization; writing—draft expansion; review and editing. E.T., synthesis of MnCit-HF;
writing—original draft preparation. M.O., SEM and EDS characterization of samples; interpretation
of results. M.G., ssNMR. A.G,, single-crystal structure analysis; writing—editing. N.Z.L., visualization,
writing—editing; supervision. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the Slovenian Research and Innovation Agency: P1-0021;
The Slovenian Research and Innovation Agency: P2-0423; The Slovenian Research and Innovation
Agency: P1-0175; The Slovenian Research and Innovation Agency: 10-0022.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: AIF files available upon request.

Acknowledgments: The authors would like to thank Edi Kranjc for XRD measurements. We would
also like to thank the Slovenian NMR Centre for access to NMR equipment, as well as the Centre for
Research Infrastructure at the University of Ljubljana, Faculty of Chemistry and Chemical Technology
for access to the single-crystal diffractometer.

Conflicts of Interest: The authors declare no conflicts of interest.


https://www.mdpi.com/article/10.3390/molecules30081794/s1
https://www.mdpi.com/article/10.3390/molecules30081794/s1

Molecules 2025, 30, 1794 13 of 14

References

1. Pudlo, M.; Demougeot, C.; Girard-Thernier, C. Arginase Inhibitors: A Rational Approach Over One Century. Med. Res. Rev. 2017,
37,475-513. [CrossRef] [PubMed]

2. Alejandro, S.; Holler, S.; Meier, B.; Peiter, E. Manganese in Plants: From Acquisition to Subcellular Allocation. Front. Plant Sci.
2020, 11, 300. [CrossRef] [PubMed]

3. Tusar, N.N.; Maucec, D.; Rangus, M.; Arcon, I.; Mazaj, M.; Cotman, M.; Pintar, A.; Kauci¢, V. Manganese Functionalized Silicate
Nanoparticles as a Fenton-Type Catalyst for Water Purification by Advanced Oxidation Processes (AOP). Adv. Funct. Mater. 2012,
22,820-826. [CrossRef]

4. TuSar, N.N,; Risti¢, A.; Mali, G.; Mazaj, M.; Arcon, I.; Ar¢on, D.; Kauci¢, V.; Logar, N.Z. MnOx Nanoparticles Supported on a New
Mesostructured Silicate with Textural Porosity. Chem. A Eur. ]. 2010, 16, 5783-5793. [CrossRef]

5. Tusar, N.N.; Mali, G.; Ar¢on, I; Kauéi¢, V.; Ghanbari-Siahkali, A.; Dwyer, J. Framework cobalt and manganese in MeAPO-31
(Me=Co, Mn) molecular sieves. Microporous Mesoporous Mater. 2002, 55, 203-216. [CrossRef]

6.  Tusar, N.N.; Logar, N.Z.; Arcon, I; Thibault-Starzyk, F.; Risti¢, A.; Raji¢, N.; Kauci¢, V. Manganese-Containing Silica-Based
Microporous Molecular Sieve MnS-1: Synthesis and Characterization. Chem. Mater. 2003, 15, 4745-4750. [CrossRef]

7. éuligoj, A.; Trendafilova, I.; Maver, K.; Pintar, A.; Risti¢, A.; Drazi¢, G.; Abdelraheem, WH.M.,; Jagli¢i¢, Z.; Arcon, I.; Logar, N.Z.; et al.
Multicomponent Cu-Mn-Fe silica supported catalysts to stimulate photo-Fenton-like water treatment under sunlight. J. Environ.
Chem. Eng. 2023, 11, 110369. [CrossRef]

8. Zhou, H,; Su, W,; Xing, Y,; Wang, J.; Zhang, W.; Jia, H.; Yue, T. Progress of catalytic oxidation of VOCs by manganese-based
catalysts. Fuel 2024, 366, 131305. [CrossRef]

9.  Kuo, C.-H.; Mosa, LM.; Poyraz, A.S.; Biswas, S.; El-Sawy, A.M.; Song, W.; Luo, Z.; Chen, S.-Y.; Rusling, J.F.; He, J.; et al. Robust
Mesoporous Manganese Oxide Catalysts for Water Oxidation. ACS Catal. 2015, 5, 1693-1699. [CrossRef]

10. Pilgrim, B.S.; Champness, N.R. Metal-Organic Frameworks and Metal-Organic Cages—A Perspective. Chempluschem 2020,
85, 1842-1856. [CrossRef]

11. Deng, A.;Yin, Y,; Liu, Y,; Xu, Y.; He, H.; Yang, S.; Qin, Q.; Sun, D.; Li, S. Unlocking the potential of MOF-Derived Carbon-Based
nanomaterials for water purification through advanced oxidation processes: A comprehensive review on the impact of process
parameter modulation. Sep. Purif. Technol. 2023, 318, 123998. [CrossRef]

12.  Cui, S; Tang, Y.; Cui, W,; Li, G.; Xiao, X,; Tao, K.; Han, L. Self-sacrificing MOF-74 to amorphous CoMo0S4 hollow tube with
nanosheet surface for high stability supercapacitors. J. Alloys Compd. 2024, 1003, 175709. [CrossRef]

13. Ding, B.; Wang, J.; Chang, Z.; Xu, G.; Hao, X.; Shen, L.; Dou, H.; Zhang, X. Self-Sacrificial Template-Directed Synthesis of
Metal-Organic Framework-Derived Porous Carbon for Energy-Storage Devices. ChemElectroChem 2016, 3, 668—674. [CrossRef]

14. Zhang, X.; Li, H.; Hou, F; Yang, Y.; Dong, H.; Liu, N.; Wang, Y.; Cui, L. Synthesis of highly efficient Mn,Oj3 catalysts for CO
oxidation derived from Mn-MIL-100. Appl. Surf. Sci. 2017, 411, 27-33. [CrossRef]

15. Cheng, H.; Li, J.; Meng, T.; Shu, D. Advances in Mn-Based MOFs and Their Derivatives for High-Performance Supercapacitor.
Small 2024, 20, 2308804. [CrossRef]

16. Yin, C,; Pan, C.-L.; Pan, Y.; Hu, J. Hollow Mn-Co-O@C Yolk-Shell Microspheres with Carbon Shells as Cathodes Derived from a
Double-Metal MOF for Aqueous Zinc-Ion Batteries. ACS Sustain. Chem. Eng. 2023, 11, 12397-12405. [CrossRef]

17.  Zhang, J; Liu, Y.; Wang, T.; Fu, N.; Yang, Z. Manganese-based MOF interconnected carbon nanotubes as a high-performance
cathode for rechargeable aqueous zinc-ion batteries. J. Energy Storage 2024, 76, 109873. [CrossRef]

18. Pan, Y, Sun, K, Liu, S.; Cao, X.;; Wu, K,; Cheong, W.-C.; Chen, Z.; Wang, Y.; Li, Y,; Liu, Y;; et al. Core-Shell ZIF-8@ZIF-67-Derived CoP
Nanoparticle-Embedded N-Doped Carbon Nanotube Hollow Polyhedron for Efficient Overall Water Splitting. J. Am. Chem. Soc. 2018,
140, 24. [CrossRef]

19. Li, R.; Crystengcomm; Nagamuthu, S.; Ryu, K.-S. MOF-derived microstructural interconnected network porous Mn,0O3/C as
negative electrode material for asymmetric supercapacitor device. CrystEngComm 2019, 21, 1442-1451. [CrossRef]

20. Singh, A.; Singh, B.; Verma, S. Manganese-Based Metal-Organic Frameworks and Their Derivatives for Electrochemical Water
Splitting: Recent Advances and Future Outlook. Chem. Asian J. 2025, 20, €202401522. [CrossRef]

21. Lai, L.S; Yeong, Y.F; Ani, N.C.; Lau, K.K,; Shariff, A.M. Effect of Synthesis Parameters on the Formation of Zeolitic Imidazolate
Framework 8 (ZIF-8) Nanoparticles for CO, Adsorption. Part. Sci. Technol. 2014, 32, 520-528. [CrossRef]

22. Wang, B.R,; Hu, Y,; Pan, Z,; Wang, ]. MOF-derived manganese oxide/carbon nanocomposites with raised capacitance for stable
asymmetric supercapacitor. RSC Adv. 2020, 10, 34403-34412. [CrossRef] [PubMed]

23. Li, W,; Zhang, W.; Hao, S.; Wu, H. Bimetal Metal-Organic Framework-Derived Ni-Mn@Carbon/Reduced Graphene Oxide as a
Cathode for an Asymmetric Supercapacitor with High Energy Density. Langmuir 2023, 39, 12510-12519. [CrossRef] [PubMed]

24. Su, R; Wang, Z.; Zhao, M.; Xiao, F; Zhang, L.; Yang, L.; Wu, Z.; Bai, J.; He, P. MOF/bacterial cellulose derived octahedral

MnO/ carbon nanofiber network: A hybrid for peroxymonosulfate activation toward degradation of tetracycline. J. Alloys Compd.
2023, 968, 171896. [CrossRef]


https://doi.org/10.1002/med.21419
https://www.ncbi.nlm.nih.gov/pubmed/27862081
https://doi.org/10.3389/fpls.2020.00300
https://www.ncbi.nlm.nih.gov/pubmed/32273877
https://doi.org/10.1002/adfm.201102361
https://doi.org/10.1002/chem.200902851
https://doi.org/10.1016/S1387-1811(02)00404-3
https://doi.org/10.1021/cm031091c
https://doi.org/10.1016/j.jece.2023.110369
https://doi.org/10.1016/j.fuel.2024.131305
https://doi.org/10.1021/cs501739e
https://doi.org/10.1002/cplu.202000408
https://doi.org/10.1016/j.seppur.2023.123998
https://doi.org/10.1016/j.jallcom.2024.175709
https://doi.org/10.1002/celc.201500536
https://doi.org/10.1016/j.apsusc.2017.03.179
https://doi.org/10.1002/smll.202308804
https://doi.org/10.1021/acssuschemeng.3c02847
https://doi.org/10.1016/j.est.2023.109873
https://doi.org/10.1021/jacs.7b12420
https://doi.org/10.1039/C8CE01683F
https://doi.org/10.1002/asia.202401522
https://doi.org/10.1080/02726351.2014.920445
https://doi.org/10.1039/D0RA05494A
https://www.ncbi.nlm.nih.gov/pubmed/35514378
https://doi.org/10.1021/acs.langmuir.3c01747
https://www.ncbi.nlm.nih.gov/pubmed/37667672
https://doi.org/10.1016/j.jallcom.2023.171896

Molecules 2025, 30, 1794 14 of 14

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Ebrahimi-Koodehi, S.; Ghodsi, FE.; Mazloom, J. Ni/Mn metal-organic framework decorated bacterial cellulose (Ni/Mn-
MOF@BC) and nickel foam (Ni/Mn-MOF@NF) as a visible-light photocatalyst and supercapacitive electrode. Sci. Rep. 2023,
13, 19260. [CrossRef]

Li, W.-Z; Guo, E-Y,; Li, J.; Zhang, X.-S.; Liu, Y.; Luan, J. Fabrication of bimetallic MOF-74 derived materials for high-efficiency
adsorption of iodine. Dalt. Trans. 2024, 53, 13370-13383. [CrossRef]

Ni, C.; Chen, R.; Hao, C; Lu, Y;; Wu, J.; Shen, Y.; Wang, X. High-performance asymmetric supercapacitor constructed by
MOF-derived Mn-Ni-Co sulfide hollow cages and Typha pollen-derived carbon. J. Alloys Compd. 2023, 960, 170807. [CrossRef]
Jiang, J.; Huang, L.; Liu, X.; Ai, L. Bioinspired Cobalt-Citrate Metal-Organic Framework as an Efficient Electrocatalyst for Water
Oxidation. ACS Appl. Mater. Interfaces 2017, 9, 7193-7201. [CrossRef]

Tseng, M.Y.; Su, YH.,; Lai, Y.S.; Pan, E; Kung, PY. Cobalt-Citrate Metal-Organic-Framework UTSA-16 on TiO, Nanoparticles. In
Proceedings of the IOP Conference Series: Materials Science and Engineering; Institute of Physics Publishing: London, UK, 2020;
Volume 720, p. 012008.

Deng, Y.F,; Zhou, Z.H. Manganese citrate complexes: Syntheses, crystal structures and thermal properties. . Coord. Chem. 2009,
62,778-788. [CrossRef]

Matzapetakis, M.; Karligiano, N.; Bino, A.; Dakanali, M.; Raptopoulou, C.P; Tangoulis, V.; Terzis, A.; Giapintzakis, J.; Salifoglou,
A. Manganese citrate chemistry: Syntheses, spectroscopic studies, and structural characterizations of novel mononuclear,
water-soluble manganese citrate complexes. Inorg. Chem. 2000, 39, 4044-4051. [CrossRef]

Deng, Y.E; Zhou, Z.H.; Wan, H.L.; Ng, S.W. A-aqua-S-citrato(2—)manganese(Il). Acta Crystallogr. Sect. E Struct. Rep. Online 2003,
59, m310-m312. [CrossRef]

Glusker, ].P; Carrell, H.L. X-Ray crystal analysis of the substrates of aconitase. XI. Manganous citrate decahydrate. J. Mol. Struct.
1973, 15, 151-159. [CrossRef]

Xie, ET.; Duan, L.M.; Chen, X.Y.; Cheng, P; Xu, ].Q.; Ding, H.; Wang, T.G. Solvothermal synthesis and characterization of 2D to
3D metal-citrate coordination polymer linked by K+ ions: {K[Mn(C¢H507)(HyO)]}n. Inorg. Chem. Commun. 2005, 8, 274-277.
[CrossRef]

Wang, W.; Zhang, X.; Chen, F,; Ma, C.; Chen, C.; Liu, Q.; Liao, D.; Li, L. Homo- and hetero-metallic manganese citrate complexes:
Syntheses, crystal structures and magnetic properties. Polyhedron 2005, 24, 1656-1668. [CrossRef]

Qiu, H.; Pan, S.; Mutailipu, M. Fluorination strategy toward chemical and functional modification. Fundam. Res. 2025, 5, 640-653.
[CrossRef]

Majekodunmi, T.; Britton, D.; Montclare, ] K. Engineered Proteins and Materials Utilizing Residue-Specific Noncanonical Amino
Acid Incorporation. Chem. Rev. 2024, 124, 9113-9135. [CrossRef]

Zabukovec Logar, N.; Mali, G.; Rajic, N.; Jevtic, S.; Rangus, M.; Golobic, A.; Kaucic, V. Structure investigation of fluorinated
aluminophosphate ULM-3 Al templated by 3-methylaminopropylamine. J. Solid State Chem. 2010, 183, 1055-1062. [CrossRef]
He, S.; Zhou, X; Li, Z.; Wang, ].; Ma, L.; Yang, S. Fluorine Doping Strengthens the Lithium-Storage Properties of the Mn-Based
Metal-Organic Framework. ACS Appl. Mater. Interfaces 2017, 9, 26907-26914. [CrossRef]

Altomare, A.; Burla, M.C.; Camalli, M.; Cascarano, G.L.; Giacovazzo, C.; Guagliardi, A.; Moliterni, A.G.G.; Polidori, G.; Spagna, R.
SIR97: A new tool for crystal structure determination and refinement. J. Appl. Crystallogr. 1999, 32, 115-119. [CrossRef]
Sheldrick, G.M. IUCr SHELXT-Integrated space-group and crystal-structure determination. Acta Crystallogr. Sect. A
Found. Crystallogr. 2015, 71, 3-8. [CrossRef]

Farrugia, L.J. ORTEP -3 for Windows—A version of ORTEP -III with a Graphical User Interface (GUI). J. Appl. Crystallogr. 1997,
30, 565. [CrossRef]

Macrae, C.E; Sovago, L.; Cottrell, S.J.; Galek, P.T.A.; McCabe, P.; Pidcock, E.; Platings, M.; Shields, G.P.; Stevens, J.S.; Towler,
M.; et al. Mercury 4.0: From visualization to analysis, design and prediction. J. Appl. Crystallogr. 2020, 53, 226-235. [CrossRef]
[PubMed]

Brown, I.D. Recent developments in the methods and applications of the bond valence model. Chem. Rev. 2009, 109, 6858-6919.
[CrossRef] [PubMed]

(IUCr) Bond Valence Parameters. Available online: https:/ /www.iucr.org/resources/data/datasets/bond-valence-parameters
(accessed on 12 April 2025).

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1038/s41598-023-46188-8
https://doi.org/10.1039/D4DT01554A
https://doi.org/10.1016/j.jallcom.2023.170807
https://doi.org/10.1021/acsami.6b16534
https://doi.org/10.1080/00958970802376257
https://doi.org/10.1021/ic9912631
https://doi.org/10.1107/S1600536803009383
https://doi.org/10.1016/0022-2860(73)87015-2
https://doi.org/10.1016/j.inoche.2004.12.023
https://doi.org/10.1016/j.poly.2005.04.031
https://doi.org/10.1016/j.fmre.2023.08.017
https://doi.org/10.1021/acs.chemrev.3c00855
https://doi.org/10.1016/j.jssc.2010.02.020
https://doi.org/10.1021/acsami.7b07843
https://doi.org/10.1107/S0021889898007717
https://doi.org/10.1107/S2053273314026370
https://doi.org/10.1107/S0021889897003117
https://doi.org/10.1107/S1600576719014092
https://www.ncbi.nlm.nih.gov/pubmed/32047413
https://doi.org/10.1021/cr900053k
https://www.ncbi.nlm.nih.gov/pubmed/19728716
https://www.iucr.org/resources/data/datasets/bond-valence-parameters

	Introduction 
	Results and Discussion 
	Synthesis 
	Crystal Structures 
	Analysis of Thermal Properties 
	Mesoporous Oxide Formation 
	Carbonization of the Samples 

	Materials and Methods 
	Materials 
	Synthesis 
	Characterization 

	Conclusions 
	References

