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Introduction

Water-assisted proton conductivity and
a magnetic study of heterotrinuclear
oxalate-bridged compounds: molecular
precursors for the Mn,CrO,4 spinel

a

2 Tobias Wagner,® Kresimir Mol¢anov,
2 Michael Tiemann@° and

Ana Lozanci¢, (2@ Sanja Burazer,
Damir Paji¢, 12 ¢ Lidija Andro$ Dubraja,
Marijana Juri¢ (2 *@

Novel oxalate-bridged heterotrinuclear complexes [Al[MN,Cr{bpy)a(H20),Cl(C204)3] (A = (CH3)2(CoHs)NHT
(1) and (CH3)(CoHs)aNHY (2); bpy = 2,2'-bipyridine) were synthesized using an aqueous solution of
[Al3[Cr(C,04)3] as a building block in reaction with Mn?* jons and with the addition of the N-donor ligand
bipyridine. The isostructural heterometallic complex salts were characterized by single-crystal and powder
X-ray diffraction, infrared and impedance spectroscopy, thermal analysis and magnetization measurements.
The trinuclear anion [{Mn(bpy)(H>O)Cl(n-Cx04)}.Cr(C,04)] consists of two [Mn(bpy)(H,O)Cl* units bridged
by the [Cr(C,04)s1*~ anion, which acts as a bidentate ligand towards each of the manganese atoms. The
anions are hydrogen bonded to each other via coordinated chloride anions, water molecules and oxygen
oxalate atoms, resulting in two-dimensional (2D) hydrogen bonding layers. Compounds exhibit water-
assisted proton conductivity behaviour, which was investigated at different temperatures and relative
humidities (RH). At 25 °C, an increase in RH from 60% to 93% resulted in an obvious proton conducting
switch from 9.1 x 107 to 5.6 x 107> S cm * for 1 and from 7.4 x 107 to 1.8 x 107 ® S cm™* for 2,
corresponding to high on/off ratios of about 10° for 1 and 10* for 2. In situ powder X-ray diffraction (PXRD)
analysis showed that unit cell parameters of compounds 1 and 2 slightly increase when exposed to humid
conditions. This confirmed that incorporation of water molecules into structures with pores and voids
causes the proton conductivity switching phenomenon. Magnetic susceptibility measurements indicate a
ferromagnetic interaction between Cr** and Mn?* ions bridged by the bis(bidentate) oxalate group. The
prepared compounds 1 and 2 were explored as single-source precursors for the formation of spinel oxide
by their thermal treatment. With increasing temperature, the spinel composition changed according to the
formula Mn¢,Cro_,O4 (0 < x < 1), where x = 0.7 at 500 °C and x = 1 at 900 °C when
CUMN"PMN"'CrMO, is formed. The (micro)structure, morphology, and optical properties of spinel Mn,CrO4
were characterized by PXRD, scanning electron microscopy and UV-Vis diffuse reflectance spectroscopy.
The photocatalytic activity of this oxide in degradation of the methylene blue dye under Vis irradiation
without and with the support of hydrogen peroxide was further investigated.

as solid-state electrolytes in a variety of applications, for exam-
ple, in fuel cells and separation membranes. The study of

The development of proton-conductive materials in the solid
state has attracted considerable attention in materials science
and represents one of the greatest challenges, as they are used
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stimuli-responsive materials has also attracted great interest
in the interdisciplinary fields of materials science and chem-
istry in recent decades. This interest stems from the fact that all
living organisms and soft materials are naturally able to
respond and adapt to external stimuli. Due to their ability to
adapt to various stimuli such as an electric field, solvents, light,
heat and stress, these so-called ‘“smart materials” are finding
new applications in a variety of industries, including biomedi-
cine, biotechnology, renewable energy, data storage, imaging
and sensing, textiles, and smart coatings. The importance of
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proton transfer in living systems, in which electrical signals are
transmitted and processed by protonic currents, has sparked
interest in stimulus-induced proton (H') transport. In addition
to practical applications such as drug delivery, sensors, memory,
and display devices, the creation of artificial stimuli-responsive
proton conductors is of interest for a deeper understanding of
proton transport pathways.'™

Recently, attention has been drawn to metal-organic coor-
dination polymers as an emerging class of proton conducting
materials due to their low cost, ability to function at moderate
temperatures, highly customizable structures, high porosity and
controllable surface areas.”® In addition, proton-conducting coor-
dination compounds with dielectric switching behaviour in
response to external stimuli including electric fields, guest
molecules, and light have gained increasing attention in recent
years due to their potential applications in sensors, memory
devices, and display technologies. In particular, studies focus-
ing on humidity-induced switching of proton conductance have
identified water molecules as suitable triggers because of their
solid donor-acceptor capabilities and ease of control.™*™*3

It has been pointed out that the presence of a good proton
carrier and a hydrogen-bonded arrangement in a proton con-
ductor plays a crucial role. The number of protonated proton
carriers acting as proton donors, the number of non-protonated
sites acting as proton acceptors, and the effectiveness of the
proton transport pathway consisting of the hydrogen-bonding
network are the three conditions that must be met to obtain
good conductivity in coordination compounds.**" In general,
there are three main approaches for the construction of proton
conducting crystalline materials: (i) introduction of charged
proton carriers as counterions (NH," and H;O") during the
synthesis to maintain the neutrality of the framework;
(ii) incorporation of the acidic group such as non-coordinated
functional groups in organic ligands (e.g., —OH, —COOH,
—CONH,, —SO;H, and —POzH,) or coordination of protonated
molecules at the metal centers; and (iii) embedding charge-
neutral proton carriers (imidazole, triazole, and histamine) as
guests in the pores.”™ In addition to two- (2D) and three-
dimensional (3D) assemblies,">™"” low-dimensional structures
can also exhibit excellent proton conductivity properties via
hydrogen-bonding networks, as a small void space can be
advantageous for proton hopping.'®*%*172¢

The oxalate anion, C,0,>~, plays a key role in the development
and production of multifunctional materials due to its diverse
coordination possibilities to metal centers and its ability to
mediate in the electrical effects between paramagnetic metal
ions and successfully forms hydrogen-bonding networks. Using
the “building block chemistry” approach, many (hetero)poly-
nuclear species, namely, 2D and 3D anionic networks of the
general formula [My""M}/"(C,0,)],>* """, have been obtained. In
this approach, a metalloligand such as the tris(oxalato)metallate
anion [M"™(C,0,);]>~ is used as a ligand in reactions with other
metal cations. The templating counterions have an influence on
the topology of these compounds. By combining the intrinsic
properties of the host, especially the magnetic ones, with addi-
tional functionalities derived from the chosen guest molecules,
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very interesting multifunctional properties can be achieved.””*?
As these compounds have regular structures and stable frame-
works, they generally exhibit good water and chemical durability
under the influence of humidity and temperature. In addition,
the oxygen atoms of the oxalate group can form complex
hydrogen-bonded networks, which are more than suitable for
proton conduction. Therefore, 2D and 3D oxalate-bridged frame-
works have been extensively studied as proton conductive
materials.**™*®

Due to different compositions, flexibility, electron config-
urations and valence states, spinel oxides have intrinsic mag-
netic, optical, electrical and catalytic properties. Therefore, they
can be used in many areas of energy storage and conversion,
including electrochemical water splitting, metal-air batteries,
CO, reduction, solid oxide fuel cells and supercapacitors.
Generally, in the production of oxide materials, the chosen
synthesis process is decisive for the size, dispersity, morphology
and crystal structure of the final product, as well as other desired
properties.”” ! Using oxide, carbonate or nitrate precursors, solid-
state reactions are used in conventional ceramic processes to
produce transition metal oxides; these reactions often require
high processing temperatures. Controlling stoichiometry
and phase purity in these processes is a challenge.*”*®°%>3
An alternative synthetic route to mixed metal oxides, after
reconstructing of the molecular bonding topology and remov-
ing the supporting organic groups, is the use of heterometallic
coordination compounds as single-source precursors. The excel-
lent stoichiometric control over the metal ratio in the oxide
products is made possible by maintaining the elemental composi-
tion determined by the molecular precursor during a solid phase
transition.>*>’

In our previous works, in addition to the structural and mag-
netic properties, we also reported the high room-temperature
proton conductivity and the exceptional humidity-sensing
properties of heterometallic compounds obtained using an
aqueous solution of [A];[Cr(C,04);] [A = (CH;),(C,H5)NH" or
(CH3)(C,H;),NH'] as a complex ligand in reaction with other
metal ions.”>*® Motivated by these results, we have expanded
investigation of potential proton conducting heterometallic
compounds, using the same [A];[Cr(C,0,);] building block
in reactions with Mn>" ions and the N-donor ligand 2,2'-bi-
pyridine (bpy). Heterotrinuclear compounds [NH(CHj3),(C,Hs)]-
[Mn,Cr(bpy),(H,0),Cl,(C,0,4);] (1) and [NH(CH;)(CyHs),])-
[Mn,Cr(bpy),(H,0),Cl,(C,04)3] (2) were prepared and their
structural, magnetic, electrical and precursor properties were
investigated.

Considering the thermal decomposition of the metal-
organic complexes as a pathway to the oxide materials,>**
compounds 1 and 2 were effectively employed in the prepara-
tion of Mn,CrO,. To the best of our knowledge, this is the first
report of the one-step production of the spinel-like Mn,CrO,
oxide from heterometallic complexes. In this study, besides the
effects of heat treatment on the structural and microstructural
properties, the optical and photocatalytic>*®°® properties
of the material obtained from a molecular precursor were
investigated.

This journal is © The Royal Society of Chemistry 2025
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Results and discussion

Molecular and crystal structures of compounds 1 and 2

The dark bluish polyhedral crystals of compounds [A][{Mn(bpy)-
(H,0)Cl(-C,04)},Cr(C,04)] [A = (CHy)y(C,Hs)NH® (1) and
(CH;)(C,H;),NH" (2)] were obtained by slow evaporation of the
mixture of aqueous solutions containing the building block
[ALs[Cr(C,04)5] [A = (CH;),(C,Hs)NH' or (CH3)(C,Hs),NH'] and
MnCl,-4H,0 and an ethanolic solution of 2,2'-bipyridine in a
molar ratio of 1:2: 2. To include alkylammonium counterions as
proton carriers and to synthesise heterometallic systems suitable
for proton conductivity research, we used a building block
[Cr(C,0,);~ containing (CHj),(C,H5)NH" or (CH;)(C,H;s),NH"
as a counterion.”>*® The isostructural compounds [NH(CH,),-
(C,H5)][Mn,Cr(bpy),(H,0),Cl,(C,0,);] (1) and [NH(CH;)(C,Hs),]-
[Mn,Cr(bpy),(H20),Cl5(C,04)3] (2), crystallizing in the mono-
clinic space group C2/c, comprise an alkylammonium cation
(CH3),(C,H5)NH' (1) or (CH3)(C,Hs),NH" (2) and the heterotri-
nuclear oxalate-bridged anion [Mn(bpy)(H,O)Cl(n-C,0,4)Cr-
(C204)(1-C,04)Mn(bpy)(H,O)CI] ™ (Fig. 1). The trinuclear anion
can be considered to be composed of two [Mn(bpy)(H,0)CI]"
units bridged by the [Cr(C,0,);]>~ complex anion, which acts as
a bidentate ligand towards each of the manganese atoms
(Fig. 1(a)). The chromium atom is located on the twofold axis,
and the trinuclear unit has an approximate C2 symmetry.
In addition, the alkylammonium counterion is disordered over
two sites related by the inversion centre, so that each site is
exactly half occupied.

According to the Cambridge Structural Database®” (CSD),
compounds 1 and 2 are the first known trinuclear [Mn"'Cr'""M-
n"] compounds with oxalate bridges. A similar bonding topol-
ogy is found in two copper(u) compounds: [{Cu(terpy)(NO;)-
(1-C04)},Cr(C,04)] 1.5H,0-CH;0H (terpy = 2,2':6',2"-terpyridine)
and [{Cu(bpy)(11-C204)}Cr(C,0,4)]NO5-H,0.2**®  Compounds in
which Mn®" and Cr’* ions are connected by a bis(bidentate) oxalate
bridge and contain alkylammonium cations are usually 2D or 3D
coordination polymers.*®%%7>

The Cr1 atom is bonded to six O atoms arranged in a slightly
distorted octahedron. The Cr-O bonds are shorter for terminal
O atoms [Cr1-O5 = 1.964(4) A and 1.969(4) A for 1 and 2,
respectively] and longer for the bridging oxalate ligands [Cr1-
03 =1.988(3) for 1 and 1.984(3) A for 2, and Cr1-04 = 1.998(4) A
for 1 and 2.000(4) for 2]. Coordination of the manganese(u)
atom is a distorted octahedron, involving two N atoms from the
bpy molecule [Mn-N1 = 2.238(4) A (1) and 2.219(3) A (2) and
Mn-N2 = 2.250(5) A (1) and 2.246(4) A (2)], one O atom from the
oxalate bridge [Mn1-02 = 2.194(3) A and 2.189(4) A for 1 and 2,
respectively] and the water molecule in the basal plane [Mn-
07 =2.142(4) A for 1 and 2], together with another O atom from
the oxalate bridge [Mn1-O1 = 2.324(4) A and 2.311(4) A for 1
and 2, respectively] and the chloride ion in the apical positions
[Mn1-Cl1 is 2.4391(15) A for 1 and 2.4409(14) for 2]. Selected
bond distances for 1 and 2 are listed in Table S1. The distances
between chromium(m) and manganese(un) ions through the
bis(bidentate) oxalate ligand are 5.5188(10) A for 1 and
5.5117(10) A for 2.

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 (a) Heterotrinucler anion [{Mn(bpy)(H2O)Cl(i-C204)},Cr(C,04)]1™ in
compound 1, related by the symmetry operator () 1 — x, y, 1/2 — z;
(b) crystal packing of cations and anions in the (101) plane.

The trinuclear complex units [{Mn(bpy)(H,O)Cl(1-C,0,)},-
Cr(C,0,4)]" are hydrogen bonded to each other via coordinated
chloride anions, water molecules and oxygen oxalate atoms,
resulting in the supramolecular 2D layers in the (001) plane
(Fig. 2 and Fig. S1a). Although both compounds possess only
two symmetry-independent hydrogen bonds (O7-H7A.--06
and O7-H7B- - -Cl1), 2D patterns are formed due to the sym-
metry properties of the structures. Hydrogen bonding geome-
try is given in Table S2. As is shown, the oxygen atoms of the
terminal oxalate ligand (06 and 06'; Fig. 1) as hydrogen
acceptors are linked to two coordinated water moleules (O7)
originating from two [{Mn(bpy)(H,O)Cl(p-C,04)},Cr(C204)]”
units. In addition, two chloride ions (Cl1 and Cl1') form
hydrogen bonds with other hydrogen atoms of water mole-
cules that are coordinated to metal centres of two other
neighboring complex anions. Thus, each heterotrinuclear
anion forms hydrogen bonds with four neighbouring anions
(Fig. S1a). The D---A distances indicate that these hydrogen
bonds are relatively strong and arranged around the cavity
(Fig. 2 and Table S2). In addition, each trinuclear anion is
linked by intermolecular n-stack interactions through the aro-
matic rings of the 2,2'-bipyridine ligands with neighbouring
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Fig. 2 Crystal packing in the (001) plane achieved thorough hydrogen
bonds between anions (cyan sticks) in compound 1. Disordered cations are
depicted in red. The structure contains voids (depicted in blue) running
perpendicular to the hydrogen bonding network in the (001) plane.

units forming alternating sandwich-like n-stacks in the [001]
direction (Fig. S1b and Table S3).

Infrared study

The FTIR-ATR spectra of the prepared complexes agree with the
results of the X-ray analysis: the presence of oxalate groups, an
aromatic N-donor ligand and alkyl-substituted ammonium
cations can be deduced from the spectra (Fig. S2). The absorp-
tion bands corresponding to the stretching vibrations of the
bidentate and bis(bidentate) oxalate groups are summarized for
both compounds in Table S4. Due to the presence of alkyl-
ammonium cations in 1 and 2, the bands of medium intensity
located in the range of 3180-2800 cm " could be recognized as
Y(C-H)."*?*%*® Two overlapping bands appear in the higher
frequency part of the FTIR-ATR spectra for both compounds,
indicating ©(O-H) and v(N-H) stretching vibrations originating
from the coordinated water molecule and the protonated
alkylamine nitrogen, respectively. Both bands, centred at 3520
and 3338 cm !, are very broad, which is consistent with the
hydrogen bonding of the OH and NH groups between the
molecules observed in the crystal structure (Table S2).”* Other
bands present in the spectra can be explained by the vibrations
of the corresponding bonds of coordinated molecules such as
2,2'-bipyridine.

Thermal study

Thermogravimetric (TG) analysis was used to investigate the
thermal stability of the title compounds 1 and 2 on the crystal-
line samples (Fig. S3) in an oxygen stream up to 800 °C. For
both compounds, the character of the thermal decomposition
is very similar and the corresponding curves are shown in
Fig. S4. The compounds undergo several successive decompo-
sition processes starting at ~120 °C and ending at ~500 °C.
The release of the water molecules, the alkylammonium cation,
chloride ions, bpy molecules and oxalate groups is responsible
for most of the mass loss (exp. 79.76%, calcd 80.65% for 1;
exp. 83.79%, calcd 80.94% for 2) with some closely and indis-
tinguishable three steps in the TG curve followed by obvious
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changes in the color and shape of the crystals in hot-stage
micrographs. Thereafter, the remaining mass remains constant,
with the final black residue corresponding to the spinel oxide, as
studied by powder X-ray diffraction (PXRD).

The first mass loss on the TG curves up to 240 °C corre-
sponds to the dehydration process, the loss of two water
molecules, and the loss of the alkylammonium cation. After
this step, there is a sudden decrease in mass due to the release
of the chloride ions and bipyridine molecules. This elimination
ends at around 345 °C and partially overlaps with the final
process, the decomposition of the oxalate ligands.”*””

Proton conductivity

The proton conductivity of compounds 1 and 2 was measured
at different temperatures and relative humidities (RH). Loading
with guest water molecules acting as medium is a common
strategy to improve proton conductivity by tuning the proton
concentration and creating proton transport pathways through
hydrogen-bonding arrays.'” Nyquist plots for samples 1 and 2
are shown in Figs. S5 and S6 and the measured resistances are
listed in Table S5. The spectra consist of a well-defined high-
frequency semicircle corresponding to the conduction process
through the bulk and a small spur at low frequencies, related to
the blocking of protons on the surface of the metallic electro-
des. To obtain DC conductivity values, each spectrum was
modelled using a corresponding equivalent electrical circuit
consisting of a parallel combination of a resistor and a constant
phase element (CPE 1), representing the bulk response, and an
additional constant phase element (CPE 2), representing the
electrode polarisation. From the model parameters of resis-
tance (R) and electrode geometry, the DC conductivity was
calculated (Fig. S7). The samples were found to be extremely
sensitive to the humidity conditions at 25 °C, showing
an increase in conductivity (¢) from 9.1 x 10°*"" S em™" at
60% RH t0 5.6 x 10 > S em ™" at 93% RH for 1 and from 7.4 x
107" Scem ' at 60% RH to 1.8 x 10 °S em ™' at 93% RH for 2
(Fig. 3). It is evident that an increase in the relative humidity led
to an obvious proton conducting switch, with high on/off ratios
of approximately 10° for 1 and 10* for 2."' These results
confirm that water-mediated proton transport is responsible
for the increase in conductivity of these two compounds. The
high humidity provides sufficient water molecules to form a
certain gradient in proton carriers which influence the proton
conducting pathways. It should be noted, however, that at high
humidity, the formation of a surface layer of adsorbed water
molecules cannot be ruled out. Such a sorbate layer may
contribute to the overall proton conductivity.

Fig. 4 shows the Arrhenius temperature dependence of the
conductivity for 1 and 2 measured at 60%, 70%, 80% and 90%
RH. From the slope of the straight line in the plot of In(¢*T)
versus 1000/T, it can be seen that the activation energies (E,)
for the conductivity process are 0.72 eV, 0.70 eV, 0.68 eV and
0.47 eV for 1 and 0.66 €V, 0.52 eV, 0.44 eV and 0.38 eV for 2 as a
function of relative humidity. At the selected humidity, the
conductivity of 1 and 2 increases slightly with temperature,
suggesting that the increase in o is due to the thermal activity of

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 The proton conductivity as a function of RH at room temperature

of COmpOUndS [NH(CHg)Z(Csz)][ancr(bpy)z(Hzo)zclz(C204)3] (1) and
[NH(CH3)(C2H5)2][Mn2Cr(bpy)Z(HZO)ZClz(CZO4)3] (2)

the water molecules, which provides enough energy for the
motion, rotation and reorientation of protons, facilitating the
transfer of protons as temperature increases (Fig. 4); at 55 °C
and 90% RH, the ¢ values are 9.90 x 10™° S cm™* for 1 and
2.3 x 107° S em ™! for 2 (Table S6).”® The obtained values of E,
are slightly higher than those typically attributed to a
Grotthuss-like proton conduction mechanism in metal-organic
frameworks (E, < 0.4 €V), where a proton moves within a
hydrogen-bonded network.”*'* Under low RH conditions, the
adsorbed water molecules cannot form effective hydrogen
bonds and thus may rather serve as vehicles to carry protons
as oxonium ions (vehicle mechanism). As relative humidity
increases, the adsorbed water molecules accumulate and begin
to form stronger intermolecular bonds that allow proton hop-
ping along the formed hydrogen bonding network within the
structures. Accordingly, at high RH, the so-called Grotthuss
mechanism dominates the transport process in compounds 1
and 2. Thus, the proton conduction mechanism changes from
the vehicle mechanism to the Grotthuss mechanism with
increasing RH. This is another indication that a dense hydro-
gen bonding network is essential for the high conductivity.
Based on the results discussed above, we believe that both the
Grotthuss and vehicle mechanisms contribute to the proton
conduction process in compounds 1 and 2.

The chronoamperometry experiment was carried out by
applying a voltage of 10 V to a 1 mm thick compact pellet of
compound 1 with sputtered gold electrodes on the opposite
side of the pellet (diameter 3.5 mm). The RH was changed
during the experiment and the current response was measured.
Fig. 5 shows two cycles of wetting and drying and thus the
reproducibility of these experiments. The sputtered gold elec-
trodes on the surface of the pellet ensured ion blocking, so only
electrical current was allowed to pass through the pellet. As the
RH increased, the current response also increased, by almost
four orders of magnitude. The observed current increase during

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Arrhenius-type plots of the temperature dependence of the DC
conductivity with the corresponding value of activation energy for (a)
compound 1 and (b) compound 2.

wetting and decrease during drying are associated with the
diffusion of water molecules and the associated charge
exchange,”® which indicates that the investigated compounds
have potential properties as sensing materials. The observed
humidity sensing is consistent with investigations of proton
conductivity using impedance spectroscopy, which demon-
strates how this material creates more conductive routes for
protons in wet environments, increasing conductivity overall.
In general, the properties and applications of a material are
determined by its structural characteristics. The abilities to
adsorb water and to form continuous hydrogen bonding net-
works are very important factors for proton conduction. Under
humid conditions, a suitable chemical potential is created at
the grain boundaries and surfaces of the crystals, which causes
the incorporation of water molecules into structures with pores
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and cavities.””®° According to void analysis in Mercury,®
compound 1 contains free space in the crystal structure. The
calculated void volume and the position of the void (Fig. 2) are
an indication that these structures could accommodate one
water molecule per unit cell (the approximate volume for one
water molecule is about 40 A®).5% In this way, a long-range-
ordered hydrogen bond arrangement can be formed between
the proton carriers and the water molecules absorbed in the
cavities, which increases the proton conductivity. In addition,
in the range of measured humidities, compound 1 has a higher
conductivity than compound 2 (Fig. 3). This behaviour is
consistent with our previous studies,”>*® showing that the
hydrophilicity of the cationic R;NH" ions generally decreases
with increasing bulkiness of the residue, and therefore the
(CH3),(C,H5)NH" cation has a higher hydrophilicity compared
to the (CH;)(C,H;),NH" cation, leading to a higher affinity for
water and consequently a higher proton-conducting property of 1.

The crystalline nature of coordination compounds allows
the structure to be precisely defined, which can lead to a better
understanding of the conduction mechanism.*® In order to
explore compounds as promising candidates for the develop-
ment of advanced materials, their structural integrity must be
ensured so that their natural functionalities and properties
are preserved under operating conditions. Therefore, stability
under wet conditions is always a prerequisite for studying the
proton conductivity of coordination compounds.

Photographs of the bulk compounds taken during the
acquisition of the FTIR-ATR spectra at 50% and 90% RH (insets
in Fig. S2) show that compounds 1 and 2 are stable in a very
humid environment. This is also supported by the fact that the
position and intensity of the bands in the FTIR-ATR spectra do
not change significantly with increasing humidity (Fig. S2).
Furthermore, crystals of 1 can be immersed in water without
dissolving for a certain period of time (Fig. S8).

In addition to FTIR-ATR, the in situ PXRD analysis con-
firmed that the unit cell parameters (Table 1) of compounds 1
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Table 1 Unit cell parameters of compounds 1 and 2 before and after
humidity treatment calculated from the Rietveld refinement

. 1 2
Unit cell
parameters Dry Humid Dry Humid
alA 19.217(4) 19.165(9) 19.235(2) 19.181(0)
b/A 11.740(1) 11.800(4) 11.732(9) 11.806(9)
c/A 18.460(9) 18.594(8) 18.439(3) 18.591(4)
B 103.8 104.0 103.7 103.9
V/A® 4045.59 4080.55 4043.63 4085.32
AV/IA® 35.04 41.69

and 2 change slightly under humid conditions (Fig. S9 and S10),
supporting the scenario described above. Apart from a small
increase in the volume, no changes were observed in the
structures after humidity treatment, indicating the stability of
compounds 1 and 2. The difference in the cell volume before
and after humidity treatment calculated using the Rietveld
refinement corresponds to the volume of a hydrogen bonded
water molecule (x40 A®).%2 Since compound 1 has freely
accessible cavities, the additional expansion of the unit cell
that occurs under humid conditions could lead to the incor-
poration of a water molecule without significant structural
changes. Although a comparable increase in volume occurs
for compound 2, the structure is more compact than in
compound 1 and there is no free solvent accessible volume
detected in program PLATON.%

Magnetization study

The magnetization M of compounds 1 and 2 is measured as
described in the Experimental section and the magnetic suscepti-
bility is calculated from the measurement in the magnetic field H =
1 kOe, whereby this field was chosen due to the linearity of M(H) in
the temperature range of 1.8-300 K and to reduce the noise at the
same time. The molar susceptibility y is shown in Fig. 6 as a
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Fig. 6 Temperature dependence of the product between molar suscepti-
bility and the temperature for both compounds. The left and right vertical
axes are shifted by 1 unit in order to distinguish the curves. The hollow circles
are experimental data and the solid lines are curves of the best fit. The inset
shows the isothermal magnetization curves for both compounds.
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function of temperature dependence of the product y-T; in fact,
7(7) is a less informative visual representation than y-7(T) actually
is. The temperature dependence of y-7(T) in the high temperature
range above 200 K becomes nearly constant with the value around
10.4 emu K mol ™" Oe ™', which is consistent with the paramagnetic
state of two Mn”" ions and one Cr’" ion per formula unit
(assuming spins 5/2 and 3/2, respectively, and g-factors of
2.01 and 2.07, respectively). On cooling, the y-7(T) starts to
increase, with the increase becoming considerable below tem-
peratures of 50 K. This is convincing evidence of ferromagnetic
interactions between the spins of the ions, since the zero-field
splitting origins cannot cause such large deviations at such
relatively high temperatures. In accordance with the crystal
structure, the super-exchange can be established between Mn**
and Cr** ions through oxalate bridges, which are ~5.5 A apart.
Further extension of the interactions to other oxalate-bridged
trinuclear [Mn"Cr'™"Mn"] units is not expected due to the
considerable distance and the absence of super-exchange
bridges. Ferromagnetic interactions are obviously possible
between the ions with different spins in the structure shown
in Fig. 1.

The modelling of the experimental data is carried out using
a self-developed code in the Python programming language.
The spin Hamiltonian of the trimer was constructed in a
standard form using the spin matrices S of S = 3/2 for Cr**
and S = 5/2 for Mn>*, with Zeeman terms —gugH-S for all three
ions and super-exchange terms —JSc¢,Swn for both bridges and
zero-field splitting D(S,” — S(S + 1)/3) for each ion, where J is the
super-exchange energy term through both oxalate bridges in a
trinuclear unit, D is the zero-field splitting parameter for the
corresponding ion, g is the diagonal g-tensor with g, , and g,
components for the corresponding ion, H is the magnetic field
vector and pg is Bohr’s magneton, where the energies J and D
are expressed in kelvin. The fitting of the experimental data was
performed for both y(7) and y-T(T). More than 32.000 runs with
different initial guesses for the above mentioned fit parameters
were completed, performing a full matrix diagonalization and
calculation of the magnetization at each measured point.
Subsequently, the best fit curves were taken into account for
interpretation of the obtained parameters J, Doy, Dyny Zcriz
Zcrxyr 8Mn,z aNd gy xy. It should be noted that powder aver-
aging is performed on five bands on a sphere, which is a
considerably higher order representation than usually used
1z/3 *+ 2%x/3. For such demanding calculations, parallel com-
puting on 128 cores was used.

Of all results, the most reliable parameter is the super-
exchange interaction J between Mn** and Cr** ions bridged
by the oxalate ligand. It amounts +1.7 + 0.1 K (1.18 cm™ %),
where a positive value indicates a ferromagnetic interaction,
and the deviation is determined from 100 best fits. It should be
noted that the spins are 5/2 and 3/2. Therefore, it is not
surprising that such a relatively small J leads to an observable
upturn of y-7(T) below 50 K, since the interaction —/S¢,Smn is
amplified with large spins. Other parameters are within
the usual ranges, namely, g-factors are around 2 and D values
are around 0.2 K. Exact details of the g-tensors and D values
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cannot be given due to the over-parametrization and powder
approximation, but nevertheless they all agree with the values
reported in the literature, where it should be noted that such
rigorous fitting converged and reproduced everything consis-
tently without any fixing of parameters. All experimental
points are perfectly fitted, and the decrease in the value
of the product x-T(7) at very low temperatures comes from
the zero-field splitting of the metal ions which was taken into
account.

An additional confirmation of the ferromagnetic ground
state and the ferromagnetic interactions between the ions is
the shape of the isothermal M(H) curves measured at 2 K which
are shown in the inset of Fig. 6 for both compounds. The
magnetization saturates at a value around 13 Bohr’s magnetons
per trimer formula unit, which is consistent with the feromag-
netic coupling of 2 Mn>** and 1 Cr** unpaired spins. The curve is
steeper than the superposition of the curves for three indepen-
dent spins which points to the ferromagnetic coupling. There is
no irreversibility around small fields, confirming the zero-
dimensional magnetism of trimers. Moreover, the ZFC-FC
curves measured in a small field of 10 Oe showed no bifurca-
tion even at the lowest measured temperatures, which is in
accordance with the reversibility of M(H) at 2 K.

As already emphasized, no structurally characterized
oxalate-bridged [Mn"Cr"™Mn"] compound has been found in
the literature. The only heterometallic oxalate-bridged dinuc-
lear compound found in CSD,*” CatfMnCr(H,0)4(C,0,);],-6H,0
(Cat = bisamidinium cation), indicates ferromagnetic exchange
interactions between metal ions mediated by the oxalate bridge
(J = +1.6 cm ™ ").** Magnetic measurements of the heterotri-
nuclear [Cr™Mn"Cr™] compound (TTF),[MnCr,(H,0),(C,04)]-
14H,0 (TTF = tetrathiafulvalene) show a ferromagnetic cou-
pling (J = 0.54 cm™ "), leading to high-spin molecules (S = 11/2).
On cooling, the value of the product y-T remains almost
constant up to 50 K, and below this temperature, it consider-
ably increases with decreasing temperature, indicating the
presence of ferromagnetic exchange interactions between the
Cr’" and Mn”" ions through the oxalate bridge. The decrease in
the value of the product y-T at very low temperatures indicates
the presence of zero-field splitting of the metal ions.®>%°
A similar behaviour, indicating a weak ferromagnetic inter-
action between the two terminal Cr®* (S¢, = 3/2) and the central
high-spin Mn** (Syy, = 5/2) ions, is found in compounds
containing the same oxalate-bridged anions (Bpyph),[MnCr,-
(H,0),(C,04)6)-12.5H,0 [Bpyph = 1,4-bis(4-pyridyl-1-pyridinio)-
phthalazine; J = 0.72 cm™'],)” C4[MnCr,(H,0),(C,0.4)6]-3H,0
(C = 4-aminopyridinium; J = +1.16 cm "),*® and (TDbenz),-
(TsO),[Mn(H,0),(C,04)6)-6H,0-2CH3;0H (TDbenz = 1,3,5-tris[2-
(1,3-diazolinium)]-benzene; TsO = 4-methylbenzenesulfonate;
J=+121cm )%

Characterization of the Mn,CrO, spinel

Structural and microstructural features. The potential of
compounds [NH(CHj3),(C,H;)|[Mn,Cr(bpy)s(H,0),Cly(C204)5]
(1) and [NH[CH3)(C2H5)Z][ancr(bpy)2(Hzo)zclz(C204)3] (2) to
act as the single-molecular precursors for the preparation of
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spinel oxide Mn,CrO, due to its appropriate composition was
explored.***87%3

The normal spinel structure AB,O, generally consists of a
closely packed array of O*>7, with A*" cations residing on
tetrahedral sites and B*" ions on octahedral sites. In regular
(normal) spinel structures “TA"]°“[B™],04, the anions are
arranged in close-packed arrays. One eighth of all tetrahedral
voids are occupied by divalent A cations, while trivalent B
cations are distributed over half of all octahedral sites. It is
known that spinels often possess a certain degree of inversion,
described by the inversion parameter x. The inversion para-
meter is defined as the proportion of trivalent B** cations
occupying tetrahedral sites. Some of the main factors that
influence the distribution of cations between tetrahedral and
octahedral sites are the nature and combination of cations,
their radius and charge, the electrostatic contribution of the
crystal lattice energy, and the stabilization energy of the crystal
field.”*> Therefore, the spinel structure can be described by
the general formula “TA;_,B,]°“[B,_,A,]O,, considering the
inversion parameter x that can take any value between 0
(completely normal spinel structure) and 1 (completely inverse
spinel structure). In the completely inverse spinel structure,
one eighth of the tetrahedral sites are occupied by (half of the)
B®* cations, one quarter of the octahedral sites are occupied by
(all of the) A** cations, and another one quarter of the octa-
hedral sites are occupied by (the other half of the) B** cations.
The exact determination of tetrahedral and octahedral site
occupancies becomes even more demanding in the case of
Mn-spinel where Mn, as well as other cations of transition
metals, can exist in several oxidation states. Apart from reasons
connected to the nature of the metal cation, the distribution of
cations between tetrahedral and octahedral sites depends
significantly on the heat treatment temperature. Although
spinels mostly crystallize in the cubic system, there are also
cases when, due to the presence of cations that exhibit the
Jahn-Teller effect in octahedral coordination, such as the Mn**
cation, tetragonal distortion of the spinel lattice occurs. Such
spinels crystallize in the tetragonal space group, I4,/amd.”>®’
The spinel unit lattice in the tetragonal system contains 16
oxygen anions at the Wyckoff position 16A. Due to such an
arrangement of anions, cations have 16 octahedral (8d Wyckoff
spot) and 32 tetrahedral (4a Wyckoff spot) cavities available.®®

The comprehensive evolution of the crystalline phase com-
position as a function of heat treatment during the decomposi-
tion of 1 or 2 was conducted using the PXRD measurements on
samples previously heated up to 900 °C and then cooled to
room temperature (RT) (Fig. 7). Thermal treatment of precur-
sors in the furnace at 500 °C for 3 hours causes the formation of
the cubic spinel phase Mn,,,Cr, ,0, (0 < x < 0.7) and Mn,0;
(Fig. $11). In the study by Lu and collaborators,”® the unit cell
parameters for different x values of cubic spinel Mn,,,Cr, ,O,
(0 < x < 0.7) (ranging from 8.4396 A for x = 0 up to 8.4672 A for
x = 0.7) are reported.

In this research, unit cell dimension determined by the
Rietveld refinement of the pattern obtained after sample treat-
ment at 500 °C (8.4687 A) matches the unit cell parameter
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Fig. 7 The PXRD patterns obtained after 3 hour thermal treatment of 2 at
500 °C (red line), 800 °C (magenta line) and 900 °C (aqua line) and cooling
to RT. Observable diffraction lines of Mn,0O3 (1514119-1CSD) are denoted
with asterisks. Theoretical diffractograms of spinel Mny,,Cr, ,O4(0 < x <
1), where x = 0.7 (black line) for Mny ;Cry 304 (167406-1CSD), and Mn,CrO4
(74707-1CSD), where x = 1 (green line), are simulated from the database
data.

(8.4672 A) of the model with x = 0.7 (Mn, ,Cr; ;0,) (Fig. S11).
A further increase in temperature led to a gradual reaction
between this spinel and Mn,0; and caused a change in the
spinel composition, in which the phase-pure spinel with tetra-
gonal structure Mn,CrO, is formed for x = 1 at 900 °C (Fig. 7).
This is consistent with the previous results showing that the
transition from the cubic to tetragonal phase occurs at x =
0.8.°2'% Such a transition from the cubic to tetragonal struc-
ture, also known as macroscopic Jahn-Teller distortion, is
related to Mn®" clustering on the octahedral sites in the
Mn,,,Cr,_,0, spinel.’°® The valences of Mn and Cr in stoichio-
metric MnCr,0, are +2 and +3, respectively. While Cr*" ions
preferentially occupy octahedral sites, Mn”>* ions tend to occupy
tetrahedral sites. In tetragonal spinel Mn,CrO,, the amount of
tetrahedral Mn®" can be disregarded since the Mn** ions have a
large octahedral preferred energy, and its structural formula
can be written as “[Mn"]°*[Mn™cr™]O, (Fig. 7 and 8). The
Rietveld structure refinement of Mn,CrO, obtained by thermal
decomposition of 1 for 3 hours at 900 °C in the furnace and
subsequent cooling to RT is shown in Fig. 8; the good agree-
ment of the observed and calculated patterns clearly confirms
the formation of the Mn,CrO, phase. The crystal structure is
given in the inset of Fig. 8.

It is interesting to note that the literature describing the
production and properties of spinel Mn,CrOy, is very scarce. It
has been found that this oxide can be prepared by the citric
acid method using chromium nitrate, manganese acetate and
citric acid reagents, as it has been studied as a low-temperature
catalyst for the selective reduction to remove NO, with NH;.'**
In addition, a series of Mn,.,Cr, ,O, powders (x = 0, 0.1, 0.3,
0.5, 0.7, and 1.0) were synthesized by a sol-gel method from
Mn(NO;),-¥H,0 and Cr(NOs);9yH,0.%° Furthermore, electrical
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Fig. 8 Observed (solid black line) and calculated (solid blue line) PXRD
profiles obtained from the Rietveld refinement against the PXRD data of
the Mn,CrO4 sample obtained by heating compound 1 at 900 °C for 3
hours followed by cooling to RT. The difference profiles are depicted by
the lower solid red line. The green tick marks show the reflection positions
of the Mn,CrO,4 phase (ICSD-74707). The fitted background contribution is
shown by the lower solid green line. The inset (top) shows ball and stick
representation of *{Mn"1°¢[Mn"'Cr'"O,. The Mn,CrO, unit cellis depicted
by dashed black lines along the a axis.

conduction in Mn,,,Cr,_,O, spinel occurs via a small polaron
hopping mechanism.

Surface morphology imaging

The scanning electron microscopy (SEM) images of the
Mn,CrO, powder sample prepared by heating metal-organic
compound 1 at 900 °C and an annealing time of 3 hours
consists of submicron-sized crystals with truncated tetragonal
bipyramidal crystal form (see Fig. 9(b)) that are partly sintered
and form large sheet-like morphologies (see low magnification
Fig. 9(a)). A similar morphology was observed in other spinel
oxides (e.g. Co,CrO,) also prepared using a molecular precursor
method.*? The elemental composition in the bulk oxide sam-
ples prepared via the molecular precursor route at 600 and
900 °C was investigated by EDX spectroscopy (Table S7 and Fig.
S12), revealing that the synthesized material contains Mn, Cr
and O elements, which were found in the expected atomic
ratios.

Fig. 9 Low (a) and high (b) magnification SEM images of Mn,CrO, oxide
prepared using the molecular precursor route at 900 °C.
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UV-Vis spectroscopy measurements and photocatalytic
degradation of the MB dye pollutant

The optical properties of the Mn,CrO, phase obtained by
heating compound 1 at 900 °C with a holding time of 3 hours
were analyzed using UV-Vis diffuse reflectance spectroscopy.
As shown in Fig. 10(a), the sample exhibits absorption bands
in the visible part of the spectrum measured in the range of
300-1500 nm. Tauc’s plot from the diffuse reflectance measure-
ment was constructed to estimate the band gap energy of the
prepared oxide. The optical band gap energy of spinel Mn,CrO,
oxide was calculated to be 1.4 eV for direct transition
(Fig. 10(b)).

The widespread presence of organic dyes in industrial
effluents, which are not biodegradable due to their exceptional
chemical stability, leads to environmental pollution. The dyes
are very harmful and carcinogenic compounds that can affect
the quality of groundwater and the natural environment and
pose a serious health risk to humans. For these reasons, it is of
extreme importance to find a simple and efficient way to treat
the wastewater and thus discharge it into the environment.
In this context, numerous water treatment methods (physical
and biological processes) have already been applied, but they
are not sufficient to remove all colorants. Therefore, advanced
oxidation processes (AOPs), a class of oxidation techniques in
which organic contaminants are degraded to harmless pro-
ducts, have been employed. Thus, the soluble dyes can be
removed by photocatalysis by generating in situ OH®™ radicals
that trigger oxidation reactions ending with complete miner-
alization to CO, and H,O. In this respect, semiconductor
photocatalysis is a promising technique for the degradation
of organic pollutants.53:66:1027107

Many of these oxides are active as photocatalysts under UV
light due to their wider band gap (>3 eV). The lowest energy of
the band gap suitable for visible light (420 nm < 4 < 800 nm)
is around 1.55 eV, but there is also growing interest in the use
of near-infrared (NIR) light in photocatalysis. To test the
photocatalytic activity of the tetragonal spinel oxide Mn,CrO,
with an estimated narrow bandgap of ~ 1.4 eV, we attempted to

a) b)

Eg=1.4eV
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Fig. 10 Optical properties of Mn,CrO,4 prepared by thermal decomposi-

tion of 1 at 900 °C: (a) Kubelka—Munk diffuse reflectance absorption

spectrum; (b) Tauc's plot corresponding to direct transition; the dashed

red line indicates the band gap energy.
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use it for the degradation of organic dye — methylene blue
(MB) - under visible light. Photocatalytic materials that can
utilize visible light are more attractive than those operating
under UV light, and those that work with NIR light are even
more interesting since this radiation makes up x50% of the
solar spectrum.'%%*°

The photocatalytic activity involves the generation of activated
electron-hole pairs in the valence band of semiconductors,
followed by electron transfer from the valence band to the
conduction band in the presence of light energy. The electrons
so produced combine with the available oxygen (O,) molecules
in the dye solution to form superoxide anion (O,°") radicals.
On the other hand, the holes in the valence band of Mn,CrO,
react with water molecules (H,0) to produce hydroxyl radicals
(OH*7). Reactions of the superoxide anions (0,*”) with H,O
produce hydrogen peroxide (H,0,) molecules, which decom-
pose into hydroxyl radicals (OH®") in the presence of light.
So, these hydroxyl radicals are highly oxidative and break down
the organic pollutants into carbon dioxide and water without
any byproducts.'***?

Any spinel with a narrow band gap, ferromagnetic nature,
a high surface area, and low cost should be a good candidate
for dye degradation.®® Fig. S13a displays the optical absorption
spectra of the MB dye solutions following various irradiation
time intervals in the presence of Mn,CrO, obtained at 900 °C.
The blank test was carried out by directly illuminating the dye
solutions without a catalyst using a Vis source. The character-
istic wavelength, i.e. the wavelength at which the absorption
coefficient is maximum, is around 663 nm for MB. The inten-
sity of the absorption peak is related to the color concentration
of the solution. The degradation efficiency of the MB dye was
calculated based on the C/C, curves versus irradiation time, as
shown in Fig. S13c. It can be seen that the degradation
efficiency of MB in the presence of the photocatalyst Mn,CrO,
was about 14.9%, which represents a very poor photocatalytic
performance of the obtained oxide in the degradation of dye
under visible light.

To try to enhance the photocatalytic activity of this spinel
Mn,CrO, by generating additional highly reactive hydroxyl
radicals and by preventing the recombination of holes and
electrons, the H,0,-assisted degradation was performed.
In general, H,O, accepts electrons from the conduction band
and immediately converts into *OH radicals, which favors the
concentration of holes for the oxidation process. These strongly
oxidizing radicals react with the organic dyes and lead to a
destructive oxidation process in the dyes.'***** Fig. S13b shows
that after visible light irradiation, the degradation of the MB
dye increases in the presence of H,0,, but this catalytic reaction
is enhanced to a greater extent when Mn,CrO, is used as a
catalyst. About 37.5% of the MB was removed after 180 minutes
when H,0, was used, indicating that a small amount of H,0,
was activated by visible light. The removal rate reached 54%
after 180 minutes when both the catalyst and H,O, were added
at the same time under visible light irradiation.

It is difficult to compare the photocatalytic activity of Mn,CrO,
obtained via the precursor route with the activity of different
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spinel oxides from the literature, since the performance of
photocatalytic systems is highly dependent on various operat-
ing parameters that control the photocatalytic degradation
of the organic compounds. Some of these factors are the type
of photocatalyst, morphology, crystallite size, preparation
method, surface area, band gap, porosity, catalyst concen-
tration, pH of the medium, addition of electron acceptors
and donors, initial pollutant concentration, irradiation time
and light source,>>%>10%111

Conclusions

In summary, we report herein the rational design and success-
ful preparation of novel oxalate-bridged heterotrinuclear com-
plexes  [NH(CHj3),(CyHs5)[Mn,Cr(bpy),(H20),Cly(C,04)s] (1)
and [NH(CH;)(C,Hs),][Mn,Cr(bpy),(H20),Cly(C204)5] (2), with
the incorporated alkylammonium cation as a proton carrier.
By investigating their proton conductivity, we confirmed that
low-dimensional oxalate structures, not only 2D and 3D assem-
blies, can exhibit excellent conductivity behaviour. By introdu-
cing guest water molecules as a medium into the cavities of the
structures, the proton concentration and the density of the
hydrogen bonding arrays are tuned, which has an effect on
increasing the conductivity. They show very good sensitivity to
stimuli, as a significant increase in proton conductivity is
observed with increasing relative humidity, including high
on/off ratios of 10° for 1 and 10* for 2. As the RH increased,
the current response also increased, by almost four orders
of magnitude. Compound 1, which contains a smaller alkyl-
ammonium cation, has a higher affinity for water molecules
and more voids in the structure and thus a higher proton
conductivity. The ferromagnetic coupling between the Cr’*
and the high-spin Mn** ions across the oxalate bridges stabi-
lizes the high-spin ground state (S = 13/2) of the trimeric
[Mn"Cr™Mn"] cluster.

The prepared compounds were thoroughly explored as
single-source precursors for the formation of the spinel oxide
by their thermal decomposition. This molecular precursor-to-
material route not only opens a new approach for the produc-
tion of spinel oxides but also expands the areas of application
of coordination compounds. By optimizing the annealing tem-
perature, the phase composition of thermal processing of 1 (or
2) was evaluated: phase pure spinel Mn,CrO, was obtained by
thermal treatment at 900 °C. Unfortunately, the photocatalytic
performance was not sufficient to confirm the great potential
of the spinel oxide prepared in this way as a photocatalyst for
the removal of organic compounds from wastewater in the
presence of H,O, under sunlight. An increase in the average
particle size reduces the specific surface area, which, in turn,
reduces the density of active sites on the surface and also
increases the recombination rate of electrons and holes on
the surface of the catalysts. Both factors have a negative effect
on photocatalytic degradation, which could explain the poor
photocatalytic performance of the investigated oxide prepared
at 900 °C. On the other hand, the energy band gap decreases

This journal is © The Royal Society of Chemistry 2025
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with increasing particle size as the annealing temperature
increases.

Experimental section
Materials and physical measurements

All used chemicals were procured from commercial sources and
used without further purification. The salt K;[Cr(C,04);]-3H,0
was prepared using the method described in the literature.'*> The
precursor salt Agy s[Ag 5Cr(C,0,4)3]-3H,0 was obtained from the
corresponding potassium salt by metathesis."'® Fourier transform
infrared spectra measured in attenuated total reflection mode
(FTIR-ATR) were recorded in the 4000-400 cm™ "' range using a
PerkinElmer FT-IR Frontier spectrometer. Thermal properties
were investigated from RT to 800 °C in an oxygen stream using
a PerkinElmer STA 6000 simultaneous thermal analyzer (a heating
rate of 5 °C min~"). The elemental analyses for C, H and N were
performed with a PerkinElmer Model 2400 microanalytical analy-
zer. Scanning electron microscopy (SEM) was performed with a
JEOL scanning electron microscope (model JSM-7000 F) operated
at 10 keV. An energy-dispersive X-ray (EDX) analyzer integrated
with the JEOL SEM was used for elemental analysis of compounds
1 and 2 and the oxides formed at different temperatures.

Synthesis of the precursors [A];[Cr(C,0,);] [A = (CHj),-
(C.H5;)NH® or (CHj3)(C,H;),NH']. N,N-Dimethylethylamine
(0.0328 mL; 0.3 mmol) or N,N-diethylmethylamine (0.0366 mL;
0.3 mmol) was mixed with 37% HCI (0.3 mmol; 1.5 mL) and the
reaction mixture was added dropwise to the aqueous solution
(3.5 mL) of Agy s5[Ag, 5C1(C,0,);]-3H,0 (0.0694 g; 0.1 mmol).
The reaction mixtures were filtered after the appearance of a
white precipitate (AgCl). The remaining dark violet filtrates
were used as a precursor for further reactions.

Synthesis of [A][Mn,Cr(bpy),(H,0),Cl,(C,0,);] [A = (CH3),-
(C,H5)NH" (1); A = (CH3)(C,H;5),NH" (2)]. Compounds 1 and 2
were synthesized according to the same basic procedure: an
aqueous solution of MnCl,-4H,0 (0.040 g; 0.200 mmol; 5 mL)
and ethanolic solution of the ligand 2,2’-bipyridine (0.031 g;
0.200 mmol; 5 mL) were slowly added to the aqueous solution
of the precursor [NH(CH;),(C,H;)]5[Cr(C;04)3] or [NH(CHj;)-
(C3H5),]5[Cr(C,04)3] (0.100 mmol; 5 mL). The beaker containing
the reaction mixture was allowed to evaporate slowly. During
3 weeks of evaporation to dryness, dark bluish polyhedral
crystals of compound 1 or 2 were formed. The crystals were
separated mechanically, washed with absolute ethanol and
dried in air (~40% yield). C30H;3,Cl,Mn,CrNs;044 (1; Mr =
919.39): caled. C 39.19, H 3.51, N 7.62%; found C 40.03, H
3.72, N 7.57%. C3;H;3,Cl,Mn,CrN;O,, (2; Mr = 933.42): caled C
39.89, H 3.67, N 7.50%; found C 40.01, H 3.89, N 7.35%. The
EDX analysis demonstrated a Mn:Cr ratio of 2:1 for both
compunds (Table S7).

Single-crystal X-ray structural study

The X-ray data for single crystals of compounds 1 and 2 were
collected by w-scans on a Rigaku Oxford Diffraction Synergy S
diffractometer using CuKo radiation at 293(2) K (1) and
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100(2) K (2). Data reduction, including the multi-scan absorp-
tion correction, was performed using the CrysAlisPRO'"” soft-
ware package. The structures were solved using SHELXT''®
and refined using SHELXL-2017/1 within the WinGX software
package.'' The full-matrix least squares refinement was used
to refine the models; all non-hydrogen atoms were refined
anisotropically. The cations in both compounds are disordered
about an inversion centre; relatively high residual density
points out that an orientational disorder (with two likely
orientations) is likely. However, these two positions could not
be properly resolved. The C-C and C-N bonds of the cations
were restrained to 1.54(4) and 1.47(4) A, respectively. Hydrogen
atoms were constrained to a ‘riding model’. Molecular geo-
metry calculations were carried out using PLATON®* and the
figures were obtained using ORTEP''® and CCDC-Mercury.®'
Crystallographic and refinement data for the structures reported
in this study are shown in Table S8.

Thermal synthesis of the Mn,CrO, oxide

Finely ground crystalline powder of 1 (or 2) was heated in a
furnace (Nabertherm, Model LHT 02/16) in a platinum crucible
from RT to a certain temperature level, in the range of 400-
900 °C, in air with a constant rate of 5 °C min %, and then
cooled down in the same manner to RT. The resulting materials
were held at each temperature for 3 hours. After decomposi-
tion, the resulting oxide products were characterized by PXRD
at RT. Additionally, thermal decomposition of the finely ground
crystalline powders of 1 (or 2) was recorded using a hot-stage
microscope (Nikon Aclipse LV150NL hot-stage microscope
equipped with a Linkam T95-PE camera) in the temperature
range of RT to maximal 600 °C at a heating rate of 10 °C min "
and a stabilization period of 1 hour at each temperature of
interest (150, 200, 300, 400, 500 and 600 °C).

Powder X-ray structural study

The structural properties of powder samples 1 and 2, as well as
the resulting oxides after decomposition in the furnace, were
investigated at RT by PXRD using a monochromatic Cu Ko X-ray
source (A = 1.54056 A) on a Malvern Panalytical Empyrean
powder diffractometer in the range of 5° to 50° 20. The in situ
PXRD measurements were performed for compounds 1 and 2
when exposed to humid conditions.

Rietveld refinement was performed using an X'Pert High-
Score Plus, version 4.1 (PANalytical, 2014), with a pseudo-Voigt
function used for describing the profles. A polynomial function
was used as the background model. In the course of the Rietveld
refinement, the following parameters were refined: scale factor,
unit cell parameters, W, V, shape parameter, asymmetry as well as
the atomic coordinates of the oxygen atom.

Electrical study

For the electrical measurements, polycrystalline samples of 1
and 2 (Fig. S3) were prepared in the form of pellets with
thicknesses of 1.40 mm (r = 5 mm) and 0.66 mm (r =
14 mm), respectively. The electrical conductivity of the samples
was measured using impedance spectroscopy (Novocontrol
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Alpha-A high performance frequency analyzer) in a frequency
range of 1 Hz to 1 MHz applying a voltage of 0.1 V. Samples
were placed between gold-plated electrodes, and two-wire mode
was used. Humidity-dependent measurements were carried out
by placing the cell inside an Espec SH-242 climate chamber to
individually control temperature and humidity. The samples
were allowed to equilibrate to the desired humidity (60, 70, 80,
and 90% RH) over night and then the temperature was
increased (25, 35, 45 and 55 °C) with an equilibration time of
2 hours per step before adjusting the humidity again over night.
Chronoamperometric measurements were performed with a
PalmSens4 potentiostat on compressed powder samples.

Magnetization study

Magnetic measurements of the polycrystalline samples of 1 and
2 (Fig. S3) were performed with an MPMS3 SQUID magneto-
meter. All data were corrected for the contribution of the
capsule in which the powder samples were placed. The tem-
perature dependence of the DC magnetization, M(T), was
measured in the magnetic fields of 1 kOe and 10 kOe, always
after they were stabilized at the measurement temperature,
which was between 1.8 and 300 K. In small fields of 10 Oe, the
M(T) curves were measured twice: first when the samples were
cooled in the zero magnetic field and then measured when
heated in the measuring field of 10 Oe (ZFC curve - zero-field
cooled), and the second time after they were cooled in this
magnetic field (FC curve - field cooled) and also measured
when heated. No ZFC-FC splitting was observed and therefore
measurements in small fields are not discussed, especially
because of the observable noise in the high temperature region.
Furthermore, the field dependence of the magnetization was
measured at a temperature of 2 K in a full cycle of fields of
+70 kOe in both directions, with no hysteresis observed.

UV-Vis spectroscopy measurements

UV-Vis diffuse reflectance spectroscopy was performed on a
Shimadzu UV-Vis-NIR spectrometer (model UV-3600) equipped
with an integrating sphere. Barium sulphate was used as a
reference. The diffuse reflectance spectra were transformed
using the Kubelka-Munk function and the optical bandgaps
were estimated from Tauc’s plots.**°

Photocatalytic experiments

The photocatalytic activity of Mn,CrO, was evaluated at RT by
the degradation of aqueous solutions of methylene blue (MB)
dye under Vis irradiation. 1.0 mg of the powder sample was
dispersed in 6.0 mL of a 5 ppm aqueous MB dye solution. Prior
to irradiation, the suspension was stirred in the dark for 1 hour
to ensure the establishment of adsorption/desorption equili-
brium. In the experiment with H,O, assistance, 50 pL of 30%
H,0, was added to the above reaction solution and stirred for
30 minutes without exposure to light. Then, 14 Vis lamps
(Hg lamp, 8 watt, 400-700 nm) were turned on to start the
photodegradation in a photoreactor (Luzchem LZC-4V). A mag-
netic stirrer was placed at the bottom of the cell to keep

21190 | J. Mater. Chem. C, 2025, 13, 21179-21195

View Article Online

Journal of Materials Chemistry C

the mixture in complete suspension. After irradiation, aliquots
with a volume of 3 mL were taken at regular intervals and
centrifuged at 9000 rpm for 10 minutes. The photocatalytic
degradation reactions were monitored by measuring the
concentration of a degraded supernatant liquid as a function
of irradiation time by UV-Vis absorption spectra using a UV-Vis
spectrophotometer (Varian Cary 60). The concentrations of MB
were determined by measuring their absorbance at 663 nm.
Blank experiments without photocatalysts were performed
prior to the experiments.
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