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In this work we expand the family of ZIFs capable of being melt-
quenched into a vitreous phase with the first Mn-based glass. This is
achieved by preparing two new Mn-based ZIFs with topologies dia-
c and znivia solvent-free synthesis and subsequent melting. This
study also provides a direct comparison of metal effects on melting
highlighting the
between bond strength and thermal properties.

and decomposition behaviour, relationship

MOF glasses, generated by cooling their molten phases, represent a
novel category of amorphous materials that combine the advanta-
geous properties of crystalline MOFs with the unique features of
glassy materials." MOF glasses could retain the core properties
of their crystalline counterparts, such as porosity’ and ionic
conductivity,’ while introducing new functionalities, including
enhanced mechanical properties* and processability.” The process
of melting and subsequently vitrifying MOFs has led to the discovery
of materials with uncommon physical properties and applications
ranging from electrolytes in batteries® to components in solar cells.”
However, despite the vast number of MOFs reported, those capable
of forming glasses remain rare, with only a handful of materials
being able to melt whilst avoiding the classical degradation process
commonly found in MOFs.®

The family of zeolitic imidazolate framework (ZIF) glasses is
one of the most extensively studied among MOF glasses.’ A
major challenge in the development of melt-quenched MOF
glasses is reducing the melting temperature (7},) to make the
glass formation process more energy-efficient, enable better
interaction with other materials, and increase potential
applicability.'® One effective strategy to achieve this is the
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incorporation of bulkier ligands, which can significantly lower Ty,
and expand the range of meltable ZIFs, as demonstrated in ZIF-62°°
and other members of the ZIF-UC family."! In these systems, the
inclusion of bulkier benzimidazole derivatives into the ZIF structure
causes not only a considerable decrease in the melting temperature
but it also extends the temperature interval between melting and
decomposition. However, while much of the research has focused on
modifying the organic component, the potential of altering the metal
center—beyond the commonly used cobalt' and zinc—remains
largely unexplored, limiting the full versatility of these materials.
Several examples involving other metals have recently been reported.
Notably, the first glassy Cu-ZIF was synthesized using a mec-
hanochemically-induced vitrification process,”® and our group
successfully synthesized and characterized a novel Fe-ZIF glass,
designated as a,yMUV-24."* More recently, the first meltable Cd-
ZIF was synthesized via mechanochemical downsizing.'

In this work, we report a Mn-based ZIF that undergoes a
multi-step phase transition, similar to the process observed in
the analogue with iron,"* to produce the first example of a
meltable manganese-based ZIF. This is especially remarkable
given the high instability of Mn>*, which has made its incor-
poration—even into crystalline ZIFs—particularly challenging.
To date, only two ZIF materials have successfully integrated
Mn, with topologies mog (CCDC code = IMIDZA)"® and sod (i.e.
Mn-ZIF-8) (CCDC code = FEHHEI)."” The use of Mn centers in
the preparation of vitreous MOFs has recently been reported
with carboxylate ligands,'® and in the case of ZIFs, we show
here that it leads to the lowest melting temperature reported for
a homoleptic system, representing a significant advance in the
development of MOF glasses. In addition, we complement
these results with theoretical calculations to investigate the
role of the metal-ligand interaction in the melting behaviour.

The solvent-free reaction of a 1:2 mixture of bis
(tetramethylcyclopentadienyl) manganese(n) and imidazole at
150 °C under vacuum results, after 96 hours, in the formation
of a white crystalline material designated as MUV-44(mog)
(Fig. 1 and Table S1, ESI{), a nonporous coordination polymer
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Fig.1 (a) Crystal structure of MUV-44(mog), composed of manganese
centers in octahedral (dark blue) and tetrahedral (light blue) coordination
geometries, interconnected by imidazolate ligands represented as grey-
blue five-membered rings. (b) Schematic illustration of the octahedral (left)
and tetrahedral (right) coordination environments found in MUV-44(mog).
In this depiction, nitrogen atoms are shown as blue spheres, carbon atoms
as black spheres, and hydrogen atoms have been omitted for clarity.

with mog topology and formula [Mn;(im)s(Him),], which, alter-
natively, can also be prepared by reacting dimanganese decacarbonyl
with imidazole in a 1:11 ratio.'® This three-dimensional coordina-
tion polymer was structurally characterized by single-crystal analysis
and found to be isostructural with the previously reported iron
analogue IMIDFE."® MUV-44(mog) consists of octahedral and tetra-
hedral centers connected via imidazolate bridges. Each Mn®* ion is
connected to four other metal centers (Fig. 1). The octahedral centers
are also linked to two terminal imidazole molecules in trans
positions.

The mog topology has previously demonstrated intriguing
thermal behaviour in the iron derivative (MUV-24),"* which
motivated us to further explore the properties of the manganese
MOF. When MUV-44(mog) is heated under a nitrogen atmo-
sphere, thermogravimetric analysis (TGA) shows a mass loss of
19.9% between 210 °C and 265 °C (Fig. 2a), which corresponds
to the removal of the terminal imidazole molecules (calculated
mass loss: 19.3%). This event is accompanied by two endother-
mic peaks in the differential scanning calorimetry (DSC)
measurement (Fig. 2a), which can be attributed to a step-by-
step loss of the neutral imidazoles that coordinate to the
octahedral Mn centers. Additionally, powder X-ray diffraction
pattern reveals a structural rearrangement in the solid formed
after this process (Fig. 2b). The phase transition takes place at a
similar temperature to the one reported for IMIDFE, where the
transition leads to a material with lla topology, and is accom-
panied by the discoordination of the neutral imidazoles."
However, in the Mn case a double interpenetrated diamondoid
network topology (dia-c) is formed, and thus the material is
denoted MUV-44(dia-c). The dia-c topology has been previously
reported for Zn under simultaneous high pressure and tem-
perature conditions (ZIF-hPT-II; CCDC code = IMIDZB14).>°

Further heating of MUV-44(dia-c) to 380 °C induces a two-
step phase transition with a very minor mass loss associated
with it of less than 2% (Fig. 2a). This thermal process begins
with an entropy-increasing heat absorption step (endothermic
peak) followed by a decrease in entropy (exothermic peak). We
hypothesize that the first step corresponds to a solid-solid
transition into a denser phase, followed by the rapid formation
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of a more stable network (Fig. 2a). Powder X-ray diffraction
confirms the formation of a new crystalline phase that corresponds
to the zni topology (MUV-44(zni), Fig. 2b). Upon further heating of
MUV-44(zni), another endothermic peak appears in the DSC, again
without any associated mass loss. This peak corresponds to a first-
order transition associated with the melting of the material, leading
to the formation of a molten phase at 462 °C (Fig. 2a). This is
consistent with the observations reported for ZIF-4(Zn),” ZIF-4(Co),"*
and MUV-24," where the zni phase represents the final thermally
activated state prior to melting. This melting transition occurs before
the decomposition of the material at approximately 550 °C. X-ray
powder diffraction analysis of the material after quenching the melt
to room temperature reveals a complete absence of Bragg reflections
(Fig. 2b), confirming the transformation of crystalline MUV-44(zni)
into a noncrystalline, amorphous phase, referred to as a,;-MUV-44
(amorphous glass MUV-44). The intermediate phases MUV-44(dia-c)
and MUV-44(zni) were isolated upon cooling the material during the
DSC experiment. All syntheses and analyses were carried out under
an inert atmosphere, minimizing exposure to air as much as
possible to prevent oxidation of the Mn*" centers.

X-ray total scattering experiments reveal the structural differences
and similarities between the crystalline and the amorphous phases
of MUV-44. The total scattering structure factors, S(Q) (Fig. S6, ESIt),
indicate that the Bragg peaks observed at low-Q in the crystalline
phase are absent in the a,-MUV-44 data. The corresponding X-ray
pair distribution function (PDF or D(r)) data are shown in Fig. 2c.
The PDFs reveal shortrange correlations extending up to approxi-
mately 6.5 A, corresponding to the distance between neighboring
Mn*" centers, and this feature is consistent across both samples. In
MUV-44(mog), however, the Mn-Mn distance is slightly longer,
which is attributed to the presence of Mn(oct)-Mn(tet) pairs. This
consistency indicates that the tetrahedral coordination of Mn**
centers with imidazolate linkers is preserved in a,-MUV-44. However,
the broadening of the peak around 6 A suggests that the metal-
metal distances in the glassy phase are less well-defined compared to
the crystalline phase due to the lack of periodicity and the irregular,
disordered atomic arrangement. This observation is consistent with
the nature of an amorphous structure, which lacks the rigid
constraints of a crystalline network. Scanning electron microscopy
(SEM) reveals that the material adopts a monolithic morphology,
and elemental analysis mapping shows a homogeneous distribution
of Mn** atoms (Fig. 3a). The formation of the vitreous phase is
further confirmed through optical microscopy. Images of the melt-
quenched a,-MUV-44 reveal striations, a characteristic feature of a
glassy structure (Fig. 3a).

The incorporation of different metals enables the use of
various analytical techniques, such as solid-state ®’Zn NMR for
Zn,*' or Mdssbauer spectroscopy in the case of iron,>* both of
which have proven to be highly useful for studying the short-
range structure of glassy materials. Mn>" is particularly suitable
for the application of electron paramagnetic resonance (EPR),
unprecedented with glasses with other metals, thus providing
new insights into the amorphous nature of the vitreous phase.
This effect has also been observed in Mn-doped inorganic
glasses, where a broad band emerges when the Mn>" ion
concentration exceeds 0.2 mol%.>* Comparing the EPR spectra

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 (a) Thermogravimetric analysis (dotted line) and differential scanning calorimetry (solid line) were performed over two heating cycles of [Mnz(im)e(Him),]

(MUV-44(mog)), illustrating mass loss and phase transitions. (b) X-ray powder diffraction patterns of the phases obtained upon heating at different temperatures (as
indicated in the DSC plot), with calculated patterns represented as thin black lines beneath (theoretical patterns for MUV-44(dia-c) and MUV-44(zni) correspond to
Zn analogues with CCDC codes IMIDZB14%° and XOMSIE,° respectively). (c) X-ray pair distribution function (PDF) data, represented as D(r), are provided for MUV-
44(mog) and a;-MUV-44. (d) A structural representation of the short-range order highlights matching bonds and pair distances corresponding to the peaks in the

PDF, with Mn, C, and N atoms depicted in dark blue, black, and light blue, respectively.
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Fig. 3

(a) SEM image of the ag-MUV-44 monolith (left, top) accompanied by Mn elemental analysis mapping (left, bottom), along with two microscope

images of different glassy samples (right). (b) Successive DSC upscans reveal the phase transition from mog to dia-c in the first upscan, while in
subsequent upscans, the Ty is determined. (c) EPR spectra of MUV-44(mog) and ag-MUV-44.

of MUV-44(mog) and a,-MUV-44 reveals a decrease in intensity
and peak broadening during the transition from the crystalline to
the amorphous phase (Fig. 3c). Although both materials have the
same number of paramagnetic centers, Mn>" ions, variations in the
local environment may affect the distribution and behavior of these
centers. In MUV-44(mog), the Mn>" centers adopt both octahedral
and tetrahedral geometries within a regular, repeating lattice.
Despite this mixed coordination environment, the periodic frame-
work ensures a uniform spatial distribution of unpaired electrons
and consistent distances between paramagnetic centers. This struc-
tural regularity enhances spin-spin interactions and sharpens the
EPR signal. In contrast, the lack of long-range order in a;MUV-44,
resulting from its amorphous nature, leads to a broader distribution
of paramagnetic center separations (as reflected by the broadening
of peak E in the PDF analysis of Fig. 2), which weakens spin-spin
interactions and contributes to signal broadening and reduced
intensity upon vitrification.

This journal is © The Royal Society of Chemistry 2025

Interestingly, the inclusion of Mn proves to be advantageous for
its melting behavior, allowing it to reach the liquid phase at lower
temperatures (T, = 462 °C) than other homoleptic ZIFs based on
Zn (T, = 590 °C),°* Co (T, = 600 °C)," or Fe (T, = 482 °C)."* This
fact can be explained due the greater lability of the Mn-N bonds
(vide infra). However, surprisingly, the decomposition temperature
(Ty) of the Mn material is around 550 °C, exceeding that of iron
(T4 = 530 °C)"* and copper (T4 = 258 °C)" analogues. To further
explore the properties of the vitreous phase, cyclic DSC measure-
ments under a nitrogen atmosphere were performed, covering a
temperature range from room temperature to 475 °C at a heating
rate of 10 °C per minute (Fig. 3b and Fig. S4, ESIt). From the
second upscan onward, a second-order transition is observed,
corresponding to the glass transition at a very low value
(Ty = 176 °C). The T, of a,-MUV-44 is significantly lower than that
reported for the Zn (7, = 292 °C)* and Fe (T = 190 °C)'* analogues,
but comparable to ZIF-Cu-1 (T = 172 °C)."
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Table 1 Summary of theoretical parameters related to the bond strength
for the metal-imidazolate coordination,® and experimental melting (T,,,)
and decomposition (Ty) temperatures of the corresponding ZIFs

Mn Fe Zn

dyn (A) 2.057 1.993 1.978
WBI 0.317 0.350 0.354
NAO 0.405 0.436 0.440
IBSI 0.218 0.257 0.270
Egis (kcal mol™) 34.71 33.25 37.82
T (°C) 462 482 590

T4 (°C) 550 530 600

“ Abbreviations: Mean distance for the M-N coordination bond (dy_n),
Wiberg bond index (WBI), natural atomic orbital (NAO) bond order,
intrinsic bond strength index (IBSI), and dissociation energy (Eqis).

First-principles calculations were performed by means of the
density functional theory (DFT) to characterize the coordination
metal-imidazolate bond strength in the family of ZIFs (zni topology)
based on Zn, Fe and Mn, following a protocol recently employed by
us.** On average, theoretical M-N coordination bond distances
nicely correlate with the experimental data for ZIF-4 (1.98 vs. 1.99 A),
and predict a bond lengthening in going from Zn to Fe (1.99 A) and
to Mn (2.06 A). A representative tetrahedron cluster was extracted
from the crystal structure of each ZIF, and a set of bond strength
indexes were calculated through analysis of the electron density,
including the Wiberg bond index (WBI),>* the natural atomic orbital
(NAO) bond order,*® and the intrinsic bond strength index (IBSI)”’
(see Section S8 in the ESIt for details). Theoretical calculations
predict a decrease in all the bond strength indexes in going from
Zn to Fe and to Mn (Table 1), indicating a weakening of the
coordination bond upon moving to the left in the first transition
metal row, and in good accord with the experimental melting point
trends. Bond dissociation curves predicted at the DFT level indicate
that the Fe analogue presents a smaller dissociation energy com-
pared to Mn (Table 1), although the latter displays a wider well
(Fig. S13, ESIY), which suggests that the Mn-N coordination bond is
more flexible near the equilibrium distance, but the Fe-N bond is
easier to be fully dissociated. This result could explain the smaller T},
but higher T, recorded experimentally for the Mn-ZIF compared to
the Fe analogue.

In conclusion, we report the first Mn-ZIF glass, named ag-
MUV-44, obtained indirectly via solvent-free synthesis and
subsequent solid-state transformation. This Mn-ZIF glass exhi-
bits the lowest melting temperature reported for a homoleptic
ZIF to date (T, = 462 °C), with an extended interval between
melting and decomposition of almost 90 °C. We examined the
effect of the metal on phase transitions as we move leftward
across the periodic table, and demonstrate that the strength of
the metal-nitrogen coordination bond directly influences the
melting and glassy properties of a,-ZIFs. The development of
a,MUV-44, through the formation of more labile bonds
between metal and linker, not only expands the family of ZIF
glasses but also offers valuable insights into the role of metal
ions in determining the thermal properties of these materials.
This approach could be readily extended to broaden the library
of low-melting MOFs.
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