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We report the solvent-free synthesis of a crystalline heterometallic imidazolate derivative with formula
[Fe1Zn,(im)g(Him),], designated MUV-25, incorporating both iron and zinc. The structure imposes strict
positional constraints on the metal centres due to the lattice containing distinct geometric coordination
sites, tetrahedral and octahedral. As a consequence, each metal is exclusively directed to its specific
coordination site, ensuring precise spatial organization within the lattice. Atom locations were
meticulously monitored utilizing X-ray diffraction (single crystal and total scattering) and XAS techniques,
demonstrating that the tetrahedral sites are occupied exclusively by zinc, and the octahedral sites are

occupied by iron. This combination of metal centres results, upon heating, in a structural phase
Received 28th January 2025 transformation to the zni topology at low t ture. Further heati the melting of th
Accepted 26th March 2025 ransformation to the zni topology at a very low temperature. Further heating causes the melting of the
solid, yielding a heterometallic MOF-derived glass. The methodology lays the groundwork for tailoring
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Introduction

Metal-Organic Framework glasses (a,-MOFs) represent an
intriguing class of amorphous materials characterized by their
disordered atomic arrangements, similar to traditional
glasses."* However, their composition, based on metal ions or
clusters interconnected by organic ligands, establishes them as
hybrids between conventional MOFs and glassy materials.>*
These glass structures maintain the essence of the original
crystalline analogues while showcasing distinctive properties
such as a monolithic design,” enhanced proton conductivity,®
thermal conductivity,” porosity,® mechanical® or optical
properties.’*™ In addition, their amorphous nature enables
them to circumvent certain limitations faced by their crystalline
counterparts, such as limited processability and susceptibility
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to structural collapse under external stimuli,” thus allowing
their application in devices (e.g., as electrolytes,*** solar cells,*®
membranes,"””'® composites’ or as anodes for Li-ion
batteries).>

From a mechanistic point of view, the melting of MOFs
entails the dynamic breaking and reformation of metal-ligand
bonds.** However, despite the extensive knowledge in the
synthesis of MOFs,** only a few of them can be melted to create
glassy materials upon cooling.”** The most significant ones
belong to one subfamily of MOFs denoted zeolitic imidazolate
frameworks (ZIFs),”® which comprise M** ions (typically Zn**
and Co*") linked via imidazolate bridges. Some of them are able
to melt**** before the typical decomposition process experi-
enced by the vast majority of MOFs,** being ZIF-4 [Zn(im),]**
and its derivatives the most significant ones within this family.
Quenching the liquid ZIF to room temperature yields a ZIF
glass, which retains tetrahedrally coordinated M>* ions with
imidazolate linkers but lacks long-range order.**

In the particular case of ZIFs, a high percentage of under-
ivatized imidazolate ligands seems to be essential to achieve the
melt state.*® Thus, one possible solution to expand the range of
materials capable of melting is to maintain the general struc-
ture and subtly modify the network of the crystalline precursor,
either in the organic or in the inorganic parts. For instance,
incorporating small amounts of bulkier imidazole derivatives,
such as benzimidazole, causes a reduction in the melting
temperature, as exemplified by ZIF-62, [Zn(im), ;5(bim)o 5],

© 2025 The Author(s). Published by the Royal Society of Chemistry
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and its derivatives.** However, the role of the metal is still rather
unexplored and the vast majority of ZIFs are prepared with zinc,
and only a few with cobalt.?**** Recently, our group has reported
the first Fe-ZIF glass, denoted a,-MUV-24,%¢ which is obtained
through multi-structural rearrangements and melts at lower
temperatures than the zinc analogue.

Another interest in the area is the preparation of multime-
tallic glasses. As with their crystalline counterparts, mixed-
metal MOFs have been shown as suitable platforms for
controlling gas affinity, tuning breathing behaviour, and
enabling synergistic catalytic processes.*” However, the effect of
incorporating a second metal into the lattice of a glass, as well
as the phase transitions it undergoes, has been scarcely studied.
In this sense, the incorporation of cobalt into the zinc-based
glassy network slightly lowers the melting temperature.®®
Glasses formed with more than one metal can be prepared by
mixing two different crystalline precursors albeit this implies
that both of them have to melt at similar temperatures.*
Alternatively, a uniform glass can result using mixed-metal
meltable ZIFs,** which is more challenging, but has been
primarily used with Co and Zn, as both share the same glass-
forming crystalline network topology, cag.” The main chal-
lenge in overcoming this limitation is to identify an initial
topology capable of incorporating diverse metals while main-
taining enough density to enable subsequent melting, a crite-
rion met only by the cag and zni topologies.

We have recently reported another topology, mog, that
facilitates the formation of the zni phase with Fe, unachievable
by direct conditions.***> This mog topology features two
distinctly different metal coordination environments—octahe-
dral and tetrahedral—and therefore, could be suitable for the
incorporation of metal centres with distinctive chemical affin-
ities. In this work, we use this glass-forming crystalline

[Fe,Zn,(im)g(Him),]

=10.38840(10)A, b = 13.2702(2)A, ¢ = 10.44280(10)A

a =y =90° B =92.5540(10)°
Space group: P2,/c

Fig. 1
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precursor as a platform for incorporating different metals, while
also exploring the influence of the metal ion in the melt-
quenching process. To achieve this, we have integrated iron
and zinc centres into the mog lattice using a solvent-free
approach, resulting in a heterometallic imidazolate derivative
with restricted constraints on the location of both metals. This
heterometallic crystalline material undergoes a transformation
into another crystalline phase with the zni topology. This ther-
mally activated structural phase transition is one of the few that
have demonstrated to be able of melt.** Furthermore, this
research enables us to explore the effects on melting tempera-
ture (Ty,) and glass transition (7y) from incorporating two
different metal nodes within the same framework and compare
with the pure counterparts.

Results and discussion

The solvent-free reaction of a 1:1 : 4 mixture of ferrocene, zinc
oxide and imidazole at 150 °C under vacuum yields, after 24
hours, an orange crystalline material that has the mog topology,
designated as MUV-25(mog) (MUV = Material of the University
of Valencia). Single crystal X-ray diffraction of the as-
synthesized material reveals that MUV-25(mog) is a 3D coordi-
nation polymer with formula [M;(im)s(Him),] in which tetra-
hedral and octahedral metal centres are linked via imidazolate
bridges, with two tetrahedral sites per octahedral site. Each
metal ion is connected to four other metal nodes, with the
octahedral centres possessing two terminal imidazole mole-
cules in a trans-configuration (see Fig. 1). MUV-25(mog) closely
resembles the pure iron phase, [Fez(im)e(Him),] (CCDC code =
IMIDFE)* and the pure cobalt phase, [Cos(im)s(Him),] (CCDC
code = OWIGIL),” and crystallizes in the same space group
(P24/c) with similar unit cell parameters (@ = 10.388 A, b =

b) MUV-25(zni)

w <o

[Fe,Zn,(im)g]
a=b=23.4527(4)A, ¢ = 12.5316(4)A
a==y=90°
Space group: /4,cd

(a) Crystal structure of MUV-25(moq). (Left) The structure is composed of tetrahedral zinc atoms (in grey) and octahedral iron atoms (in

orange) connected via imidazolate ligands (nitrogen and carbon atoms are represented as blue and black spheres, respectively). (Middle)
Projection of the topology of MUV-25(mog), with the Fe centres shown as orange spheres, Zn centres as grey spheres, the bridging imidazolates
as grey lines, and the terminal imidazoles as pink lines. (Right) SEM image of MUV-25(mog) and its corresponding elemental mapping of zinc and
iron (scale bars = 10 um). (b) Crystal structure of MUV-25(zni). (Left) The structure is composed of tetrahedral metal atoms (in yellow) with
positional iron:zinc disorder, connected via imidazolate ligands (nitrogen and carbon represented as blue and black spheres, respectively).
(Middle) Projection of the topology of MUV-25(zni), with the metal centres shown as yellow spheres and the bridging imidazolates as grey lines.
Note that the single-crystal X-ray data does not differentiate between the metal centres. (Right) SEM image of MUV-25(zni) and its corresponding
elemental mapping of zinc and iron (scale bars = 10 pm).
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13.270 A, ¢ = 10.443 A, § = 92.554°). However, it differs signif-
icantly from the pure zinc phase obtained through solvent-free
synthesis, consisting exclusively of tetrahedral zinc centres,
which is the same as previously reported via ionothermal
synthesis: [Zn,(im)g(Him)] (CCDC code = KUMXEW).** This
structure consists of four crystallographically independent Zn**
ions. Two of the zinc ions are each coordinated to four bridging
imidazolate linkers, bonding to another zinc atom. In contrast,
the other two Zn>" ions have three bridging imidazolate units
and one additional imidazole that does not connect to another
zinc atom and remains in its neutral form. Thus, it is remark-
able that the solvent-free synthesis of the heterometallic MUV-
25(mog) integrates zinc atoms into a topology previously elusive
for this metal. This synthetic approach also overcomes the
susceptibility of Fe** to oxidize to Fe*" during solvothermal
synthesis. In fact, we have previously employed this solvent-free
synthesis method to incorporate Fe®* centres into extended
structures of different dimensionalities.*”**

For a more comprehensive understanding of the metal
centres, the electronic states of Fe and Zn were analysed indi-
vidually by X-ray absorption near edge spectroscopy (XANES).
XANES spectra of MUV-25(mog) indicate exclusively octahedral
Fe*' ions in the network, whereas the Zn*' centres have
a tetrahedral geometry (see Section S5). This is consistent with
the single crystal X-ray diffraction data, which provides a better
refinement when the structure is modelled with the iron and
zinc atoms located in the octahedral and tetrahedral environ-
ments, respectively (see Table S31). Finally, a 1:2 Fe : Zn metal
ratio is further confirmed with inductively coupled plasma (ICP)
analysis (Table S8f). Thus, the formula of MUV-25(mog) is
[FeiZn,(im)s(Him),]. This structural arrangement, featuring
two distinct metal coordination sites, enables the incorporation
of both metal ions into the lattice in well-defined positions: zinc
occupies the tetrahedral sites, while iron is confined to the
octahedral sites.

Increasing the amount of iron or zinc in the synthesis leads
to a mixture of compounds in which the pure iron or the pure
zinc phases (IMIDFE and KUMXEW, respectively) are present
together with MUV-25(mog), as established by Rietveld refine-
ment (see Fig. S7-S97). This demonstrates that obtaining a pure
phase is quite challenging, except when using a 1:1 starting
ratio of Fe:Zn, which results in a nearly pure phase of MUV-
25(mog) (see Fig. S1-S57).

Upon heating MUV-25(mog), thermogravimetric analysis
(TGA) shows a mass loss of 19.5% around 260 °C, coinciding
with an endothermic peak in the differential scanning calo-
rimetry (DSC) measurement (Fig. 2a). This decrease in mass is
likely attributed to the elimination of the terminal imidazole
molecules that are bound to the octahedral iron centres,
calculated to correspond to a mass loss of 18.8%, as previously
noted in the pure iron phase.*® This process is accompanied by
a structural transformation, as seen in the powder X-ray
diffraction (Fig. 2b). This structural rearrangement is unequiv-
ocally determined by X-ray diffraction from a single crystal ob-
tained after heating MUV-25(mog) at 300 °C. The newly formed
crystalline solid, of formula [Fe;Zn,(im)s], adopts the zni
topology, and is therefore denoted MUV-25(zni). This phase

7948 | Chem. Sci,, 2025, 16, 7946-7955
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Fig. 2 (a) Thermogravimetric (in orange) and differential scanning
calorimetry (in black) analyses conducted during the heating of [Fe;-
Zn,(im)g(Him),] (MUV-25(mog)), showing the mass loss and the phase
transitions. (b) X-ray powder patterns of the different phases obtained
upon heating at different temperatures (indicated in the DSC plot), with
the calculated powder patterns as thin black lines beneath. (c)
Microscope images of the different phases that correspond with (i)
MUV-25(mog), (i) MUV-25(zni) and (iii) ag-MUV-25. The scale bars
correspond to 25 pm.

transition is accompanied by a slight shortening of the inter-
metallic distance, decreasing from 6.16 A in MUV-25(mog) to
5.95 A in MUV-25(zni) (Fig. 1). The structural reorganization
implies a transformation of all octahedral iron centres into
tetrahedral ones, while the tetrahedral zinc centres retain their
configuration. This geometrical change is also confirmed by the
electronic state of the Fe ions. Specifically, when examining the
Fe K-edge XANES of MUV-25(zni), we observe a marked increase
in the pre-edge intensity with EXAFS showing a decrease in first
shell coordination number, pointing to a shift to tetrahedral
iron nodes (see Fig. 3d and Tables S5 and S67)."*° Thus,
conversion of octahedral centres to tetrahedral ones has been
achieved, aligning well with the zni topology.

Further heating of MUV-25(zni) to 538 °C reveals another
endothermic peak accompanied by a slight mass loss, signaling
the onset of melting. This process is accompanied by minor
decomposition of some imidazole ligands, likely those coordi-
nated to iron, which may undergo oxidation during melting.
Room temperature powder X-ray diffraction of the material after
melt-quenching reveals the absence of Bragg reflections
(Fig. 2b). This observation is supported by microscopic images
showing the formation of a vitreous monolithic phase,
providing initial evidence of the vitrification of MUV-25(zni)
into a noncrystalline phase referred to as a,-MUV-25 (Fig. 2c and
S40-S427). This melting transition precedes material decom-
position, which occurs at 550 °C.

In order to get further insights into the structural differences
and similarities between the crystalline and amorphous phases
of MUV-25(mog), X-ray total scattering experiments were per-
formed on MUV-25(mog), MUV-25(zni) and a,-MUV-25. The
total scattering structure factors, S(Q), shown in Fig. S17,f
indicate that the Bragg peaks observed in the crystalline phases
are absent in the a,-MUV-25 data. The corresponding X-ray pair

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(@ and b) Schematic representation of the imidazolate bridge coordinated to two metals and connectivity between one octahedral iron

centre to four tetrahedral zinc centres. Colour codes are the same as in Fig. 1. The coloured arrows indicate interatomic distances that match
with the peaks shown in panel c. (c) X-ray PDF in the form of D(r) of MUV-25(mog), MUV-25(zni), and ag-MUV-25. (d) Fe K-edge rising edge

spectra with inset showing the pre-edge features.

distribution function (PDF or D(r)) data are shown in Fig. 3. The
consistency in the short-range correlations within approxi-
mately ~6 A (corresponding to the distance between neigh-
bouring Zn>" and Fe** centres and between neighbouring Zn>*
and Zn”" centres) across all the PDFs indicates that the tetra-
hedral coordination of the metal nodes with imidazolate linkers
remains intact after the melting process in the a,-MUV-25.
Moreover, we can observe a small shift in the intermetallic
distance (peak with red label in Fig. 3c) corresponding to the
contraction of the structure after the transition from MUV-25 to
MUV-25(zni), which is in agreement with the crystal structural
data and the calculated PDFs (Fig. S18t). However, a peak at
3.45 A in the PDF data from MUV-25(zni) does not match the
calculated PDF. The calculated partial PDFs (Fig. S17-19%) did
not help us identify the source of this peak. To further investi-
gate this contribution, also observed in the PDF of MUV-
24(zni),*® we calculated PDFs of various iron oxides. The PDF of
spinel Fe;0, exhibits similar features to these additional peaks,
suggesting Fe®" forms locally and indicating the reactive nature
of this material (Fig. S22+1). However, the peak at 3.45 A, corre-
sponding to iron oxide, is not observed in the PDF data from a,-
MUV-25. We hypothesize that this is due to a faster formation of
iron oxide in the zni phase due to the instability of iron in this
topology. Indeed, MUV-24(zni), with 100% Fe centres, is
significantly less stable, while the vitreous phase a,-MUV-24 is
more stable. This higher stability against iron oxidation may be
attributed to the denser packing of the amorphous phase
compared to the zni phase, which makes the iron centres less
accessible. Therefore, preventing a partial oxidation of MUV-
25(zni) during the measurement process is more challenging
compared to a,;-MUV-25. This process was further confirmed by
XAS. The parent compound, MUV-25(mog), exhibits a pre-edge
feature at 7113.1 eV (Fig. S24 and Table S57), attributed to 1s —
3d transitions, strongly indicating the presence of a six-
coordinate (octahedral) Fe®" centres, consistent with EXAFS
analysis and XRD data (Fig. S25 and Table S6). Upon heating,
the formation of MUV-25(zni) results in a notable increase in
pre-edge intensity, consistent with tetrahedral Fe** centres. In
addition, the observed shift towards higher energy values (~1

© 2025 The Author(s). Published by the Royal Society of Chemistry

eV) suggests partial oxidation to Fe*". This demonstrates the
coexistence of Fe*" and Fe®* in MUV-25(zni), with their relative
amounts depending on the duration of air exposure.

Further heating results in a,-MUV-25, where the XANES
spectra at the Fe K-edge is consistent with a tetrahedral geom-
etry, although a ~1 eV shift to higher energy in the pre-edge
suggests partial oxidation which was not observed in the PDF
analysis. Furthermore, EXAFS analysis shows weaker intensities
in the longer-range structure (2-4 A) consistent with a less
ordered system. Lastly, EXAFS also suggests the formation of
minor amounts of Fe oxides. Interestingly, EXAFS at the Zn K-
edge shows spectra with a similar profile in all the cases
(Fig. S231) and only minor differences in the XANES region
previously attributed to different binding modes of the imid-
azole (Him) ligands,”*** suggesting that the Fe centres are
predominantly responsible for the morphological changes
observed.

Significant differences emerge when comparing the phase
transformations of the heterometallic MUV-25 with its pure
homometallic counterparts, IMIDFE (iron-based) and KUM-
XEW (zinc-based) (Fig. 4), both prepared via solvent-free
synthesis. Initially, MUV-25 adopts the same mog topology as
IMIDFE, whereas KUMXEW exhibits the distinct moc topology,
in which no octahedral centres are present. In all these initial
phases, neutral imidazoles are coordinated to some of the metal
centres, and the first phase transition is consistently associated
with the decoordination of these neutral imidazoles. This
process is evidenced by a drop in the TGA curve accompanying
an endothermal peak (between 200 and 350 °C), leading to the
formation of the thermodynamically stable zni phase in the
MUV-25 and KUMXEW. However, for IMIDFE, an additional
phase transition occurs prior to reaching the zni phase,
resulting in the intermediate 1la phase. The TGA drop associ-
ated with the decoordination of neutral imidazoles corresponds
to calculated values of 19.3% for IMIDFE, 18.8% for MUV-25,
and 7.9% for KUMXEW, which is in good agreement with the
experimental data (21.3%, 19.5% in and 7.9%, respectively, see
Fig. 4a).

Chem. Sci., 2025, 16, 7946-7955 | 7949
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(a) TGA (dark grey lines, left vertical scale) and DSC (grey, yellow and brown lines, right vertical scale) traces of KUMXEW (Zn), MUV-25

(Fe/Zn) and IMIDFE (Fe), along with their corresponding optical images. The samples were heated at 10 °C min~*. (b) Schematic representation of
the different phase transition undergone by KUMXEW, MUV-25 and IMIDFE.

Interestingly, the heterometallic MUV-25 transitions directly
to the MUV-25(zni) phase at a significantly lower temperature
(260 °C) compared to the pure homometallic materials, a phase
that appears upon heating at 417 °C (IMIDFE) and 360 °C
(KUMXEW). We hypothesize that in the case of IMIDFE, the
high transition temperature to the zni phase is due to the
formation of a stable intermediate phase, known as MUV-
25(lla), immediately after the decoordination of the neutral
imidazoles. In contrast, in the case of KUMXEW, the removal of
the neutral imidazoles implies the rupture of Zn-N bonds
which are stronger than Fe-N bonds.*” This stronger bonding
delays the phase transition associated with the removal of the
linkers.

Upon further heating, an additional endothermic peak
appears, corresponding to the melting of the compounds. For
both KUMXEW and MUV-25, this melting is accompanied by
a slight mass loss. A similar problem has been previously
observed in other materials that melt at high temperatures,
such as ZIF-4,>® although the isolation of the vitreous phase is
still possible in these cases. Analysis of the melting tempera-
ture, Ty,, of the three materials, MUV-25, IMIDFE and KUM-
XEW, shows that T,, increases with the Zn content in the
framework, i.e. Tp,(IMIDFE) < Ty(MUV-25) < Tp(KUMXEW).
This trend aligns with the physical expectations, as the melting
process involves dynamic dissociation and reassociation of
metal-linker bonds, with Zn-N bonds being more stable than
Fe-N bonds.* Interestingly, despite the presence of two distinct
bonding energies in MUV-25, the DSC analysis shows only
a single melting feature, indicating a high degree of coopera-
tivity and homogeneity in the M-N bonds within the lattice.

The enthalpy of melting (AH,,), determined by integrating
the DSC melting peak, was calculated for three compounds
(Fig. S30-S3271). For KUMXEW, the experimental AH,, value is
12.1 k] mol™', which is comparable to the reported values for
ZIF-4 (11.5 kJ mol™") and ZIF-zni (11.9 k] mol ").* However,

7950 | Chem. Sci, 2025, 16, 7946-7955

introducing iron into the lattice leads to a decrease in AH,,, with
values of 8.5 k] mol * for MUV-25 and 6.6 k] mol * for IMIDFE.
In this case, we assume that the packing density before and
after melting remains similar, so the decrease in AH,, cannot be
attributed to a less tightly packed lattice with lower lattice
energy, as observed in ZIF-62. Instead, as with T}, we attribute
this decrease in AH,, to the stronger Zn-N bonds, which create
a more stable crystalline framework. This stability requires
higher energy values to overcome during the transition from the
solid to the liquid state, resulting in a higher AH,,,. In contrast,
the weaker Fe-N bonds lead to a less stable framework, lowering
the energy required for melting and thus reducing AHy,,.

After studying all the different transformations that the
material undergoes during the initial upscan, we conducted
a cyclic upscan under a N, atmosphere from room temperature
to 550 °C at a rate of 10 °C min~ " (see Fig. $331) to determine
the glass transition temperature (T,). During the first upscan,
the material undergoes all the transformations described
earlier. Subsequently, a downscan was performed to obtain the
melt-quenched glass, and during a second upscan of a;-MUV-
25, a calorimetric signal associated with the glass transition
temperature (T,) was observed at 276 °C. This temperature is
quite similar to that of a,-KUMXEW (290 °C), but significantly
different from that of a,-MUV-24 (190 °C) (Fig. $347).

To further analyze the glassy features of MUV-25, the liquid
fragility has been examined. The liquid fragility index (m) is
used to describe the sensitivity of a material to physical aging,
and it can be calculated using different approaches: (i) through
viscosity experiments across T, using the Angell plot and the
MYEGA viscosity model or (ii) by DSC using the Arrhenius
equation (eqn (1)), where the liquid fragility parameter (m) can

be defined as:
e dlog 8.
d(Tf‘rcf/Tf)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.5 Fragilities of ag-ZIF-4, ag-Zn(im), (GIS), ag-TIF-4, ag-ZIF-62, ag-
MUV-24 and ag-MUV-25 determined from the dependence of fictive
temperature (Ty) on the heating rate (gy) by using the DSC method.

where (. is the cooling rate, T; is the fictive temperature
measured on heating and Tt,.r is the reference fictive temper-
ature or T,. Tt is defined as the extrapolated intersection of the
pre-transition and post-transition DSC baselines in enthalpy
units. To obtain enthalpy, DSC heat flow curves are integrated.
The unique property of the fictive temperature is dependent of
the DSC heating rate used to measure it. Hence, T shift to
higher temperature values using increasing heating rates.

DSC curves at different heating ratios were recorded for a,-
MUV-24 and a,-MUV-25 (Fig. S351). Liquid fragility (m) was
calculated using eqn (1) (Fig. S36 and Table S97) with values of
41 and 38 for a,MUV-25 and a,-MUV-24, respectively, very
similar to the reported value for a,-ZIF-4 (ref. 28) (Fig. 5). This
suggests that m is largely independent of the presence of Fe or
Zn.

Conclusions

We have successfully synthesized a novel glass forming heter-
ometallic material, MUV-25(mog), via solvent-free synthesis.
This compound, consisting of iron and zinc centres, serves as
a platform for preparing the thermally activated zni topology,
that melts at an intermediate temperature between the pure
counterparts. This mog topology has a structure in which the
metal centres occupy different positions, the Fe*" are in octa-
hedral sites, while the Zn®" ions are tetrahedrally coordinated.
After a first heating process a rearrangement of the network
takes place and all the iron centres transition from octahedral
to tetrahedral, while the zinc centres maintain their tetrahedral
environment, yielding the zni topology. The arrangement of
each metal site has been precisely followed by spectroscopic
techniques. The incorporation of two different metal nodes
enables the zni phase to be obtained through a temperature
phase transition at ambient pressure at lower temperatures
than previously reported. Ultimately, a molten state is achieved

© 2025 The Author(s). Published by the Royal Society of Chemistry
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yielding a heterometallic glass with liquid fragility properties
similar to the pure counterparts. With this work, we aim to
highlight the significant impact of introducing different metals
into the same lattice, not only from a crystallographic
perspective but also in terms of thermal properties. The inclu-
sion of a second metal could also serve as a powerful tool for
developing multifunctional glasses, just as it has proven to be in
crystalline MOFs for tuning gas separation, luminescence, and
sensing properties.

Experimental methods
Synthesis of MUV-25

A mixture of ferrocene (14 mg, 0.07 mmol), ZnO (6 mg, 0.07
mmol) and imidazole (20 mg, 0.3 mmol) were combined and
sealed under vacuum in a layering tube (4 mm diameter). The
mixture was heated at 150 °C for 24 hours. The product was
allowed to cool to room temperature, and the layering tube was
then opened. The unreacted precursors were extracted with
acetonitrile. MUV-25(mog) was isolated as yellow crystals. Phase
purity was established by X-ray powder diffraction.

Synthesis of MUV-25(zni)

Approximately 15 mg of MUV-25(mog) were treated with the
following thermal process: Tipitia1 = 40 °C (15 min) — 300 °C —
25 °C. Heating and cooling rates = 10 °C min~'. Once the
process is completed, phase MUV-25(zni) is isolated. Phase
purity was established by X-ray powder diffraction.

Synthesis of a,-MUV-25

Approximately 15 mg of MUV-25(mog) were treated with the
following thermal process: Tipjtia1 = 40 °C (15 min) — 550 °C (10
min) — 25 °C. Heating and cooling rates = 10 °C min_'. Once
the process is completed, phase a,-MUV-25 is isolated. The
absence of crystalline phases was established by X-ray powder
diffraction.

MUV-25(mog), MUV-25(zni) and a,-MUV-25 were further
characterized using PXRD, TGA, ICP-MS, SEM-EDS, NMR, FTIR,
and polarized light microscopy. More detailed information can
be found in the ESL}

Synthesis of KUMXEW

A mixture of ZnO (12 mg, 0.14 mmol) and imidazole (20 mg, 0.3
mmol) were combined and sealed under vacuum in a layering
tube (4 mm diameter). The mixture was heated at 150 °C for 24
hours. The product was allowed to cool to room temperature, and
the layering tube was then opened. The unreacted precursors
were extracted with acetonitrile. KUMXEW was isolated as white
crystals. Phase purity was established by X-ray powder diffraction.

Synthesis of IMIDFE

A mixture of ferrocene (28 mg, 0.14 mmol) and imidazole
(20 mg, 0.3 mmol) were combined and sealed under vacuum in
a layering tube (4 mm diameter). The mixture was heated at
150 °C for 96 hours. The product was allowed to cool to room
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temperature, and the layering tube was then opened. The
unreacted precursors were extracted with acetonitrile. IMIDFE
was isolated as orange crystals. Phase purity was established by
X-ray powder diffraction.

Single-crystal diffraction

Single crystals of MUV-25(mog) and MUV-25(zni) were mounted
on glass fibers using a viscous hydrocarbon oil to coat the crystals
and then transferred directly to the cold nitrogen stream for data
collection. X-ray data were collected at 120 K on a DW rotating
anode Rigaku Synergy-R diffractometer with (Cu-K,) X-ray source
(A = 1.54184 A). Data were measured using the CrysAlisPro suite
of programs. The program CrysAlisPro, Rigaku, was used for unit
cell determinations and data reduction. Empirical absorption
correction was performed using spherical harmonics, imple-
mented in the SCALE3 ABSPACK scaling algorithm, based upon
symmetry-equivalent reflections combined with measurements at
different azimuthal angles. The crystal structures were solved and
refined against all F> values using the SHELXL and Olex2 suite of
programs.®>** Atomic displacement parameters of all non-
hydrogen atoms were refined anisotropically except those within
a disordered imidazolate ring in each structure, which were
refined isotropically. Hydrogen atoms were placed in calculated
positions, refined using idealized geometries (riding model) and
assigned fixed isotropic atomic displacement parameters. CCDC
2373266-2373267 contain the supplementary crystallographic
data for this paper.

Differential scanning calorimetry (DSC)

Differential scanning calorimetry (DSC) measurements were
conducted on a TRIOS DSC 250 instrument. 10-15 mg of acti-
vated sample was loaded into an aluminium crucible (30 pL)
with a pierced lid. An empty aluminium crucible was used as
a reference. Under N, gas, the sample was heated to a temper-
ature of 40 °C and an isotherm was performed for 15 min to
stabilize the sample. Then the sample was heated to 300 °C, and
550 °C at a rate of 10 °C min~ ' for MUV-25(zni), and a,-MUV-25,
respectively. Upon reaching the temperature, an isotherm of
10 min was performed to ensure a complete phase change. This
was followed by cooling back to 40 °C at 10 °C min~"'. Using
a NETSCH DSC 214 Polyma instrument, we measured the fictive
temperature based on varying up- and downscan rates. By
analyzing the dependence of the fictive temperature on the
heating rate, we calculated the liquid fragility indices following
established methods in the literature.*® Approximately 5-10 mg
of powdered samples were placed in sealed 70 pL aluminum
crucibles with a hole punctured in the lid to prevent pressure
build-up. An empty aluminum pan was used as a reference.
Background corrections were performed using the same heat-
ing cycle on an empty aluminum crucible. All data analysis was
performed using the Netzsch Proteus software package.

X-ray total scattering

MUV-25(mog), MUV-25(zni) and a,-MUV-25 data were collected
at beamline I15-1, Diamond Light Source, UK (EE200338). All
powdered samples were ground and loaded into kapton®
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capillaries (1 mm diameter) to a height of 0.5 cm. The capil-
laries were sealed with plasticine either side of the sample and
placed over an inner stainless steel rod before being mounted
onto the beamline. Total scattering data were collected at room
temperature for the background (i.e., empty instrument), empty
kapton capillary, and for all samples in a Q range of 0.2-26.0 A™*
(A = 0.161669 A, 76.69 keV). Subsequent Fourier trans-
formations of the processed total scattering data resulted in
a real-space PDF G(r) for each material. In this work, we use the
D(r) form of the PDF to accentuate high r correlations. All pro-
cessing of the total scattering data was performed using
GudRunX following well-documented procedures.>***

X-ray absorption spectroscopy (XAS)

Samples were run as solid powders diluted in cellulose at the
ALBA synchrotron CLAESS beamline. Data was collected in
transmission mode, at liquid nitrogen temperatures (80 K),
using a Si(111) double crystal monochromator. Data was aver-
aged, normalized and calibrated using the Athena software.>®
The energy was calibrated to the first inflection point of Fe foil
(7112 eV) and Zn foil (9659 eV) for Fe and Zn K-edge data,
respectively. The autobk algorithm was used for EXAFS spectra
extraction as described in the ESI Section 5.f The FEFF6
code’™” was used for scattering path generation, and k'*?-
weighted fits of the data were carried out in r-space, over r-
ranges and k-ranges as specified, in ESI Section 51 using the
python implementation of the Artemis software (Larch).® A
fixed global S,* value and floating E, were employed with the
initial E, value set to the inflection point of the rising edge.
Single scattering paths were fit in terms of a Ar.s and ¢” as
previously described. To assess the goodness of the fits both the
Reactor (%R) and the reduced x> (x,*) were minimized, ensuring
that the data was not over-fit. Pre-edge features were fit using
a Gaussian-Lorentzian sum function with 50% Gaussian
character.

Data availability

The data supporting this article have been included as part of
the ESI. The characterization data files are available on Zenodo
open repository (DOI: 10.5281/zenodo.15113164).7
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