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S1. Methods

All reagents were commercially available and used without further purification.

Synthesis of MUV-44(mog): Bis(tetramethylcyclopentadienyl)manganese (II) (44.6 mg, 0.15 mmol)
and imidazole (20.4 mg, 0.3 mmol) were combined in a vacuum-sealed 4 mm diameter layering tube.
The mixture was heated to 150 °C for four days, yielding white crystals suitable for single-crystal X-
ray diffraction. Unreacted starting materials were removed by acetonitrile extraction, leaving pure
MUV-44(mog) as white crystals, confirmed by powder X-ray diffraction. The entire procedure is

carried out inside a glove box to prevent oxidation.

Synthesis of MUV-44(dia-c): Approximately 15 mg of MUV-44(mog) was subjected to a thermal
process: a 15-minute hold at 40 °C, heating to 300 °C with a 10-minute isotherm, and then cooling to

25 °C. The heating and cooling rates were maintained at 10 °C min™".

Synthesis of MUV-44(zni): Approximately 15 mg of MUV-44(mog) was subjected to a thermal
process: a 15-minute hold at 40 °C, heating to 400 °C with a 10-minute isotherm, and then cooling to

25 °C. The heating and cooling rates were maintained at 10 °C min™".

Synthesis of a,-MUV-44: Approximately 15 mg of MUV-44(mog) underwent a thermal treatment
following this profile: initial hold at 40 °C for 15 minutes, followed by heating to 475 °C with a 10-
minutes isotherm, and then cooling down to 25 °C. Both heating and cooling rates were maintained at

10 °C min™'.

Single-Crystal X-ray Diffraction: A single crystal of MUV-44(mog) was mounted on a glass fiber
using a viscous hydrocarbon oil. The crystal was then transferred directly into a cold nitrogen stream
for data collection. X-ray diffraction data were collected at 120 K on a DW rotating anode synergy R
diffractometer using Cu-K, radiation (A = 1.54184 A). Data processing was performed using the
CrysAlisPro suite. Unit cell determination and data reduction were carried out with the CrysAlisPro
program (Rigaku). Empirical absorption correction was applied using spherical harmonics
implemented in the SCALE3 ABSPACK scaling algorithm. This correction utilized symmetry-
equivalent reflections combined with measurements at various azimuthal angles. Crystal structures
were solved and refined against all F? values using the SHELXL and Olex2 software packages.!-?
Anisotropic refinement was applied to the atomic displacement parameters of all non-hydrogen atoms,
except for those within a disordered imidazolate ring in each structure, which were refined
isotropically. Hydrogen atoms were placed in calculated positions, refined using a riding model with

idealized geometries, and assigned fixed isotropic atomic displacement parameters. CCDC 2445903



contains the supplementary crystallographic data for this paper. These data can be obtained free of
charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crystallographic Data
Centre, 12 Union Road, Cambridge CB21EZ, UK; fax: (+44)1223-336-033; or

deposit@ccdc.cam.ac.uk)

Powder X-ray Diffraction (PXRD). The samples were lightly ground in an agate mortar and pestle
and used to fill 0.7 mm borosilicate capillaries that were mounted and aligned on an Brucker D8
Discover powder diffractometer, using Cu Ka radiation (A = 1.54056 A). The detector was an EIGER2
R 500K, multi-mode 2D. Pawley refinements were performed using TOPAS v6.0.?

Scanning Electron Microscopy (SEM): Scanning electron micrograph images were captured using
the SCIOS 2 FIB-SEM. Samples were prepared by placing the powder on a carbon tape support and
undergoing metallization before image collection. EDX analysis was conducted to examine the

distribution of Mn?" metal ion within the crystal structure.

Polarized Light Microscopy: Optical microscopy images of single grains of the different phases were

acquired using a Nikon Eclipse LV-100 Optical microscope.

Thermogravimetric analysis (TGA): TGA measurements were conducted using a TGA 550
instrument (TA Instruments). All the samples were loaded in a platinum pan, under air or N>
atmosphere. Initially, the sample was heated to 40 °C and held isothermally for 15 minutes to stabilize.

Subsequently, the sample was heated at a rate of 10 °C min™!.

Differential Scanning Calorimetry (DSC): DSC measurements were performed on a TRIOS DSC
250 instrument. Approximately 10-15 mg of the activated sample was loaded into a pierced-lid
aluminum crucible (30 pL). An empty aluminum crucible served as the reference. Under a nitrogen
atmosphere, the sample was heated to 40 °C and held isothermally for 15 minutes to ensure
stabilization. Subsequently, the sample was heated to different final temperatures (300 °C for MUV-
44(dia-c), 400 °C for MUV-44(zni), and 475 °C for a,-MUV-44) at a heating rate of 10 °C min™".
Upon reaching the target temperature, a 10-minute isotherm was performed to guarantee complete

phase transition. Finally, the sample was cooled back to 25 °C at a rate of 10 °C min™".

X-ray Total Scattering: X-ray total scattering data were collected at room temperature using a
PANalytical Empyrean laboratory diffractometer equipped with an Ag-K. source and focusing
mirrors. Samples were loaded into 1 mm diameter quartz glass capillaries and measured for over 24
hours each. Background scattering from an empty capillary and the diffractometer was also recorded.

The resulting data were processed using the GudrunX* program to generate a normalized pair



distribution function (PDF). The PDF was produced from the sine Fourier transform of S(Q) using a
O-range of 0.6 to 18.5 A~ and was optimized such that the low-r region of the PDF function G(r)

oscillated around -1.



S2. Single crystal X-ray diffraction of MUV-44(mog)

Table S1 Crystallographic information of compound MUV-44(mog).

Identification code

MUV-44(mog)

Empirical formula
Formula weight
Temperature/K
Crystal system

Space group
a/A
b/A
c/A
al°
B
y/°
Volume/A3
Z
Peale/g cm™
wmm-!
F(000)
Crystal size/mm?
Radiation
20 range for data collection/°

Index ranges

Reflections collected
Independent reflections

Data/restraints/parameters
Goodness-of-fit on F?

Final R indexes [[>=2c (I)]

Final R indexes [all data]

Largest diff. peak/hole / e A3

C24H26Mn3Ni6
703.43
120(2)

monoclinic
P2i/c
10.7686(5)
12.9029(6)
10.6640(4)
90
91.158(4)
90
1481.42(11)
2
1.577
10.631
714.0
0.06 x 0.04 x 0.02
CuKq(A=1.54184)
8.212 to 153.476
-13<h <13,
-15<k <6,
-13<1<13
13940
2999 [Rint = 0.0622,
Rsigma = 0.0394]
2999/0/196
1.024
R1=10.0501
wR> =0.1286
Ri1=0.0712
wR> =0.1446

0.70/-0.66




S3. Powder X-ray diffraction (PXRD)
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Figure S1. Pawley analysis of MUV-44(dia-c). Experimental (red dots), calculated (black line),
difference (grey line) and Bragg positions (ticks).
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Figure S2. Pawley analysis of MUV-44(zni). Experimental (red dots), calculated (black line),
difference (grey line) and Bragg positions (ticks).



Table S2. Unit cell parameters of MUV-44(dia-c) and MUV-44(zni) extracted from Pawley

refinements of the PXRD data compared with the values of the Zn analogues IMIDZB14 and
XOMSIE extracted from the CCDC structures.

a b c a p Y :f::;

MUV-44(dia-c) 144286 10.4749  9.7888 90 90 90 Pbca
IMIDZB14 14.1163  10.5841  9.8646 90 90 90 Pbca
MUV-44(zni) 23.8157 238157 129104 90 90 90 141cd
XOMSIE 234330 23.4330 12.4905 90 90 90 141cd



S4. Stability test

Crystals of MUV-44(mog) were exposed to air under ambient conditions for variable durations.
Subsequently, the materials underwent examination via X-ray powder diffraction. For MUV-44(mog)
the diffraction peaks remained for two hours; after this period, a new phase began to emerge, and the

material darkened.

26 (°)
Figure S3. PXRD patterns of MUV-44(mog) at various air exposure times. The asterisk (*)

indicates the appearance of the new phase, which is nearly fully formed after 12 hours.



SS5. Differential scanning calorimetry (DSC)

DSC analyses show that successive upscans result in the formation of a vitreous phase, evidenced by
the appearance of a glass transition at 176 °C. However, it is also observed that the material retains a
melting transition, which diminishes with each subsequent cycle. We are confident that
recrystallization does not occur, as no Bragg diffraction peaks are observed after the initial cycle. This
suggests that the material may be transitioning into a vitreous phase as well as an amorphous state, and

with each successive upscan, the glassy phase is becoming more purified.

15t Upscan

Heat flow (a.u.)

2nd UJpscan

gd Upseanl _ ‘ /\
4th Upscan N\

100 150 200 250 300 350 400 450
Temperature (°C)

Figure S4. Successive DSC upscans of MUV-44.
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S6. X-ray total scattering
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Figure S5. X-ray total scattering intensity data of MUV-44(mog) and a;-MUV-44.
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Figure S6. Total scattering structure factors, S(Q), of MUV-44(mog) and a;-MUV-44.
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Figure S7. X-ray PDF in the form of G(r) of MUV-44(mog) and a,-MUV-44.
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S7. Polarized light microscopy

Optical images were obtained with Nikin Eclipse LV-100 Optical microscope. Pictures of MUV-
44(mog), MUV-44(dia-c), MUV-44(zni) and a;-MUV-44 are reported.

* .4
u

Figure S8. Optical images of different MUV-44(mog) crystals. Optical scale bars are 50 um.

Figure S9. Optical images of different MUV-44(dia-c) samples. Optical scale bars are 50 pm.
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Figure S11. Optical images of different a,.-MUV-44 samples. Optical scale bars are 50 um.
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S8. Scanning electron microscopy (SEM)

Scanning electron micrograph images were captured using the SCIOS 2 FIB-SEM. Samples were
prepared by placing the powder on a carbon tape support and undergoing metallization before image
collection. The synthesis conditions of the materials were established previously using DSC

equipment.

Figure S12. SEM images of a) MUV-44(mog) and b) a,.-MUV-44.
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S9. Theoretical calculations

Crystal structure optimization of the zni topologies, including full relaxation of ionic positions and
lattice parameters, were performed at DFT level in periodic boundary conditions, as implemented in
the FHI-aims software.’> The gradient-generalized approximation (GGA)-based PBEsol functional®
and the tier-1 numeric atom-centered orbital (NAO) basis set with light settings, for all atoms, were

used.

To perform molecular calculations, a neutral tetrahedron cluster was used: two deprotonated and two
neutral imidazole ligands. The geometry was extracted from the optimized crystal structure for each
system. [M(im)2(Him):] (M = Zn, Fe, Mn; im = imidazolate; Him = imidazole). The Wiberg bond
index (WBI) was calculated for all compounds. The WBI is a measure of the bond order calculated
from the electron population overlap between two atoms.” Other bond order methodologies, like the
Natural Atomic Orbital (NAO) index,® and the Intrinsic Bond Strength Index (IBSI),” were also
calculated. In all bond strength indexes, a larger index value is related to a stronger bond, with
reference values of 1, 2 and 3, for standard single, double and triple bond, respectively. As the nature
of the chemical bond between the central metal and the neutral (Him) or charged (im~) organic ligand
is different, we calculated the indexes for both situations and report the average value for each index
(see Table 1 in the main text). Finally, analysis of the coordination bond dissociation between the metal
center and the nitrogen atom of a neutral imidazole molecule was carried out for each system by
varying the M—N distance in a rigid scan. All the molecular calculations were performed at the hybrid-

DFT HSE06/def2-SVPP!? level of theory using the Gaussian-16.A03 program suite.!!
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Figure S13. Metal-N bond dissociation energy profile calculated for the secondary building unit
cluster of Zn?*, Fe** and Mn?* ZIFs (zni topology) using the HSE06/def2-SVPP level of theory.
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