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ABSTRACT

Metal-organic frameworks (MOFs) are versatile materials with tunable properties and broad
applications. Here, we report the first cadmium-based zeolitic imidazolate framework (ZIF)
glass, prepared by melt-quenching sub-micrometer-sized Cd(im). particles (im™~ = imidazolate)
obtained via mechanochemical synthesis. This route increases defect density and reduces
crystallite domain size, lowering the melting temperature from 461 °C (for larger solution-
synthesized microcrystals) to 455 °C, thereby mitigating thermal decomposition during melting.
Crystalline Cd(im). adopts a two-fold interpenetrated diamondoid (dia-c) topology, assembled
from tetrahedral Cd®* centers and im™ linkers. Rapid cooling yields a monolithic glass with a
glass transition temperature (Ty) of 175 °C. Structural analysis confirms that short-range
connectivity within individual networks is maintained, whereas interactions between the
interpenetrated networks are disrupted. Upon reheating, partial recrystallization produces a
single-component glass-ceramic with enhanced mechanical properties, an unprecedented
behavior in melt-quenched ZIF glasses. Investigations of thermal parameters (cooling rates)
and partial linker substitution reveal strategies for tuning the phase behavior of both glass and
glass-ceramic. These findings extend ZIF glass systems to second-row transition metal ions
and underscore mechanochemical synthesis as a tool for tailoring the thermal properties of
MOFs. This dual-phase functionality, combining glassy and crystalline domains of identical
composition within a single material, offers potential for applications in thermal energy storage,

phase change memory, and optics.
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INTRODUCTION

Zeolitic imidazolate framework (ZIF) glasses,’ a subset of metal-organic framework (MOF)
and coordination polymer (CP) glasses,*® possess continuous random network structures
underpinned by Werner-type coordination chemistry.>” These materials combine the
advantageous chemical functionality and porosity of their crystalline ZIF counterparts with
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exceptional processability*'“, even enabling the preparation of micro-optical elements for

sensing applications'. These unique attributes make ZIF glasses highly attractive for diverse
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applications, ranging from molecular separation and solid-state ion conduction to

optoelectronics'’. Despite the large variety of crystalline ZIFs reported to date,'®"

only a small
fraction can be melted and transformed into glasses by melt-quenching. The melting process
involves the dynamic breaking and reorganization of the metal-imidazolate coordination
bonds, a phenomenon currently limited to ZIFs based on the first-row transition metal ions
such as Zn®*, Co?*, and Fe?*, and a few network topologies (i.e., cag, zni, gis, sod, afi, and
can).® %2022 For most other crystalline ZIFs, including the Cu®*-based system Cu(im), (im™ =
imidazolate),?® the organic imidazolate-type linkers decompose before or during the melting

process, presenting a significant challenge to expanding the library of meltable ZIFs.

To overcome this limitation, extensive efforts have focused on lowering the melting points
of crystalline ZIFs to enable their liquefaction at reduced temperatures, thereby facilitating
glass formation via melt-quenching. The most prevalent approach to lower the melting
temperatures of these materials is the incorporation of functionalized linkers with weaker metal

coordination bonds, such as benzimidazolate, 4,5-dicyanoimidazolate, and purinate,® 1% 24

SO
that the crystals melt at a lower temperature. Moreover, mechanical perturbation is thought to
introduce structural defects within ZIFs, further lowering their melting points.?* Applying high
hydrostatic pressure® or high-frequency vibration®® to crystalline ZIFs also promotes melting
at lower temperatures. In addition, mechanochemistry has emerged as a powerful strategy
not only for lowering the melting points of crystalline ZIFs 2" but also for directly synthesizing
glassy ZIF powders that are otherwise inaccessible through conventional methods.?* % In the
case of crystalline ZIFs, mechanochemical synthesis typically yields microcrystals with
significantly smaller particle sizes and increased structural disorder compared to those
produced via conventional solvothermal methods. These features are strongly correlated with
enhanced meltability, as they facilitate bond rearrangement and lower the energy barrier for
melting. For example, mechanochemically synthesized crystalline ZIF-62 exhibits a
significantly lower melting temperature compared to its solvothermally synthesized

counterpart.?’
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In this work, driven by the goal of expanding the as-of-yet very small family of meltable ZIFs,
we demonstrate the first meltable cadmium-based ZIF based on the literature-known Cd(im).,
which adopts a two-fold interpenetrated (catenated) diamondoid topology dia-c. While
solution-synthesized Cd(im). thermally decomposes concurrently with melting,
mechanochemically synthesized Cd(im). exhibits smaller crystallite domain sizes along with a
higher density of structural defects, thereby affording a larger separation between its melting
and decomposition temperatures. This separation enables the preparation of a melt-quenched
Cd(im). glass with minimal decomposition. Remarkably, upon rapid quenching, liquid Cd(im)2
transitions into a ZIF glass that undergoes partial recrystallisation upon reheating, forming a
semitransparent single-component glass-ceramic with enhanced mechanical properties. This
controlled partial recrystallization within the glass matrix, resulting in the formation of the first
ZIF glass-ceramic, is a distinctive feature of the Cd(im). system and has not been observed

in the previously reported ZIF glasses based on first-row transition metals.

RESULTS AND DISCUSSION

Materials preparation, crystallographic and thermal characterization

Crystalline Cd(im). was synthesized via two distinct methods: a solution-based route from
Cd(NOs),'4H,0 and imidazole (imH), as previously reported,?® and the newly developed
mechanochemical ball-milling approach from CdO and imH (Figure 1a and Supporting
Information Section 1). The resulting ZIF materials are referred to as Cd(im)2-sol (solution-
synthesized) and Cd(im). (mechanochemically synthesized). Both Cd(im). variants crystallize
in the same structure, featuring the two-fold interpenetrated dia-c topology and share the
same composition, with Cd*" as the inorganic nodes and im~ as the organic linkers. After
washing, the dried Cd(im). materials were obtained by heating to 150 °C under dynamic
vacuum for 6 h. Complete removal of residual solvents was confirmed by Fourier-transform
infrared (FTIR) spectroscopy of the solid ZIFs and solution 'H nuclear magnetic resonance

("H NMR) spectroscopy of acid-digested samples (see Supporting Information Section 6-7).

The identity and purity of the crystalline Cd(im). materials were verified by structureless
profile fits (Pawley refinements) of powder X-ray diffraction (PXRD) patterns, using reference
crystallographic data from the literature®® (Figures 1b, S6-S7 and Table S3). Average
crystallite domain sizes were determined from the integral breadth of the Bragg peaks in the
PXRD patterns using Scherrer's equation and a combined Gaussian-Lorentzian (Voigt-type)
peak broadening model as implemented in TOPAS academic v6. This analysis reveals that

mechanochemically synthesised Cd(im)2 exhibits a substantially smaller average domain size
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(47.3 £ 0.9 nm) compared to Cd(im)2-sol (>1000 nm). Transmission electron microscopy (TEM)
further corroborated these findings, showing particle sizes below 500 nm for Cd(im)z in
contrast to ~2 ym for Cd(im)2-sol (Figure S3). The markedly smaller domain sizes observed
for the mechanochemically synthesized Cd(im). suggest a higher density of structural defects,
especially at grain boundaries and particle surfaces, compared to the highly crystalline

solution-synthesized counterpart.

Simultaneous thermogravimetry and differential thermal analysis (TG/DTA) was performed
on both Cd(im), and Cd(im).-sol under a N, atmosphere with a heating rate of +10 °C min™".
TG data show that thermal decomposition begins at 473 °C for Cd(im). and at 455 °C for
Cd(im)2-sol (Figures 1c and S43). These decomposition temperatures (Tq) are significantly
lower than those observed for ZIF-4(Zn) (Zn(im)z, 605 °C)?®, ZIF-4(Co) (Co(im)., 546 °C)* and
MUV-24(zni) (Fe(im)2, 530 °C)?'. The DTA trace of Cd(im). exhibits a pronounced endothermic
signal at 447 °C (peak temperature), corresponding to the melting of the framework (Figure
1c). While the DTA of Cd(im)2-sol also displays a comparable melting signal, it overlaps with
its Ty (Figure S43), preventing access to a stable liquid phase. In contrast, the
mechanochemically synthesized Cd(im)2 benefits from the smaller crystallite domain sizes and
increased defect density (particularly surface defects), achieving a liquid phase with minimal
decomposition. This highlights a key advantage of the mechanochemical synthesis approach:
it enables liquefaction at a lower temperature by reducing the energy barrier for melting, a

consequence of reduced crystallite domain sizes and increased structural defect densities.
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Figure 1. (a) Scheme of the mechanosynthetic route to Cd(im). and its dia-c topology. Hydrogen atoms are omitted

for clarity. The two interpenetrated networks are depicted in red and blue, respectively. (b) Profile fit (Pawley
method) performed on the PXRD pattern of Cd(im),. (¢) TG/DTA trace of Cd(im), recorded with a +10 °C min™
heating rate. (d-e) DSC curves of Cd(im), with (average) cooling rates of —10 °C min~' and —42 °C min~". (f) Three

consecutive DSC cycles for gCd(im). showcasing the stability of Ty. The heating and cooling rates for all scans

were =10 °C min~'. (g) Three cyclic DSC of Cd(im), with a heating rate of +10 and an average cooling rate of —

42 °C min~'. The weak endothermic signal at 325 °C is associated to the melting of metallic cadmium. (h)

Normalized PXRD patterns of Cd(im)., gCd(im),, and prcCd(im),. The reflection marked with an asterisk

corresponds to the trace decomposition product Cd metal. The insets show micrographs of the corresponding

samples. All scale bars are 1 mm.

To gain deeper insights into the thermal phase changes during heating and cooling cycles,

cyclic differential scanning calorimetry (DSC) experiments were conducted between ambient
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temperature and Ty under an inert N2 atmosphere. Upon heating, the melting of Cd(im). is
completed at a melting temperature (Tm) of 455 °C (peak offset). The enthalpy of fusion (AHm)
amounts to about 17 kJ mol™, significantly higher than AHm, of Zn(im), (ca. 12 kJ mol™)."
Notably, the substantial difference in AHy cannot be attributed to the chemical bond strength
between the different metal centers and the im~ linkers. Density functional theory (DFT)
calculations of molecular model complexes suggest that the Cd—N bond strength is
substantially weaker than the Zn—N bond strength (see Figure S5 and Table S2). Instead, the
higher AHr,, of Cd(im). can be attributed to its denser crystal packing, which results in stronger
dispersion interactions due to the two-fold interpenetration of the framework. The
interpenetrated dia-c topology of Cd(im). features a substantially higher metal ion density
(5.13 Cd®* ions per nm®) compared to the more open zni topology network exhibited by Zn(im),
(4.66 Zn?* ions per nm®) (Figure S1).2%%° This denser structure enhances the cohesive energy

of Cd(im)., thereby accounting for its higher AHm.

During cooling of the liquid Cd(im). to room temperature with a rate of =10 °C min™, the
material undergoes partial recrystallisation, forming a mixed amorphous/crystalline material
(Figure 1d and S15). Upon further heating to 300 °C at a rate of +10 °C min™', the material
fully recrystallizes into the original dia-c phase. The fully recrystallized sample obtained after
reheating to 300 °C is termed frcCd(im): (frc denotes fully recrystallized) (Figures S9 and S41).
Importantly, faster cooling rates effectively suppress recrystallization. When the fastest cooling
rate of the used DSC instrument is applied (with an actual average rate of approximately —
42 °C min~" from T to Ty is due to instrumental limitations; Figure S39), liquid Cd(im), forms
a compact monolithic glass, termed gCd(im)2 (Figure 1e and insert in Figure 1h). This transition
is evidenced by the absence of Bragg scattering in the PXRD patterns (Figures 1h and S13)
and the observation of a glass transition signal at 175 °C (T4 = glass transition temperature)
during a subsequent heating scan. The consistent Ty values (175-176 °C) observed across
three consecutive upscans demonstrate that gCd(im). exhibits good resistance against
recrystallization during thermal cycling (Figure 1f). Furthermore, a sample of gCd(im). stored
under ambient conditions for 90 days shows no signs of recrystallization, further confirming
the long-term stability of the glassy phase (Figure S13). Heat capacity (Cp) measurements
reveal that the heat capacity change at the glass transition (AC,) of gCd(im) is 0.16 J K™' g™
(Figure S49), comparable to values reported for other ZIF glasses (Table S6). Furthermore,
analysis of the variation in fictive temperature (T¢) with the different cooling rates allowed for
the determination of the dimensionless calorimetric fragility index (m) of the supercooled
liquid.? Within measurement error, m is about 43 (Figure S50), which is much higher than the

fragility indices of prototypical Zn**-based glasses such as arZIF-4 (m = 31) and agZIF-62 (m
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= 24, Figure S51).2 % This elevated fragility index suggests that gCd(im), is a more ductile

glass, suitable for specific applications typically dominated by organic polymers.

Notably, gCd(im).-sol, which was prepared at a higher temperature due to its higher Tn,
contains metallic Cd, as detected by PXRD (Figures S12). We suppose some im~ linkers
decompose during the melting of Cd(im).-solv, and their decomposition products promote the
reductive formation of metallic Cd particles in the Cd(im). glass matrix. A similar phenomenon
has been reported previously for a Co**-based ZIF glass.?’ By contrast, the mechanically
synthesized Cd(im). effectively minimizes this undesirable effect during melting, yielding only
trace amounts of metallic Cd in gCd(im). according to PXRD and DSC data (Figures 1h, S13
and S40). This improvement can be attributed to the smaller crystallite domain size and the
higher defect density of mechanochemically synthesized Cd(im);, which lowers its Tn
compared to Cd(im).-sol, thereby reducing the extent of thermal decomposition and metallic

Cd formation.

Strikingly, upon reheating gCd(im)., partial recrystallization occurs between 200 and 260 °C,
where the supercooled liquid partially crystallizes into the original Cd(im). structure with the
dia-c topology. This process is confirmed by DSC, in situ and ex situ PXRD (Figures 1g, 1h,
S8 and S11). The enthalpy of recrystallization (AHx) is approximately —9.7 kJ mol™,
suggesting that about 59% of the material undergoes cold crystallization. The material derived
after reheating gCd(im). to 300 °C is referred to as prcCd(im). (prc = partially recrystallized).
Remarkably, despite a large fraction of the sample having recrystallized, prcCd(im). retains
the monolithic, semitransparent morphology of gCd(im). (Figures 1h and S53). Crystallite
domain size analysis, based on the peak widths of the Bragg reflections in the PXRD pattern,
suggests an average domain size of only 19.0(6) nm (Table S3), indicating that prcCd(im)2 is

composed of nanocrystalline grains embedded within a glassy matrix of the same composition.

The semitransparent nature of the monolithic preCd(im). implies strong interfacial bonding
between the nanocrystalline grains and the surrounding glass matrix. This unique
microstructure, characterized by seamless integration of amorphous and crystalline regions,
is a defining hallmark of glass-ceramics.? Notably, prcCd(im). represents the first example of
such complex semi-crystalline materials in the realm of MOFs. Furthermore, the transitions
between the crystalline, liquid and partially recrystallized glass-ceramic phases are highly
reproducible across multiple heating and cooling cycles, demonstrating excellent repeatability

of the processes involved (Figure 19).

Interestingly, the nanocrystalline Cd(im). phase within prcCd(im). exhibits an expanded unit
cell volume of 1611(2) A® at room temperature, which is significantly larger than the unit cell

volume of mechanochemically synthesized Cd(im), under the same conditions (1565.4(2) A®)
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(Figure S8 and Table S3). Crystalline Cd(im)2 is known for its anomalously large thermal
expansion, with a unit cell volume increase of about 5.4% between 100 and 500 K (Figure
S2).% Hence, the 2.9% larger unit cell volume of the nanocrystallites of preCd(im). compared
to the unit cell volume of the Cd(im). crystallites at room temperature, suggests that these
crystallites, which form during the growth process at temperatures between 200 to 260 °C, are
strongly encapsulated within the surrounding glass matrix. This encapsulation restricts their
relaxation to the more compact unit cell configuration typically observed in fully crystalline
Cd(im). at ambient conditions. As a result, the nanocrystallites of prcCd(im). retain a larger
unit cell volume at room temperature. This phenomenon is conceptually analogous to the
stabilization of high-temperature phases of the perovskite CsPblz and the MOF MIL-53 by
encapsulation within ZIF glass matrices, where interfacial strain and nanoscale confinement
suppress phase transitions toward thermodynamic equilibrium.’” * The unprecedented
transition from the glassy state to a glass-ceramic state, featuring nanocrystal encapsulation
and robust interfacial bonding, has not been observed in previous studies on ZIF glasses,

underscoring the unique properties of the Cd(im). system.

High-resolution transmission electron microscopy

To shed light on the interfacial contact between the crystalline and amorphous domains of the
glass-ceramic, high-resolution transmission electron microscopy (HR-TEM) imaging of
prcCd(im). was conducted (Figure 2a). The analysis faced challenges due to the electron
beam sensitivity of the material and the limited contrast between the crystalline nanoparticles
and the amorphous matrix. Despite these difficulties, HR-TEM imaging successfully revealed
a distinct crystalline nanoregion embedded within the glass matrix, consistent with the growth
of Cd(im). nanocrystals from the supercooled liquid phase above Tgy. The crystalline domain
exhibits well-defined lattice fringes with a spacing of 0.35 nm (Figure 2a). This fringe spacing
was further validated by Fast Fourier Transform (FFT) analysis (Figure S4), which confirms
excellent agreement with the (302) lattice plane spacing of the known Cd(im) crystal structure
(Figure 2b). Remarkably, the boundary between the crystalline and amorphous regions
appears diffuse in the HR-TEM image, lacking a sharp interface. This observation aligns with
the previous interpretation of the PXRD and DSC results and suggests a high degree of
structural continuity between the two phases. The seamless fusion of crystalline and glassy
regions can be attributed to the chemical homogeneity of the system, as both phases share

the same chemical composition of Cd(im)..
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Figure 2. (a) HR-TEM images with two different magnifications of prcCd(im).. (b) Schematic illustration of the (302)
crystal planes within the Cd(im). framework taken from CCDC code BAYQAU11, viewed along the crystallographic
b axis. The Cd, N, and C atoms are shown as yellow, blue, and gray spheres, respectively. Hydrogen atoms are
omitted for clarity.

Local structure analysis

To gain deeper insights into the local structural changes occurring during the transitions
between the crystalline, glassy, and glass-ceramic phases of Cd(im)z, Fourier transform
infrared (FTIR) spectra were recorded for all four samples, Cd(im)z, gCd(im)2, preCd(im)., and
frcCd(im)2, in both the mid- and far-infrared regions. These measurements allow tracking of
structural distortions, disorder, and recovery at the molecular level. In line with the loss of long-
range order, increased structural heterogeneity and distortions in gCd(im). are evident from
the broadening of vibrational bands in the FTIR spectra relative to those of the crystalline
parent Cd(im). (Figure S35). This is particularly pronounced in the out-of-plane ring
deformation modes'" 3* of im~ between 700 and 900 cm™ (Figure 3a) and the stretching
vibration of the CdN, tetrahedra centred at 252 cm™" (Figure 3b). These vibrational bands
become significantly broader after melt-quenching, reflecting the increased disorder in
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gCd(im)2. The slight upshift of the out-of-plane ring deformation modes located around 750
cm™" upon vitrification likely indicates subtle differences in local structural environments
between the crystalline and glassy phases. As the structure transitions from gCd(im). to
prcCd(im)2 and finally to frcCd(im)., the vibrational bands gradually sharpen, consistent with
the partial and complete recovery of structural order in the glass-ceramic and fully
recrystallized phases. Notably, the stretching vibration of CdN4 is located at a much lower
frequency (252 cm™") compared to ZnN4 (301 cm™) and CoN4 (331 cm™) in ZIF-4(Zn) and ZIF-
4(Co), respectively.?® This difference can be attributed to the higher mass of Cd**, which
reduces the vibrational frequency. Additionally, the lower frequency indicates a weaker Cd—N
bond strength compared to Zn—N and Co-N bonds, as suggested by density functional theory

(DFT) calculations of molecular model complexes (Figure S5 and Table S2).
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Figure 3. FTIR spectra in the range from 700 — 900 cm™" (a) and 100 - 700 cm™" (b) of Cd(im)., gCd(im)z, prcCd(im)z,
and frcCd(im),. (c) "'3Cd MAS NMR and (d) '*C MAS NMR of Cd(im)., gCd(im)z, preCd(im),, and freCd(im).. The
inset shows the asymmetric unit of Cd(im)., taken from the reported crystal structure (CCDC code BAYQAU11).

The Cd, N, and C atoms are shown as yellow, blue, and gray spheres, respectively.
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To complement the FTIR analysis, solid-state magic angle spinning nuclear magnetic
resonance (MAS NMR) spectroscopy was performed to probe the local structural environment
further. MAS NMR is particularly powerful for studying disordered and amorphous materials,
as it provides direct information on short-range order and disorder, especially when targeting
the NMR-active nuclei of metal centers. While MAS NMR investigations of the Fe?*-, Co?*-,
and Cu?*-derivatives of ZIF glass formers are limited due to paramagnetism, low sensitivity
and low abundance, Cd(im). offers a distinct advantage: the ''*Cd nucleus (spin 1/2) exhibits
no quadrupolar effect, enabling high-resolution spectra with sharp resonances. In contrast to
67Zn, which requires ultra-high magnetic fields and suffers from extremely broad line shapes
over a very wide chemical shift range due to its quadrupolar nature,®® "°Cd allows for

significantly more straightforward analysis.

Accordingly, '"*Cd MAS NMR spectra were recorded for Cd(im)z, gCd(im)2, preCd(im)z, and
freCd(im), to investigate structural changes (Figure 3c). Additionally, *C MAS NMR spectra
were recorded to provide complementary insights into the organic building blocks (Figure 3d).
The "3Cd MAS NMR spectrum of crystalline Cd(im). features a sharp, symmetrical resonance
at 433 ppm, consistent with the presence of a single crystallographically independent Cd**
site. In contrast, the spectrum of gCd(im). shows a much broader and asymmetric line shape,
indicative of significant short-range structural heterogeneity in the glassy phase. This
heterogeneity arises from variations in bond angles and local environments, analogous to
findings in 2°Si MAS NMR studies of silicate glasses.*® The *C MAS NMR spectra further
corroborate these observations. Crystalline Cd(im). exhibits six sharp resonances (two of
them overlapping), corresponding to the six crystallographically unique carbon atoms. After
glass formation, these resonances converge into two broader signals, reflecting the disordered
environment in gCd(im)2. Upon partial recrystallization to preCd(im),, the signals in both '"*Cd
and *C MAS NMR spectra sharpen, indicating partial recovery of structural order. Finally,
after complete recrystallization to frcCd(im)., the NMR spectra closely resemble those of the
pristine crystalline Cd(im)., demonstrating the full restoration of order in the structure (Figure
3d).

Building on the insights gained from FTIR and MAS NMR spectroscopy, X-ray total
scattering experiments were conducted to further explore the similarities and differences
between the local atomistic structures of the various phases of Cd(im).. The total scattering
structure factors, S(Q), reveal that the Bragg peaks at low-Q, characteristic of crystalline
Cd(im)., are not entirely absent for the glassy phase gCd(im). (Figure 4a). This observation
can be attributed to two possible phenomena: (i) a small degree of recrystallization occurs
from the Cd(im). supercooled liquid even under the fastest cooling rate achievable with our

DSC instrumentation, or (ii) the material has not fully melted at the maximum temperature
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(457 °C) of the DSC run used to prepare the glass sample. To further investigate this, a glass
sample of Cd(im). was prepared by heating the material to a higher temperature (465 °C, first
upscan in Figure S42) followed by rapid quenching. The resulting glass sample, denoted as
gCd(im)-overheated, exhibits no detectable Bragg peaks for crystalline Cd(im) in its S(Q)
(Figure S24). However, larger amounts of crystalline Cd and CdO (presumably formed by the
oxidation of metallic Cd nanoparticles upon exposure to air) are observed in the S(Q) of
gCd(im)2-overheated. This highlights the narrow temperature range between the melting and
decomposition of Cd(im)., where overheating facilitates complete melting but also accelerates

decomposition.

Pair distribution functions (PDFs) in the form D(r) were calculated from the X-ray total
scattering data to analyze the atomistic structure of Cd(im). and its glassy and glass-ceramic
phases (Figure 4c-e). To assign the peaks in the PDFs, partial and total PDFs for the
constituent atom pairs of Cd(im), were calculated using the PDFgui software.®” The seven
sharp features observed below 8 A in the PDFs were assigned accordingly (Figure S19-20).
Interestingly, a PDF peak corresponding to a Cd---Cd distance r= 5.2 A is observed in Cd(im)z
(Figure 4c and Figure S19-20), which is not found in other reported ZIFs.> '° This unique
feature arises from the two-fold interpenetrated dia-c topology of Cd(im)., where the closer
intermolecular (inter-network) Cd---Cd distance of 5.2 A coexists with a longer intramolecular
(intra-network) Cd---Cd distance across the im~ linkers (6.4 A) (Figure 4b). Additionally, the
interpenetrated structure gives rise to another PDF peak at 6.8 A, which is also attributed to
intermolecular Cd---Cd correlations (Figure 4b- c and S19 -20). The PDF of gCd(im): illustrates
that while the intra-network short-range order, specifically the Cd—im—Cd connectivity at 6.4 A
(correlation 6 in Figure 4c), remains preserved in the glass, the characteristic inter-network
Cd---Cd correlations are significantly reduced in intensity (correlations 5 and 7 in Figure 4c).
This implies that the interpenetrated structure is disrupted during the melting and glass
formation processes, leading to substantial short-range disorder in gCd(im)2. In prcCd(im).,
the PDF shows that the short-range and long-range orders are only partially restored,
reflecting the mixed crystalline/amorphous nature of the glass-ceramic (Figure 4d). Additional
X-ray total scattering data collected during heating of gCd(im). demonstrate the gradual
recovery of the inter-network Cd---Cd correlations during heating across the glass transition
and cold-crystallization temperatures (Figure S21 -22). As expected, the PDF of frcCd(im): is
nearly identical to that of Cd(im)., confirming the complete recovery of both short- and long-

range orders (Figure 4e).
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Figure 4. (a) X-ray total scattering data in the form of S(Q) of Cd(im)2, gCd(im)., prcCd(im)z, and frcCd(im),. The
Q-axis below 10 A-' is displayed magnified to show the variation of the scattering function in more detail. (b)
Visualization of the relevant short-range atomic distances (intra-network and inter-network) present in the Cd(im).
taken from the literature (CCDC code BAYQAU11). Assignment of the seven sharp features below 7 A was carried
out by using the PDFgui software®” to calculate the partial and total PDFs for the constituent atom pairs of Cd(im),.
The Cd, N, and C atoms are shown as yellow, blue, and gray spheres, respectively. Hydrogen atoms are omitted
for clarity. The color of atoms from the second (interpenetrating) network is lightened for better discrimination.
Comparison of PDF data of (¢) Cd(im). and gCd(im)2, (d) Cd(im). and prcCd(im)2, and (e) Cd(im)2 and frcCd(im)
derived from the X-ray total scattering data. The Q-axis below 10 A is displayed magnified.

Mechanical properties

The mechanical properties of glass and glass-ceramic materials play a critical role in their
suitability for various structural and functional applications.® In conventional inorganic glasses,
glass-ceramics typically exhibit superior mechanical performance compared to their fully
amorphous counterparts, owing to the presence of embedded crystalline domains, which
enhance stiffness, hardness, and fracture resistance.®* 3% To evaluate whether similar trends
hold for the MOF-based Cd(im). system, we systematically investigated the mechanical
properties of gCd(im). glass and prcCd(im). glass-ceramic via nanoindentation (Figure 5 and

Supporting Information Sections 1 and 11).% 334
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Across the entire indentation depth range plotted (200—2000 nm), prcCd(im). consistently
demonstrates higher reduced modulus (E;) and hardness (H) compared to the gCd(im)2
(Figure 5). Specifically, the averaged E; and H of prcCd(im). are 7.52 + 0.41 GPa and 839 +
54 MPa, respectively, significantly exceeding the values of 6.45 + 0.45 GPa and 744 + 97 MPa
observed for gCd(im).. Under the assumption of a Poisson's ratio (v) of 0.2 (0.4), the
calculated Young’s modulus (E) is 7.22 + 0.39 GPa (6.32 + 0.34 GPa) for prcCd(im),
significantly higher than E of gCd(im). (6.19 + 0.43 GPa for v= 0.2, 5.42 £ 0.38 GPa for v =
0.4). In general, the values of E and H of the Cd(im).-based glass and glass-ceramic are
comparable to those previously reported for ZIF glasses exhibiting first-row transition metal
ions (Table S7). Notably, our results highlight the significant enhancement in mechanical
properties achieved through partial recrystallization, highlighting the mechanical reinforcement
of prcCd(im). by the embedded nanocrystals. The findings also establish a direct link between
the microstructure and mechanical performance, consistent with trends observed in
conventional glass-ceramics, where embedded crystalline domains contribute to improved

mechanical properties.
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Figure 5. Variation of (a) reduced modulus E; and (b) hardness H as a function of surface penetration depth of the
Berkovich indenter into the gCd(im). glass and prcCd(im). glass-ceramic. The standard deviations are shaded in

the corresponding colors.

Comparison of Cd(im): with other M(im). glass formers

The thermal properties of Cd(im). are distinct from those of previously studied M(im). glass
formers based on 3d transition metals (M?*). While Co(im)2 (zni topology) and Cu(im). (sod
topology) decompose upon melting (T4 = 550 °C for Co(im)z; Ta = 258 °C for Cu(im)z),%% 2
Cd(im). undergoes a distinct melting transition at 455 °C, enabling glass formation by melt-
quenching. In contrast, Fe(im)2 and Zn(im). feature rather high thermal stability and melt with
minimal decomposition at 482 °C and 590 °C, respectively." 2! Despite its more densely

packed interpenetrated framework structure, Cd(im). (dia-c topology) has a lower melting
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point than Fe(im)2 and Zn(im)2 (both zni topology), suggesting a weaker Cd—N bond strength
compared to Fe—N and Zn-N interactions. This trend is further reflected in the lower Ty of
gCd(im)2 (175 °C) compared to Fe(im)z glass (190 °C) and Zn(im). glass (292 °C)." 2" DFT
calculations of molecular model complexes support this interpretation, indicating that Cd**
forms weaker coordination bonds with im™ linkers than Fe?*, Co?*, Cu?*, and Zn** (Figure S5
and Table S2). As a result, Cd(im)2 exhibits lower energy barriers for dissociative processes

such as melting and glass transition.

Modulation of thermal behaviour by linker mixing

Building on the structural and mechanical insights gained from Cd(im)., we explored an
additional strategy to tailor the thermal properties of the Cd-based ZIF by incorporating mixed
linkers. The partial substitution of im™ linkers by functionalized derivatives is a well-established
approach for modulating the melting and glass formation behavior of ZIFs, as demonstrated
in systems such as ZIF-62 (Zn(im)._«(bim),, bim~ = benzimidazolate)* ' and ZIF-4-CN,
(Zn(im)2_x(CNim),, CNim™ = 4-cyanoimidazolate).? Here, we applied this strategy to Cd(im). by
partially replacing im~ by bim™ in the mechanochemical synthesis, yielding Cd(im)2-x(bim)x

compositions with x = 0.05, 0.15, and 0.25 (see Supporting Information Sections 1, 6-7).

Unlike in ZIF-4 (Zn(im)2 or Co(im)2), where partial substitution of im™ by bim™ leads to the
formation of ZIF-62, an isoreticular MOF with the same cag network topology as ZIF-4, bim~
is unable to fit within the rather dense, interpenetrated Cd(im). framework with dia-c topology.
Consequently, the forced incorporation of bim~ via mechanochemical synthesis introduces
additional structural defects and disorder, as evidenced by a pronounced decrease in Bragg
peak intensity and an increase in peak widths in the PXRD patterns with increasing x. For
Cd(im)1.75(bim)o.2s (the highest bim™ concentration studied), the PXRD pattern exhibits only
weak and broad Bragg reflections corresponding to the crystalline Cd(im). phase besides
broad diffuse scattering features (Figure 6a). This indicates that bim™ incorporation leads to a
highly disordered framework structure with limited crystallographic order. Notably, the PXRD
patterns of the Cd(im).-x(bim)x materials show additional Bragg reflections associated with
residual CdO, suggesting an incomplete mechanochemical reaction. This can be attributed to
the incompatibility of bim™ with the crystalline Cd(im). structure, further reinforcing the

disruptive effect of bim™ incorporation on long-range order.
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Figure 6. (a) PXRD patterns of Cd(im), and its mix-linker derivatives Cd(im)_x(bim), with x = 0.05, 0.15 and 0.25.
The reflections marked with an asterisk correspond to unreacted CdO. The insert is a schematic of a mixed-linker
building unit envisaged for Cd(im)...(bim)x. The Cd, N, and C atoms are shown as yellow, blue, and gray spheres,
respectively. Hydrogen atoms are omitted for clarity. (b) DSC data of Cd(im) and the corresponding Cd(im)2.x(bim)x.
The heating and cooling rates for all scans were +10 °C min~", except for Cd(im).. (c) Evolution of Tm, AHm, and Ty

of Cd(im)..x(bim)x materials as a function of x.

Despite the reduction in crystallinity, DSC analysis reveals that the Cd(im)2-x(bim)x
materials still exhibit clear endothermic signals associated with ZIF melting. With increasing
bim- concentration, the number of defects rises, leading to a gradual decrease in T from
455 °C (x = 0) to 421 °C (x = 0.25). Similarly, AHn decreases from 16.6 kJ mol™ (x = 0) to
5.7 kJmol™ (x = 0.25) (Figures 6b-c). After cooling the Cd(im),-x(bim)x melts to room
temperature, ZIF glasses are obtained, as confirmed by the absence of recrystallization
signals during cooling of the liquid ZIFs and the presence of Ty signals in a second heating
scan. In line with trends observed in the prototypical mixed-linker ZIF-62,' T, gradually
increases from 175 °C to 187 °C with increasing bim™ concentration (Figure 6b-c). Moreover,
bim~ incorporation in the glassy state effectively suppresses cold-crystallization upon thermal
treatment, providing a tunable parameter to control the material’s tendency to form glass-

ceramics.

CONCLUSIONS

In this work, we have introduced Cd(im)z as the first meltable cadmium-based ZIF, synthesized
using a mechanochemical synthesis approach. This study expands the family of meltable ZIFs
beyond first-row transition metal compounds, providing new insights into the thermal,
structural, and mechanical behavior of MOF-derived glasses. Compared to its solution-
synthesized counterpart (Cd(im)2-sol), mechanochemically synthesized Cd(im). features a

smaller average crystallite domain size and a higher density of structural defects, leading to a
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lower melting temperature and reduced decomposition during melting. Upon rapid cooling,
molten Cd(im), forms a glass (gCd(im).), which, upon reheating, undergoes partial
recrystallization to yield a semitransparent, single-component glass-ceramic (prcCd(im).).
PDF analysis reveals that while the interpenetrated network structure of crystalline Cd(im)2 is
disrupted in its glassy phase, short-range atomic correlations within the individual net persist.
During thermal recrystallization, the interpenetrated framework structure gradually reforms,
highlighting a unique, reversible structural transition. The glass-ceramic consists of
nanocrystals embedded within a glassy matrix of identical composition, forming a complex
hybrid crystalline/amorphous microstructure with strong interfacial contact between the two

phases.

Nanoindentation studies reveal that prcCd(im). exhibits significantly higher hardness and
elastic modulus compared to the fully amorphous gCd(im).. This improvement is attributed to
the embedded nanocrystals, which reinforce the glassy matrix, akin to the behavior of
conventional inorganic glass-ceramics. The potential to modulate the extent of recrystallization
in Cd(im)2 by partial linker substitution and variations in thermal treatment provides a powerful
approach for tuning mechanical properties, such as stiffness, hardness, and fracture
toughness, in MOF-derived glassy materials. Overall, this study establishes Cd(im). as a
model system for developing MOF-derived glass-ceramics, demonstrating how
mechanochemical synthesis, controlled recrystallization, and linker substitution can be
leveraged to fine-tune the properties of MOF glass materials. These findings lay the
groundwork for expanding the design space of meltable MOFs, paving the way for novel

materials with tailored structural, mechanical, and functional properties.
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