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A B S T R A C T

Metal–organic framework (MOF) glasses, recognized as the fourth class of inorganic–organic hybrid glasses, 
provide a versatile platform for developing functional materials due to their hybrid composition and tunable pore 
architectures. This review provides a comprehensive summary of recent advances in MOF glasses, with particular 
emphasis on their luminescent applications. The mechanism of glass formation, governed by the breaking and 
reformation of coordination bonds, as well as the critical role of ligand chemistry in determining the glass- 
forming ability (GFA), are discussed in detail. The advantages and limitations of key synthetic strategies 
(including melt-quenching, mechanochemical, and desolvation methods) are comparatively analyzed. The 
evolution from zeolitic imidazolate frameworks (ZIFs) to carboxylate-based systems is examined, highlighting 
the distinctive role of MOF glasses as hosts for stabilizing perovskite quantum dots (PeQDs) and enabling efficient 
luminescence. The review also identifies the opportunities and challenges in effectively incorporating rare-earth 
(RE) ions into MOF glasses, which remains a critical research gap to be addressed. The discussion is further 
extended to coordination polymer (CP) glasses, emphasizing their tunable and multimodal luminescent behav
iors. Finally, the transformative potential of MOF/CP glasses for next-generation devices (such as flexible pho
tonics, high-energy radiation detection, and intelligent optical sensing) is envisioned

1. Introduction

Luminescent materials play a pivotal role in modern optoelectronics, 
with widespread applications in light-emitting diodes (LEDs), organic 
LEDs (OLEDs), lasers, X-ray imaging, and optical sensors [1–4]. By 
converting electrical, radiative, or other forms of energy into visible or 
near-infrared (NIR) light [5], these materials have driven rapid ad
vancements in display technology [6], lighting systems [7], optical 
communication [8], and medical imaging [9]. With the advent of the 
digital era and the proliferation of smart devices, the performance re
quirements for luminescent materials (such as high quantum efficiency 
[10], broad color gamut coverage [11], long-term stability [12], and 
environmental compatibility [13]) have become increasingly stringent 
[14]. However, conventional luminescent materials face significant 
bottlenecks that hinder their broader application. For instance, quantum 
dots (QDs) such as CdSe [15] and PbS [16], exhibit excellent quantum 
confinement effects and tunable emission wavelengths but contain 

heavy-metal elements (e.g., Cd, Pb), raising serious concerns about 
environmental toxicity and biosafety [17]. Their commercialization is 
restricted by stringent regulations, such as the EU REACH and RoHS 
directives [18]. Secondly, rare-earth (RE)-doped inorganic glasses (for 
example, Eu3+- or Tb3+-doped silicate systems) are well known for their 
high color purity and chemical stability but require high-temperature 
melting processes (typically above 1000 ◦C), leading to considerable 
energy consumption [19]. Moreover, the rigid structure of the glass host 
restricts flexibility in energy-level tuning, hindering molecular-level 
precision design [20]. Furthermore, traditional materials often exhibit 
poor stability. Exposure to high temperature, humidity, or light can lead 
to oxidation and aggregation of QDs, increasing nonradiative recombi
nation and reducing their photoluminescence quantum yield (PLQY) 
[17,21–28]. RE-doped glasses are also prone to efficiency fluctuations 
induced by defect traps [29]. These limitations not only increase ma
terial costs but also constrain their potential in flexible electronics, 
wearable devices, and biocompatible applications [30]. For example, in 
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X-ray imaging, conventional scintillators such as CsI: Tl, despite their 
high resolution, exhibit poor radiation hardness and degradation under 
high-dose irradiation [31]. In LED lighting, the thermal quenching of 
conventional phosphors leads to color shifts and reduced operational 
lifetimes [32]. Overall, these challenges arise from the intrinsic struc
tural rigidity and compositional limitations of conventional materials, 
which hinder their ability to meet the requirements of multifunctional 
integration and sustainable development [33].

To address these bottlenecks in traditional luminescent materials, 

researchers have explored novel material systems, among which met
al–organic frameworks (MOFs) and their derivative form (MOF glasses) 
have emerged as key focal points [34]. Coordination polymers (CPs), a 
broader class that encompasses MOFs, inherently possess the potential 
to transform from crystalline to amorphous states owing to their 
coordination-driven network structures [35]. In 2007, Yaghi and co- 
workers systematically reviewed the design and synthesis of MOFs, 
which significantly accelerated progress in this research field [36]. 
MOFs are constructed through the self-assembly of metal ions or clusters 

Fig. 1. Key structural components and ligands for constructing MOFs/CPs. Crystal structures of a) 2D [Zn(H2PO4)6(H2O)3]⋅X and [Zn(1,2,4-triazole)2(H2PO4)2], b) 
2D [Ag(mL1)(CF3SO3)] and 3D [Co(bba)3](CoCl4), c) 3D [Zn(imidazolate)1.75(benzimidazolate)0.25] (ZIF-62), [Zn(imidazolate)1.5(methylbenzimidazolate)0.5] (TIF- 
4), [Zn(imidazolate)1.62 (chlorobenzimidazolate)0.38] (ZIF-76), [Zn(imidazolate)2] (ZIF-4). d) Several organic/inorganic ligands used to produce MOF/CP glasses. 
Reproduced with permission [34]. Copyright 2022, The Authors. Published by American Chemical Society.
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(e.g., Zn2+, Zr4+) with organic ligands (e.g., carboxylates, imidazolates) 
via coordination bonds, resulting in periodic three-dimensional frame
works with precisely tunable pore sizes at the nanoscale and specific 
surface areas exceeding 3000 m2/g [37]. This structural tunability al
lows for the precise incorporation of luminescent centers via ligand 
functionalization or metal-node substitution, thereby overcoming issues 
such as heavy-metal toxicity and the limited tunability of energy levels 
inherent to traditional materials [38]. For instance, MOFs can facilitate 
efficient energy transfer through mechanisms such as ligand-to-metal 
charge transfer (LMCT) and metal-to-ligand charge transfer (MLCT), 
thereby enhancing PLQY, while the inherent flexibility of organic li
gands provides superior environmental adaptability [39]. However, the 
brittleness and processing challenges of crystalline MOFs (such as dif
ficulties in fabricating thin films or fibers) greatly limit their practical 
applications [40]. To overcome these limitations, MOF glasses were 
developed through melt-quenching techniques [41]. In 2015, Bennett 
et al. first reported the preparation of ZIF-4 glass, demonstrating that 
certain zeolitic imidazolate framework (e.g., ZIF-4, ZIF-62) can melt at 
relatively low temperatures (~400 ◦C) and be quenched to form trans
parent amorphous glasses [42]. These glasses retain the short-range 
coordination order characteristic of MOFs while introducing long- 
range structural disorder, thereby markedly improving mechanical 
flexibility and optical transparency (visible-light transmittance >80%). 
The number of MOFs and CPs capable of melting remains unclear, as 
thermal characterization using differential scanning calorimetry (DSC) 
is not yet a standard practice in this field [43]. Despite this knowledge 
gap, several families of MOFs and CPs have been reported to undergo 
vitrification, yielding glasses based on azolate, phosphonate, butyroni
trile, thiocyanate, amide, pyridyl, and carboxylate ligands (Fig. 1) 
[33,34,44–48]. The relatively low melting points of MOF glasses (far 
below the ~1100 ◦C required for conventional glasses) reduce energy 
consumption and allow low-temperature doping, thereby preventing the 
degradation of luminescent centers [47]. More importantly, the amor
phous host structure of MOF glasses suppresses lattice-defect localiza
tion, thereby reducing nonradiative losses, while their residual porosity 
on the angstrom scale facilitates guest encapsulation and further en
hances luminescent performance [49]. These characteristics position 
MOF glasses as a promising platform to overcome the limitations of 
traditional luminescent materials and to advance the development of 
efficient, stable, and sustainable luminescent systems [50,51].

In this context, MOF glasses, as novel amorphous host materials, 
demonstrate unique advantages owing to their diverse coordination 
environments and tunable chemical reactivity [52–57], enabling the 
effective integration of various luminescent guests to produce multi
functional composite materials [58–60]. This strategy not only inherits 
the structural tunability of MOFs but also harnesses the flexibility and 
stability of the glassy state to overcome interfacial compatibility and 
thermal stability issues inherent to traditional composites [61]. For 
example, the porous structure of MOF glasses can act as nanoscale 
“containers” for encapsulating QDs, enabling stable loading and pro
tection [62,63]. QDs, as highly efficient emitters, exhibit size-dependent 
emission and high PLQYs, but suffer from surface oxidation and 
aggregation-induced degradation in performance [64]. By employing 
MOF glasses as matrices, CsPbI3 QDs can be embedded within the glass 
network via in situ synthesis, forming QDs@MOF-glass composites. This 
strategy effectively isolates QDs from the external environment, miti
gates surface defects, and enhances overall luminescence efficiency via 
interfacial interactions such as trap passivation and phase stabilization. 
Consequently, this approach demonstrates significant potential for ap
plications in white-light LEDs [62,63]. Recent studies have reported QD- 
based composites derived from ZIF glasses. For example, Hou et al. 
stabilized γ-CsPbI3 QDs within agZIF-62 glass via liquid-phase sintering, 
achieving a PLQY above 50% and markedly improved stability against 
water, heat, and light [62]. Further elucidating the underlying mecha
nism, Li et al. identified an interfacial alloying effect between CsPbI3 
QDs and agZIF-62, where nanoscale interdiffusion layers effectively 

passivated defect traps, resulting in a record-high PLQY of 81.3% [63]. 
However, despite remarkable progress in QDs@MOF glass composites, 
there have been no successful demonstrations of direct RE ions (e.g., 
Eu3+, Tb3+) incorporation into MOF glasses to date. This challenge 
likely arises from the competitive coordination preferences between RE 
ions and intrinsic metal nodes (e.g., Zn2+) within MOFs, which 
complicate the doping process. Moreover, the luminescence of RE ions 
depends strongly on well-defined coordination environments, which can 
be disrupted by the intrinsic amorphous nature of MOF glasses. Never
theless, this field holds considerable potential for further exploration. To 
achieve stable incorporation of RE activators into MOF glasses, two 
strategies can be adopted: (i) constructing MOF precursors with RE- 
compatible coordination sites followed by melt-induced vitrification, 
or (ii) performing post-synthetic ion exchange on pre-formed MOF 
glasses.

MOF glasses, a class of glassy materials derived from metal–organic 
frameworks, exhibit exceptional performance in luminescent composite 
systems [65]. However, they are essentially a subset of coordination 
polymer CP glasses [66]. CPs encompass all coordination-driven 
network structures formed between metal ions and organic ligands, 
whereas MOFs refer specifically to three-dimensional CPs with perma
nent porosity [35]. This hierarchical relationship enables the synthesis 
and design principles of MOF glasses to be extended to the broader 
family of CP glasses, providing enhanced flexibility for optimizing 
diverse functionalities in luminescent composites. Research on lumi
nescent CP glass composites is currently undergoing rapid development, 
with emphasis on employing amorphous CP glass matrices as hosts for 
diverse luminescent guests (including organic dyes and QDs) to 
construct hybrid systems with enhanced optical performance [67,68]. In 
practical applications, luminescent CP glass composites demonstrate 
substantial potential in photonic technologies, including multimodal 
optical information storage, dynamic anti-counterfeiting, and high- 
resolution X-ray imaging. In summary, the synergistic interactions be
tween MOF/CP glasses and RE ions or QDs provide a promising avenue 
to overcome their common challenges in stability, dispersibility, and 
functional integration. A systematic and comprehensive review from a 
macroscopic perspective is urgently required to elucidate the correla
tions among composite design strategies, structural characteristics, and 
optical properties, thereby accelerating progress in optoelectronic and 
photonic applications.

Building on existing research, this review systematically summarizes 
recent advances in luminescent MOF glasses composites. It first eluci
dates the structural characteristics, glass-forming mechanisms, and op
tical advantages of MOF glasses, followed by an in-depth discussion of 
strategies for incorporating luminescent centers such as QDs and RE 
ions, as well as their energy transfer mechanisms. To address the chal
lenges of structural integration and emission efficiency in RE@MOF 
glasses systems, insights from RE-based hybrid glasses are introduced, 
highlighting the importance of tailoring coordination environments and 
interfacial chemistry to enhance luminescence. Representative applica
tions in optical fibers, LEDs, X-ray imaging, and optical sensing are 
summarized, and future directions in interface engineering and scalable 
fabrication are outlined. This review aims to provide systematic guid
ance and inspiration for the design and application of multifunctional 
luminescent materials based on MOF glasses.

2. Fundamentals and preparation of MOF glasses

2.1. Structural basis and properties of MOFs

The fundamental building units of MOFs comprise metal nodes 
(metal ions or metal clusters) and organic ligands, which assemble into 
frameworks through coordination bonds and often encapsulate guest 
molecules (Fig. 2). The metal nodes not only define the geometric ar
chitecture and coordination environment of the framework but also 
critically govern the electronic energy-level distribution and optical 
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transitions [70–73]. For instance, transition metal nodes such as Zn2+, 
Cu2+, and Ti4+ can induce d–d transitions or MLCT, while RE ion nodes 
enable narrow-band emission through 4f–4f transitions [74]. Metal 
clusters (e.g., Zr6O4(OH)4) typically exhibit higher coordination 
numbers, which enhance both framework stability and the density of 
luminescent centers [75]. Organic ligands function not only as structural 
linkers but also as active participants in light harvesting and energy 
transfer [76]. Representative ligands such as imidazoles, pyridines, and 
aromatic carboxylates absorb photons through π–π* or n–π* transitions 
and subsequently transfer energy to RE ions or transition-metal centers 
via the antenna effect [77–81]. The degree of energy-level alignment 
between the ligand and the excited state of the RE ion directly dictates 
the energy-transfer efficiency and luminescence intensity [82]. Guest 
molecules (such as solvents, small gas molecules, or dyes) can further 
modulate the luminescent properties [83]. Vibrational species such as 
water molecules or hydroxyl groups can induce nonradiative relaxation 
and quench luminescence, whereas the incorporation of fluorescent 
molecules or QDs into the pores can enhance emission through energy 
coupling or quantum confinement effects [84–88]. These features render 
MOFs a highly tunable and multifunctional luminescent platform [89].

The intrinsic characteristics of MOFs (such as high porosity and 
structural stability) stem from their modular design, providing distinct 
advantages over conventional materials [90–92]. MOFs exhibit excep
tionally high specific surface areas (typically ranging from several 
hundred to several thousand m2/g, with some, such as MOF-210 [93], 
reaching a BET surface area of 6240 m2/g) and feature tunable porosity 
that facilitates guest-molecule diffusion throughout the framework [94]. 
This inherent porosity enables defect engineering; for instance, missing- 
linker defects can further increase the overall porosity [95]. Porosity 
plays a crucial role in luminescence, as it enables guest-induced fluo
rescence modulation for sensing applications [96]. For instance, HKUST- 
1 exhibits high porosity and structural tunability [97,98]. However, 
under high pressure, porosity may lead to framework compression, 
affecting mechanical properties [99]. The stability of MOFs encom
passes thermal, chemical, and aqueous robustness [100]. Thermal sta
bility is influenced by metal-ligand interactions and the types of 
functional groups [101]. Aqueous stability is a critical challenge, many 
MOFs are sensitive to water, but this can be improved by enhancing 
ligand basicity or employing functional group shielding [102–104]. For 
instance, introducing hydrophobic functional groups or establishing 
strong coordination bonds (e.g., Zr–O or Al–O) can markedly enhance 
hydrothermal stability, as exemplified by the UiO-66 [105] and MIL-101 

[106] families. Stability ensures that MOFs maintain structural integrity 
in practical environments, thereby preserving their luminescent prop
erties [107]. Recent advances include designing robust frameworks (e. 
g., MOFs constructed from metal clusters with high coordination 
numbers) to support diverse applications [108–114]. These properties 
establish MOFs as versatile materials, particularly in scenarios requiring 
persistent luminescence.

MOFs show significant potential in optics and photonics, primarily 
due to their tunable luminescence and structural diversity [115–118]. 
They can be used in fluorescence sensing (e.g., detecting biomarkers 
[119–122]), optoelectronic devices (e.g., LEDs [123–125]), and pho
tonic crystals [126]. The anisotropy and size effects of crystalline MOF 
single crystals support their applications in areas such as photoelectric 
conversion and X-ray scintillators [127,128]. Glassy MOFs (prepared via 
methods like melt-quenching) overcome the brittleness and processing 
difficulties of crystalline materials, offering improved formability and 
light transmission properties [129]. They retain a degree of porosity and 
short-range order, and can exhibit enhanced nonlinear optical proper
ties suitable for optical modulation and sensing. For example, studies 
show that MOF glasses (e.g., agZIF-62) possess good transparency from 
UV to NIR, high refractive index, and low dispersion, enabling the 
fabrication of micro-optical components such as microlens arrays [130]. 
The vitrification process also allows for compositional variation, 
increasing the flexibility of material design. In summary, the structural 
designability and functional tunability of MOFs (spanning both their 
crystalline and glassy states) establish them as a pivotal platform for 
advancing innovation in optics and photonics [131,132].

2.2. Formation mechanism of MOF glasses

The structural evolution accompanying glass formation represents a 
central topic in glass science, as it is intimately associated with the 
structural origins of the vitreous state [135]. Therefore, elucidating the 
structural differences between MOFs before and after vitrification ne
cessitates a comparative approach employing multiple complementary 
characterization techniques. Using the zeolitic imidazolate framework 
ZIF-62 as an example [136], its fundamental building unit is the Zn(Im/ 
bIm)4 tetrahedron (Im: imidazolate, C3H3N2

− ; bIm: benzimidazolate, 
C7H5N2

− ) [137], in which Zn atoms coordinate with N atoms from the 
ligands via Zn–N bonds (Fig. 3a, b). Studies have confirmed that both 
Im and bIm ligands are preserved in the glassy state of ZIF-62. However, 
the Zn–N coordination bonds become increasingly disordered, 

Fig. 2. Strategies developed for the metalation of MOFs (MNPs: Metallic Nanoparticles). Reproduced with permission [69]. Copyright 2024, Royal Society 
of Chemistry.
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accompanied by a shortened average bond length, indicating overall 
network densification [138]. Although the Zn–Im/bIm tetrahedra 
persist in the glass, confirming the chemical integrity of the organic li
gands (Im, bIm) during vitrification, the disordering of the Zn–N bonds 
is identified as the key factor leading to structural disorder [139]. 
Further structural analyses reveal that vitrification causes no substantial 
alteration to the fundamental framework, with the Zn–N coordination 
environment and bonding configuration remaining largely preserved. 
Consequently, distortion of the Zn–Im/bIm tetrahedra—induced by the 
disordering of Zn–N coordination bonds—is regarded as the primary 
structural origin of the vitreous state in ZIF-62 [140,141].

From a chemical-mechanistic perspective, the nucleation of super
cooled liquids is governed by two essential factors: (i) overcoming the 
thermodynamic barrier to form structurally ordered regions with spe
cific interfacial energy [43,142,143], and (ii) overcoming the kinetic 
barrier (involving the breaking and reformation of chemical bonds) to 
enable atomic migration across interfaces [144]. In general, successful 
glass formation requires a sufficiently high cooling rate to suppress both 
nucleation and crystallization [145]. Using ZIF-4 as an example, Yue 
Yuanzheng's research group proposed a mechanism for its structural 
evolution during vitrification [146,147]. They suggested that the larger 
structural fragments of Zn(Im)x (x = 1–4) exhibit low mobility, creating 
a significant kinetic barrier during heat treatment that hinders the 
establishment of long-range order in the supercooled liquid. Further
more, the melting process of ZIF-4 involves the breaking of metal-ligand 
coordination bonds and the formation of uncoordinated zinc centers 
[148]. Consequently, the melt-quenching-induced transformation of 

crystalline ZIF-4 into glass can be described as follows: the ZIF-4 crystal 
first undergoes a structural transition to form the ZIF-zni crystalline 
phase. Subsequently, during the melt-quenching process, the short- 
range ordered structure of ZIF-zni is largely preserved, while some 
Zn–N bonds break, the intact imidazolate rings undergo deformation, 
and the Zn(Im) tetrahedral structures are partially disrupted [149]. In 
2019, Zhang Jiayan et al. reported that ZIF-4 glass exhibited no signs of 
recrystallization even after prolonged high-temperature annealing or 
repeated thermal cycling [134]. Accordingly, the exothermic peak 
observed in its DSC curve (Fig. 3c) can be attributed to two possible 
origins: (i) densification of the glass structure and collapse of pore 
channels (Fig. 3d), (ii) a short-range order-disorder transition occurring 
during dynamic heating or isothermal treatment. This phenomenon may 
be related to the significantly larger Zn–Zn distance (5.9 Å) compared 
to the Si–Si distance (3.1 Å) in silicate glasses. This results in the sub
stantially larger size of Zn(Im) tetrahedra relative to SiO4 tetrahedra, 
along with the notably lower bond strength of Zn–N coordination bonds 
compared to Si–O bonds in oxide glasses. For MOF materials in general, 
the rupture of coordination bonds between metal ions and ligands rep
resents the critical step that enables melting [150]. Coordination bonds 
dominate the glass-forming behavior of MOF glasses, while the steric 
hindrance effect introduced by large ligands also significantly influences 
their melting and vitrification processes. Owing to the large size of the 
structural units and their strong mutual interference during movement, 
the viscosity of MOF glasses is typically higher than that of traditional 
silicate glasses.

Therefore, the melting and vitrification of MOF materials can be 

Fig. 3. Structural and thermal behaviors of glassy ZIF-4. a) Crystalline and glass pair distribution functions D(r) with Im geometry identifying peaks 1 to 6. b) Raman 
spectra of crystal and glass. Insets: Changes in nodes (Zn–N) and linkers (C–N). Reproduced with permission [133]. Copyright 2018. The American Association for 
the Advancement of Science. c) Thermal analysis of ZIF-4 and fq-agZIF-4 (fq-ag: fast quenched amorphous glass; Cp: black; TGA: red); Key events: A (desolvation), B 
(amorphization), C (crystallization), D (melting), F (decomposition). d) ZIF-4 crystal structure and agZIF-4 amorphous configuration (Zn: orange, N: blue, C: gray, H: 
white). Reproduced with permission [134]. Copyright 2019. Royal Society of Chemistry. (For interpretation of the references to color in this figure legend, the reader 
is referred to the web version of this article.)

X. Pei et al.                                                                                                                                                                                                                                       Coordination Chemistry Reviews 557 (2026) 217691 

5 



generalized as follows: initially, thermal vibration induces the breaking 
of Zn–N bonds, triggering Lindemann melting and generating a large 
number of mobile structural units; subsequently, the substantial size of 
these mobile units creates pronounced steric hindrance, inhibiting the 
viscous flow of the structural units; concurrently, the continuous 
breaking and reformation of Zn–N bonds collectively influence the 
melting process. Consequently, the physical behavior of MOF melts is 
dominated by the continuous rupture and reformation of Zn–N coor
dination bonds. Upon rapid cooling, this results in a structure charac
terized by a disordered state of Zn–N bonds, ultimately leading to the 
formation of a MOF glass. In conclusion, as an emerging class of glass- 
forming systems, the melting and vitrification mechanisms of MOF 
materials hold significant importance for understanding the funda
mental nature of glasses. The discovery of MOF glasses has greatly 
expanded the compositional diversity of glassy materials and opened 
new avenues for designing advanced functional glasses.

2.3. Regulation of MOF glass-forming ability (GFA) by ligand chemistry

In the early stages of MOF glass research, major breakthroughs were 

predominantly centered on ZIF systems, particularly the discovery of 
ZIF-4 and ZIF-62, which laid the foundation for understanding the reg
ulatory role of ligands on GFA. Around 2015, the research groups led by 
Dr. Thomas D. Bennett and Professor Yuanzheng Yue first reported that 
ZIF-4 could form a glass through melt-quenching [42]. ZIF-4 has the 
chemical composition Zn(Im)2, with [ZnIm4] tetrahedra as its funda
mental building units. Its crystalline structure belongs to the ortho
rhombic system (space group Pbca) and adopts a cag-type topology. 
Upon heating, ZIF-4 undergoes a sequence of transformations, including 
solvent removal, structural collapse and amorphization, polyamorphic 
transition, recrystallization, melting, and eventual decomposition. The 
resulting melt exhibits poor thermal stability, decomposing within a 
narrow temperature window of merely 8–10 K after melting completes. 
However, quenching the melt at a rate exceeding 10 K⋅min− 1 under an 
inert atmosphere effectively suppresses crystallization, thereby enabling 
the glass transition. ZIF-4 exhibits a high GFA, with a glass transition 
temperature to melting point ratio (Tg/Tm) of approximately 0.64 
(Fig. 4a), identifying it as a typical easy-glass-forming system 
[151–153].

Subsequently, researchers developed ZIF-62 via a mixed-ligand 

Fig. 4. Glass-forming properties of ZIFs and ligand-tuned Cd-based MOFs. a) The first (blue line) and second (red line) DSC scanning curves of ZIF-4 sample. 
Reproduced with permission [151]. Copyright 2016, American Chemical Society. b) Structural units of ZIF-4 and ZIF-62. Reproduced with permission [133]. 
Copyright 2018. The American Association for the Advancement of Science. c) Fragility indices (m) of representative ZIF glasses (fictive temperature Tf). Reproduced 
with permission [151]. Copyright 2016, American Chemical Society. d) Thermal stability of ZIF-62 glass near Tm. e) Tg/Tm ratios of various glass-formers. 
Reproduced with permission [133]. Copyright 2018. The American Association for the Advancement of Science. f) XRD patterns of Cd(Im)2-xbImx series. g) DSC 
profiles showing thermal transitions. h) Correlation between ligand composition (x) and thermal parameters (Tm, ΔHm, Tg). Reproduced with permission [154]. 
Copyright 2025, American Chemical Society. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of 
this article.)
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strategy, which further improved its GFA. ZIF-62 has the chemical 
composition Zn(Im)1.75(bIm)0.25. It shares the same crystal structure and 
topology as ZIF-4 [155], differing only in the partial substitution of Im 
by bIm in its chemical composition (Fig. 4b). The incorporation of bIm 
increases steric hindrance, requiring greater energy to overcome the 
melting barrier and consequently elevating the Tm. Meanwhile, the 
enhanced degree of structural polymerization results in an elevated Tg 
[156]. The enthalpy of fusion (ΔHm) increases owing to hindered mo
lecular motion, whereas the entropy of fusion (ΔSm) rises due to the 
increased configurational freedom. These chemical modifications render 
the ZIF-62 framework more rigid and thermally stable. Upon heating, 
ZIF-62 experiences only solvent removal and melting, without structural 
collapse or amorphization, and exhibits a wide temperature window of 
approximately 150 K between melting and decomposition. The Tg of ZIF- 
62 is 595 K, and transparent bulk glass can be obtained, marking the first 
successful preparation of a bulk metal-organic framework glass. ZIF-62 
demonstrates exceptionally high viscosity at its melting point. Its 
fragility index (m = 23.3, Fig. 4c) categorizes it as a “strong” glass. The 
material retains its glassy state even after isothermal heat treatment at 
various temperatures between Tg and Tm for up to 24 h, or when cooled 
at a slow rate of 1 K⋅min− 1 (Fig. 4d). This behavior reflects a crystalli
zation resistance comparable to that of quartz or B2O3 glass [157]. This 
originates from the combination of high viscosity, which inhibits atomic 
migration, and the large size of the structural units (organic ligands) 
[158]. According to the Stokes–Einstein relation (D ∝ 1/(ηλ)), the high 
viscosity (η) and large characteristic size (λ) markedly reduce the 
diffusion coefficient (D), thus suppressing nucleation and crystal growth 
[159]. The Tg/Tm ratio of ZIF-62 reaches 0.84, far exceeding the 
empirical “two-thirds rule” (Fig. 4e), thereby confirming its outstanding 
GFA [160]. Based on topological constraint theory, ZIF-62 is composed 
of rigid [ZnN4] tetrahedra linked by flexible Zn–N–Zn bonds, analogous 
to the [SiO4] tetrahedra in SiO2. However, the [ZnN4] units are larger 
and less constrained, and the Zn–N coordination bonds possess much 
lower bond energy than the covalent Si–O bonds. Consequently, ZIF-62 
exhibits exceptionally strong GFA, although both Tg and Tm are sub
stantially lower than those of SiO2. If Im is completely replaced by bIm, 
ZIF-7 is formed, which cannot be melted, indicating that bIm provides 
stability while Im provides flexibility, and the two complement each 
other to enhance GFA [161].

Building upon the foundational research described above, the uni
versality of the ligand modulation strategy has been progressively 
validated as the field deepens its exploration. This strategy applies not 
only to zinc-based systems but has also been successfully extended to 
MOF materials based on other transition metals, including Cd, Fe, and 
Co. [151,162–165] Recent investigations on cadmium-based imidazo
late frameworks have systematically confirmed the critical role of ligand 
modulation on GFA, elucidating the decisive influence of ligand type, 
size, and electronic effects on vitrification behavior. The formation of 
MOF glasses essentially results from the interplay between thermody
namics and kinetics: a crystalline MOF must melt prior to decomposi
tion, and crystallization must be suppressed during melt cooling to yield 
a stable glassy state [166]. Therefore, any structural factor that lowers 
crystal cohesive energy, weakens long-range order, or increases local 
conformational flexibility contributes to enhanced GFA. A recent study 
on a Cd-based imidazolate framework, involving the incorporation of a 
larger [154], more rigid co-ligand (bIm), systematically elucidated the 
regulatory mechanism of ligand chemistry on vitrification, providing 
clear thermodynamic evidence via X-ray diffraction (XRD) and DSC 
(Fig. 4f–4h). From a structural evolution perspective, XRD results 
(Fig. 4f) indicate that as the bIm content increases from 0 to 0.25 mol, 
the diffraction peaks of Cd(Im)2 gradually weaken, broaden, and 
partially vanish, reflecting a marked reduction in long-range order 
[167]. In contrast, Pair Distribution Function (PDF) analysis and 
infrared spectroscopy confirm that short-range ordered units are 
retained [168]. This structural motif of “long-range disorder and short- 
range order” constitutes the fundamental basis for MOF glass formation 

[169]. The incorporation of the bulky bIm ligand introduces significant 
steric hindrance, disrupting the close packing of the original imidazolate 
network, rendering the framework more susceptible to relaxation and 
collapse, thereby weakening overall crystal stability and providing a 
prerequisite for subsequent melting and vitrification. DSC thermal 
analysis (Fig. 4g) further elucidates the regulatory mechanism of ligand 
mixing on thermodynamic behavior. For pure Cd(Im)2 (x = 0), a distinct 
melting endotherm (Tm ≈ 455 ◦C) and a glass transition (Tg ≈ 175 ◦C) 
upon reheating after quenching are observed. As the bIm content in
creases, the melting peak gradually weakens, and the ΔHm decreases 
from 16.6 to 5.7 kJ⋅mol− 1 (x = 0.25), indicating a reduction in crystal 
cohesive energy and a lower energy barrier for the melting process. 
Concurrently, Tm decreases to approximately 421 ◦C, widening the 
temperature window between melting and decomposition and thereby 
mitigating the challenge of “decomposition before melting”. Moreover, 
the incorporation of bIm markedly suppresses cold crystallization, hin
dering melt recrystallization, thereby enhancing the thermal stability of 
the glassy state and preventing its transformation into a glass-ceramic. A 
systematic summary of the thermodynamic parameters in Fig. 4h further 
elucidates the mechanism of ligand-modulated GFA. As the bIm content 
increases, Tm and ΔHm decrease significantly, while Tg increases slightly 
(from 175 ◦C to 187 ◦C). This synergistic effect of “Tm↓, ΔHm↓, and Tg↑” 
raises the Tg/Tm ratio from 0.385 to 0.444, indicating a significant 
enhancement of GFA. A higher Tg/Tm ratio facilitates bypassing nucle
ation and crystallization zones during melt cooling, thereby promoting 
glass formation; the reduction in ΔHm indicates weakened crystal 
cohesive energy, aligning with ligand-induced structural perturbations 
[170]. Consequently, the incorporation of bIm significantly enhances 
the GFA of Cd-based MOFs by concurrently modulating crystal stability 
and melt-glass transition kinetics. This study clearly establishes the 
pivotal role of ligand chemistry in MOF vitrification: smaller, highly 
symmetric ligands typically form densely packed, highly crystalline 
frameworks that hinder vitrification, while larger, more rigid, or irreg
ularly shaped ligands disrupt long-range order through steric hindrance 
and electronic effects, reducing melting enthalpy and melting point, 
increasing the Tg/Tm ratio, and thus markedly enhancing GFA. This 
approach exhibits broad applicability and can be extended to various 
metal-based MOF systems (e.g., Zn, Fe, Co), enabling precise control 
over material vitrification through tailored ligand design and 
composition.

2.4. Preparation of MOF glasses

2.4.1. Melt-quenching
Amorphous materials, encompassing glasses and other non- 

crystalline solids, exhibit long-range structural disorder, evidenced by 
the absence of Bragg diffraction peaks in XRD patterns and the lack of 
electron diffraction spots in transmission electron microscopy (TEM) 
[175]. However, only glassy materials exhibit a distinct glass transition, 
which serves as the primary criterion for differentiating glasses from 
other amorphous solids [176]. Melt-quenching is the predominant 
method for preparing various glass-forming systems, including MOF 
glasses [177,178]. Most MOF crystals undergo irreversible thermal 
decomposition and framework collapse upon heating without tran
sitioning to a molten state, primarily because the coordination bonds 
between metal nodes and organic ligands are stronger than the covalent 
bonds within the ligands [179]. However, certain MOF systems, 
including ZIFs, phosphazene-based frameworks, thiocyanate/ 
butyronitrile-based frameworks, and metal bis(acetamide) frame
works, can form a molten amorphous phase when the Tm is below the 
thermal decomposition temperature (Td) [67,180] (Fig. 5a). The solid- 
liquid transition in MOFs originates from the dynamic breaking and 
reformation of metal-ligand coordination bonds, while their inorganic 
and organic structural units are retained in the liquid state [181]. Taking 
ZIF-4 as an example, its melting process involves the rapid dissociation 
and re-coordination of zinc centers and imidazolate ligands, a 
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mechanism that has been studied via first-principles molecular dy
namics (MD) simulations (Fig. 5b, 6c) [172]. Melting takes place when 
the amplitude of atomic thermal vibrations surpasses a critical fraction 
of the nearest-neighbor bond length (Fig. 5d) [173,182]. Although the 
metal–ligand bond strength is a key factor governing the GFA of MOFs, 
additional factors such as porosity and intermolecular interactions also 
play crucial roles in determining their meltability [183]. Compared with 
ZIF-8, the ZIF-4 framework is relatively dense, allowing non- 
coordinated ligands to remain in contact and maintain stability 
through dispersion forces. In contrast, in the highly porous ZIF-8, non- 

coordinated ligands in intermediate states are more spatially isolated, 
resulting in a higher energy barrier that elevates the Tm above the Td, 
thereby preventing glass formation [184,185]. Because the Tm of most 
MOFs exceeds their Td, conventional melt-quenching methods are often 
unsuitable for achieving vitrification. Consequently, research efforts 
have shifted toward lowering the Tm of MOFs below their Td by tailoring 
the metal nodes or optimizing ligand chemistry. Reported MOF systems 
capable of glass formation include: ZIF-4 [Zn(Im)2; Im: imidazolate, 
C3H3N2

− ] [186], ZIF-62 [Zn(Im)1.75(bIM)0.25; bIm: benzimidazolate, 
C7H5N2

− ] [133], ZIF-76 [Zn(Im)1.5(ClbIm)0.5; ClbIm: 5- 

Fig. 5. Formation mechanism and thermal properties of MOF glasses. a) Schematic illustrating the competition between ligand decomposition and metal-ligand bond 
cleavage in determining MOF glass formation. Reproduced with permission [171]. Copyright 2014, International License. b) MD simulation showing imidazolate 
ligand exchange events during ZIF-4 melting. c) Temperature-dependent evolution of zinc coordination numbers in ZIF-4. Reproduced with permission [172]. 
Copyright 2017, Springer Nature. d) Correlation between atomic vibration amplitude and melting initiation in ZIFs. Reproduced with permission [173]. Copyright 
2018, American Chemical Society. e, f) Defect engineering for melting point depression through partial substitution of imidazolate with benzimidazolate linkers, 
enabling glass formation at a lower temperature. Reproduced with permission [174]. Copyright 2016, Springer Nature.

Fig. 6. Schematic representation of the traditional route to ZIF glass formation (red line) and the mechanochemical vitrification approach (blue line). Reproduced 
with permission [187]. Copyright 2024, Copyright 2024, Wiley-VCH GmbH. (For interpretation of the references to color in this figure legend, the reader is referred 
to the web version of this article.)
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chlorobenzimidazolate, C7H4ClN2
− ], ZIF-76-Im [Zn(Im)1.33(Im)0.67; 

Mbm: 5-methylbenzimidazolate, C8H7N2
− ] [41], as well as structures like 

UiO-67, UiO-68, and DUT-5 (UiO: University of Oslo; DUT: Dresden 
University of Technology) [171]. Taking ZIF-4 as an example, heating to 
550 ◦C produces a macroscopic liquid that, upon cooling, solidifies into a 
glass with the same composition as the parent crystal, composed of 
imidazolate-linked tetrahedral units (Fig. 5e, f). Introducing a small 
fraction of a secondary ligand (e.g., bIm) during synthesis yields the 
mixed-linker ZIF-62[(Im)1.75(bIm)0.25], which melts at a lower temper
ature (410 ◦C) while retaining the same topology. The discovery of these 
meltable MOFs opens new avenues for expanding the family of vitrifi
able systems by leveraging host–guest interactions.

2.4.2. Mechanical milling
The conventional preparation of MOF glasses primarily relies on the 

melt-quenching technique, in which MOF crystals are heated to a molten 
state under an inert atmosphere and subsequently cooled rapidly [188]. 
Although this method has proven effective, its applicability is largely 
confined to systems in which the metal–ligand bonds exhibit high 
thermal stability, thereby limiting the diversity of material compositions 
and functional design possibilities. In recent years, mechanical ball 

milling has emerged as both a synthesis and post-synthetic modification 
technique that operates at room temperature and has been widely 
employed in the preparation of microcrystalline and amorphous MOF 
materials (for a comparison of experimental routes, see Fig. 6) [187]. 
Studies have demonstrated that solvent-free post-synthetic ball milling 
(PSBM) can induce rapid amorphization in ZIF materials. However, it 
has long remained unclear whether the resulting amorphous phases 
exhibit characteristic glassy behavior, such as a discernible glass 
transition.

In 2024, Xue et al. conducted a systematic investigation that effec
tively clarified this crucial issue [187]. The study aimed to explore the 
universality of the mechanical ball-milling approach and to elucidate 
the nature of the resulting products. Twelve distinct ZIFs were selected, 
exhibiting substantial variations in metal centers (Zn2+, Co2+, Cu2+), 
topology (e.g., cag (Cagliotiite), zni (Zinc Iminodiphosphate), sod (So
dalite)) [189–192], as well as porosity, with theoretical void fractions 
(tVF) ranging from 6.8% to 66.8% (Fig. 7a). The XRD patterns of 
representative ZIFs (e.g., ZIF-4, ZIF-8, and ZIF-zni) before and after ball 
milling are shown in Fig. 7b. It is clearly observed that the sharp Bragg 
diffraction peaks of all crystalline ZIFs completely disappear after ball 
milling, being replaced by broad amorphous diffuse halos, which 

Fig. 7. Structural and porosity evolution during ball milling. a) Crystal structures (top) and building units (bottom) of representative ZIFs with tVFs indicated in pale 
yellow. Hydrogen atoms are omitted for clarity. ZIF compositions were verified by 1H NMR spectroscopy after acid digestion. b) XRD patterns showing amorphization 
of ZIFs after PSBM. c) Absolute and d) relative CO₂ uptaken as a function of milling time. Reproduced with permission [187]. Copyright 2024, Copyright 2024, Wiley- 
VCH GmbH. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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provide direct evidence of the loss of long-range order [193,194]. Fig. 7c 
and d illustrate the evolution of material porosity during ball milling, as 
determined by CO2 adsorption measurements. For most ZIFs, ball mill
ing results in a pronounced reduction in porosity, indicating structural 
densification [195]. However, ZIF-zni (Zn) exhibits anomalous 
behavior, as its porosity increases markedly after ball milling. This 
phenomenon is attributed to the fact that ZIF-zni possesses one of the 
densest known ZIF topologies, in which mechanical perturbation instead 
introduces additional disorder and free volume [196–198]. In stark 
contrast, ZIF-Cu-1, despite its similar chemical composition, transforms 
into an almost non-porous amorphous solid after ball milling. This 
contrast arises from the fundamentally different coordination geome
tries of their metal centers, with the latter favoring denser packing under 
mechanical stress.

The most compelling evidence is provided by DSC analysis. Previous 
studies have demonstrated that ZIF materials known to be meltable and 
capable of forming glasses (such as ZIF-4, ZIF-62, and ZIF-zni) exhibit 
this behavior after short-duration (5–15 min) ball milling treatment, as 
evidenced by a distinct glass transition in their DSC curves (Fig. 8) 
[199,200]. This observation confirms that the resulting amorphous 
phases exhibit the characteristic thermal behavior of glasses. A major 
breakthrough lies in the first successful vitrification of several ZIF sys
tems traditionally regarded as non-meltable (achieved through me
chanical ball milling) such as ZIF-76 (evidence of vitrification shown in 
Fig. 9a) and ZIF-Cu-I (TG/DSC data in Fig. 9b-9d). Particularly note
worthy is the successful vitrification of the Cu(II)-based ZIF-Cu-I, which 
overcomes the previous limitation of ZIF glasses to primarily Zn(II)- and 
Co(II)-based systems, thereby significantly broadening the chemical 
diversity of MOF glasses. Furthermore, the Tg of ball-milled glasses is 
generally lower than that of their melt-quenched counterparts and 

decreases progressively with longer milling durations. This phenomenon 
is primarily attributed to the structural defects (such as uncoordinated 
metal sites and dangling bonds) introduced by mechanical treatment, 
which enhance network flexibility and mobility. The reduced Tg pro
vides opportunities for low-temperature processing and facile shaping of 
these materials. The study further revealed that the evolution of porosity 
during ball milling is closely correlated with the coordination geometry 
of the metal centers. For example, the porosity of the high-density ZIF- 
zni increases after ball milling, while ZIF-Cu-I—owing to the flattened 
tetrahedral coordination geometry of Cu(II)—undergoes pronounced 
densification, ultimately forming an almost non-porous amorphous solid 
[201–203]. The diverse structural responses of different ZIFs to me
chanical stress offer new insights into their glass-forming abilities. This 
work not only demonstrates that mechanical ball milling serves as an 
energy-efficient and highly effective route for the preparation of MOF 
glasses, but also underscores its unique advantage in broadening the 
compositional scope of vitrifiable MOFs. Specifically, this method cir
cumvents high-temperature decomposition issues, rendering it suitable 
for ligands bearing thermally sensitive functional groups (e.g., halogens, 
nitro groups) or redox-active metal centers (e.g., Cu(II)) [204]. Conse
quently, mechanical ball milling offers a promising platform for the 
rational design and fabrication of multifunctional MOF glass composites 
(such as those incorporating organic molecules or functional complexes) 
thereby paving the way for their broader applications in catalysis, 
electronic devices, and separation membranes.

2.4.3. Desolvation
In the field of MOF crystal engineering, carboxylate ligands are 

considered highly promising building blocks owing to their strong co
ordination capabilities and highly tunable structural characteristics 

Fig. 8. DSC analysis of ZIFs before and after ball milling. First and second heating scans show thermal transitions various ZIF systems after different PSBM durations. 
The colored arrows and dotted lines indicate the amorphization temperature (Ta), Tg, recrystallization temperature (Trc), and Tm of the ZIFs. Heating rate: +10 ◦C 
min− 1. Reproduced with permission [187]. Copyright 2024, Copyright 2024, Wiley-VCH GmbH.
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[206]. However, conventional approaches such as thermal melt- 
quenching and mechanical ball milling encounter substantial limita
tions when applied to carboxylate-based MOFs, as the relatively strong 
metal–carboxylate coordination bonds often cause material decompo
sition under elevated temperatures or mechanical stress, thereby hin
dering the formation of a molten glassy state. To address this limitation, 
the desolvation approach has been proposed as an innovative route for 
MOF vitrification. This method begins with solvated metal–organic 
precursors (such as discrete species [M(L)ₙ(Solv)ₘ]) and induces the 
partial cleavage and reorganization of metal–ligand bonds through the 
controlled removal of coordinated solvent molecules, thereby directly 
constructing a continuous amorphous network. This process 

circumvents the dependence on the thermal stability of MOF crystals 
and instead exploits pre-existing hydrogen-bonded networks to direct 
vitrification [207].

Taking the cobalt-based [Co(4-(4-pyridyl)benzoate)2] and 
manganese-based [Mn(bis[2-(4-pyridyl)vinyl]benzoate)2] systems as 
representative examples, the removal of solvent molecules (e.g., H₂O) 
induces distortions in the coordination geometry and rearrangements of 
the framework conformation, ultimately yielding a glassy MOF char
acterized by short-range order [208]. Fig. 10 illustrates the evolution of 
the coordination environment and the amorphization pathway of a co
balt carboxylate–based MOF during hydration and dehydration. In the 
hydrated state, water molecules insert between cobalt ions and 

Fig. 9. Thermal analysis of ball-milled ZIF glasses. a) DSC scans of ZIF-76 showing glass transitions after PSBM. b) TG/DTA of ZIF-Cu-1 with optical images of 
crystalline and glassy phases. c, d) Cyclic DSC measurements of ZIF-Cu-1 and PSBM derivatives, highlighting glass transition behavior. All heating rates: +10 ◦C 
min− 1. Reproduced with permission [187]. Copyright 2024, Wiley-VCH GmbH.

Fig. 10. Evolution of the Co coordination environment during desolvation and crystallization of Co(L1)2. Structural states include hydrogen-bonded framework 
(1mc), glass (1 g), supercooled liquid (1sl) and crystal (1c). Reproduced with permission [205]. Copyright 2023, Springer Nature Limited.
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carboxylate ligands, modifying the original coordination mode 
[207,209]. Subsequent thermal dehydration further distorts the coor
dination geometry, ultimately yielding an amorphous phase [205]. 
Continued heating induces a glass transition followed by recrystalliza
tion, a process analogous to that observed in melt-quenched glasses. This 
method has been successfully extended to twelve ligands containing 
carboxylate, azole, and pyridyl groups, systematically demonstrating its 
universality across systems with different chain lengths, configurations, 
and functional substituents (e.g., –F, -NH2) [205]. Mechanistic in
vestigations reveal that the hydrogen-bond network within the metal 
complex functions as a “structural template” during desolvation, 
directing the disordered reorganization of the metal–organic frame
work. In situ techniques (including infrared spectroscopy (IR), X-ray 
absorption fine structure (XAFS), and PDF analysis) confirm both the 
reorganization of coordination bonds and the preservation of local co
ordination environments (e.g., octahedral Co2+ centers), alongside the 
formation of a long-range disordered glassy structure. MOF glasses 
prepared via this method exhibit highly tunable physicochemical 
properties: their Tg can be precisely adjusted within 120–280 ◦C, and the 
supercooled liquid region (Tg to the crystallization temperature Tc) can 
extend up to 124 ◦C, offering a broad processing window for low- 
temperature fabrication. Furthermore, this method enables the fabri
cation of boundary-free, transparent monolithic bulk materials without 
applying external pressure, thereby greatly simplifying the forming 
process. Gas adsorption measurements confirm the presence of perma
nent porosity, with pore sizes tunable by ligand length (e.g., longer li
gands produce larger pores) [210]. This tunable control over both 
structure and properties endows MOF glasses obtained via the des
olvation method with broad application potential in gas separation, 
solid-state electrolytes, and catalytic support systems [211].

2.5. Classification and development of MOF glasses

Compared with the extensive family of crystalline MOFs, research on 
MOF glasses began relatively late but has advanced rapidly over the past 
decade. Initially centered on ZIF-4 and its derivatives, the field has 
gradually expanded to encompass nitrile-, amide-, bisphenol-, and 
carboxylate-based MOF glasses. Following the successive reports of Fe- 
and Cd-based MOF glasses between 2023 and 2025, researchers have 
steadily elucidated the fundamental principles and critical factors gov
erning the crystalline-to-amorphous transition in MOF materials.

Research on MOF glasses dates back to 2010, when ZIF-4 was 
observed to transform into a high-density amorphous phase upon 
heating, owing to its metastable structure [149]. Although not a “melt- 
quenched glass” in the strictest sense, this material first demonstrated 
that MOFs can adopt an amorphous state, marking the inception of 
research into their vitrification. In 2015, ZIF-4 glass was successfully 
fabricated via melt-quenching for the first time, and a low-density 
amorphous phase was identified within the material [186]. This work 
not only confirmed that MOFs can form a stable glassy state via melting 
but also revealed that their kinetic behavior exhibits features of “strong” 
or “fragile” liquids, akin to inorganic glasses, thus providing a theoret
ical foundation for subsequent studies. In 2016, melt-quenched ZIF-62 
glass was successfully fabricated [151]. Owing to its low glass transition 
temperature and excellent GFA, it rapidly became a model system in the 
field. In the same year, derivative systems such as Zn(Im)2 (GIS) and TIF- 
4 were also reported [151], further broadening the chemical diversity of 
MOF glasses. Concurrently, Angell, Yaghi, and colleagues proposed a Ti- 
based MOF glass [Ti16O16(BPA)x(OR)32-x] employing a bisphenol-A 
ligand, constructing a novel glassy framework via bulky ligands and 
polynuclear metal nodes, thus achieving the first vitrification of a non- 
imidazolate MOF [212]. In 2018, significant progress was achieved in 
the preparation of melt-quenched ZIF-76 glass. This material was found 
to retain permanent porosity (4–8 Å) even in its amorphous state [213], 
challenging the long-standing assumption that vitrification inevitably 
causes pore collapse. Notably, pure ZIF-76, owing to its larger ligands 

(mbIm and ClbIm), typically decomposes before melting. However, 
introducing a flux (such as TIF-4) or tuning the proportion of the smaller 
Im ligand can effectively promote its melting and subsequent glass for
mation. This discovery underscored the crucial role of ligand size, 
flexibility, and compositional ratio in governing the GFA of MOFs 
[185,214]. Since 2021, the research focus has gradually expanded to
ward non-imidazolate systems. The successful fabrication of nitrile- 
based MOF glass [Ag(pL2)(CF3SO3)]2C6H6 (pL2 = 1,3,5-tris(4-cyano
phenyl)benzene) [215] and amide-based MOF glass [Co(bba)3CoCl4] 
(bba = N,N′-1,4-butylene bis(benzamide)) [53] demonstrated the ability 
of diverse functional-group-containing ligands to form glassy frame
works, opening new avenues for the chemical design and functional 
development of MOF glasses. Between 2022 and 2023, carboxylate- 
based MOF glasses emerged as a major research focus. Through melt- 
quenching or thermal dehydration, researchers synthesized a variety 
of carboxylate-based glasses with distinct structures, including [Co 
(L1)2]4n (L1 = 4-(pyridin-4-yl)benzoic acid) [207], [Mn3(peb)6]⋅2DMF 
(Hpeb = 4,4′-(ethene-1,2-diyl)dibenzoic acid) [216], and Mg- and Mn- 
based fatty acid salt glasses (C-Mg-adp, C-Mn-adp) [204]. These 
achievements not only expanded the diversity of MOF glass systems but 
also highlighted the unique advantages of carboxylate ligands in facili
tating vitrification. After 2023, research entered a new stage charac
terized by “metal node modulation.” The emergence of Fe-based ZIF 
glass [Fe3(Im)6(HIm)2] demonstrated that altering the metal center can 
broaden the chemical space of MOF glasses and impart new function
alities such as magnetism and catalysis. In 2024, an optimized Mn-based 
carboxylate glass demonstrated a new strategy for tuning structural 
stability through the incorporation of bridging carboxylic acids. The 
most recent studies in 2025 successfully fabricated a Cd-based MOF 
glass, opening new opportunities for exploring heavy-metal-based 
glasses in optical and electronic applications.

Overall, the development of MOF glasses can be categorized into 
three distinct stages: the initial phase (2010–2015), exemplified by ZIF-4 
and characterized by studies on crystal collapse and melt-quenching 
behavior; the expansion phase (2016–2020), centered on ZIF-62, 
marked by the continuous diversification of derivative systems and the 
extension to bisphenol-based MOFs; and the diversification phase 
(2021–present), encompassing nitrile-, amide-, and carboxylate-based 
systems, as well as functional exploration through metal-node modula
tion (e.g., Fe, Mn, Cd). Currently, ZIF-based glasses remain dominant 
owing to their low melting points and excellent GFA. Research on nitrile- 
, amide-, and bisphenol-based MOF glasses remains relatively limited 
but holds considerable potential for future advancement (Fig. 11). The 
emergence of carboxylate- and transition-metal-based MOF glasses sig
nifies a new and promising trend in the field.

In summary, the development of MOF glasses has progressed from 
single-component systems to structurally diverse architectures, and 
further toward functional exploration. With the introduction of 
advanced strategies such as RE ion and quantum dot doping, future 
research is expected to focus not only on the mechanisms of structural 
evolution but also on application-oriented areas including optoelec
tronics, sensing, and energy storage, thereby driving MOF glasses to
ward practical and industrial implementation.

3. Luminescent metal coordination compound glasses

Metal–coordination compound (MCC) glasses (including MOF 
glasses, CP glasses, and their derivative systems) have recently emerged 
as a cutting-edge research frontier in luminescent materials, owing to 
their distinctive amorphous coordination networks and highly tunable 
optical properties [217].

3.1. Luminescent MOF glasses

MOF glasses exhibit remarkable potential as optical materials owing 
to their high transparency and outstanding processability. These 

X. Pei et al.                                                                                                                                                                                                                                       Coordination Chemistry Reviews 557 (2026) 217691 

12 



materials feature desirable optical properties, including high trans
mittance [217], optical isotropy, facile processability, fluorescence 
[218,219], nonlinear optical (NLO) responses [65,220–222], and 
excellent compatibility with molecular dopants. Among these proper
ties, room-temperature phosphorescence (RTP) has attracted particular 
attention due to its promising applications in imaging, sensing, and 
catalysis [223–230]. Conventional molecular RTP systems typically 
suffer from excited-state lifetime competition, resulting in PLQY below 
50%, where RTP appears merely as a delayed emission following the 
cessation of excitation [231]. In contrast, MOF glasses, owing to their 
rigid molecular environments and higher density and hardness 
compared with their crystalline counterparts, can effectively suppress 
nonradiative relaxation and minimize energy dissipation (Fig. 12a) 
[35]. Zn(4,5-dicyanoimidazole)2 (denoted Zn-DCI) and Cd(4,5-dicya
noimidazole)2 (denoted Cd-DCI) glasses are synthesized via slow evap
oration of aqueous solutions containing zinc or cadmium nitrates and 
4,5-dicyanoimidazole (Fig. 12b). The resulting glasses exhibit high 
Young's moduli of 9.73 GPa and 1.95 GPa, respectively. These rigid and 
densely packed amorphous coordination networks facilitate intersystem 
crossing (ISC) while suppressing the nonradiative decay of triplet exci
tons [232]. Delayed-emission spectroscopy and density-functional- 
theory (DFT) calculations reveal two distinct triplet emission peaks in 
the blue and green regions for these materials. The Cd–DCI glass exhibits 
emission maxima at 441 nm and 530 nm, featuring a long RTP lifetime 
of 0.63 s and a high PLQY of 75% (Fig. 12c). Under UV excitation, the 
Zn–DCI glass retains its luminescence when fabricated into one- 
dimensional (1D) fibers (with negligible photon transmission loss) or 
into two-dimensional (2D) thin films exhibiting anisotropic optical 
waveguiding behavior (Fig. 12d) [233].

Leveraging the dynamic phase-transition behavior of MOF glasses 
allows for the fabrication of nanocomposites in which these materials 
serve as precursors. Kulachenkov et al. employed femtosecond laser 
pulses to induce rapid melting of a MOF, yielding a novel MOF-derived 
material with a core–shell architecture, consisting of metal oxide den
drites at the core and an amorphous organic layer as the shell (Fig. 12e) 
[234]. The resonant interaction between these microspheres and light 
markedly enhances second-harmonic generation and three-photon 
luminescence, rendering them highly suitable for nonlinear nano
photonic applications. Vaidya et al. fabricated the first transparent and 
luminescent thioaurate MOF glass through simple mechanical pressing, 
exhibiting a transmittance of 26% and red emission at 93 K [221]. Other 
types of MOF glasses are also capable of exhibiting multicolor lumi
nescence. Recent studies have revealed that MOF glasses composed of 

d10 metal cyanides and triphenylphosphine, exhibiting over 80% 
transmittance in the visible to NIR region, display intense green emis
sion attributed to metal-to-ligand charge transfer (Fig. 12f) [221].

Li et al. demonstrated that the successful synthesis of high-quality 
ZIF-62 MOF glass established the material foundation for the develop
ment of core–cladding hybrid optical fibers [235]. The researchers 
selected commercial fluorophosphate glass HFK95N as the cladding 
material, whose softening temperature (758 K) closely matches the 
melting point of ZIF-62 (694 K), thereby satisfying the co-drawing 
temperature window requirements. The refractive indices of the clad
ding and core at 589 nm are 1.44 and 1.56, respectively, producing a 
notable refractive index contrast (Δn ≈ 0.12) that ensures total internal 
reflection for effective optical waveguiding. The Zn25 fiber (represent
ing 25% Zn in the standard formulation, Zn2+:Im:bIm = 0.25:13.5:1.5) 
(Fig. 12g) was fabricated via a melt-drawing process, yielding a fiber 
diameter of 680 μm and a core diameter of 150 μm. Energy-dispersive X- 
ray spectroscopy (EDS) confirmed that the core region is enriched in Zn, 
whereas the cladding primarily contains Al, Si, F, Mg, and P (Fig. 12h). 
Near-field imaging (Fig. 12i) demonstrates that blue, green, and red 
light can be independently emitted through optical filter modulation. 
The fiber exhibits outstanding optical performance (Fig. 12j), with a 
transmission loss as low as 0.72 dB⋅cm− 1. Under 365 nm UV excitation, 
the fiber displays its strongest emission peak at 440 nm on the end face 
(Fig. 12k). By adjusting the Zn25, Zn50 (Zn2+:Im:bIm = 0.5:13.5:1.5), 
and Zn100 (Zn2+:Im:bIm = 1:13.5:1.5) glasses through optical filtering, 
blue, green, and red emissions can be obtained (Fig. 12l-12n). Further 
investigations revealed that ZIF-62 glass exhibits pronounced phos
phorescence under a nitrogen atmosphere (Fig. 12o): it emits a green 
afterglow lasting several seconds after cessation of UV excitation, 
whereas the emission is completely quenched in the presence of oxygen. 
Based on this finding, a highly sensitive optical oxygen-sensing platform 
was developed (Fig. 12p). The phosphorescence intensity decreases 
monotonically with increasing oxygen partial pressure, exhibiting a 
detection limit of 3.5% and excellent reversibility—the original per
formance can be fully restored within 10 min of nitrogen exposure. After 
five testing cycles (Fig. 12q, r), no signal attenuation was observed, 
confirming the excellent chemical stability and structural robustness of 
the ZIF-62 glass host. This study integrates the gas responsiveness of 
MOF glass with long-lived phosphorescence for the first time, offering 
new design insights for the development of reusable optical sensors.

Fig. 11. Development history of MOF glasses in the past decades.
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Fig. 12. Synthesis, characterization, and applications of luminescent MOF glasses. a) Mechanism of efficient RTP in MOF glasses via rigid molecular environments 
and enhanced ISC processes. b) Comparison of synthetic approaches between MOF glasses and conventional silicate glasses. c) Photographs of MOF glasses under UV 
excitation (365 nm, 395 nm) and after cessation. d) SEM image of Zn-DCI glass fiber. Reproduced with permission [233]. Copyright 2022 Wiley-VCH GmbH. e) Core- 
shell morphology from femtosecond laser melting of MOF with nonlinear optical enhancement. Reproduced with permission [234]. Copyright 2019 Wiley-VCH 
GmbH. f) Transparent ([Cu(PPh3)2][Au(CN)2]n glass exhibiting green emission. Reproduced with permission [221]. Copyright 2022, Royal Society of Chemistry. 
g) Cross-section of Zn25 fiber under 365 nm excitation. h) Elemental mapping (Mg, Al, Si, F, P, Zn) in fiber cross-section. i) Near-field output pattern from Zn25 fiber. 
j) Red laser transmission through Zn25 fiber. k) PL spectrum about the cross section of Zn25. l-n) Photoluminescence of Zn100, Zn50, and Zn25 glasses under 365 nm 
light excitation. o) Phosphorescence decay of Zn25 glass in N₂ atmosphere. p) Atmospheric oxygen sensing demonstration. q, r) Cyclic phosphorescence response and 
intensity stability at 545 nm. Reproduced with permission [235]. Copyright 2025 Wiley-VCH GmbH. (For interpretation of the references to color in this figure 
legend, the reader is referred to the web version of this article.)
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3.2. Luminescent PeQDs@MOF glasses

In the field of MOF glass research, ZIF-series glasses remain domi
nant owing to their relatively low melting points and exceptional glass- 
forming ability. However, the synthesis of ZIF glasses generally depends 
on melt-quenching their crystalline precursors, while the intrinsic lattice 
constraints of ZIF structures severely restrict the incorporation of diverse 
metal ions, which are currently limited to non-luminescent species such 
as Zn2+ and Co2+. This limitation substantially hinders the direct 
incorporation of functional luminescent centers, such as RE ions. 
Consequently, embedding luminescent centers as guest species within 
the MOF glass matrix has emerged as a highly promising alternative 
strategy. Among various luminescent guests, perovskite quantum dots 
(PeQDs) have attracted considerable attention owing to their excep
tional optoelectronic properties, including high PLQY [236], narrow 
emission peaks [237], and tunable emission spectra [238]. Corre
sponding composite strategies have been shown to markedly enhance 
both the stability and luminescent efficiency of these materials.

In 2021, Hou et al. reported a groundbreaking contribution to this 
field in Science [62]. They developed a liquid-phase sintering strategy to 
successfully fabricate a series of composites composed of CsPbX3 lead 
halide perovskites embedded in ZIF glass. Specifically, the method in
volves mixing CsPbI3 powder with agZIF-62 glass powder in a defined 
ratio, sintering the mixture under an inert argon atmosphere at tem
peratures typically ranging from 175 to 350 ◦C (above the Tg of the ZIF 
glass but below its melting point) followed by rapid quenching (e.g., in 
liquid nitrogen) (Fig. 13a). This process produces scalable monolithic 
composites, in which the MOF glass host stabilizes the metastable black 
phase (γ-CsPbI3) through interfacial interactions, preventing its transi
tion to the non-perovskite yellow phase. Moreover, the composite ex
hibits remarkable stability against water, organic solvents, heat, light, 
air, and humidity. For example, its luminescence remains stable even 
after 10,000 h of immersion in water (Fig. 13b). In addition, the com
posite demonstrates self-confinement of lead, effectively preventing lead 
ion leakage. Transmission electron microscopy (TEM) characterization 

provides direct evidence for the material's high performance. Annular 
Dark Field Scanning TEM (ADF-STEM) images (Fig. 13c) clearly reveal 
CsPbI3 nanocrystals (bright contrast) measuring 20–50 nm, uniformly 
embedded in the ZIF glass host (dark contrast), with a well-bonded 
interface between the two phases. Electron diffraction analysis con
firms that these nanocrystals adopt the γ-CsPbI3 phase. Furthermore, 
Cathodoluminescence STEM (CL-STEM) mapping (Fig. 13d) shows that 
the luminescence originates from individual perovskite nanocrystals 
encapsulated within the glass, exhibiting uniform emission wavelengths, 
indicating a pronounced interfacial passivation effect. By adjusting the 
halogen composition, the emission wavelength can be tuned across the 
entire visible spectrum, laying the groundwork for the development of 
white LEDs with a wide color gamut (Fig. 13e, f).

In 2023, Li et al. reported the interfacial alloying mechanism in 
CsPbI3–ZIF glass composites [63]. During sintering, an atomically thin 
alloyed interfacial layer formed between CsPbI3 and amorphous ZIF-62 
glass, predominantly consisting of disordered Pb–I frameworks 
(Fig. 14a). Extended X-ray Absorption Fine Structure (EXAFS) analysis 
(Fig. 14b) revealed the formation of Zn–I bonds at the interface, indi
cating effective chemical passivation and stabilization of the γ-CsPbI3 
phase. Furthermore, ADF-STEM combined with electron energy loss 
spectroscopy (EELS) (Fig. 14c, d) confirmed iodine diffusion of 
approximately 10 nm into the glass matrix, providing direct evidence 
that the enhanced luminescent stability arises from chemical alloying 
rather than simple physical encapsulation. Ghasemi et al. demonstrated 
that agZIF-62 suppresses phase separation in CsPb(Br1-xIx)3 [239]. Upon 
liquid-phase sintering, the CsPbBr1.5I1.5@agZIF-62 composite exhibited 
two distinct coordination environments in the agZIF-62 framework, 
associated with zinc-terminated and imidazole-terminated sites. 
Consequently, the Zn and Im moieties are exposed on the surface of the 
mixed-halide perovskites, allowing direct interactions (Fig. 14e). The 
interaction energies between agZIF-62 and various surface defects of the 
mixed-halide perovskites are high in magnitude, indicating stable in
teractions (Fig. 14f) that effectively suppress defect migration. CL-STEM 
combined with EDS confirmed a linear correlation between the Br/I 

Fig. 13. Characterization and applications of PeQDs@MOF Glasses. a) Phase transition of CsPbI3 in its pure phase and within the composites. b) Alteration of relative 
PL intensity for (CsPbI3)0.25(agZIF-62)0.75 immersed in the water. c) Volume rendering of a tomographic reconstruction of (CsPbI3)0.25(agZIF-62)0.75 and a single 
cross-sectional plane extracted from the volume. Color-coded arrows indicate the regions where electron diffraction data were collected. d) CL-STEM mapping of the 
sample. Scale bar, 70 nm. e) PL spectra of the (CsPbX3)0.25(agZIF-62)0.75 composites (X = Cl, Br, I, and mixed halide ions). f) Optical photos of the composites and 
pure CsPbX3 under 365 nm UV light. Reproduced with permission [62]. Copyright 2021, AAAS Publishing.
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ratio and the emission wavelength (610–690 nm) at the nanoscale 
(Fig. 14j, h).

Subsequently, in 2025, Wang et al. employed a solvent-free mecha
nochemical approach to synthesize CsPb(BrxCl1-x)3@MOF glass com
posites [240]. As shown in Fig. 14i, after prolonged grinding, the XRD 
peaks gradually broadened. The peak broadening is attributed to 
interfacial interactions between the perovskite phase and the MOF glass 
phase during the mechanochemical process. The particle size distribu
tion within the composite confirms the presence of a quantum 
confinement effect (Fig. 14j), which significantly enhances phase sta
bility, PLQY, and solvent resistance. Structural analysis reveals that the 
mechanochemical process facilitates interfacial bonding between the 
perovskite and the MOF glass, including Zn-halogen and Pb-imidazolate 

bonds, effectively passivating surface defects and suppressing phase 
separation. This enables deep blue and violet emissions with CIE chro
maticity coordinates of (0.134, 0.045) and (0.152, 0.031), respectively, 
rendering the composites suitable for next-generation LED devices 
(Fig. 14k). Collectively, these studies elucidate the critical role of MOF 
glasses in perovskite luminescent composites. Through physical 
confinement and chemical interface engineering, the MOF host signifi
cantly enhances quantum yield and stability. This approach offers a 
scalable route for developing high-performance white and blue LEDs, 
while simultaneously mitigating lead toxicity concerns, thereby 
advancing sustainable optoelectronic applications.

Fig. 14. Characterization and applications of PeQDs@MOF Glasses. a) Schematic diagram of the CsPbI3 phase transition and evolution of the interfacial atomic 
structures during sintering. Arrows indicate the progress of sintering. b) EXAFS analysis of the CsPbI3–ZIF glass composite. c) ADF-STEM image of (CsPbI3)0.1(agZIF- 
62)0.9 composites. d) EELS core loss spectra acquired from the marked points shown in TEM image with background subtracted. Reproduced with permission [63]. 
Copyright 2023, AAAS Publishing. e) Adsorption behavior of imidazole- and Zn-terminated groups on defective CsPb(Br1–xIx)3. (I–II) denote antisite defects (PbI/Br), 
(III–IV) interstitial defects (I/BrInter). Zn-termination strongly binds surface I/Br atoms, whereas imidazole-termination forms hydrogen bonds. f) Adsorption energies 
for imidazole- and Zn-terminated groups on various defects, including I/Br vacancies, Pb vacancies, interstitials, and antisite defects. g) Panchromatic STEM-CL 
image; arrows indicate grains used for CL-EDS registration. h) Correlation between emission wavelength and Br/I ratio for eight grains in the overlapping region 
of two independent scans. Reproduced with permission [239]. Copyright 2025 Wiley-VCH GmbH. i) Ex situ X-ray diffraction of (CsPbCl2Br)0.25(agZIF-62)0.75 from 1 
min to 120 min milling, with perovskite reference pattern. j) TEM of (CsPbCl2Br)0.25(agZIF-62)0.75. k) CIE color coordination of fabricated blue and violet LEDs; inset 
is photo of the fabricated LED. Reproduced with permission [240]. Copyright 2025 Wiley-VCH GmbH. (For interpretation of the references to color in this figure 
legend, the reader is referred to the web version of this article.)
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3.3. Luminescent RE@MOF glasses

Despite the considerable potential of MOF glasses in luminescent 
materials, the effective incorporation of RE ions (e.g., Eu3+, Tb3+, Nd3+) 
remains challenging, keeping research on RE-doped MOF luminescent 
glasses at an early stage. First, the large ionic radius and complex 

coordination preferences of RE ions are often incompatible with the 
metal nodes (e.g., Zn2+, Co2+) in conventional MOF frameworks, hin
dering stable incorporation [241]. Furthermore, melt-quenching of MOF 
glasses generally requires high temperatures (300–500 ◦C), which can 
cause RE ions to be lost via thermal decomposition, coordination bond 
cleavage, or side reactions with organic ligands (e.g., imidazolates), 

Fig. 15. Preparation and applications of RE Hybrid Glasses. a) Synthesis process of Zn–IC–glass and the photographs under daylight and UV light (365/395 nm), 
Fluorescence microscopy images of the undoped, Nd3+-doped, and Eu3+-doped glasses (scale bar: 500 μm). b) Experimental setup for optical waveguide mea
surements. Reproduced with permission [247]. Copyright 2025, Wiley-VCH GmbH. c) Desolvation synthesis of RE hybrid glasses (scale bar: 2 cm). Inset: Proposed 
hydrogen-bonding network (Color codes: Tb-green, O-red, N‑silver, C-brown, H-pink). d) Afterglow photographs of Y-, La-, and Lu-based hybrid glass under 365 nm 
excitation. X-ray imaging of e) a cellphone chip, f) an earphone, a microchip, and a pen. Reproduced with permission [248]. Copyright 2025, SCUT, AIEI, and John 
Wiley & Sons Australia, Ltd. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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producing non-luminescent byproducts. This consequently decreases 
luminescence efficiency and impairs the glass-forming ability. Second, 
while the disordered structure of MOF glasses helps mitigate concen
tration quenching, the low absorption cross-section of RE ions makes 
them highly reliant on the “antenna effect” provided by organic ligands 
[242–245]. Vitrification is often accompanied by pore collapse and 
ligand degradation, which diminishes energy transfer efficiency and 
generally results in low PLQY, often below 10% [246]. This in
compatibility stems from the fact that traditional high-temperature 
melt-quenching can induce decomposition of organic ligands or 
disrupt the coordination environment around RE ions, resulting in 
luminescence quenching. Coupled with the difficulties of low- 
temperature alternative methods (e.g., sol–gel) in maintaining the 
integrity of MOF frameworks, these factors often lead to failed vitrifi
cation or aggregation of luminescent centers. These challenges arise 
from the intrinsic mismatch between the organic-inorganic hybrid na
ture of MOF systems and the chemical characteristics of RE elements, 
leading to a significant delay in the development of RE@MOF glasses 
compared to QDs@MOF systems.

Notably, the RE single-atom hybrid glass [e.g., Zn–Nd–IC glasses 
(Zinc–Neodymium–4-cyanoimidazolate hybrid glasses)] developed by 
Dai et al. [247] in 2025 and the transparent RE-based hybrid glass [e.g., 
RE(NO3)3(C5H2N4)2 glasses (C5H2N4 = 4,5-dicyanoiazole or DCI)] re
ported by Zhang's group [248], although not strictly classified as 
RE@MOF glasses, provide important guidance for future research 
through their successful strategies in RE ion incorporation and perfor
mance optimization. These metal-organic composite glasses effectively 
resolve critical challenges (including RE ion dispersion, stability, and 
luminescence efficiency in amorphous hosts) through innovative syn
thetic approaches and structural design, providing feasible technical 
strategies for the future development of RE@MOF glasses.

Dai et al. prepared an RE single-atom hybrid glass using a bottom-up 
self-assembly strategy (Fig. 15a). Using an Nd3+-doped metal-organic 
complex as the host, they realized ultra-long room-temperature phos
phorescence and efficiently activated Nd3+ emission in the second NIR 
window (NIR-II, up to 1.32 μm) via highly efficient energy transfer 
(93.55%), achieving a PLQY of 5.7%, setting a record for this class of 
materials in the NIR-II region. The significance of this approach for RE 
MOF glasses lies in its employment of a triplet-to-RE resonance energy 
transfer mechanism within the complex glass, analogous to the ligand 
antenna effect in MOFs, while circumventing high-temperature pro
cessing. The glass exhibits both flexibility and high transparency, 
enabling low-loss optical waveguiding in Eu3+/Nd3+-doped micro
structures (loss of 0.978 dB⋅mm− 1 at 819 nm and 5.1 dB⋅mm− 1 at 1048 
nm), demonstrating potential for optical communication and tumor di
agnostics (Fig. 15b). This self-assembly strategy serves as a reference for 
future studies on RE@MOF luminescent glasses, particularly regarding 
low-temperature synthesis and energy transfer optimization. Similarly, 
Wei et al. developed a mild desolvation method, rapidly synthesizing a 
complete RE family-based hybrid glass (including Y, Sc, and lantha
nides), RE(NO3)3(C5H2N4)2, within 1 h at 140 ◦C (Fig. 15c). This glass 
demonstrates a transmittance exceeding 88% and a high PLQY of 70%. It 
preserves the structural integrity of the organometallic framework via 
hydrogen bonding, promoting singlet/triplet radiative recombination in 
the organic moiety (DCI) and facilitating efficient energy transfer (an
tenna effect) to RE ions. Doping with non-luminescent RE elements (e.g., 
La, Y, Lu) further enhanced room-temperature phosphorescence and 
expanded the range of multicolor luminescence (Fig. 15d). In X-ray 
imaging, this material exhibited excellent radiation hardness as a high- 
spatial-resolution scintillation screen, making it suitable for medical 
diagnostics (Fig. 15e, f). The relevance of this research to RE@MOF 
glasses lies in its use of hydrogen bonding to enhance framework sta
bility and the antenna effect. Its low-temperature desolvation strategy 
offers a reference for the stable integration of RE ions into MOF 
frameworks and the achievement of efficient NIR emission.

Although the two aforementioned studies focused on complex 

glasses rather than MOF systems, their low-temperature and self- 
assembly strategies can be directly applied to the development of RE- 
based MOF glasses. For example, adopting desolvation or self- 
assembly routes can effectively lower the melting temperature, while 
optimizing ligand frameworks (e.g., imidazole- or cyano-based ligands) 
can enhance the antenna effect and hydrogen-bond stability, thus 
enabling uniform RE-ion dispersion and efficient NIR-II emission in MOF 
glasses [249]. In future studies, optimizing the RE–MOF coordination 
environment through interface engineering and DFT simulations holds 
great potential for addressing the current research gap in RE@MOF 
glasses. Such efforts are expected to enable breakthrough applications in 
NIR communication, optical waveguides, and X-ray imaging. The 
implementation of these strategies is expected to substantially reduce 
fabrication challenges and enhance energy-transfer efficiency, paving 
the way toward RE-based MOF glasses with high PLQY and versatile 
luminescent properties.

3.4. Luminescent diversity of CP glasses

While MOF glasses, especially ZIF systems, show significant potential 
in luminescent applications, their development is constrained by a se
vere trade-off between GFA and the intrinsic luminescent efficiency of 
the precursors. Conceptually, MOFs typically refer to 3D coordination 
networks with potential porosity and highly ordered crystalline struc
tures. In contrast, CPs represent a more inclusive category, encom
passing all infinite repeating hybrid networks constructed from metal 
centers and organic ligands via coordination bonds. From a taxonomic 
perspective, MOFs constitute a subset of the CP family with specific 
topological features. However, due to the milestone progress in the 
melting behavior of classical systems such as ZIF-4 and ZIF-62, early 
literature predominantly focused on “MOF glass” as the core terminol
ogy. While this terminological bias defined initial research boundaries, 
it obscured the lack of material diversity: most 3D MOFs undergo 
thermal decomposition before reaching the glass transition temperature. 
Consequently, “dual-functional” candidates combining melt- 
processability with high-efficiency luminescence are extremely scarce. 
This scarcity of candidate matrices has become a major bottleneck 
limiting performance breakthroughs in luminescent composite glasses. 
Therefore, expanding the research perspective from restricted MOFs to 
the broader field of CPs is a logical evolution and a return to the essence 
of coordination chemistry. Although “CP glass” appeared less frequently 
in early literature, its structural flexibility far exceeds that of traditional 
MOFs. By breaking the rigid constraints of 3D frameworks, CPs offer a 
complete dimensional spectrum ranging from 1D chains and 2D layers to 
complex 3D networks [211,213,250]. This dimensional expansion 
greatly enriches the tunability of coordination environments, allowing a 
wider range of luminescent centers—such as rare-earth ions, transition 
metal complexes, and functional ligands—to achieve optimal anchoring 
within the amorphous matrix. This shift in perspective provides a solid 
theoretical and material foundation for overcoming the intrinsic defects 
of MOF glasses and achieving the on-demand design of high- 
performance hybrid luminescent glasses [220].

Notably, after amorphization, the traditional distinction between 
MOF glasses and CP glasses becomes increasingly blurred. Collectively, 
they can be classified under the broader category of MCC glasses. 
Regardless of whether they originate from MOFs or CPs, their amor
phous states exhibit three-dimensional coordination networks composed 
of metal nodes and organic ligands linked through coordination bonds, 
characterized by long-range disorder yet short-range order, and dis
playing comparable glass-transition behaviors and structural stability 
mechanisms. Therefore, when examining their luminescent properties, 
it is advantageous to integrate them within the unified framework of 
“luminescent coordination compound glasses”. This approach not only 
compensates for the limitations of studies focusing solely on individual 
MOF systems but also, from a more fundamental perspective of metal
–ligand coordination chemistry, elucidates their structure–property 
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relationships and luminescence mechanisms, thereby advancing the 
field toward more diverse and sophisticated optical functional 
applications.

The potential of CP glasses for achieving diverse luminescent be
haviors is further exemplified by their ability to precisely regulate RTP. 
In a 2024 study, Gong et al. synthesized transparent ZnX2(bIm)2 glasses 
via a melt-quenching process (Fig. 16a), successfully realizing dynamic 
modulation of both temporal and spectral phosphorescence 

characteristics [67]. By exploiting the intrinsic molecular rigidity of 
ZnX2(bIm)2 glasses and the tunable spin–orbit coupling effect, the au
thors developed a glass system featuring customizable ultra-long phos
phorescence lifetimes. Notably, introducing heavy halogen atoms (e.g., 
Br or I) markedly enhanced spin–orbit coupling, accelerating the singlet- 
to-triplet intersystem crossing and consequently prolonging phospho
rescence lifetimes while improving overall luminescence efficiency. This 
exploitation of the heavy-atom effect offers a novel pathway for finely 

Fig. 16. Preparation and applications of ZnX2(bIm)2 (X = Cl, Br, and I) Glasses. a) Preparation procedures for the ZnX2(bIm)2 glass, the photos are taken under 
natural room light illumination. b) Luminescence photographs of ZnX2(bIm)2 glass taken under illumination with a UV lamp and the series of photographs taken after 
switching off UV light for different durations. c) Luminescence photographs of dye-codoped ZnCl2(bIm)2 glass under illumination with natural light (left), UV on 
(middle), and UV off (right). 1–2: 27F-codoped, 3–4: Rh6G-codoped and 5–6: sulfoRhB-codoped glass with different doping concentrations. d) Overlapped phos
phorescence spectrum of ZnCl2(bIm)2 glass (energy donor: green line) and the absorption spectrum of dye (energy acceptor: yellow, orange and red line). e) 
Schematic illustration of various applications in the dye-encapsulated glass system. Reproduced with permission [67]. Copyright 2024, Wiley-VCH GmbH. (For 
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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tuning phosphorescence lifetimes, allowing controllable modulation 
over a wide temporal range from milliseconds to several seconds 
(Fig. 16b). Furthermore, doping dye molecules into the ZnCl2(bIm)2 
glass host enabled tunable photoluminescence, with the emission color 
shifting from green to yellow, orange, and finally red under UV irradi
ation (Fig. 16c, middle). In contrast, the delayed luminescence of the 
doped glass shifts from yellowish-green to red after cessation of UV 
excitation (Fig. 16c, right). Optimization of the dye composition and 
concentration further enabled wavelength-tunable and long-lived 
delayed fluorescence. Through an efficient delayed sensitization mech
anism, the emission spectrum was broadened to cover a wide range from 
520 to 630 nm (Fig. 16d). This strategy not only expanded the accessible 
luminescent color range but also enabled multimodal optical informa
tion storage and dynamic anti-counterfeiting functionalities through 
multi-channel spectral modulation (Fig. 16e). For example, in dynamic 
anti-counterfeiting applications, differences in phosphorescence lifetime 
and emission wavelength were exploited to design time-resolved infor
mation display systems, offering enhanced security and authentication 
capabilities. The hybrid material platform and design methodology 
established in this work open new avenues for realizing long-persistent 
luminescence with tunable lifetimes and precisely controllable emission 
wavelengths. Compared with conventional inorganic glasses, CP glasses 
offer distinctive advantages arising from their intrinsic molecular ri
gidity and flexible coordination bonding, rendering them ideal candi
dates for time-resolved displays, high-density optical data storage, and 
dynamic anti-counterfeiting applications. This advancement not only 
deepens the understanding of luminescence mechanisms in CP glasses 
but also introduces innovative design paradigms for photofunctional 
coordination materials, particularly highlighting their significant po
tential in halogen-controlled modulation and phosphorescence tuning.

Furthermore, composites integrating CP glasses with PeQDs have 
recently emerged as a major breakthrough in the field of luminescent 
materials. By integrating CsPbX3 (X = Cl, Br, I) QDs with low-melting- 
point CP glasses (e.g., ZnBr2(bIm)2), these composites achieve a syner
gistic combination of high optical transparency, excellent environ
mental stability, and tunable luminescent performance. In 2025, Peng 
et al. reported an in situ crystallization strategy to embed CsPbBr3 QDs 
within a ZnBr2(bIm + DMSO)2 (DMSO stands for dimethyl sulfoxide.) 
glass host, thereby realizing a high-resolution X-ray scintillation screen 
(Fig. 17a) [68]. The CsPbBr3@ZnBr2(bIm + DMSO)2 (CPB@ZnBr2(bIm 

+ DMSO)2) glass was fabricated via melt-quenching of a homogeneous 
mixture of ZnBr2(bIm)2, CsBr, PbBr2, and DMSO at 280 ◦C, followed by a 
mild post-annealing treatment (50 ◦C, 0–15 min). Optical photographs 
of CPB@ZnBr2(bIm + DMSO)2 glasses subjected to different annealing 
durations are shown in Fig. 17b. The untreated glass exhibits blue 
emission under UV excitation, originating from the ZnBr2(bIm +
DMSO)2 glass host. With increasing annealing time, the glasses exhibit 
uniform and intense green emission, indicating the formation and 
growth of emissive CsPbBr3 nanocrystals (NCs). The in situ thermally 
induced crystallization process is schematically illustrated in Fig. 17c. 
For practical demonstration, Fig. 17d presents the indirect X-ray imag
ing setup, where the CPB@ZnBr2(bIm + DMSO)2 glass functions as a 
scintillating screen. The material achieves a spatial resolution of 25 
lp⋅mm− 1 (Fig. 17e), surpassing most previously reported perovskite and 
inorganic glass scintillators. As shown in Fig. 17f, the fine internal cir
cuitry of an integrated chip is clearly visualized, while Fig. 17g reveals 
distinct imaging of a copper grid with 25 μm features, underscoring the 
material's exceptional spatial resolution and imaging precision. In 
summary, CP glass/PeQDs composites fabricated via the in situ crys
tallization strategy exhibit highly efficient, stable, and tunable lumi
nescent properties. These materials show broad application potential in 
X-ray imaging, LEDs, and photodetectors. Future research should focus 
on precise interface engineering and optimization of scalable fabrication 
processes.

4. Summary and outlook

As an emerging class of amorphous functional materials, MOF glasses 
have rapidly evolved into a frontier research field at the intersection of 
materials science and photonics, owing to their exceptional structural 
tunability, outstanding processability, and versatile optical functional
ities [197,251]. This review systematically summarizes recent advances 
in MOF glasses, encompassing their structural fundamentals, formation 
mechanisms, synthesis strategies, luminescent behaviors, and emerging 
applications. It further incorporates CP glasses to present a compre
hensive perspective on the broader class of coordination compound 
glasses. Nevertheless, a significant research gap remains: the effective 
integration of MOF glasses with RE activators is still in its infancy, 
representing not only a present limitation but also a crucial direction for 
future breakthroughs.

Fig. 17. In Situ crystallization and applications of CPB@ZnBr2(bIm + DMSO)2 Glass. a) Composite material of CP glass and PeQDs. b) Photographs of the 
CPB@ZnBr2(bIm + DMSO)2 glasses prepared with different thermal treatment times. c) Schematic diagram of in situ crystallization process of CPB@ZnBr2(bIm +
DMSO)2 glass. d) Schematic illustration of the as-designed indirect X-ray imaging system. e) X-ray imaging of a lead-made line pair card. f, g) Photographs and X-ray 
images of differently sized chips and the copper wire mesh. Reproduced with permission [68]. Copyright 2025, American Chemical Society.
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Research on MOF glasses began with the melt-quenching amorph
ization of ZIF-4 crystals, with foundational work on systems like ZIF-62 
establishing their formation basis. The core mechanism lies in the 
thermally induced breaking and reformation of coordination bonds (e. 
g., Zn–N), combined with the steric hindrance effects of large-sized li
gands, which collectively inhibit crystallization and result in a glassy 
state characterized by long-range disorder and short-range order. Ligand 
chemistry is decisive for the GFA. For instance, introducing large- 
volume ligands like bIm into Cd-based or Zn-based systems can lower 
the Tm and ΔHm, while raising the Tg, thereby enhancing GFA. Prepa
ration methods include melt-quenching (limited by high temperatures), 
mechanical ball milling (enabling room-temperature amorphization and 
expanding the diversity of metal nodes and ligands), and desolvation 
(directly inducing a glassy state by solvent removal, suitable for 
carboxylate systems). These methods have collectively driven the 
diversification of MOF glasses beyond ZIF systems to include nitrile-, 
amide-, and carboxylate-based frameworks, with recent Fe-based and 
Cd-based systems further enriching their chemical diversity.

Regarding luminescent properties, the amorphous host of MOF 
glasses offers high transparency, isotropy, and formability, which 
effectively disperses luminescent centers, suppresses concentration 
quenching, and enhances luminescence efficiency through a rigid 
environment. For example, ZIF-62 glass can be drawn into low-loss 
optical fibers (~0.72 dB⋅cm− 1), enabling multicolor luminescence and 
dynamic phosphorescence-based oxygen sensing. When composited 
with PeQDs, interfacial coordination (e.g., Pb–N, Zn–I) passivates 
surface defects, achieving PLQY >65%, maintaining stability even after 
10,000 h in water, and leading to successful applications in wide-color- 
gamut white LEDs and X-ray imaging. It is noteworthy that due to the 
limited number of MOF precursors suitable for vitrification and the 
difficulty of directly incorporating RE ions into classic frameworks like 
ZIFs, research on RE luminescence in MOF glasses is currently almost 
non-existent. This, however, is precisely a key direction for future 
breakthroughs. Achieving this integration requires innovative synthesis 
strategies, such as, designing novel RE-based MOF precursors capable of 
low-temperature melting or mechanochemical vitrification, developing 
post-synthetic doping techniques to introduce RE ions into pre-formed 
MOF glass networks, or exploring the encapsulation of RE complexes 
as guest molecules within the pores of MOF glasses. Concurrently, the 
broader family of CP glasses offers greater flexibility for luminescent 
material design. For instance, ZnX2(bIm)2 glasses utilize the halogen 
heavy-atom effect to tune phosphorescence for anti-counterfeiting and 
imaging applications. This highlights the importance of exploring new 
luminescent materials from the fundamental perspective of “metal- 
ligand” coordination chemistry.

Notably, MOF and CP glasses present a range of promising oppor
tunities alongside significant challenges. The foremost challenge lies in 
addressing the research gap in integrating MOF glasses with RE centers. 
Achieving this goal necessitates close collaboration among chemists, 
materials scientists, and photonics experts to design innovative coordi
nation systems that simultaneously exhibit high GFA and efficient RE 
ions luminescence. Concurrently, for QDs and MOF glasses composite 
systems, critical challenges (such as uniform QDs dispersion within the 
MOF host, interfacial stability, and energy transfer efficiency) must be 
tackled. For instance, current challenges like QDs agglomeration and 
surface oxidation necessitate optimization through ligand engineering 
or interfacial bonding (e.g., Zn–I, Pb–N bonds) to passivate defects, 
thereby enhancing PLQY and environmental tolerance. Secondly, it is 
essential to advance the understanding of structure–property relation
ships during vitrification, particularly regarding the local coordination 
environment of luminescent centers, energy transfer pathways, and 
interfacial interactions. This necessitates the employment of advanced 
in-situ characterization techniques combined with theoretical simula
tions. Thirdly, efforts should be directed toward expanding the diversity 
of CP glass systems by exploring a broader array of metal nodes (e.g., 
lanthanides, actinides) and functional ligands, with the goal of 

developing luminescent glasses exhibiting advanced functionalities such 
as magnetism, chirality, and stimuli-responsiveness. Fourthly, it is 
imperative to advance the translation of these materials from laboratory 
research to practical applications. This entails the development of 
scalable fabrication techniques (e.g., 3D printing, thin-film deposition, 
fiber drawing) and the exploration of their integration into devices such 
as micro-lasers, flexible sensors, radiation detection screens, and quan
tum information storage systems. Finally, achieving the synergistic 
integration of RE ions and QDs within MOF/CP glasses represents a 
highly promising avenue. In such systems, QDs could serve as broadband 
absorption “antennas,” efficiently transferring energy to RE ions to 
enable broad-spectrum modulation from UV to NIR and achieve multi
modal luminescence. Such an approach would establish a foundational 
material platform for next-generation lighting, display, communication, 
and bioimaging technologies.
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