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ABSTRACT: The crystal-liquid—glass phase transition of coordination polymers (CPs)
and metal—organic frameworks (MOFs) offers attractive opportunities as a new class of
amorphous materials. Unlike conventional glasses, coordination chemistry allows the
utilization of rational design concepts to fine-tune the desired properties. Although the glassy
state has been rare in CPs/MOFs, it exhibits diverse advantages complementary to their
crystalline counterparts, including improved mass transport, optical properties, mechanical
properties, and the ability to form grain-boundary-free monoliths. This Review discusses the
current achievements in improving the understanding of anomalous phase transitions in
CPs/MOFs. We elaborate on the criteria for classifying CP/MOF glasses and
comprehensively discuss the three common strategies employed to obtain a glassy state.
We include all CP/MOF glass research progress since its inception, discuss the current
challenges, and express our perspective on future research directions.

CONTENTS

1. Introduction
1.1. Background of CP/MOF Glasses
1.2. Terminology and Definitions
1.3. CP/MOF Glass Fabrication Approaches
1.3.1. Melt-Quenched Glass (MQG)
1.3.2. Mechanically Induced Glass (MIG)
1.3.3. Direct Synthesis of Glass
2. CP/MOF Glass Characterization
2.1. Structural Identification
2.2. Thermal Behavior
2.3. Chemical Environment
2.4. Macroscopic Morphology
2.5. Properties
3. Melt-Quenched Glasses
3.1. Phosphate—Azole Frameworks
3.2. Zeolitic Imidazolate Frameworks
3.3. Thiocyanate and Nitrile-Based Frameworks
3.4. Metal—Bis(acetamide) Frameworks
4. Mechanically Induced Glasses
4.1. M**(1,2,4-triazole),(H,P0O,),
4.2. Ag—Tripodal Nitrile Frameworks
4.3. Zeolitic Imidazolate Frameworks
5. Direct Synthesis of Glasses
. Hybridization and Morphological Control
7. Properties and Functions
7.1. lonic Conductivity
7.1.1. H* Conductivity
7.1.2. Li* Conductivity
7.2. Optical Properties
7.2.1. Transparent and Luminescent

[«))

4164
4165
4165
4165
4165
4166
4166
4166
4166
4167
4168
4168
4168
4168
4169
4172
4177
4178
4181
4181
4182
4183
4183
4185
4187
4187
4187
4188
4188
4188

© 2022 The Authors. Published by

7 ACS Publications

American Chemical Society

7.2.2. Nonlinear Optics 4190

7.3. Mechanical Properties 4191
7.3.1. Stiffness 4191
7.3.2. Failure Mode 4191

7.4. Porosity and Gas Permeability 4192
7.4.1. Porosity 4192
7.4.2. Gas Permeability 4194

7.5. Thermal Conductivity 4194

8. Outlook and Conclusion 4194
8.1. Crystal Melting and Glass Formation 4195
8.2. Alternative Routes to Obtain a Glassy State 4195
8.3. Structural Identification 4196
8.4. Application 4196
Associated Content 4196
Special Issue Paper 4196
Author Information 4196
Corresponding Author 4196
Author 4197
Notes 4197
Biographies 4197
Acknowledgments 4197
Abbreviations 4197
References 4198

Received: September 25, 2021
Published: January 19, 2022

https://doi.org/10.1021/acs.chemrev.1c00826
Chem. Rev. 2022, 122, 4163—-4203

RBAFFHERYED b

KURENAI

Kyoto University Research Information Repository

iI


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nattapol+Ma"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Satoshi+Horike"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.chemrev.1c00826&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00826?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00826?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00826?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00826?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/chreay/122/3?ref=pdf
https://pubs.acs.org/toc/chreay/122/3?ref=pdf
https://pubs.acs.org/toc/chreay/122/3?ref=pdf
https://pubs.acs.org/toc/chreay/122/3?ref=pdf
pubs.acs.org/CR?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.chemrev.1c00826?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/CR?ref=pdf
https://pubs.acs.org/CR?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/

K 5F

KYOTO UNIVERSITY

A Self-archived copy in
Kyoto University Research Information Repository
https://repository.kulib.kyoto-u.ac.jp

Chemical Reviews

pubs.acs.org/CR

REVIEY

w‘

CP/MOF Thermal
synthesis {€, _  Slow cooling decomposition
A " Crystallization
Metal ioﬁ' Mechanical
w ve .
+ ..4\ \ vitrification Annealing Oo\“”b
; \ MIG)* S
Ligand™ > (MIG) §%°
Glass transition 2
- - @ i
<
c
Direct wl s
synthesis* Rapid cooling G\
Vitrification \
* Cr sta
Macy T T T
g(slow) " g(fast) " m
Temperature B
.
Temperature

Figure 1. Approaches for achieving CP or MOF glasses. Three common routes, including melt-quenching (MQG), mechanical vitrification (MIG),
and direct synthesis, for achieving CP/MOF glasses are highlighted with an asterisk. The inset shows enthalpy as a function of temperature for a
liquid at various cooling rates at constant pressure. Cooling a liquid at a higher rate provides a continuous glass transition. Enthalpy and T, are
dependent on the cooling rate. A discontinuous first-order crystallization process occurs at lower cooling rates. T, and T, represent glass transition
and melting temperature, respectively. Adapted with permission from ref 21. Copyright 2018 Springer Nature. The inset adapted with permission

from ref 24. Copyright 2001 Springer Nature.

1. INTRODUCTION

Coordination polymers (CPs) and metal—organic frameworks
(MOFs) are solids in which the inorganic nodes, either metal
ions or clusters (secondary building unit, SBU), are linked with
an orﬁanic linker through coordination bonds in an infinite
array. ~ The field of CPs/MOFs was further established when
the permanent porosities and robust framework structures of
[Co,(4,4-bipyridyl);(NO,),]° and [Zn(1,4-benzenedicarbox-
ylate)]” were discovered, respectively. The discovery of
permanent porosity by gas adsorption experiments in design-
able materials opened tremendous opportunities for designer
functional materials. Since then, more than 90 000 crystalline
CPs/MOFs have been reported with diverse structural motifs
and applications.”*~*° Thus, far, the chemistry of CPs/MOFs
has mostly revolved around the development of the crystalline
state.”"”” The resulting X-ray-amorphous products, either from
synthesis or external stimuli, are often overlooked because they
are challenging to characterize and have unrealized function-
ality.

Order—disorder and solid—liquid—glass phase transitions
are commonly observed in materials science. Since ancient
times, these behaviors have facilitated material processing and
provided access to their unique features.”>~>> Recently, an
emerging class of well-characterized CPs/MOFs combines
aspects of the liquid and solid states (Figure 1).”%’
Coordination chemistry and reticular design principles offer
unlimited possibilities for extending the structural diversity and
properties of CPs/MOFs, which cannot be achieved in
conventional inorganic, organic, and metallic glasses.21 Despite
the scarification of the porous structure of the crystal upon
phase transition, opportunities have been identified for the

4164

unique behavior of highly dense and processable glass phases.
Their moldability and grain-boundary-free nature facilitate the
fabrication of homogeneous membranes for gas separation,”*
flawless solid—electrolytes,’*™** materials with unique optical
behaviors,”>™** and composite hybrids.**** However, very
few CPs/MOFs have exhibited a stable liquid state or glass
transition upon amorphization. Moreover, the presence of
metal—ligand coordination in the liquid state (melts) allows us
to categorize the class as network-forming liquids. They are
distinguished from conventional molecular fluids by their
highly oriented intermolecular attraction, which corresponds to
the coordination bonds between molecules.”” The behavior is
similar to the directional network of hydrogen bonds in water
or the Si—O bonds and Zn—CI between structural units of
Si0, and ZnClL.*" The chemical diversity of CPs and MOFs
thus offers opportunities in which features can be modulated
through the customization of network topologies and the
variation of longer-range ordering in liquid states.*'

At the time of writing this Review, a few reviews describing
CP/MOF liquids and glasses have been published. Early
reviews connected structural disorders and defects in molecular
framework materials to a plausible glassy state in 2013** and
2016," and a brief review introduced melt-quenched CP/
MOF glasses in 2017.** A clearer distinction between the
amorphous solid, glass, and liquid states in CPs/MOFs was
later drawn in 2018.*' Insights into MOF glass composites
were reported in 2019, and a brief history, design guidelines,
and applications of CP/MOF liquids and glasses were outlined
in 2020.° A perspective®® and a review*” of amorphous MOFs
were published in 2021. A review on the applications of CP/
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MOF glasses in mechanics, ionics, and optics was recently
published in 2021.*

This Review provides a comprehensive discussion of the
recent advancements in the fundamental aspects of CP/MOF
glasses and their applications. Therefore, we have limited the
scope to CPs/MOFs that exhibit a clear or at least a high
possibility of glass transition behavior. We have structured this
Review into eight main sections. First, we introduce CP/MOF
glasses chronologically (section 1.1), define CP/MOF glasses
and the related terminology (section 1.2), and categorize them
(section 1.3). The second section introduces the basics of glass
characterization (section 2), beginning with structural
identification, thermal behavior, and chemical environment
and ending with macroscopic morphology. In the next three
sections, we discuss the design strategies and research progress
of CP/MOF glasses obtained by melt-quenching (section 3),
mechanically induced vitrification (section 4), and direct
synthesis (section S). We, then, discuss hybrid glasses and glass
composites in section 6, deviating from single-component
glasses. Applications employing ionic conductivity, optical
properties, mechanical properties, and porosity are highlighted
in section 7. We conclude the Review by providing insights
into the challenges and opportunities associated with the
development and application of CP/MOF glasses in section 8.

1.1. Background of CP/MOF Glasses

The observation of a stable liquid state upon heating has
always been challenging because most CPs/MOFs undergo
thermal decomposition upon heating, where the decomposi-
tion temperature (T3) < melting temperature (T,,). This
results in porous carbon decorated with metal or metal-oxide
nanoparticles, which typically serve as a functional materi-
al.*>® These characteristics prohibit the preparation of glasses
from CP/MOF crystals through the quenching of melts, as
otherwise observed in oxide, metallic, and chalcogenide glass
systems. Consequently, CP/MOF glasses were not observed
until 2015, when they were prepared in three distinct
studies.”*””**

The demonstration of a reversible crystal-liquid—glass
phase transition upon thermal treatment in one-dimensional
(1ID) CP [Zn(HPO,)(H,PO,)](H,Im), was reported in
2012.>" H,Im denotes imidazolium. The differential scanning
calorimetry (DSC) profile exhibited an endothermic peak at a
T, of 154 °C, while the quenched sample exhibited no
diffraction peaks, resembling a glassy nature, which reverted to
a crystalline state via physical stimuli. Later in early 2015, there
were extensive studies on the thermal behavior, including T,
and the glass transition temperature, T,, structure (magic-angle
spinning nuclear magnetic resonance, MAS NMR; X-ray
absorption spectroscopy, XAS; pair distribution function,
PDF), mechanical properties (dynamic mechanical analysis,
DMA), and ionic conductivity (electrochemical impedance
spectroscopy) of [Zn(HPO4)(H2PO4)](Hzlm)z,ZG'SI along
with the introduction of three more CPs exhibiting melting
and glass formation upon quenching, including metal—organic
two-dimensional (2D) layered Zn(H,PO,),(HTr),”*>* and
the 1D CPs [Zn;(H,PO,)s(H,0);](HbIm)***® and
[Zn,(H,PO,)s(H,0);]-(HmbIm).”® HTr, Hblm, and
HmbIm denote 1,2,4-triazole, 1,3-benzimidazole, and 2-
methylbenzimidazole, respectively. The glass structure of
Zn(H,PO,),(HTr), was later visualized by density functional
theory and reverse Monte Carlo (RMC) simulations coupled
with X-ray analysis (XAS and PDF).**

A crystal-liquid—glass transition was demonstrated for
Eu(hfa);(p-dpeb) with two coordination complex siblings,
[Eu(hfa);(o-dpeb)], and [Eu(hfa);(m-dpeb)];. The com-
pounds are composed of Eu’*, hexafluoroacetylacetonato
anions (hfa™), and a unique bent-angled phosphine oxide (p-
dpeb). Variation in the regiochemistry of the dpeb ligands
results in the manipulation of T, and the luminescence
properties.33

Despite prior reports on the mechanical and thermal
amorphization of zeolitic imidazolate frameworks
(ZIFs),>> ™% a clear classification of the glassy behavior of
ZIFs was not proposed until 2015.”” The phase transition of
three-dimensional (3D) Zn(imidazolate), (ZIF-4)*’ to a dense
ZIF-zni phase,éo followed by a T, of 593 °C, was
demonstrated, and a low-density glass phase was later formed
via a quenching process, exhibiting a T, of 316 °C. An
extensive investigation of the structure of the liquid state of
ZIF-4 was later reported in 2017.°"

1.2. Terminology and Definitions

The distinction between the terminology of CP and MOF, or
amorphous and glass, sometimes leads to confusion. This
section intends to draw a more definitive border between each
term based on IUPAC recommendations.”>*> A CP is a
“coordination compound with repeating coordination entities
extending in one, two, or three dimensions”. A coordination
network is defined as “a coordination compound extending
through repeating coordination entities in one dimension but
with cross-links between two or more individual chains, loops,
or spiro-links, or a coordination compound extending through
repeating coordination entities in two or three dimensions.” As
a subset of CPs and coordination networks, a MOF is defined
as “a coordination network with organic ligands containing
potential voids”. Accordingly, the IUPAC-recommended
definitions involve both crystalline and amorphous phases.

To avoid further confusion between CP/MOF glasses and
amorphous CPs/MOFs, the term “glass” is defined as an
“undercooled frozen-in liquid.” The term is valid thermody-
namically even if glass has not been formed by cooling from a
melt.**®> The absence of long-range atomic ordering and the
occurrence of a second-order phase transition to a softer
liquid-like state at T, are required to classify an amorphous
solid as a “glass” (inset Figure 1).°*7% Accordingly, these
definitions differentiate CP/MOF glasses from amorphous
CPs/MOFs®’ as well as other related amorphous solids, such
as solidified metal-containing ionic liquids,”*~”" metal—organic
cages/gels/polymers,””~”” and MOF-template derived carbon
materials.*”’®

1.3. CP/MOF Glass Fabrication Approaches

Because glass do not necessarily form via the cooling of a melt,
a consistent amorphous structure has been demonstrated using
various techniques. Identical local structures have been
obtained via the melt-quenching process, mechanical in-
duction, and direct amorphization.*” Various methodologies
that can achieve a glassy state in organic and organic glass are
applicable to CPs/MOFs, yet only a few have been
demonstrated. Here, we categorize CP/MOF glasses according
to their glass formation approach (Figure 1).

1.3.1. Melt-Quenched Glass (MQG). This class of CP/
MOF glasses is obtained when a stable liquid state is available
(T, > T4). Crystalline CPs/MOFs are heated above T, to
provide a melt state. Then, rapid cooling (vitrification) of the

https://doi.org/10.1021/acs.chemrev.1c00826
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Figure 2. Selected characterizations of structures and phase transitions in CPs/MOFs. (A) Single-crystal X-ray diffraction (XRD) can determine
the crystal structure, where mean atomic displacement retrieved from variable temperature measurements helps clarify the melting mechanism
through Lindemann’s rule. O, represents octahedral geometry. (B) Differential scanning calorimetry (DSC) is used to determine thermal behavior,
such as melting temperature (T,) and glass transition temperature (Tg). AHg,, and ASg represent the difference in enthalpy and entropy of fusion
between solid and liquid phases, respectively. Frequency-dependent dynamic mechanical analysis helps identify temperature-dependent viscosity
(). (C) Variable-temperature solid-state nuclear magnetic resonance (NMR) and molecular simulation are examples of characterization methods
that provide insight into structural dynamics. (D) Reverse Monte Carlo (RMC) can provide atomistic modeling of the glass structure through the
fitting of experimental data from pair distribution function (PDF), extended X-ray absorption fine structure (EXAFS), and magic-angle spinning
(MAS) NMR. T, represents tetrahedral geometry. Zn, C, N, O, and P atoms are represented by purple, gray, light blue, pink, and orange spheres,
respectively. Representative crystal and glass structure, local geometry, and PDF data are adapted with permission from ref 54. Copyright 2015 The
Royal Society of Chemistry. The DMA is adapted with permission from ref 32. Copyright 2021 The Royal Society of Chemistry. https://
creativecommons.org/licenses/by/3.0/. ?H static NMR is adapted with permission from ref 53. Copyright 2013 American Chemical Society.
Molecular simulation is adapted with permission from ref 61. Copyright 2017 Springer Nature.

melts, faster than the crystallization rate, results in a
supercooled/glassy state.

1.3.2. Mechanically Induced Glass (MIG). Melting is a
rare phenomenon that is only observed in a few families of
CPs/MOFs. As an alternative route for nonmelting CPs/
MOFs, mechanical stimuli can induce a direct crystal-to-glass
transformation via ball milling.*'

1.3.3. Direct Synthesis of Glass. In addition to
converting crystal to glass, CPs/MOFs can be synthesized
directly as amorphous materials exhibiting glassy behavior.*"**
The pathway is equivalent to the sol—gel method in
conventional silica-based glasses.82 However, extensive struc-
tural characterizations are required to obtain an exact
composition/structure to validate the classification, especially
the formation of coordination bond-based networks. For
example, synthesis of (dema)g;5[Zn(H,PO,),35(H5PO,)065)
(dema = diethylmethylammonium) results in a noncrystalline
compound with glass transition behavior, where the structure
was analyzed by a combination of multiple X-ray analyses,
solid-state NMR, elemental analysis, and reverse Monte Carlo
(RMC) simulation.”’
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2. CP/MOF GLASS CHARACTERIZATION

2.1. Structural Identification

The absence of long-range order in glassy states restricts the
application of routine X-ray diffraction techniques to identify
the precise position in network glasses. However, it is
necessary to confirm the absence of long-range order through
the observation of diffuse scattering gatterns under angular
diffraction (absence of Bragg peaks).”’ Diffraction patterns
obtained by the scattering of X-rays, electrons, or neutrons are
crucial for identifying the presence of atomic organization
within the short or intermediate range. To emphasize, analysis
of the scattering patterns provides a PDF, which offers direct
access to the atomic structure information (Figure 2D),
including the interatomic distance and coordination environ-
ment. The preservation of metal—ligand—metal connectivity in
CP/MOF glasses or even the preservation of intermediate
coordination networks in melts is often observed.”**"5*¢’
Moreover, access to comprehensive in situ scattering measure-
ments allows the determination of structural evolution upon
the application of external stimuli, such as temperature or
pressure.””** The mean thermal atomic displacement retrieved
from variable-temperature single-crystal X-ray diffraction

https://doi.org/10.1021/acs.chemrev.1c00826
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Figure 3. (A) Comparison of the difference in enthalpy of fusion (AHg,), the difference in entropy of fusion (ASg,) between solid and liquid
phases, and the melting temperature (T,,) for select CP/MOF glasses. Each symbol shape denotes a series of compounds, while the symbol color
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measurements, which is often overlooked, is beneficial for
clarifying the melting mechanism through Lindemann’s rule
(Figure 2A).26’85

The local coordination environments of amorphous glasses
around the metal of interest are detectable through X-ray
absorption fine structure (XAFS) measurements (Figure
2D).* XAFS measurements consist of X-ray absorption near
edge structure (XANES) and extended X-ray absorption fine
structure (EXAFS) measurements. XAFS allows the determi-
nation of the valence states and coordination geometry of the
metal nodes. While using EXAFS, the coordination numbers
and bond distances of neighboring atoms are determined
through radial distribution function (RDF) analysis. Probing
structural evolution upon phase transition is essential to
understanding the underlying mechanism. The examination
involves coupling in situ X-ray or neutron analyses with
variable temperature, diamond anvil cells, or mechanical
milling cells.”>**

Visualization of amorphous glass structures has been made
possible through RMC modeling (Figure 2D).*"¥%95¢!
Techniques associated with fitting the experimental data,
including the PDF and RDF, can be considered as Rietveld
refinement analogues for the crystalline counterpart. The
method involves reconfiguring atoms by successive steps until
the properties simulated by the model resemble the
experimental data. However, the RMC technique depends
largely on the initial model and constraints applied that must
be optimized to avoid unrealistic outcomes. Atomistic
modeling of the melting and quenching processes has also
been studied through first-principles methods, such as ab initio
molecular dynamics (MD) simulations, to provide mechanistic
insight into various phenomena, including melting, phase
transitions, and nanoductility (Figure 2C).°""”* Though they
are computationally expensive, a classical description cannot
describe the breaking and reconstruction of bonds since intra-
and intermolecular interactions are described with para-
metrized force fields. Additionally, a combination of positron
lifetime annihilation spectroscopy (PALS) and computational
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modelin§ enables visualization of the internal surfaces of
glasses.8

2.2. Thermal Behavior

Thermal analysis is generally divided into two main
categories.”’ The first identifies the thermodynamic change
in materials upon the application of a thermal stimulus,
including the phase transition, T, and T4 The temperature—
residual weight relationships are obtained through thermogra-
vimetric analysis (TGA). TGA reveals two distinct features:
desolvation and T. Differential scanning calorimetry (DSC) is
a powerful tool for investigating the detailed thermodynamic
and kinetic parameters of glass-forming materials, as well as
identifying phase transitions and relaxation of the system
(Figure 2B).%° The DSC profile of a MQG typically features an
endothermic order—disorder phase transition at T, and a
baseline shift upon cooling at T}, owing to the transition from a
supercooled liquid to a solid glass. The subsequent cycle
typically provides only the glass transition characteristics at T},
The DSC of a MIG consists of a prerequisite glass transition at
T, In some cases, further heating provides additional thermally
induced crystallization peaks at T.*"”'~"° Determination of
thermodynamic parameters, including the changes in the
enthalpy of fusion (AHjg,) and entropy of fusion (AS,) upon
melting, allows the chemical structure to be related to the
parameters that govern the melting behavior, as well as the
stability of the melts (Figure 3A).""

The ability of a glass-forming liquid (melt) to resist
crystallization upon cooling to promote glass formation is
termed glass-forming ability (GFA).”* A glass with a low GFA
value requires a higher cooling rate to prevent crystallization.
The T,/T,, relationship is beneficial for determining the GFA
according to the Kauzmann “2/3” law’*”> The GFA is
commonly inversely associated with liquid fragility (m), which
corresponds to the activation energy of the viscosity at T, and
can be quantified by the T,/T,, ratio, crystal—glass density
difference (Ap/p,), and viscosity (17) at T, 7% It was
challenging to measure the data around T, because of the lack

g
of a viscometer that could avoid the oxygen influence. The m
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value is then obtained by Mauro—Yue—Ellison—Gupta—Allan
(MYEGA) viscosity model fitting.”®

The second general type of thermal analysis correlates the
mechanical response of a material to a change in temperature.
Frequency-dependent DMA during the phase transition allows
the estimation of mechanical softness and viscosity with
respect to the temperature change (Figure 2B).”"*> DMA can
identify T, at the maximum value of the loss modulus.”*”’
Similarly, thermal mechanical analysis (TMA) is an alternative
technique to determine the glass transition and dilatomic
softening temperatures.%97

2.3. Chemical Environment

Vibrational spectroscopy, including infrared (IR) and Raman
spectroscopy, provides information about the structure of the
molecules, symmetry, host—guest interactions, and bond
strength.”® Changes or preservation in the local environment
upon phase transition are distinguished through the compar-
ison of vibrational spectra.”””” Terahertz (THz)/far-IR
spectroscopy enables the examination of quasi-localized and
collective framework dynamics beyond the range of IR and
Raman spectroscopies.gg’100

Solid-state nuclear magnetic resonance (NMR) spectrosco-
py is another powerful tool for probing the local environment
of glass. Partial decoordination of ligands in melts or glasses is
detectable through peaks that emerge in cross-polarization
NMR spectra.’”'®" Proton and deuterium NMR reveal
changes in the local dynamics of organic moieties upon
thermal activation (Figure 2C).*>** 2D NMR enables direct
observation of ligand—ligand or mutual host—guest inter-
actions and spatial locations in glasses.””'*> Observation of
metal nuclei is a powerful approach. For instance, “Zn NMR
can detect the short-range disorder of the coordination
geometry in Zn-based MOF glasses.'*”

In addition to local geometry and bond distances, XAFS is
also beneficial for elucidating the chemical environment
around the atom of interest. Sufficient standard samples
allow the determination of the local environment during the
transition period through the combination fitting of
XANES.'"" EXAFS is also sensitive to changes in the local
environment, where fitting experimental data with structural
modeling is potentially useful to illustrate the coordination
bonding environment, as well as the Debye—Waller factor of
CP/MOF glasses.‘”’81

2.4. Macroscopic Morphology

Macroscopic views of glasses are accessible through optical or
electron microscopy. Under some specific constraints, the
melting or recrystallization processes are identified through the
observation of morphological transformations.”*** Cross-
sectional scanning electron microscopy (SEM) enables the
examination of heterogeneous interfaces, mechanical deforma-
tion, and the formation of grain-boundary-free mono-
liths.*>7>3191%6 Deformation of the glass surface or the
formation of a shear band under mechanical stress is precisely
quantified by atomic force microscopy (AFM).”* In hybrid or
glass composites, scanning transmission electron microscopy
(STEM), energy dispersive X-ray spectroscopy (EDS), and
electron energy loss spectroscopy (EELS) provide information
regarding the degree of homogeneity at the inter-
face.***%1071%% Additionally, 3D EDS tomography, in which
STEM-EDS data is reconstructed, improves the visualization of
hybrid glass formation.'*”
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2.5. Properties

Isotropic disorder domain, enhanced dynamics, and the ability
to form a grain-boundary-free monolith of glasses are expected
to deliver advantages in mass transport, optical properties, and
mechanical properties.”® Charge transport is probed via
impedance spectroscopy with equivalent circuit fitting to
identify the conductivity.'**"** Generally, powders are pressed
into pellets with specific dimensions. In situ melt-quenching
into the measurement cell is preferred because it eliminates the
contribution from interfacial resistance.*> The contribution of
the ions of interest to the total current is distinguished by the
transport number (or transference number) measurement.' "’
Electronic conductivity is determined by Ohm’s law, where a
known voltage is supplied and the current passing through is
measured, or a linear relationship between current and voltage
under constant rate potential sweeping. Conductivity is
determined using the formula ¢ = L/AR, where L is the
distance between contacts, A is the cross-section area, and R is
the measured resistance. The thermal conductivity (x) is
calculated from k = pC,@, where density (p), isobaric heat
capacity (CP), and thermal diffusivity («) are determined
independently.''" Archimedes” principle, calorimetric charac-
terization, and laser flash analysis (LFA) provides p, C, and ¢,
respectively.

Transparency of glassy nature allows the application in
optics. A spectrophotometer and a refractometer are used to
measure the transmittance and refractive index of the as-
prepared glass monolith."'> Photoluminescence is character-
ized by a spectrofluorometer with an additional determination
of luminescence lifetime and emission quantum yields.>**
The nonlinear optics properties of glass are examined using an
open-aperture Z-scan measurement.””

Physical properties, including mechanical properties and
porosity, are of interest. An indentation study reveals the
Vickers microhardness and provides insight into the
deformation behavior of glass monoliths under loads.'”® The
creep resistance of glasses is evaluated by strain-rate jump
(SRJ) tests and constant load and hold (CLH) indentation
creep experiment.'” A rheometer measurement provides
information on the viscosity of glass.”* Fracture toughness is
measured using the single-edge precracked beam method.'"”
Conventional gas/vapor adsorption techniques can evaluate
the accessible pore.””'?"'* Positron annihilation lifetime
spectroscopy (PALS) has been used to identify the internal
porosity, where the mapping of pore distribution is
generated.””'"> Permeation measurement requires the for-
mation of a glass membrane, which is fixed in a module where
mixed gas is fed at a constant rate with attached gas
chromatography to detect permeate.”®

3. MELT-QUENCHED GLASSES

In principle, all CPs/MOFs feature an equilibrium T,
However, the Ty of most CPs/MOFs is located below T,
resulting in the absence of a stable liquid state. Therefore, the
melting of CPs/MOFs is achievable by either lowering T, or
raising Tj.

To control T,, the terms that govern this first-order phase
transition must first be understood. Melting is the trans-
formation between two equilibrium phases at a well-defined
temperature and pressure. It is defined by the equality of the
chemical potentials of the solid and melt states, y;5(T)p) =
#;(T,p). For a single-component system, the chemical

https://doi.org/10.1021/acs.chemrev.1c00826
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[Zny(H,PO,)o(H,0);}(Hmbim) ZndHPOMHPOL]
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Figure 4. Crystal structures and melting temperature (T,,) values of phosphate—azole frameworks that form liquids and glasses. Zn, C, N, O, P, and
Cl atoms are represented by blue, gray, light blue, red, orange, and green spheres, respectively.

potential is the same as the molar Gibbs free energy (u = G).
Thus, at equilibrium, dG = —(S,—Ss)dT + (V,—Vg)dp = 0,
yielding the Clapeyron equation: dp/dT = AS/AV = AQ/
TAV. At T, AQ is the finite amount of heat required for the
system to melt and is equivalent to the heat of melting/fusion
(AHg,). The transition temperature is then expressed as T, =
AHy,/ASs, (Figure 3A). Therefore, T, can be reduced
through the combination of minimizing AHg,, and maximizing
AS,, F6s

Minimizing AHg,, implies optimizing the cohesive inter-
action between the solid and melt states. In CPs/MOFs, this
translates to the regulation of the strength of coordination
bonds and other interactions, including hydrogen bonds, van
der Waals interactions, Coulombic interactions, and steric
repulsions. For a system to exhibit melting, the overall
interactions must allow a certain degree of coordination
bond dissociation, which further translates into inherent
microscopic fluctuations and macroscopic fluidity in the liquid
state. To date, CPs/MOFs with a stable liquid state are more
likely to incorporate metal ions with a d'° configuration.”*”’
Compared with other 3d transition metals, those with a dr
configuration, which results in a lower crystal field stabilization
energy, require comparatively less energy to dissociate the
coordination bond. The choice of the ligand also plays an
important role. Groups that form weak coordination bonds
with metals, such as sulfonates, esters, amides, and nitriles, are
more likely to provide a lower enthalpy change upon phase
transition than those of ligands for highly robust frameworks,
including carboxylates and azolates.”””*''>''” From the
anticrystal engineering perspective of ionic liquid design,
minimizing electrostatic attraction through charge delocaliza-
tion and spatial separation of anions and cations further
minimizes AHg,. "> &0

In solid CPs/MOFs, the entropy is composed of configura-
tional, vibrational, and rotational entropies. Above T, the melt
state incorporates an additional contribution from translational
entropy. The utilization of low-symmetry, high-flexibility
ligands should aid in maximizing ASg, because they have
access to more diverse conformations in the liquid state
compared to those in their solid structure.''*""”"*" Designing
CPs/MOFs with such flexible ligands and labile coordination
nodes, where the extended structure limits the residual motion,
should contribute to the formation of a stable liquid state
becalzsle ligands possess higher degrees of freedom in the melt
state.
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Recrystallization of glass and reversible melting of glass-
forming melts remain rare in existing MQGs.**! Depending
on the GFA, cooling a liquid phase from above Ty, result in a
wide range of behaviors, including easily accessible glass
transition, slow recrystallization, and rapid recrystallization.41
Factors inhibiting recrystallization are large crystal—glass
density differences (Ap/p,), viscosity at T, and steric
hindrance through linker complexities.*””* The significant
change in density introduces incompatible surroundings for the
nucleation process. Also, exceptionally high viscosity above T,
leads to slower relaxation dynamics and thus reduces the
variety of configurations available in the melt for spontaneous
nucleation. Moreover, Ty, is another factor that governs the
recrystallization of melts with a relatively lower GFA.*" Faster
recrystallization kinetics of melts with higher T, is expected
since higher internal thermal energy increases the probability
of overcoming the energy barrier of nucleation.

Although melt-quenching is the most common method for
achieving a glassy state in inorganic glasses, few CPs/MOFs
exhibit a stable liquid state upon heating.'*" In this section, we
distinguish MQGs into four subgroups based on the types of

organic linkers.
3.1. Phosphate—Azole Frameworks

The reversible crystal-liquid—glass state transition was
observed in the 1D CP [Zn(HPO,)(H,PO,)](H,Im), %"’
The coordination network consists of tetrahedrally coordi-
nated Zn®>" and two types of orthophosphates, HPO,>~ and
H,PO,~, which form an extended 1D chain network (Figure
4). Two crystallographically independent imidazoliums are
located between the 1D chains to satisfy electroneutrality.
Upon heating, DSC displays two endothermic peaks at 70 and
154 °C. The former peak (6.6 J mol™ K™') results from a
solid-to-solid plastic state transformation, while the latter is
attributed to crystal melting (Figure S). The liquid state is
stable up to ~200 °C, where decomposition begins. It is
expected that the coexistence of the phosphates and azoles in
the structure is a key factor that enables the stable melt state.
These moieties form ion pairs by donating/accepting protons,
where the high ionicity stabilizes the melt state and suppresses
the partial vaporization of the components through Coulombic
interactions. In contrast to inorganic metal phosphates
(typically, T,, > 900 °C),"** the inclusion of organic moieties
and acidic hydrogen atoms on the phosphate linker in the melt
causes a significant decrease in T,,. Upon cooling of the melt
state, [Zn(HPO,)(H,PO,)](H,Im), forms a glass with a T, of
7.6 °C (DSC, 10 °C min™).

https://doi.org/10.1021/acs.chemrev.1c00826
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Figure S. Photographs of [Zn(HPO,)(H,PO,)](H,Im), in various
states. Reprinted with permission from ref 26. Copyright 2015 3 .
American Chemical Society.
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Lindemann’s rule describes the melting of crystalline solids: f
= u/d, where u is the mean thermal atomic displacement (the
square root of the Debye—Waller factor) of an atom, and d is
the bond distance to the nearest-neighbor atom.* The f value
universally approaches 0.10—0.13 near Tj,. In the melt state of
[Zn(HPO,)(H,PO,)](H,Im),, partial dissociation of the
coordination bonds and loosening of the close packing of
the 1D zinc—phosphate chains are expected.”® Among the four
coordination oxygen atoms, thermal vibration analysis

indicates a higher degree of thermal vibration from O9 of 4 ST
H,PO, (P3) than those of the other oxygen atoms (Figure 6). -
The anomaly lies in the nearby imidazolium with a high 3 ir

Debye—Waller factor, which is rotatable at high temperatures.
Rotatable imidazolium is hydrogen bonded with the P3
phosphate, inducing a higher thermal factor in O9. Just below
T, (at 140 °C), f(09) is 0.12, while f(O1), f(O3), and f(OS)
are less than 0.1, suggesting that Zn—09 bond dissociation
initiates melting by disrupting the stable tetrahedral arrange-
ment. This highlights the importance of the incorporated
imidazolium cations.

The preservation of coordination bonds in the melted and
glassy states, in which the coordination bonds are persistent
without rapid breaking and reforming events, was studied.”® A
single sharp peak in the *'P NMR spectrum at 160 °C indicates
that the coordination chain dissociates into ionic liquid-like
discrete molecular fragments of zinc, phosphate, and
imidazolium ions. The DMA of the melts supports the
cleaved-bond model, which includes the absence of the
entangled chain effect and a typical ionic liquid viscosity
profile. In contrast, the phosphates in the quenched glass
exhibit a broad chemical environment. Imidazole molecules
remain protonated and do not coordinate with Zn**. XAS
further indicates that the first coordination sphere of the crystal
and glass are quantitatively identical. Metal—ligand—metal
connectivity in the glassy state was further confirmed by PDF
analysis, which demonstrated the retention of Zn—Zn
correlation with a pair distance of 5.7 A. Above 10 A, the
peaks broaden because of the absence of long-range order and
are nearly featureless at r > 20 A (Figure 7).

Slight alterations in chemical composition, host—guest
interaction strength, or pK, result in different thermal
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Figure 6. Degrees of thermal vibration of oxygen atoms around the
Zn*. O1 (blue circles), O3 (green triangles), O5 (purple diamonds),
and O9 (red squares). The ORTEP model of [Zn(HPO,)(H,PO,)]-
(H,Im), at —50 °C and the H-bond distances are shown on the top.
The Zn, P, O, N, and C atoms are shown in purple, yellow, red, blue,
and gray, respectively; H atoms have been omitted. Adapted with
permission from ref 26. Copyright 2015 American Chemical Society.
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Figure 7. PDF analysis of the crystalline and glassy states of
[Zn(HPO,)(H,P0O,),](H,Im),. G(r) is a reduced pair distribution
function. Adapted with permission from ref 26. Copyright 2015
American Chemical Society.

behaviors. Note, pK, expresses the acidity as —log K,, where
K, is the acid dissociation constant. There is a series of 1D H*-
conductive CPs composed of Zn>', phosphates, and non-
coordinating azoles that includes [Zn;(H,PO,)s(H,0);]-
(HbIm) (T, = 164 °C), [Zn3(H,PO,)s(H,0);]H(2-
MebIm) (T, = 97 °C), and [Zny(H,PO,)(H,0),](BTA)
(T,, = 114 °C),*****3 where BTA represent 1,2,3-benzo-
triazole. The compounds are composed of three crystallo-
graphically independent octahedral Zn**, each with six bridging
H,PO,” and one coordinated water molecule. HbIm, mebIm,
or BTA is stacked in a 1D fashion along the g-axis and

https://doi.org/10.1021/acs.chemrev.1c00826
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surrounded by six chains of ZnOg octahedra, which are orderly
arranged in the bc plane owing to hydrogen bonding (Figure
4). Despite their similarity, their T,, and T, are sensitive to the
specific azole moiety. The melting of these compounds is
triggered by the rotatable azole upon thermal activation. The
variable temperature *H solid-state static NMR spectra of
[Zn;(H,PO,)¢(H,0);](HbIm) (Figure 8) and the 'H MAS

25 °C /)
0
H
50 °C A A
75°C
l D
100 °C *0.05 ( :@
L . I . | . I , | \H
-200 -100 0 100 200 ’

Frequency / kHz

Figure 8. *H solid-state static NMR spectra of dehydrated
[Zny(H,PO,)s(H,0),] (HbIm)-HbIm-d, at 25, 50, 75, and 100 °C
(T, = 164 °C). Adapted with permission from ref 53. Copyright 2013
American Chemical Society.

NMR spectra of [Zn;(H,PO,)s(H,0);](BTA) both suggest
that HbIm and BTA begin to rotate above 60 °C and thus
induce melting. The melting of phosphate—azoles is not
necessarily common. A stronger coordination bond and the
lack of a fine balance between composition, ionicity, and bond
strength prevent the congruent melting of
[Co3(H,PO,)6(H,0);](HbIm) and [Zns(H,PO,)s(H,0)5]-
(2-chlorobenzimidazole), respectively.

The 1D chain [Zn(H,PO,),(HPO,)](H,dmbIm),
(H,dmbIm: protonated S,6-dimethylbenzimidazole), which
has template-directed H* conduction pathways in the
coordination framework, was later found to be a promising
and versatile MQG platform for gas-sieving membranes.””'*
The CP consists of a 1D chain of Zn** tetrahedrally
coordinated by monodentate H,PO,” and HPO,>” and
bidentate HPO,*". The overall charge is compensated by the
inclusion of 1D z—x stacking of protonated H,dmbIm®. The
melting and glass-forming behavior of [Zn(H,PO,),(HPO,)]-
(H,dmbIm), were later found in three additional analogs with
Cd**, Cu*, and Mn**. The analogs with Zn**, Cd**, Cu**, and
Mn?** exhibit T,, (T,) values of 176 (112), 172 (105), 166
(140), and 152 (1383 °C, respectively.

The 2D-to-0D structural transformation before and after
glass formation was studied by intensive X-ray analysis.”*
Zn(HTr),(H,PO,), is a glass-forming H'-conductive CP
comprising octahedral (O,) Zn>* with monocoordinated
orthophosphate and bridging HTr, which form extended 2D
sheets parallel to the ab plane (Figure 4).>” The sheets stack in
the ¢ direction, and the axially coordinated phosphates form
hydrogen bonds with one another in the layer. The CP melts at
184 °C. Air cooling to ambient temperatures from the molten
state is sufficient to form the vitreous state with a glass
transition at 32 °C, as determined by DSC.>* The K-edge XAS
spectra of the Zn®" in the crystal and glass counterparts
indicate that the arrangements around the Zn** are distinct,
even at the nearest neighbor. The difference in the white-line
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intensities suggests a change in the local symmetries around
Zn**. The lower white-line intensities in the glassy state
indicate that the glass transition induces a geometric change
from an octahedral (O) to a tetrahedral (T) arrangement
because the electronic transition associated with X-ray
absorption at the K-edge of T; Zn** has a stronger 1s to 3d
transition than that of O,,.'** RDF fitting of the MQG fits well
with the model in which the Zn?* is surrounded by four atoms
with a shorter bond distance than those found in the crystal.
The detailed structure was further analyzed using the PDEF.
The D(r) of the MQG exhibits diminished atomic correlations
above S A, indicating the absence of an extended structure
(Figure 9A). In addition, shorter bond distances are observed
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Figure 9. (A) Comparison of the D(r) of crystalline Zn-
(HTr),(H,PO,), (blue) and MQG (red) in the range 1—-10 A (25
°C). Some of the assigned peaks of the D(r) are indicated. (B)
Arrangements around the Zn** for Zn(HTr),(H,PO,), (top) and its
MQG (bottom, postulated). (C) The RMC amorphous cell
comprises 50 Ty models for the MQG. O, and T, represent
octahedral and tetrahedral geometry. Reprinted with permission from
ref 54. Copyright 2015 The Royal Society of Chemistry.

for the coordination shell of Zn>', consistent with the T
arrangement proposed by the XAS results. This remarkably
short correlation length found in the PDF profile suggests that
the building unit of the MQG is likely a discrete molecule (0D,
Figure 9B). A proposed structure of the MQG was simulated
by replacing the bridging coordination of HTr with a
monodentate ligand, which was randomly packed into 25 X
25 X 25 A® cubic amorphous cells with P1 symmetry. The
structure refined via the RMC model exhibited a refined fit of
the amorphous cell in both real and reciprocal spaces (Figure
9C).

The heat capacity (C,) is among the most important
thermodynamic parameters of glasses. The C, behavior of
Zn(HTr),(H,PO,), is ascribed to its discrete structure.”* DSC
of the MQG exhibits a gradually rising background, which
describes the molecular rearrangements involved in the glass
transition before the vibrational heat capacity is fully excited.
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ZIF-62 TIF-4 ZIF-76 ZIF-4
Zn(Im),_(blm), (x = 0.03-0.35) Zn(Im),_(mblm), (x = 0.2-0.5) Zn(Im); g2(Clblm)g Zn(im),
370—441 440-467 451 590

T,./1°C

Figure 10. Crystal structures and melting temperature (T),) of zeolitic imidazolate frameworks that form melts and glasses. Zn, C, N, and Cl atoms
are represented by blue, gray, light blue, and green spheres, respectively.

In contrast to the molecular network glass, the increment of C A 18

at T, (ACP(Tg)) of melt-quenched Zn(HTr),(H,P0O,), is ToHbA s T
. -1 -1 . 565 K 0.16Jg K

more than four times larger (0.70 J K™ g™') than that of high- 1.6 a

density amorphous ZIF-4 (0.16 ] K™ g').”” This supports the
importance of the discrete molecular structure in the MQG,
where the configurational heat capacity is larger than that of a
network glass. The change in entropy across the glass
transition (7—52 °C) was AS = 81 J K™ mol™".

A
T Solvent release
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T
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O

The combination of ZnO, S5-chloro-1H-benzimidazole 1.0 4 " T LDA=589_‘K B
(ClbIm), and H,PO, yields 2D frameworks of Zn>* AC,=0.11Jg" K
tetrahedrally coordinated with HPO,>~ and H,PO,” as well 0.8 -— " T T
as three types of uncoordinated guest molecules: Clblm, 350 450 e 550 650

methanol, and H,PO,".'*> Upon heating, a weight loss of

3.6%, corresponding to the release of methanol molecules, is B o SO, (m=20)

followed by melting at 148 °C. XRD and DSC of the MQG 12 4 Anodhite (m=53)

exhibit a broad diffuse scattering pattern and a baseline shift 1 e Triphenylethene (m=101) \
from the glass transition with a T, of 72 °C. The preservation 8 {— LDA(m=14) /
of the coordination environment in the MQG is demonstrated » — HDA (m=41) ‘
by the RDFs. Apart from the lower peak intensity due to local g 1 / l’.
disorder, the coordination environments are preserved because - 4 ./“a' )

all peaks demonstrate an identical shape to that of the ; | e
crystalline state. S 0 M 't

3.2. Zeolitic Imidazolate Frameworks | S0

Zeolitic imidazolate frameworks (ZIFs) or metal azolate i AR y

frameworks (MAFs) primarily comprise metal ions with N T T T T T T !
donor azolate bridging ligands and adopt similar network 0.4 0.6 0.8 1.0
topologies as those of inorganic zeolites (Figure 10).°%'*° Tg /T

Analogous to the thermally induced glass formation of
inorganic zeolites,'””'*® heating the Zn®>* tetrahedrally
coordinated imidazolate (Im) 3D framework Zn(Im), (ZIF-
4) initiates a transition toward a low-density amorphous
(LDA) phase, followed by a subsequent phase transition from
a low-density liquid (LDL) phase to a more fragile high-
density liquid (HDL) phase (Figure 11A).”" Further heating
provides a dense ZIF-zni phase, followed by melting into a
liquid phase. Both the quenched bulk glass and the HDA
(quenched HDL) phase, after a complete liquid—liquid
transition from LDL to HDA (ZIF-4 GIS), provide a virtually
indistinguishable glassy state with a T, of 292 °C despite the
different thermal behaviors. Large differences in the viscosity of
the supercooled LDL and HDL phases are quantified via
Angell plots (log 1 versus T,/T), demonstrating the fragilities
of m = 14 and 41, respectively. Given that the melt fragility of
melted silica is 20, the LDL phase (m = 14) is referred to as a
superstrong liquid (Figure 11B)."””'*° PDF analysis of the
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Figure 11. (A) Sequence of DSC up-scans on ZIF-4 at 10 K min™"
starting with ZIF-4 (black) showing solvent release (A) and collapse
to the low-density liquid (LDL) phase (D—F), followed by the
liquid—liquid phase transition (LLT) to the high-density liquid
(HDL) phase (F—H). The jump in the isobaric heat capacity (Cp)
through the LLT (E—G)is 0.33] g~ K. AC, is the difference in C,
from the glass to melt at T, (0.11 and 0.16 ] g™ K™' for the low-
density amorphous (LDA) and high-density amorphous (HDA)
phases, respectively). The endotherms in successive scans (2—red, 3—
green) are for the HDA phase. (B) Angell plot showing the fragility of
the LDL and HDL phases of ZIF-4 alongside other glass-forming
liquids. Reprinted with permission from ref 27. Copyright 2015
Springer Nature Limited under Creative Commons license CC BY
4.0. https://creativecommons.org/licenses/by/4.0/.

ZIF-4, HDA, and MQG phases showed identical peaks below 6
A, confirming the preservation of the tetrahedral coordination

https://doi.org/10.1021/acs.chemrev.1c00826
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environment in all states. Although the MQG displays a light
brown color even when oxygen is excluded from the reaction,
"H NMR of the digested samples confirms that the imidazolate
ligands remain largely intact. In contrast, ZIF-8 (Zn(Melm),,
Melm: 2-methylimidazole) undergoes thermal decomposition
without observable melting behavior. Thermal treatment of the
melt-quenched ZIF-4 glass at 520 °C (1.38Tg) for 420 min
initiated a pronounced enthalpy release toward a lower energy
state, which is attributed to pore collapse and structural
densification.'*’!

In addition to ZIF-4, the ZIF glass library was further
extended to Zn(Im), (GIS), TIF-4, and ZIF-62.""" Zn(Im),
(GIS) adopts an identical chemical composition to that of ZIF-
4 but is arranged in a gismondine network topology with a
higher porosity of $6.9% as compared to 23.6% of ZIF-4."*
TIF-4 and ZIF-62 are mixed-ligand variants of ZIF-4 that share
a similar space group. The combination of Im and §S-
methylbenzimidazolate (mbIm, CgH,N,”) yields TIF-4 [Zn-
(Im), (mbIm)ys], while the combination of Im with
benzimidazolate (bIm, C,HN,”) yields ZIF-62 [Zn-
(Im); 75(bIm)g,5]. In DSC measurements, all four compounds
exhibit melting upon heating followed by vitrification upon
cooling with T, (Tg) values of 590 (292), 584 (292), 467
(343), and 437 (318) °C for ZIF-4, Zn(Im), (GIS), TIF-4,
and ZIF-62, respectively. The T, of the quenched glasses
increases upon the inclusion of larger ligands, identical with
organic polymers, where bulky side groups restrict the motion
and flexibility of the backbone.

As discussed in the previous section, ZIF-4 forms an HDA
phase because of thermal amorphization below T,;,. Among the
three additional compounds, identical behavior is only
observed for Zn(Im), (GIS)."”" TIF-4 and ZIF-62 only
display thermal amorphization without the presence of T. The
fragilities of the melts are influenced by the network
architecture of the original solid phase. Although ZIF-4 and
Zn(Im), (GIS) possess an identical formula and T, their
liquids exhibit distinct fragilities of 39 and 17, respectively.
EXAFS measurements of the crystals and MQGs exhibit no
differences, indicating the preservation of tetrahedral geometry
around the Zn**. The PDFs of the glasses are essentially
featureless above 8 A. All the peaks below 6 A are nearly
identical, with a slight peak reduction, indicating the retention
of short-range order up to the nearest Zn—Zn neighbor. *C
MAS NMR reveals partial decoordination of Im ligands in ZIF-
4 and Zn(Im), (GIS).

Two more ZIF glasses involving sterically congested
benzimidazolate linkers were developed with the aim of
exploring permanent porosity in MOF glasses.'”> ZIF-76,
Zn(Im), ¢,(ClbIm), 35 (ClbIm: S-chlorobenzimidazolate), and
ZIF-76-mblm, Zn(Im),;;(mbIm),s, (mbIm: S-methylbenzi-
midazolate), exhibit endothermic melting transitions at 451
and 471 °C, followed by T, of 310 and 317 °C, respectively, in
the subsequent cycle. The higher T, observed for the mbIm
linker is due to the electron-donating methyl group, which
leads to a higher energy barrier for the bond dissociation
process. The larger van der Waals radius of the methyl group
provides stronger noncovalent interactions between the
framework constituents, resulting in a higher T, value. In
contrast to the aforementioned ZIF glasses, in which only
short-range order remains in the glassy states, the PDFs of
MQGs from ZIF-76 and ZIF-76-mbIm exhibit the preservation
of medium-range order (i.e., Zn—Im—Zn—Clblm connectivity,
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Figure 12). This is ascribed to the sluggish diffusion kinetics
and high viscosity of the melt states.

D(n)

-1.0 1 1 1 1 1 1 1 1 1 ]

0.0 4.0 8.0 12.0 16.0 20.0
r(A)

Figure 12. ZIF-76 pair distribution function (PDF). Inset shows
medium-range order. Zn, Cl, C, and N atoms are represented by light
blue, green, gray, and dark blue spheres, respectively; H atoms have
been omitted for clarity. Reprinted with permission from ref 102.
Copyright 2018 Springer Nature Limited under Creative Commons
license CC BY 4.0. https://creativecommons.org/licenses/by/4.0/.

The chemical configuration, coordination bonding, and
porosity of liquid ZIF-4 melts were studied using in situ
variable X-ray diffraction, ex situ neutron PDF measurements,
and first-principles MD (FPMD) simulations.’’ Upon heating
from 31 to 505 °C, where the long-range order remains intact,
the intensity and position of the first sharp diffraction peak
(FSDP) remained constant. Further heating above T, to $83
°C led to a reduction in the peak intensity and shift in the peak
position from 1.1 to 1.3 A7, as well as peak disappearance
above the Q values and a decreased Zn—Zn correlation at 6 A
in F(Q). The microscopic structural evolution was further
probed by FPMD with a constant-temperature MD simulation
from 27 to 1977 °C. The simulated partial radial distribution
function gy(r) revealed liquid-like disorder above 727 °C
corresponding to the generalized Lindemann ratio of the
system, satisfying the Lindemann melting criteria (0.10—0.15)
at a T, between 727 and 1227 °C. The melting mechanism of
ZIF-4 was studied, and the potential of mean force (PMF)
comparison revealed that the breaking of the Zn—N bond is a
suitable path for reaction coordination. The distribution of
Zn** coordination numbers is depicted as a function of
temperature (Figure 13A) to visualize the melting process. At
low temperatures (<927 °C), the undercoordination of Zn**
with less than 4-fold coordination is regarded as a defect in the
solid. The undercoordination of Zn®* increases significantly at
higher temperatures (>927 °C). At 1227 °C, where melting
occurs, bond breaking and reorientation of the imidazolate
linker toward nearby sites occur within a few picoseconds
(Figure 13B). These results reinforce the idea that melting is
driven by bond breaking and reorientation events, thus
disturbing the network.

The characteristics of liquid ZIF-4 were analyzed by FPMD
and RMC modeling.®" The translational diffusion behaviors of
Zn** and imidazolate at 1227 °C are comparable, with values
of 7.7 X 107'° and 6.5 X 107" m® s7!, respectively. The
similarity between anion and cation diffusion is considered a
common feature of ionic liquids. Using helium as a probe
molecule, RMC modeling based on X-ray data at 583 °C
(Figure 13C) revealed that 16.2% of the porous volume was
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A 100 r—ee quadrupolar coupling constants (Cq). One of these is a more
distorted Zn[ligand], tetrahedron. Increases in Cq and the

80T 5-fold —— broader distribution of the MQGs indicate the structural

60 | 4-fold — disorder of the Zn[ligand], tetrahedral environment. Despite

% 3-fold —— \ the differences in their Im/bIm ratio, all glasses display a

40 2-fold —— similar “Zn NMR parameter, indicating a similar degree of

20l 1-fold —— < short-range disorder. The line shape alteration upon glass

O-fold —- > formation reveals the disappearance of the two distinct Zn sites

0 560 1000 1500 2000 characteristic of ZIF crystals, indicating that the scission and
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renewal of the Zn—N bond upon melting initiates structural
reorientation.

A series of ZIF-62 Zn(Im,_,bIm,) glasses were found to
exhibit an ultrahigh GFA with a high viscosity 7 (10° Pa s) at
T,, a large crystal—glass network density deficit, no
crystallization in the supercooled region on laboratory time
scales, a low fragility (m = 23), a high Poisson’s ratio (v =
0.45), and the highest T,/T,, ratio of 0.84 (Figure 14).°* The

1.0
0.8+
X
T o = 213
4 " Q9 Q
Figure 13. (A) Calculated distribution of coordination numbers }\E 0.6 Water A A Mi A 9
around Zn** in ZIF-4 as a function of temperature. (B) Visualization ) [+ ) Organic AM m 9
of an imidazolate exchange event in ZIF-4 upon melting. (C) Atomic Hialic
configurations of the ZIF-4 crystal (left), melt (middle), and glass 0.4+
(right) from RMC modeling of the total scattering data collected at
583 °C. Free volume is represented by orange, and Zn, N, and C
atoms are represented by green, blue, and gray, respectively. 0.2 ; s | . :
Reprinted with permission from ref 61. Copyright 2017 Springer 0 500 1000 1500 2000
Nature. T (K)
m

present in the liquid state, while only 4.8% was found in the
glass at ambient temperatures.

The effect of topology and chemical structure on the
structure of the quenched state was further investigated by ab
initio modeling with three representative ZIFs: ZIF-4, ZIF-8,
and SALEM-2 (Zn(Im),, Im: imidazolate)."**'** While ZIF-4
has the cag topology, ZIF-8 and SALEM-2 share the sod
topology. Because ZIF-8 melts above its T, in contrast to
denser ZIFs, this study reveals a higher free energy barrier for
the detachment of imidazolate linkers from the metal cation
caused by the isolated intermediate state in the high porosity of
ZIF-8. In denser ZIFs, the leaving ligand compensates instantly
for the other ligands and is stabilized by dispersive interactions.
The melting increases the distance to the fourth closest
neighboring zinc atom by more than 15% in both ZIF-8 and
SALEM-2, while only 1.5% increases were observed in ZIF-4.
Structural observations demonstrate that topology has a
dominant influence on melting behavior, where SALEM-2
and ZIF-8 with the same sod topology behave more similarly
than ZIF-4. Quenching decreases the distance back to lower
values than those present in crystalline states for ZIF-4 and
SALEMS-2, while the distance increases to above the values of
melts for ZIF-8. Therefore, the reconstruction of the
frameworks (quenching) is mainly influenced by the metal—
ligand chemical interactions.

The glass-forming mechanisms of ZIF-4, ZIF-zni, and ZIF-
62 were traced by “’Zn solid-state NMR."'”* The NMR spectra
of the crystalline state indicate the presence of two individual
Zn** sites (1:1 ratio), which are differentiated by two
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Figure 14. Comparison of the T,/ T, ratio between ZIF-62 and other
types of glass-forming systems. Reprinted with permission from ref 94.
Copyright 2018 American Association for the Advancement of
Science Limited under Creative Commons license CC BY 4.0.
https://creativecommons.org/licenses/by/4.0/.

obtained Tg/ T,, value is considerably larger than that of the
Kauzmann “2/3” law.”>'>* While T, and T, increase with the
increasing amount of blm, the system tends to retain the T,/
T,, ratio. A thermodynamic study revealed that the marginal
difference in the Gibbs free energy between the crystal and
supercooled liquid of ZIF-62 is insufficient to drive nucleation
at temperatures between T, and T,

The phase transition behavior of ZIF-62 under simultaneous
high-pressure and high-temperature conditions has been
studied using in situ PXRD with a resistively heated
membrane-driven diamond anvil cell (DAC).** The study
allows the construction of a P—T phase diagram from the
resulting stability fields of various phases (Figure 15). Under
single stimuli, ZIF-62 undergoes T-induced amorphization at
~320 °C at ambient P and P-induced amorphization at ~5
GPa at ambient T. The P- and T-induced amorphizations are
distinct. The former reverts to the initial phase upon
decompression and is thus ascribed to a displacive transition.
In contrast, thermal amorphization is irreversible and is
identified as a reconstructive phase transition. Simultaneous
application of high P and high T reveals a change in the
gradient of the crystalline to solid—amorphous transition and
can be derived from the AS/AT term of the Clausius—

https://doi.org/10.1021/acs.chemrev.1c00826
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Figure 15. Pressure—temperature phase diagram of ZIF-62. The stability field of crystalline ZIF-62 is shown in blue, tracing the results of the
PXRD phase transition analysis (blue and red diamonds). Two distinct amorphous phases with high and low densities relative to each other are
shaded dark red (high P) and light red (high T), respectively. This distinction is based on changes in the slopes of both the crystalline—amorphous
and solid—liquid phase boundaries. The phase boundary between the two amorphous phases is tentatively indicated with a dashed black line. The
stability field for liquid ZIF-62 is shown in yellow, which is defined by melting points observed optically at high P and using DSC at ambient P.
Crosses indicate the high-P/high-T conditions from which the samples were quenched for morphological analysis. Reprinted with permission from

ref 84. Copyright 2019 Springer Nature.

Clapeyron relation. There are six different T, at high P, A 630F ' T ' ' ]
ranging from 2 to 3.5 GPa, and the melting curve exhibits two LW =—3rmm 1_5:54+ TR
distinct regions: a negative slope from ambient P to <2 GPa - T
and a positive gradient at >2 GPa. A negative gradient indicates 615F i
the solid phase has a lower density than that of the melts and —~
vice versa for a positive gradient. To gain further insight, % 600r

. . . o zec,
FPMD simulations reveal that the melting mechanism is not Hco —— AF-E2
directly affected by pressure. A distinct decrease in the free 585F 4
energy barrier when the pressure increases from 0.1 to 5 GPa
indicates the softening of the Im—Zn—Im angle upon 570F — Model E
pressurization, compensating for the thermodynamic barrier g (:‘.:ng
of melting. An identical study on the rich polymorphism of 5554

ZIF-4 was performed with more complex solid—solid phase

0 0.1 02 03 0.4 05 0.6

transitions."”’

The variation of the ZIF composition has been studied B T (K) mblm
through topological constraint theory (TCT) to further gain d 100
control and understanding of the T, of ZIF glasses. 3% The ™ 700
model incorporates a hierarchy of bond constraints and can 650

predict T, from a topological perspective as a function of blm
concentratlon Zn(Im,_,bIm,) with an error of 3.5 °C. The
model was further developed to account for the effect of
additional mbIm ligands through TIF-4 experimental data. The
incorporation of mblm allowed the prediction of T, for an
unsynthesized, hypothetical MQG system Zn-
(Im)z_x_y(blm)x(mblm)y (Figure 16). The TCT model later
proved to provide accurate predictions, with a difference
between the experimental and predicted T, values below ~6
°C."* Additional experimental data are requlred for systems
with high mbIm and bIm concentrations because the
experimental range only covers Zn(Im),_,_,(bIm), (mbIm),
variants with x = 0.17-0.27 and y = 0.09—0.21 where T,
appears between 305 and 316 °C.

Alteration of the ligand composition and metal substitution
from conventional Zn>* to Co”* have been used to engineer
the thermal behavior. Crystalline ZIF-62 constructed from
Co** Co(Im),,(bIm),; melts at 432 °C, which is slightly

4175
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&

S blm

ag[Zn(Imy.,.,bIm,mbIm,)]

Figure 16. (A) Comparison of T, values obtained from experiments
and topological constraint theory. (B) Compositional dependence of
T, for the predicted Zn(Im)Z,x,y(bIm) (mbIm) glass system.
Reprinted with permission from ref 138. Copyright 2018 American
Chemical Society.
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lower than its Zn** counterpart with a smaller stability window,
Ty ~ 550 °C.""* The quenched glass exhibits a T, of 290 °C,
which is considerably lower than that of ZIF- 62(Zn) (320 °C).
In addition to monometallic ZIFs, bimetallic ZIF-62 with both
Co** and Zn* 1n a single-phase Zn,_,Co,(Im), ,(bIm),; has
been reported.'* According to earlier results, the substitution
of Co** up to 50% does not affect Ty (580 °C). T, and T,
increased from 447 to 452 °C and from 328 to 334 °C as the
Co®* concentration increased. In contrast, subsequent work
with ZIF-62 synthesized by mechanical milling demonstrated
otherwise.'*' The addition of Co?' into ZIF-62,
Zn,;_,Co,(Im), ;5(bIm),,s, caused a decrease in T,, from 401
°C at 0% Co** to 389 °C at 20% Co’'. In contrast, T,
remained mostly unchanged throughout the concentration
range. Systematic control of both T, and T, of prototypical
ZIF-62 has been demonstrated by adjusting the molar ratio of
the two imidazolate linkers in the range x = 0.02—0.35,
M(Im),_,(bIm),; M>* = Zn®*, Co*".""® Cation substitution
vastly impacts Ty, ~510—500 °C for Co?* and ~550—600 °C
for Zn**, but minimally affects T, Interestingly, the T, of ZIFs
is linearly dependent on the molar ratio of Im~ and bIm~,
ranging from 370 (x = 0.03) to 440 °C (x = 0.3S, Figure 17).

600 = T (Zn-ZIFs) ¢ T,(Zn-ZIFs) |
o T,(CoZIFs) 4 T,(Co-ZIFs)
450 + . _
_m-
9400- e -
: n N i
350 _
------- S
300F , gae--t--¢"T .- - _
A
250 - i _
0.0 0.1 0.2 0.3 04
X

Figure 17. Evolution of T}, and T, of ZIF-62 (M(Im),_,(bIm),; M**
= Zn*, Co?"). The values for ZIF- 4 are shown with open symbols for
comparison. Reprinted with permission from ref 116. Copyright 2019
American Chemical Society.

Moreover, the liquid state of ZIFs with x < 0.05 is metastable
and tends to undergo partial crystallization toward the ZIF-zni
phase at approximately S00 °C, while a stable liquid state is
expected for ZIFs with x > 0.05. An uneven distribution of
linkers might cause unexpected polymorph formation, resulting
in a distinct deviation of the thermal behaviors.'** An identical
correlation was observed in Zn(Im),_.(ClbIm),,
increasing x from 0.0S to 0.2§ caused T}, and T to increase
from 367 to 423 °C and from 296 to 317 °C, respectlvely .

The thermal behavior of ZIF-62 also depends on steric
effects.'”’ By incorporating halogenated benzimidazolate-
derived linkers, four additional ZIF-62 analogs were synthe-
sized with S-chlorobenzimidazolate (5-ClbIm), 5-chloro-2-
methylbenzimidazolate (S-Cl-2-mbIm), S-fluorobenzimidazo-
late (S-FbIm), and 6-chloro-S-fluorobenzimidazolate (6-CI-5-
FbIm) linkers. The synthesized compounds have a variety of
halogenated benzimidazolate concentrations, making it difficult
to draw a clear conclusion on the effect of the side group on
the thermal behavior. When Zn(Im), ,5(bIm),, is compared
to Zn(Im),;,(5-Cl-2-mblm)g,s T, of the latter decreases
slightly from 400 to 390 °C because it contains the most

where

sterically large ligand. It results in a denser structure,
promoting the dispersive interaction between the framework
and the partially dissociated ligand. A subsequent study
clarified that the presence of electron-withdrawing ligands
lowers both the T, and T, of ZIFs.'* Replacing the mbIm
ligand in TIF-4 Zn(Im),g(mblm),, with Clblm, Zn-
(Im), §(ClbIm),,, caused a significant reduction in T,, and
Ty Ty, and T, decreased from 440 to 428 °C and from 350 C
to 336 °C, respectively. The number of components in ZIF-62
also affects thermal behavior.'** The overall trend of T, is
Zn(Im), gs(bIm)ggs (T, = 370 °C, T, = 308 °C, T,/T,, =
0.90) > Zn(Im), o5 ClbIm)g s (T, = 366 °C, T, = 296 °C, T,/
T, = 0.89) > Zn(Im), o5s(bIm) 0,5 (ClbIm)g g5 (T, = 356 °C,
T, = 296 °C, T,/T,, = 0.90) > Coy,Zngg(Im),; g5(bIm)g g5
(CIbIm) 005 (T, = 310 °C, T, = 288 °C, T,/T,, = 0.96). The
inclusion of the 1-methylimidazole (1-mIm) modulator in ZIF-
4 and the synthesis conditions affect the particle size, size
distribution, morphology, and surface defects of the resultant
product.'*'*® These variations affect the polymorphic phase
transition, recrystallization, melting, and glass formation of
ZIF-4.
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%ﬁ }" @
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Cu(SCN)5(C4bpy) Cu,(SCN)3(Czbpy)

138 187

T,.1°C

Cu(SCN)y(3-Pybpy)

Cug(SCN)12(Phbpy),

203 217

Figure 18. Crystal structures and melting temperature (T,,) values of thiocyanate-4,4’-bipyridin-1-ium derivative frameworks that form liquids and
glasses. Cu, C, N, and S atoms are represented by teal, gray, light blue, and yellow spheres, respectively.
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3.3. Thiocyanate and Nitrile-Based Frameworks

With the aim of extending the library of meltable CPs/MOFs
to include a larger number of metals and ligands, anticrystal
engineering strategies have been utilized to control the T, of
CP crystals.""® Tons with reduced symmetry and delocalized
charge were selected to achieve minimum molecular
interactions with sufficient Coulombic interactions between
anionic and cationic moieties. Four meltable CPs were
synthesized with d'° Cu", ionic-liquid-forming charge-delocal-
ized thiocyanate (SCN™), and a series of low-symmetry 4,4’
bipyridin-1-ium derivatives (Figure 18). The series consists of
Cu,(SCN);(C,ybpy), Cu,y(SCN);(Cyubpy), and
Cug(SCN),(Phbpy), with two tetrahedral Cu® bridged by
SCN~ via S,N bridging to form a distorted dimeric Cu,(SCN),

through N and two through S. DSC and TGA revealed a T, of
~198 °C with a small weight loss of ~7% (from 190 °C),
indicating a narrow temperature range for a stable liquid.
Quenching provided a MQG with a T, of ~79 °C. The cd*
analog exhibited a slightly higher T4 of ~220 °C and T, of 205
°C. In contrast to Co**, crystallization occurred upon cooling,
with an exothermic peak at 146 °C.

2D and 3D Ag-based frameworks with tripodal nitrile ligands
have exhibited melting and the ability to form MQGs (Figure
19).”>” The labile and dynamic nature of the coordination

W

cluster. Two clusters are connected by the bridging tetrahedral i .,“"): I
Cu' through S,S bridging, forming 2D anionic Cu,(SCN);. 2 O
The negatively charged anionic structure is then balanced by . e P g

the coordination of the 4,4’-bipyridin-1-ium-based cationic
ligand from the opposite side of the 2D sheet. C,bpy, C,bpy,
and Phbpy represent the 1-ethyl-[4,4 -bipyridin]-1-ium, 1-
butyl-[4,4"-bipyridin]-1-ium, and 1-phenyl-[4,4’-bipyridin]-1-
ium ligands. In contrast, Cu(SCN),(3-Pybpy) has a 1D helical
chain structure with tetrahedral Cu® connected by SCN~
through SN bridging, and the coordination environment is
completed with 3-Pybpy. The overall trend for T, is
Cug(SCN),(Phbpy), (T, = 217 °C) > Cu(SCN),(3-
Pybpy) (T, = 203 °C) > Cu,(SCN)y(C,bpy) (T,, = 187
°C) > Cu,(SCN);(C,bpy) (T, = 138 °C), indicating that the
substituent group of the pyridinium ligand directly impacts
crystal melting. In general, increasing the alkyl chain length,
Cu,(SCN),(C,bpy) and Cu,(SCN);(C,bpy), reduces the
overall symmetry of the system and decreases the lattice
energy, thus providing a lower energy barrier for melting. This
explanation is supported by the lower melting enthalpy (AH,,)
and entropy (AS,) observed in DSC measurements. In
contrast, the pendant phenyl rings in Cug(SCN),(Phbpy),
stabilize the framework through 7—7 interactions with adjacent
phenyl rings. These interactions provide additional stability
and, thus, the highest T,.. In principle, the 1D chain structure
of Cu(SCN),(3-Pybpy) requires the least amount of energy to
initiate melting. The 77— interactions between the pyridinium
and adjacent pyridine ring (N at the para position) with rings
from neighboring chains stabilizes the structure. These
interactions are considerably stronger than the van der Waals
interactions in Cu,(SCN),(C,bpy) and Cu,(SCN),(C,bpy),
resulting in a higher T,,. The T,/T,, of the MQGs depends on
the substitution group. A higher degree of rotational freedom
and the plasticizing effect provide a better GFA with T,/T,,
values of 0.74 for Cu,(SCN);(C,bpy) and 0.77 for
Cu,(SCN);(C,bpy). In contrast, the dangling phenyl and
pyridine rings favor the formation of an ordered structure
owing to the 7— interactions, resulting in lower T,/ T, values
of 0.69 and 0.73 for Cug(SCN),,(Phbpy), and Cu(SCN),(3-
Pybpy), respectively. The preservation of the coordination
environment with partial uncoordination and lower symmetry
in some Cu" units was verified via Cu K-edge XAS, which
enables recrystallization through mechanical hand grinding.
1D cobalt and cadmium pyrazinamide dithiocyanate CP
analogs, [Co(u-NCS),(CsH;N;0),]-CsHN;O and Cd(p-
NCS),(CsHN;0),, use asymmetrical organic ligands to
achieve crystal melting and MQGs.'**'*” Co*" is octahedrally
coordinated with two monodentate pyrazinamide in a trans
geometry and with four bridging thiocyanate ligands, two
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Figure 19. Crystal structures and ligands of (A) [Ag(mLl)-
(CF;80;)]-2C4Hg and (B) [Ag(pL2)(CF;S0;)]-2C¢Hg. Ag, C, N,
O, F, and S atoms are represented by blue, gray, light blue, red, green,
and yellow spheres, respectively.

bond between the nitrile group and metal ions is expected to
aid crystal melting. 2D [Ag(mL1)(CF;S0;)]-2C¢Hg consists of
Ag*, 1,3,5—tris(3-cyanophen;llethynyl)benzene (mL1),
CF;S80;7, and guest benzene.”” The four Ag® coordination
sites are occupied by three nitrile-bound mL1 and one
CF;SO;™. The extended 2D layered structure is stacked in
an ABCD fashion with a channel filled with benzene guest
molecules. The DSC of the degassed phase revealed an
endothermic T, at 169 °C with a wide temperature range, over
110 °C, of liquid stability. The quenched glass exhibited a T}, at
68 °C without any crystallization peaks over the experimental
range of 200 °C. Another meltable Ag-based framework with a
tripodal nitrile ligand is 3D [Ag(pL2)(CF;S0;)]-2C¢Hs.” 1t
consists of Ag*, 1,3,5-tris(4-cyanophenylethynyl)benzene
(pL2), and CF;SO;™. One CF;SO;™ is coordinated with one
of the four Ag" coordination sites. The other retains a
counteranion with the disorder. Three of the sites are
connected to three different pL2 ligands, forming a 3D
interpenetrated network honeycomb architecture. DSC and
Variable-temperature PXRD measurements revealed two
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distinct endothermic peaks at 237 and 271 °C corresponding
to solid—solid and solid—melt transitions, respectively. The
quenched glass exhibited a T, of 161 °C without any
crystallization. It is worth mentioning that both CPs also
undergo mechanical vitrification, leading to the formation of
MIG, which is discussed in section 4.2.

Succinonitrile (SN)-based ligands show a propensity to form
quenched glasses through rapid quenching’® A 3D Li-
conductive CP, Li[N(SO,F),](NCCH,CH,CN),, was de-
signed to minimize metal—ligand interactions by utilizing a
hard acid, Li*, and a soft base, SN according to the hard—soft
acid—base theory. SN was selected instead of nitrile to avoid
decomposition through volatilization. The CP has a diamond-
like 3D network consisting of Li" linked with four
NCCH,CH,CN (Figure 20A). Charge compensation is

W

A\

""l"@ iﬁ# s

Figure 20. (A) Crystal structure of LifN(SO,F),](NCCH,CH,CN),.
Li, C, N, O, F, and S atoms are represented by indigo, gray, light blue,
red, green, and yellow spheres, respectively. (B) Crystal structure of
(TPrA)[M(dca);], M = Mn*, Fe?*, Co*. M, C, and N atoms are
represented by purple, gray, and light blue spheres, respectively.

achieved through the incorporation of N(SO,F),” in the
interstitial sites. Upon heating, the crystal melts at a low T, of
59.5 °C. Although the compound does not form a glass upon
cooling owing to the crystallization process, both X-ray
diffraction and diffuse scattering results indicate a tendency
to form a MQG with sufficiently rapid quenching.

Melting and glass formation of hybrid organic—inorganic
perovskites (HOIPs) has been observed in dicyanamide-based
(dca, N(CN),”) frameworks.”” Three representative (TPrA)-
[M(dca);] (TPrA = tetrapropylammonium
(CH,CH,CH,),N*, M = Mn?*, Fe?*, Co*") compounds with
the empirical structure ABX; were selected (Figure 20B). The
dca bridges the octahedrally coordinated metal nodes through
the N atom in a g, 5 end-to-end connectivity. The TPrA resides
in the cavity to maintain the electroneutrality of the
framework. Melting was observed via DSC with T, values of
271, 263, and 230 °C for the Mn**, Fe**, and Co’* analogs,
respectively. The increase in T, follows the trend in the ionic
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radii rc, < rge < Ty Which is consistent with the hard—soft
acid—base theory in which softer metal nodes interact
preferably with the soft dca ligand. Cooling of these melts
yields a quenched glass with diffuse X-ray scattering and T, at
218, 225, and 125 °C for Mn, Fe, and Co, respectively. The
glass transition behavior was also supported by TMA and
DMA with TMA temperatures of 209, 220, and 102 °C and T,
of 185, 219, and 145 °C from the peak loss moduli for Mn, Fe,
and Co glasses, respectively. The chemical structures of the
(TPrA)[M(dca);] glasses were investigated via spectroscopy
and X-ray analyses. *C MAS NMR revealed that TPrA
remains intact after the melt-quenching process. Changes in
the NMR, IR, and UV-—vis spectra indicated a degree of
decoordination and decomposition of the dca ligand during
crystal melting. Temperature-dependent DC magnetic suscept-
ibility measurements indicated a reduction in the oxidation
state of the metal nodes, with reduced percentages of 18.7%,
22.0%, and 15.3% for the Mn, Fe, and Co glasses, respectively.
The PDFs exhibited peak broadening and the absence of long-
range order with a degree of M—dca—M connectivity
retention. To further clarify the microscopic evolution of the
framework upon melting, FPMD simulations of crystalline
(TPrA)[Mn(dca);] were performed at 27, 477, 927, and 1427
°C. The generalized Lindemann ratio, calculated from the
Mn—N correlation, exceeded the melting criteria between 477
and 927 °C. Thermal fluctuations of N—Mn—N away from a
perfect octahedral structure were observed to intensify upon
thermal activation. Moreover, the potentials of mean force
calculation indicated that the melting mechanism of these
(TPrA)[M(dca),] is similar to the proposed mechanism of
ZIF-4, with a smaller contribution from the activation entropy.

3.4. Metal—Bis(acetamide) Frameworks

A systematic study of metal—bis(acetamide)-based coordina-
tion compounds allows a generalization of the thermodynamic
strategies for controlling the melting behavior of CP/MOF
glasses through enthalpic and entropic driving forces.*' The
combination of weak coordination bonds, conformationally
flexible bridging ligands, and weak electrostatic interactions
between spatially separated cations and anions reduces the
enthalpy of fusion (AHg,) while increasing the entropy of
fusion (ASg,), resulting in a low melting point framework
because T,, = AHg/ASg,. These qualities were observed in
Co(hmba);[Co(NCS),] [hmba = N,N’-1,6-hexamethylenebis-
(acetamide)]. The compound melts at 144 °C (AHg,, = 108 kJ
mol™') and undergoes recrystallization upon isothermal
heating at 120 °C for less than 1 h. The low T, is attributed
to the large ASg, of 260 J mol™" K™', high conformational
flexibility of the ligand, and increased dynamics of uncoordi-
nated anions in the melt state.

A series of 3D M(bba);[M'CL,] networks (M/M’ = Mn, Fe,
Co; M = Mn, M’ = Zn; and M = Mg, M’ = Co, Zn) were
synthesized to improve the understanding of the structural and
chemical factors affecting melting dynamics.' Octahedral
divalent metal centers are each connected to six other nodes by
bridging N,N'-1,4-butylenebis(acetamide) (bba) ligands, form-
ing a 3D cubic network that surrounds tetrahedral uncoordi-
nated anions (Figure 21A and 21B). All six compounds exhibit
a reversible melting transition with T, ranging from 124 °C for
Co(bba);[CoCl,] to 262 °C for Mg(bba);[ZnCl,] (Figure
21C and Table 1). T, is influenced mainly by the lack of
enthalpy—entropy compensation. The driving force for the
higher T, of Mn(bba);[MnCl,] compared to that of the Co>"
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Figure 21. (A) Crystal structure of the 3D Co(bba);[CoCl,]. Note that the bba ligand is disordered over two positions, and only the higher
occupancy atomic positions are shown. Purple, red, gray, blue, and green spheres represent Co, O, C, N, and Cl atoms, respectively; H atoms have
been omitted for clarity. (B) Comparison between the geometry of hydrogens bonds with [CoCl,]*~ for Co(bba);[CoCl,] and Mg(bba);[CoCl,]
at —173 °C to highlight the additional set of moderate hydrogen-bonding interactions present in the former compound. Teal spheres represent Mg
atoms, and only N—H protons are shown. (C) DSC traces for M(bba);[M'Cl,] compounds (M/M' = Co, Fe, Mn; and M = Mg, M’ = Co) with a
heating rate of 5 °C min™" for all compounds. (D) Trends of difference in enthalpy (AHg,) and entropy (ASj,) of fusion between solid and liquid
phases for Co(bba);[CoCl,], Fe(bba);[FeCl,], Mn(bba);[MnCl,], and Mg(bba);[CoCl,]. (E) Equivalent isotropic displacement parameters,
Uequiw of CI2 atoms and N1—Cl1 hydrogen bond donor—acceptor distances at —173 °C, generally correlated with each other and inversely
correlated with AS,. Reprinted with permission from ref 41. Copyright 2021 American Chemical Society.

and Fe* analogs is primarily entropy. In contrast, the higher (bba);[CoCl,] (Figure 22).*' The 2D network has a 70%
T,, of Mg is driven by both enthalpy and entropy (Figure higher AHg, than its 3D counterpart, owing to the stronger
21D). The enthalpic trends follow the M—O coordination hydrogen bonds between the bba ligands and the more charge-

bond strength, where Mn—O < Fe—O < Co—O < Mg-O. dense CI” acceptors. However, the compound melts 40 °C
Stronger M—O bonds lead to a larger AHg, because more below the T, of its 3D counterpart because the increase in
energy is required to partially dissociate the bonds between M AHjg, is fully compensated by an increase in ASg,. This occurs
and bba, as well as the hydrogen bonds between amides and through restricted residual motion owing to the strong
uncoordinated [MCl,]>~, when the amide carbonyl is more hydrogen-bonding network in the solid state and the increased
polarized owing to a stronger interaction. In contrast, entropic translation entropy of halide anions in the melts. Con-
trends are more complicated. Although all the compounds sequently, the presence of porosity in many CPs/MOFs
present identical dimensionality and connectivity around the could, in part, hinder the observable melting point because
metal centers, the difference in the N1-C3—C4—CS5 dihedral porosity can incorporate organic ligands with a high degree of
angle of bba ligands leads to a different arrangement and residual motion in the solid state, which reduces the ASg for

number of hydrogen bonds between the N—H protons of bba melting.
and the CI of [MCL,]*". An additional set of hydrogen bonds Metal—bis(acetamide)-based coordination compounds ex-
with CI1 atoms in the Co and Fe analogs limits the residual hibit the network-forming nature of the melt state and the
motion of the counteranions and ligands, which reduces composition dependence of the GFA.*' The local structure of
vibrational and rotational entropy, and restricts disorder or Co(bba);[CoCl,] just below and above T, was probed
reduces configurational entropy (Figure 21B). The lower through X-ray total scattering and EXAFS. The melt-state
isotropic atomic displacement parameters (Uequiv) of CI2 PDF revealed the preservation of the average local
atoms support the explanation regarding the lower entropy in coordination environment around the Co centers, with a
the solid phase for both analogs, which results in a higher ASg coordination number reduction of 20%. Apart from the short-
upon melting (Figure 21E). range periodicity, the melt exhibited network-forming liquid
Replacing uncoordinated [MCL]*~ with CI~ (M(bba);X,) characteristics with the FSDP at 0.98 A™! Quasiperiodic
yields a 2D hexagonal network, Mg(bba);Cl,, with a oscillations at up to 80 A verified the persistence of some
coordination environment identical with that of Mg- degree of intermediate- and extended-range order in the liquid
4179 https://doi.org/10.1021/acs.chemrev.1c00826
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Table 1. Selected Properties of MQGs
AHj,, A§§us _

materials” dimensionality T, (°C) T, (°C) (kJ mol ™) (J mol™* K1) ref
phosphate—azole frameworks
[Zn(HPO,)(H,PO,),](ImH,), 1D 154 9.4 7.8 182 26, 51
[Zny(H,PO,)4(H,0),](HbIm) 1D 164 26, 53
[Zn3(H,PO,)s(H,0);](HmbIm) 1D 97 26
[Zny(H,PO,)4(H,0),](BTA) 1D 114 7.6 17 44 32
[Zn(H,PO,),(HPO,)](H,dmbIm), 1D 176 112 29, 123
Zn(HTr),(H,PO,), 2D 184 32 13.0 28.4 26, 52, 54
[Zn,(HPO,),(H,PO,)(CIbImH*),-(H,PO,")-(MeOH) 2D 148 72 125
zeolitic imidazolate frameworks
Zn(Im),/ZIF-4 3D 590 292 9.9 114 27, 101
Zn(Im), (GIS) 3D 584 292 101
Zn(Im),_,(bIm), (x = 0.03—0.35)/ZIF-62 (Zn) 3D 370—448 292-329 0.4—4.1 0.7-5.6 94, 114, 116
Co(Im),_,(bIm), (x = 0.10—0.30)/ZIF-62 (Co) 3D 386—432  260-290 0.8-27 12-38 114, 116
Zn(Im), ¢ (CIbIm), 13/ZIF-76 3D 451 310 102, 105
Zn(Im); 33(mbIm), ¢;/ZIF-76-mblm 3D 471 317 102, 105
Zn(Im), s(mblm ) s/ TIF-4 3D 467 343 101
Zn(Im), s(mblm),,/TIF-4 3D 440 350 143
Zn(Im),_(ClbIm), (x = 0.05—0.28) 3D 366—432 296-336 100, 143
Zn(Im), g(6-C1-5-FbIm), 3D 406 250 100
Zn(Im), 4, (5-Cl-2-mbIm), o 3D 390 336 100
Zn(Im), ¢5(FbIm)ga, 3D 421 290 100
Zn,_,Co,(Im), ,o(bIm)z0 (x = 0.007—0.5, y = 0.25—0.3) 3D 399452 331-334 140, 141
Zn(Im), o5(bIm)g 625 (CIbIm ) g 3D 356 296 143
C0p2Zngs(Im); 95(bIm) 005 (CIbIm ) 0o 3D 310 288 144
Zn(hn))z_x_y(blm)x(mblm)y (x = 0.17-0.27, y = 0.09— 3D 418-433  305-316 139

0.21
thiocyanate and nitrile-based frameworks
Cu(SCN),(3-Pybpy) 1D 203 72 SS 115.5 115
Cu,(SCN);(C,bpy) 2D 187 68 40 86.9 115
Cu,(SCN),(C,bpy) 2D 138 59 32 77.8 115
Cuy(SCN) ,(Phbpy), 2D 217 71 50 102 115
(C4Cypy) [Cu(SCN),] 1D 87.9 148
a-[Cu(ipim)] 1D 185 149
B-[Cu(ipim)] 1D 146 149
[Co(4-NCS),(CsH{N;0),]-CsHN,O 1D 180/198 79 144, 147
Cd(u-NCS),(CsH;N;0), 1D 185/205 144, 147
[Ag(mL1)(CF,80,)]-2C¢H 2D 169 68 434 982 92
[Ag(pL2)(CF,80,)]-2CsHy 3D 271 161 82 15.1 93
Li[N(SO,F),](NCCH,CH,CN), 3D 59.5 30
(TPrA)[Mn(dca),] 3D 271 218 46.9 86.2 97
(TPrA)[Fe(dca)s] 3D 263 225 52.3 97.6 97
(TPrA)[Co(dca);] 3D 230 125 65.5 130.3 97
metal—bis(acetamide) frameworks
Co(hmba)s[CoBr,] 2D 106 23 97 255 41
Mn(hmba),[MnCl,] 2D 139 kY) 99 239 41
Mn(hmba);[MnBr,] 2D 139 28 99 240 41
Co(bba);Br, 2D 120 137 348 41
Mg(bba),Cl, 2D 220 141 287 41
Co(hmba);[Co(NCS),] 3D 144 19 108 260 41
Co(bba);[CoCl,] 3D 124 30 78 198 41
Fe(bba);[FeCl,] 3D 147 28 81 193 41
Mn(bba);[MnCl,] 3D 172 79 177 41
Mn(bba),[ZnCl,] 3D 185 83 182 41
Mg(bba),[CoCl,] 3D 260 88 166 41
Mg(bba);[ZnCl,] 3D 262 98 183 41
phosphine-oxide/ethynyl frameworks
Eu(hfa);(p-dpeb) 1D 46, 96 33
“See Abbreviations.
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In contrast to MQGs, MIGs are more likely to undergo
recrystallization under thermal treatment above the crystal-
lization temperature (T.).*""" Crystallization of the amor-
phous state below this temperature is limited to the growth of
residual nuclei without nucleation. Thus, this feature is not
present in undercooled MQGs or in prolonged mechanical
treatment, where none of the starting nuclei survive.”>" This
demonstrates the difference in the equilibrium landscape
between MQGs and MIGs under the laboratory time scale.

B
The multiple local potential energy minima (basins) in the
.?;»Oc‘, 5 - multidimensional potential energy surface can be visualized as
- o9 X’ S -2 a function of particle coordinates (Figure 23).”*'” Although
et Fh
"o 2 -4 Co Transition
‘ - = . Basin
e & -6 | endo
I

Mg

& X )

Figure 22. Crystal structure of Mg(bba),Cl, highlighting the (A) 2D
coordination network and (B) hydrogen bonds with CI~ (dashed
lines). Teal, red, gray, blue, green, and white spheres represent Mg, O,
C, N, Cl, and H atoms, respectively; only N—H protons are shown for
clarity. (C) DSC traces for Mg(bba);Cl, (blue) and Co(bba);Br,
(purple) with a heating rate of 5 °C min™". Reprinted with permission
from ref 41. Copyright 2021 American Chemical Society.
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state arising from the topological and chemical ordering of the
network-forming liquid. Conventionally, the cooling of CP/
MOF melts results in MQGs. In contrast, the melting
transitions of metal—bis(acetamide)-based coordination com-
pounds are mostly reversible, with a wide variation in liquid
recrystallization kinetics upon cooling. For instance, the
cooling of Mn(bba);[MnCl,], Co(hmba);-[Co(NCS),], and
Co(hmba),;[CoBr,] at 10 °C min™' results in rapid
recrystallization, slow recrystallization, and a glass transition,
respectively. The difference in cooling kinetics is composition
dependent and is explained by the viscosity just above Ti.
Viscosity evaluation just above T, reveals that a higher
viscosity leads to slower relaxation dynamics and thus a higher
GFA.

4. MECHANICALLY INDUCED GLASSES

Not all CPs/MOFs exhibit a stable liquid state. As an
alternative route, mechanically induced amorphization directly
converts crystals into a glassy state through compressive, shear,
and tensile stresses.”"””"'** This method has long been applied
to induce crystal-to-glass phase transitions in inorganic
compounds, such as Se,"S1715* metals/metal oxides,">> metal
alloys,'*® and organic compounds.'*”"*”~'%* This nonthermal
direct phase transition is initiated by the mechanical instability
of the framework upon pressurization. To understand the root
of mechanically induced amorphization, the changes in the
elastic tensors, which represent the stress/strain responses in
specific directions, upon pressurization must be considered.
For the unpressurized stable crystal, all the eigenvalues of the
stiffness matrix are positive, and they diminish in certain
components under mechanical stress. A further increase in
mechanical load initiates a phase transition when the elastic
tensor drops below the requirement for Born stability.'**~'%
This plastic deformation thus induces a direct transformation
from crystal to glass, also known as solid vitrification.
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Figure 23. Schematic of an energy landscape. The x-axis represents all
configurational coordinates. Reprinted with permission from ref 24.
Copyright 2001 Springer Nature.

the average potential energy per atom of a MQG depends on
the quenching rate, liquid-state intermediates ensure that all
crystalline domains are distorted thoroughly. In contrast, the
degree of disorder in a MIG depends on the combination of
the applied mechanical load and the mechanical properties of
the framework. The former includes the milling duration,
collision frequency, and stress-energy in mechanical milling or
the applied pressure in hydrostatic pressurization.'®*”"”" The
latter depends mostly on the intrinsic bulk, Young’s, and shear
moduli of the frameworks.'*>'* Although mechanical treat-
ment has a broad array of applications, the formation
mechanism of MIGs remains largely unknown.

4.1. M?*(1,2,4-triazole),(H,P0,),

A direct crystal-to-glass phase transition through mechanical
milling was first demonstrated in Cd(HTr),(H,P0O,),.*" In
contrast to its Zn-based analog with a stable liquid state,
heating does not result in melting but rather thermal
decomposition (T,, > Ty). The Cd** are octahedrally
coordinated by axial monocoordinated H,PO,~ with bridging
1,2,4-triazole and monocoordinated phosphate, forming a 2D
structure (Figure 24A). Cd(HTr),(H,PO,), underwent solid
vitrification upon milling treatment via ZrO, planetary milling
at 400 rpm for 40, 240, and 500 min, whereas Zn-
(HTr),(H,PO,), did not. Diffuse PXRD scattering patterns
confirmed a complete crystal-to-amorphous transition in the
presence of T, and exothermic T, as verified by DSC. When
the milling duration was increased from 40 to 240 and 500
min, the enthalpy of crystallization increased from —37 + 1 to
—46 + 1 and —48 + 1] g, respectively. This implies that the

https://doi.org/10.1021/acs.chemrev.1c00826
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Figure 24. (A) Crystal structure of M(HTr),(H,P0O,),, M = Cd*,
Cr*, Mn*, Fe**, Co**. M, C, N, O, and P atoms are represented by
burgundy, gray, light blue, red, and orange spheres, respectively. (B)
Photograph and (C) SEM image of a Cd(HTr),(H,PO,), glass, 240
min of mechanical treatment, pellet prepared at 4 GPa. Reprinted
with permission from ref 81. Copyright 2016 John Wiley and Sons.

MIG has multiple stress-dependent equilibrium states. The
amorphous nature allows the formation of a transparent
monolith from the glass powder. A monolith with a diameter of
42 mm and a thickness of 1.0 mm was prepared by hot
pressing at 4 GPa and 70 °C for 2 h (Figure 24B). The SEM
image of the monolith exhibits a smooth, crack- and grain-
boundary-free surface (Figure 24C).

The local arrangement around Cd** in Cd(HTr),(H,PO,),
was studied by XANES.®" The results confirmed the retention
of octahedral geometry around Cd*", and the local disorder in
the glassy state was verified with a slightly diminished intensity
of the Cd—0O, Cd—C, Cd—N, and Cd—P peaks due to ligand
disorder. The PDF of the MIG exhibited a broad Cd**—Cd**
correlation feature, confirming the structural distortion upon
mechanical milling. The retention of the octahedral coordina-
tion geometry was supported through consistent chemical
shifts in '*Cd and *'P solid-state NMR spectra, while the
lower signal-to-noise-ratio of '*Cd indicated local distortion.

In addition to Zn(HTr),(H,PO,), and Cd-
(HTr),(H,PO,),, four Cr, Mn, Fe, and Co-based
M2>*(HTr),(H,PO,), analogs were synthesized.”’ The crystal
structures were determined by single-crystal X-ray diffraction,
all of which demonstrated identical octahedral coordination
geometries (Figure 24A). Cr(HTr),(H,P0,), was classified as
monoclinic, whereas Mn, Fe, and Co(HTr),(H,PO,), were
orthorhombic. After 120 and 240 min of mechanical milling
(Zr0O,, 400 rpm) for Cr(HTr),(H,PO,), and for Mn, Fe, and
Co(HTr),(H,PO,),, respectively, only Cr(HTr),(H,PO,),
and Mn(HTr),(H,PO,), exhibited a glassy state. In contrast,
Fe(HTr),(H,PO,), and Co(HTr),(H,P0O,), exhibited partial
retention diffraction patterns. The T, and T, values were 62
and 90 °C, respectively, for the Cr(HTr),(H,PO,), glass and
81 and 128 °C, respectively, for the Mn(HTr),(H,PO,), glass.
The metal-ion-dependent glass formation behavior was further
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discussed based on the coordination strength. The M**—N
bond lengths observed in MIG-forming Cd—N, (2.288—2.321
A), Cr—N (2.138-2.343 A), and Mn(HTr),(H,P0O,),
(2.224-2.283 A) are larger than those of Fe—N (2.181—
2.190 A), Co—N (2.129-2.167 A), and Zn(HTr),(H,PO,),
(2.134—2.182 A). The lower coordination bond energy of
Cd(HTr),(H,P0O,),, Cr(HTr),(H,PO,),, and Mn-
(HTr),(H,PO,), permits plastic deformation upon the
application of mechanical stress via ball milling, while the
higher bond energy of Fe, Co, and Zn(HTr),(H,PO,),
prevents deformation. After mechanical vitrification, Mn K-
edge XAS and PDF validated the preservation of the local
geometry and oxidation state of Mn(HTr),(H,PO,),.
Although the nearest neighboring atoms of Mn** determined
via EXAFS were identical with those of the pristine state, the
second and higher neighboring atoms were distorted, as in
Cd(HTr),(H,PO,),.*'

Molecular doping is applicable to MIGs.”" Ball-milling-
induced vitrification of Cd(HTr),(H,PO,), with a copresence
of 0.05 and 0.10 mol ratio of diazabicyclo[2,2,2]octane
(DABCO) provided homogeneous amorphous doped glasses
(single Tg). 2D solid-state NMR indicated that the doped
DABCO was located within 4 A of 1,2,4-triazole. DABCO is
known for its sublimation properties, high Lewis basicity, and
small size. After 240 min of ball milling under an Ar
atmosphere, both doped glasses exhibited no weight loss
upon heating to 100 °C, where pure DABCO began to sublime
even at 25 °C. This demonstrates the ability of small guests to
be encapsulated in dense glasses. The transformation of
DABCO into a MIG increased the T. of the compound,
extending the temperature range in which the compound
exhibited the enhanced conductivity of the glass.

4.2. Ag-Tripodal Nitrile Frameworks

Two additional Ag-based tripodal nitrile ligand CPs, [Ag-
(mL1)(CF;S80,)]-2C¢Hg and [Ag(pL2)(CF;S0;)]-2C¢Hy,
introduced in section 3.3 (Figure 19), are considered as
examples that can undergo glass transition by both melt-
quenching and mechanically induced amorphization.”>”* Hand
grinding of both compounds in an agate mortar under an Ar
atmosphere for 30 min is sufficient to obtain the MIGs. DSC
of the MIG [Ag(mL1)(CF;S0;)]-2C¢H, indicates an identical
T, of 68 °C to that of its MQG counterpart.”” In contrast to
the MQG, the MIG exhibits a detectable exothermic
recrystallization at a T, of 130 °C. Note that hand grinding
of the MQG exhibits a T, in DSC owing to mechanically
induced nucleation. The preservation of the —C=N bonds,
Ag" oxidation state, and coordination geometry were
confirmed by FTIR, Ag K-edge XANES, and EXAFS. A
hierarchical crystal/glass interface was prepared through the
partial recrystallization of the monolith. Prolonged benzene
vapor/liquid exposure of the hot-pressed homogeneous
monolith glass induces recrystallization, where the thickness
of the crystallized layer is controlled through the exposure
duration (Figure 25). The heterogeneous programmable
formation of crystallization domains on glass monoliths is
important for the preparation of glass—ceramic materials or
membrane technology, which had not been attempted for any
CP/MOF glasses prior to this work.

Hand grinding for 30 min under an Ar atmosphere produced
a fully amorphous [Ag(pL2)(CF;S0;)]-2C¢H, MIG.” Unlike
M**(HTr),(H,P0O,),, where ball milling results in a stable
MIG, [Ag(pL2)(CF;S0;)]-2C¢Hg undergoes an irreversible
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Figure 25. Cross-sectional SEM images of a [Ag(mL1)(CF;SO;)] -
2C¢Hg MIG monolith over time. (A) Pristine and after soaking in
anhydrous benzene for (B) 4 h, (C) 16 h, and (D) 24 h at 25 °C.
Scale bars are 100 um. The blue and red (with arrows) sections
highlight the width of the glass and the crystallized surface,
respectively. Adapted with permission from ref 92. Copyright 2020
The Royal Society of Chemistry.

collapse of the network with the presence of Ag(0) in PXRD
because of its lower elastic modulus. Though the mechanism
has not been investigated, the reduction of Ag is potentially
induced by the decomposition of ligands under a high-energy
milling process. DSC revealed the presence of T, and T at 107
and 117 °C, respectively. Further heating to 271 °C resulted in
crystal melting. XAS was used to study the glass structure. The
retention of the +1 oxidation state after solid vitrification was
confirmed by Ag K-edge XANES, and the retention of nearby
neighboring atoms was confirmed by Ag K-edge EXAFS.
Because pL2 is a 7-conjugated rigid ligand, a slight distortion of
the coordination geometry for each Ag* should be sufficient to
propagate the overall periodicity. PDF analysis of the
[Ag(pL2)(CF;S0;)]-2C¢Hg MIG revealed the retention of
correlated pairs, even over 7 A, owing to the rigidity and size of
the ligand.

4.3. Zeolitic Imidazolate Frameworks

Extended milling of ZIF-62 isomorphs (Figure 10) Zn-
(Im),_,(bIm), (x = 0.3, 0.5, 1.0) during mechano-synthesis
results in MIGs, with T, ranging between 318 and 411 °C.'”*
The observed values are lower than those of their MQG
counterparts. The difference in thermal behavior is hypothe-
sized to be the result of the differences in particle size. Further

heat treatment of the MIG at 450 °C (>T,,) induces particle
agglomeration (sintering), thus increasing T, to values
observed in MQG of ZIF-62.

5. DIRECT SYNTHESIS OF GLASSES

The direct synthesis of CP glasses has been demonstrated as an
alternative to multistep glass preparation. Unlike MQGs and
MIGs, the CP glasses in this class are significantly harder to
characterize owing to the lack of an exact composition and
single-crystal structure. The chemical and structural determi-
nations mostly rely on the information accumulated from
elemental analysis; XAFS, PDF, and MAS NMR measure-
ments; and reverse Monte Carlo simulations. Thus, far, H*-
conductive (dema)gs5[Zn(H,PO,),35(H3PO,)g6s] (dema =
diethylmethylammonium cation) glass synthesized from protic
ionic liquid [dema][H,PO,] is one of only a few examples in
this family so far.®’ Protic ionic liquid [dema][H,PO,] was
utilized both as a H* carrier and a bridging ligand for redox-
inactive Zn>* (Figure 26A). The CP glass was directly
synthesized by the neutralization of zinc oxide (ZnO), dema,
and H,PO,”. The chemical composition was characterized
using '"H MAS NMR and elemental analysis. In addition to
diffuse PXRD scattering, the presence of T, at —22 °C
confirmed its glassy nature (Figure 26B). A fitted XAFS
analysis with an average coordination number of 4.6 suggested
that some H,PO,”/H;PO, act as bridging ligands and
confirmed the formation of the Zn®>*—H,PO, /H,PO,
coordination network. PDFs confirmed the assignments of
two distinct Zn—Zn correlations: a single y-oxygen atom of the
PO,*” (3.38 A) and two oxygen atoms of PO,*~ (4.22 A). The
coordination network structure was finally demonstrated via a
reverse Monte Carlo simulation (Figure 26C).

Another family of direct synthesis amorphous glasses is the
gold thiolate CPs.”* Unlike the previous case, in which the
crystal structure is unknown, gold thiolate can be synthesized
in crystalline and glassy states.””'”* This family is composed of
gold-based glasses comprising 1D double-helix interpenetrated
spiral chains of —Au—S—Au—S—, where the linkers are
thiophenolate Au(SPh), phenylmethanethiolate Au(SMePh),
or phenylethanethiolate Au(SEtPh) (Figure 27). Mechanical
pressurization at 0.67 GPa under ambient atmospheric
conditions provided a transparent glass pellet. TMA verified
the presence of glass with T, at 72, 57, and 51 °C for Au(SPh),
Au(SMePh), and Au(SEtPh), respectively, where T, decreased
with increasing alkyl chain length. PDF measurements
confirmed the retention of molecular networks, where the
Au—S (2.3 A) and Au—Au (3.5 A) connectivity was preserved
in the amorphous phase. Some positional correlations of the

Table 2. Selected Properties of MIGs

materials” dimensionality
phosphate—azole frameworks (M**(1,2,4-triazole),(H,PO,),)
Cd(HTr),(H,PO,), 2D
Cr(HTx),(H,PO,), 2D
Mn(HTr),(H,PO,), 2D
Ag-tripodal nitrile frameworks
[Ag(mL1)(CF,80,)]-2C¢Hq 2D
[Ag(pL2)(CF;80;)]2C,H, 3D
zeolitic imidazolate frameworks
Zn(Im),_(bIm), (x = 0.35, 0.5, 1.0)/ZIF-62 3D

“See Abbreviations.

T, (°C) T. (°C) functionality ref

79-90 104—-142 anhydrous H* conductivity 81

62 90 anhydrous H* conductivity 91

81 128 anhydrous H* conductivity 91

68 102 porosity 92

107 117 porosity 93

318—411 porosity 171
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Figure 27. (A) Crystal structure of 1D Au(SPh). Pink, yellow and
gray spheres represent gold, sulfur and carbon atoms, respectively. (B)
Representation of Au(SPh) and two other related CPs. Reprinted
with permission from ref 34. Copyright 2020 The Royal Society of
Chemistry. https://creativecommons.org/licenses/by/3.0/.
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Figure 26. Direct synthesis of CP glass (dema)ys5[Zn(H,PO,), 5
(H3PO,4)gs] (dema = diethylmethylammonium). (A) Schematic of
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from ref 31. Copyright 2020 The Royal Society of Chemistry. https:// 11X 2 a

creativecommons.org/licenses/by/3.0/.

double helix chains were confirmed in the PDF at ~11.5 A. A
better description of the distorted double-helix interpenetrated
orientation was confirmed via PDF and Au-L; XANES fitting,
thus excluding the possibility of the tetramer ring conforma-
tion.

A liquid-forming glass does not have to undergo vitrification
by fast cooling. A class of metal-containing ionic liquids exhibit
a liquid-to-glass phase transition upon light irradiation and
reversibly return to the ionic liquid by melting."'”'”*~'”* The
ionic liquids are composed mainly of cationic organometallic
sandwich complexes with nitrile-based anions. Depending on
the synthesis conditions, a combination of [Ru(CHy)-
(MeCN),;]X (X = FSA™ or PF¢7) and 1,3,5-
C¢H3(OC4H|,CN); ligands selectively yields a colorless
viscous ionic liquid or yellow amorphous CP.'”* The ionic
liquid and the amorphous CP exhibit T, of —53 and 0 °C,
respectively. UV irradiation of the ionic liquid triggers a phase
transition to the CP glass (Figure 28). Additionally, heating the
solid at 90 °C for 30 min or 130 °C for 1 min recovers the
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Figure 28. Reactions of [Ru(CsH;)(MeCN);]X (X = FSA™, PF,")
and L. Conversion between [1]X and [2]X occurs for X = FSA™.
Reprinted with permission from ref 173. Copyright 2016 The Royal
Society of Chemistry.

ionic liquid. Similar behavior was observed in [Ru(CHj)-
(CeHsR)]1[B(CN),] (R = butyl, ethyl, octyl) ionic liquids,
which transform into amorphous CPs with the formula
Ru(CsH;)[B(CN),]."”* The transition is triggered by UV
irradiation together with the elimination of the arene ligand.
Interestingly, the N, isotherm at 77 K indicates the presence of
micro and macroporosity in the solid phase, with a Brunauer—
Emmett—Teller (BET) surface area and total pore volume of
202 m* g and 027 mL g, respectively. Another Ru-
containing poly(ionic liquid), [Ru(CsHj;)-
[C¢H3(OC4H,,CN);5]]%, and a polymeric anion, [CH,—

CH(SOZN SO,CF,;)],, undergo a UV-induced phase tran-
sition.'”> UV irradiation initiates the photochemical reaction of
the cation, resulting in a cationic coordination network and
anionic covalent chains (T, = —8 °C). In addition to the

https://doi.org/10.1021/acs.chemrev.1c00826
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Figure 29. Mechanical alloying of MOFs through a reversible crystal-to-amorphous/glass transformation. (A) Schematic of Al-ndc and Ga-ndc
MOF alloy formation through a mechanical amorphization and vapor-assisted crystallization process. (B) PXRD patterns showing peaks of the
(200), (211), and (400) crystal planes of Al-ndc (blue), Ga-ndc (green), and their mixtures (9:1 to 1:9, black) under an Ar atmosphere. (C)
Lattice parameters a = b (filled circle) and ¢ (white circle) from Pawley analysis with a variable Al-ndc content (X) in Ga-ndc crystals. Reprinted

with permission from ref 177. Copyright 2017 John Wiley and Sons.

synthesis of ionic liquids, the formation of 2D and 3D
crystalline anionic CPs containing organometallics and ionic
liquids has been demonstrated.''” Although they exhibit crystal
melting (T, = 102—239 °C), the melts consist of solid
M[C(CN);] and an ionic liquid. A reverse process is observed
in 3D MOFs, which melt upon irradiation by a femtosecond
laser pulse.'’® Although the process results in products
equivalent to the decomposition of CPs/MOFs, this opens
an additional pathway to initiate the phase transition in CPs/
MOFs.

6. HYBRIDIZATION AND MORPHOLOGICAL
CONTROL

Deviation from perfectly ordered crystals and phase transitions
provides numerous possibilities for CP/MOF glass fabrication.
Reversible crystal-to-glass/amorphous transformations allow
uniform mixing of two distinct MOF parents in a “softer” state,
whereas the recrystallization process of the solid solution
permits the recovery of crystalline alloys.'”” The mechanical
alloying of Al(ndc)(OH) (ndc = 1,4-naphthalenedicarboxylate,
Al-ndc) and Ga(ndc)(OH) (Ga-ndc) was studied at various
Al-ndc/Ga-ndc ratios, ranging from 1:9 to 9:1. The mixture
was amorphized by ball milling at 400 rpm for 1 h under an Ar
atmosphere. The compound was then recrystallized through 72
h of a vapor-assisted method with saturated water vapor at 25
°C (Figure 29A). The sub-Angstrom pore channels can be
controlled because the (200), (211), and (400) Bragg peaks
gradually shift as the composition varies (Figure 29B). The
linear relationship between the lattice spacing and the
composition of Al-ndc/Ga-ndc verifies the formation of
proportional solid solutions, which follow Vegard’s law (Figure
29C). In addition to the Al-ndc/Ga-ndc system, EXAFS
studies of amorphized Al-ndc/Ga-ndc, Cus(1,3,5-benzenetri-
carboxylate), (Cu-HKUST-1), Zn(2-methylimidazolate), (Zn-
ZIF-8), and Zn,(2,5-dihydroxy-1,4-benzenedicarboxylate)
(Zn-MOF-74) confirmed the retention of their coordination
number and bond distances around the metal centers after they
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transitioned from the crystalline to the amorphous state.
Although this work did not study the DSC data of the
amorphous materials, the technique can be applied to other
MIGs of CP/MOF systems.

The presence of a stable liquid state in some CPs/MOFs
allows the development of more sophisticated hybrid glasses,
in which solid solution constraints can be ignored. Con-
sequently, the resulting products are not limited to a
homogeneous mixture of both parents (Figure 30).* The
first example in the class is melt-state blending of meltable ZIF-
62 (T, = 437 °C) and ZIF-4-Zn (T, = 587 °C).*° Melt-
quenching the premixed ZIFs at 590 °C for 2 min results in a

Melting »“ ; :  4 Quenching
=

Fac s

MOF-liquid MOF-glass

Liquid Forming MOF

Multi-Linker Meiting with Melting with Blending of
Strategies Incompatible MOFs G tible MOFs MOF-Liquids

LS.

i S ¢ A
Parous MOF-Glasses Flux Melted

Glasses

Blended
ZIF-Glasses

MOF Crystal-Glass
Composites

Figure 30. Schematic representation of various approaches for hybrid
glass formation. Reprinted with permission from ref 45. Copyright
2019 The Royal Society of Chemistry.
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blended ZIF glass with a variable T, controlled by the ZIF-4-
Zn/ZIF-62 composition (Figure 31A). Complete mixing of

elucidated the flux-melting mechanism. Amorphization of
ZIF-62 occurred first at ~327 °C, followed by the
disappearance of the Bragg diffraction of ZIF-8 above 377

A @F420), @IF-62), s |B °C (Figure 31C). The incorporation of an ionic liquid 1-ethyl-
3201 §/§/ Zn 3-methylimidazolium bis(trifluoromethanesulfonyl)-imide,
& [EMIM][TFSI], into ZIF-8 pores results in an accessible T,

5’03'0' s * at 322 °C as well.'”? Ionic liquid helps compensate for the
" - /r/ barrier to melting by stabilizing the rapidly dissociated ZIF-8

e upon heating. It reduces T, of ZIF-8.
ol Co This class of hybrid glasses comprises composite pairs in
00 0.2 04 06 0.8 1.0

2IF-62
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Figure 31. (A) Evolution of the T, of (ZIF-4-Zn),_(ZIF-62),
glasses. (B) Volume rendering of the tomographic reconstructions
from EDS chemical mapping of (ZIF-4-Zn),s(ZIF-62)ys. Reprinted
with permission from ref 36. Copyright 2018 Springer Nature Limited
under Creative Commons license CC BY 4.0. https://
creativecommons.org/licenses/by/4.0/. (©) Temperature resolved
WAXS diffraction of (ZIF-8),,(ZIF-62), . Reprinted with permission
from ref 178. Copyright 2019 The Royal Society of Chemistry.
https://creativecommons.org/licenses/by/3.0/. (D) 3D tomography
of the (AI-MIL-53),,5(ZIF-62),,5 CGC. (E) Contour plots of in situ
synchrotron PXRD measurements during the thermal treatment (10
°C min™") of (Al-MIL-53),s(ZIF-62),s. Reprinted with permission
from ref 38. Copyright 2019 Springer Nature Limited under Creative
Commons license CC BY 4.0. https://creativecommons.org/licenses/

by/4.0/.

both phases provides a single T, whereas insufficient grinding
affords two distinguishable T, values. Interfacial binding at the
boundary of each domain in the ZIF-4-Co/ZIF-62 glass blend
was confirmed via annular dark-field STEM electron
tomography.'” The highly viscous nature of ZIFs prevents
complete homogeneous mixing on a microscopic scale (Figure
31B).

Because most CPs/MOFs decompose upon thermal
activation prior to reaching T, flux melting might be an
alternative route to force melting.'”® In contrast to ZIF-4 and
ZIF-62, the T,, of ZIF-8 is inaccessible in its pure form (T4 <
T,,). The lowering of T, via flux melting is well-known for
inorganic molten salts. Similarly, the liquid state of ZIF-62 was
utilized as a solvent for ZIF-8. By mixing 20 wt % ZIF-8 with
80 wt % ZIF-62, DSC revealed a higher T, than that of pristine
ZIF-62. Moreover, the quenched glass did not contain any
Bragg peaks and exhibited a single T, suggesting the successful
crystal-to-glass transformation of ZIF-8 through thermal
stimulus. In situ wide-angle X-ray scattering (WAXS)

4186

which one component retains its glassy state after quenching.
Similar to a mixed matrix membrane (MMM), a crystal—glass
composite (CGC) employs MOF glasses instead of conven-
tional polymers as a matrix.”> To achieve a crystal—glass
composite, a glass matrix with a wide stable liquid state, such as
ZIF-62, is required (T, = 430 °C, T4 = 550 °C). Additionally,
two crucial requirements for the crystalline component are
high thermal stability, at least above the T, of the glass phase,
and chemical incompatibility to prevent flux melting. Examples
have been demonstrated with flexible AI(OH)(BDC) (Al-
MIL-53) or rigid ZrgO,(OH),(BDC)s (UiO-66) crystals.
BDC denotes 1,4-benzenedicarboxylate. Twenty-five wt %
Al-MIL-53 or UiO-66 was mixed with 75 wt % ZIF-62 and
melt-quenched at 450 °C to obtain CGCs. STEM-EDS
revealed distinguishable domains of MOF crystals between
30—300 nm embedded throughout the ZIF glass matrix
(Figure 31D). While ZIF-62 was vitrified into a glassy matrix,
PXRD of the CGC revealed the retention of crystalline MIL-53
with a transition to an open-pore structure (MIL-S3-Ip)
because of the thermal activation (Figure 31E). The open-pore
structure in the CGC was stable for over a year under ambient
conditions. Conventionally, exposure of MIL-53-Ip (Ip = large
pore) to moisture causes pore contraction to MIL-53-np (np =
narrow pore) within 1 h through the interaction of guest water
molecules. A subsequent study revealed the relationship
between the MIL-53 loading content and the stability of the
open-pore phase.”” Rietveld refinement indicated that
metastable MIL-53-Ip was stabilized at a maximum fraction
of 60—70 wt %. Above this limit, some of the MIL-53-Ip is
transformed into the MIL-53-np phase upon cooling. In
addition to MIL-53, the CGC techniques are applicable to a
library of thermally stable MOFs, such as MIL-118 and UL-
MOF-1."%" Because extended heating above the T, of the ZIF-
62 glass matrix is necessary, not all MOFs can withstand the
high processing temperature required by the standard CGC
method. An alternative approach via thermal annealing above
T, at 400 °C for S h of pressed pellets is available for the
formation of stable CGCs."*'

Thus, far, we have only covered hybrid composites with two
MOF parents. Combining ZIF glasses with inorganic glasses or
organic polymers is also fossible because of the versatile
processability of glass.'**'** With the aim of overcoming the
interfacial contact between porous MOF and polymer for
better separation, an in situ melting and vitrification technique
was proposed.'®” Thermal treatment of nonstoichiometric
ZIF-62, Zn(Im), ¢5(bIm)y4s, and Polyimide 6FDA-DAM
[6FDA = 2,2-bis(3,4-carboxyphenyl)-
hexafluoropropanedianhydride, DAM = 2,4,6-trimethyl-m-
phenylenediamine] composite reduced the volume fraction
of voids by 79%, thus enhancing the CO,/N, selectivity as
compared to crystal-polymer composite by void filling of ZIF-
62. The selectivity decreases as ZIF-62 content reaches 30 wt
% due to the formation of interfacial voids. Phosphate glasses,
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(1—x)([NaZO]Z[PZOSD—x([AlO3/2] [AIFS]y)) with a low Tgu())sf A -4 T .
310—450 °C were chosen as representative materials. c¥Ye

Although the heat treatment did not exceed T, the “softer”
character of phosphate glasses above T, is expected to aid
mixing between the two phases. Equivalent masses of ZIF-62
and phosphate glass were physically mixed and heated at 450
°C to obtain the composite material. The absence of
substantial overlap between the Zn and Al EDS signals, as
well as the presence of two distinct T, values from the ZIF-62
and phosphate glasses in DSC, indicated that the composite
had two distinct domains. This work supports the possibility of
bond formation at the interface of both domains. This was
confirmed by the appearance of a Na—N peak at ~145 cm™ in
the Raman spectra, as well as the formation of terminal oxygen
of the phosphate and PO;N/PO,N, species, which was
detected by *'P MAS NMR.

7. PROPERTIES AND FUNCTIONS

7.1. lonic Conductivity

7.1.1. H* Conductivity. CPs/MOFs can achieve a higher
ionic conductivity in the amorphous or glassy state than that of
their crystalline counterparts owing to enhanced ion dynamics
and isotropic conducting paths.'® Furthermore, shaping
versatility enables the fabrication of thin films as well as
grain-boundary-free conductors. Although the melting and
glass transformation of H'-conductive CPs were thoroughly
established in [Zn(HPO,)(H,PO,)](H,Im),,***"'** Zn-
(H2PO4)2(HT1')2)26’52 and [Zn;(H,PO,)s(H,0);] (HblIm, Fig-
ure 4).°°>® The first demonstration of enhanced conductivity
in a CP glass was studied in a Cd(HTr),(H,PO,), MIG
(Figure 24).*" The H* conductivity was enhanced by 2 orders
of magnitude from 8 X 1077 S cm™ at 150 °C in the pristine
crystalline state to 1.0 X 107* S cm™ at 125 °C for the MIG
(Figure 32A). The faster H* dynamics promoted by the higher
acidity and isotropy of H,PO,” were confirmed through the
downfield chemical shift in the *'P MAS NMR spectrum. A
similar behavior was observed for isostructural
M2+(HTr)2(H2PO4)2.91

The melting and vitrification processes enable the
encapsulation of functional molecules into CP glasses.'®
Doping a photofunctional molecule, trisodium 8-hydroxy-
1,3,6-pyrenetrisulfonate (pyranine), into a transparent H'
conductive glass, [Zn(HPO,)(H,PO,)](H,Im), (Figure 4),
allows the overall conductivity to be controlled by light
irradiation (Figure 32B). In response to light irradiation, ROH
generates mobile H* and RO™* species, increasing the overall
number of charge carriers in the system. Once irradiation ends,
the excited RO™* returns to its original RO™ state and ROH
form via thermodynamically driven H" recombination. As a
result, the number of charge carriers and, consequently, the
conductivity decrease. The reversible pK, changes upon 365
nm light exposure between the ground and excited states of the
photoacid provide reversible control of the overall H*
concentration and conductivity (Figure 32C).

Acid-doped crystalline compounds can be fabricated
through a reversible crystal-to-glass transformation.'® Tri-
fluoromethanesulfonic acid (CF;SO3H) was incorporated into
a [Zn(HPO,)(H,PO,)](H,Im), melt, which then underwent
mechanically induced recrystallization. This resulted in
enhanced conductivity in the crystalline phase without changes
in the coordination geometry. The conductivity of 15 mol %
CF;SO;H-doped crystalline [Zn(HPO,)(H,PO,)](H,Im),
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Figure 32. (A) Temperature-dependent H* conductivity of the
crystalline and glassy states of Cd(HTr),(H,PO,),. (B) Schematic of
H* conductivity switching by UV irradiation in a [Zn(HPO,)-
(H,P0O,)](H,Im), MQG doped with a photoacid, 8-hydroxy-1,3,6-
pyrenetrisulfonate (pyranine). (C) Reversible optically controlled
(365 nm irradiation) H* conductivity in [Zn(HPO,)(H,PO,)]-
(H,Im), doped with S mol % pyranine. Reprinted with permission
from ref 185. Copyright 2017 John Wiley and Sons.

was enhanced to 2.0 X 1077 and 2.7 X 107* S cm™ from
32X 107" and 2.1 X 107> S cm™" for the pristine sample at 30
and 110 °C, respectively.

The coexistence of H" conductivity and guest-accessible
porosity in a CP glass was demonstrated in
[Zn,(HPO,),(H,PO,)](ClbImH"),(H,PO,) (MeOH) (Fig-
ure 4).'*° Although the activated crystalline state did not
conduct H" under humid conditions, the guest-accessible space
in the CP glass and distorted components enabled an efficient
transport pathway for H' conductivity, resulting in con-
ductivity of 1.2 X 107* S cm™ at 25 °C and under 98% relative
humidity.

Direct synthesis of a CP glass from a protic ionic liquid was
demonstrated to provide a promising moldable solid-state H*
conductor.”" Although most ionic liquids have an applicable
H" conductivity, their low viscosity and low transport number
range (0.5-0.6) prevent them from being efficient and
versatile conductors.'®® Synthesis of (dema)yss[Zn-
(H,PO,)135(H3PO,)g65] glass (Figure 26) from protic ionic
liquid [dema][H,PO,] yields a H* conductivity of 13.3 mS
em™! at 120 °C (Figure 33A),>" which is twice that of the
parent ionic liquid [dema][H,PO,] (6.5 mS cm™ at 120 °C).
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Figure 33. (A) H' conductivity as a function of temperature under
anhydrous conditions of (dema)y35[Zn(H,PO,),35(H3PO,)o¢s] glass
(black) and protic ionic liquid [dema][H,PO,] (red). (B) I-V
(black) and I-W (red) curves of a H,/O, fuel cell employing
(dema)y35[Zn(H,PO,), 35(H3;PO,)g6s) glass as an electrolyte at 120
°C without humidification. Reprinted with permission from ref 31.
Copyright 2020 The Royal Society of Chemistry. https://
creativecommons.org/licenses/by/3.0/.

The transition of the dominant conductivity mechanism from
the vehicle mechanism in the ionic liquid to the Grotthuss
mechanism in the CP glass promotes a more efficient H"
transport pathway. The formation of a coordination bonding
network in the CP glass restricts the mobility of anionic
species. Consequently, H* dominates the overall conductivity,
resulting in a high H" transport number of 0.94. Without any
restriction in anion movement, [dema][H,PO,] exhibits an H*
transport number of 0.49. Furthermore, an anhydrous H,/O,
fuel cell fabricated from a polytetrafluoroethylene (PTFE)
membrane impregnated with (dema)y ;5[Zn-
(H,PO,),35(H3PO,)o4s] exhibited a maximum power density
of 0.15 W cm™" at 0.96 V and 120 °C (Figure 33B).

The operating temperatures of an emerging class of H*
batteries have been increased through the application of
MQGs.*” Optimization of the hydrogen-bonding network in
[Zn;(H,PO,)s(H,0);](BTA) (Figure 4) by substituting 1,3-
benzimidazole with a lower pK, 1,2,3-benzotriazole improves
the crystalline conductivity by approximately six times at 60
°C. After melt-quenching, [Zn;(H,PO,)s(H,0);](BTA) ex-
hibits a H* conductivity of 8.0 X 107> S cm™" (Figure 34A)
with a transport number of 1.0 at 120 °C. A low T, and
mechanical softness above T, (42.8 Pa s at 120 °C), which is
comparable to the viscosity of soda—lime—silica glass above
1100 °C, allow the fabrication of grain-boundary-free solid
electrolytes with flawless electrode—electrolyte interfaces
without decomposition of the electrode material (Figure 34B
and 34C). A rechargeable anhydrous solid-state H* battery
with a wide operating temperature range (25—110 °C) was
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first demonstrated with a full-cell discharge capacity of 55.4
mA h ¢! at 25 °C (Figure 34D).

7.1.2. Li* Conductivity. Until now, research on conductive
CP glasses has been dominated by H' conductivity, but
interest in other metal ions is emerging.”’ 3D tetrahedrally
coordinated Li[N(SO,F),](NCCH,CH,CN), (Figure 20A)
exhibits a reversible solid—melt transition with a T, of 59.5 °C.
By minimizing the interaction between Li* (hard acid) and the
conduction paths (SN, soft base), the compound exhibits high
Li* conductivities of 1 X 107*S cm™ at 30 °C and 1 X 107 S
ecm™ at =20 °C with a Li* transport number of 0.95. An all-
solid-state lithium battery was fabricated by melting and
solidifying the CP between a thin-film LiCoO, cathode and a
Li metal anode (Figure 35). The battery demonstrated a
capacity retention of 90% of the initial discharge capacity after
100 cycles. Additionally, the reversible phase-transition
behavior of the CP at moderate temperatures allowed self-
healing of cracks that formed during operation.

Vitrification enables the exploration of unique features in
ZIFs. Encapsulating lithium bis(trifluoromethanesulfonyl)-
imide (LiTFSI) in propylene carbonate (equivalent to 2.9
M) to glassy ZIF-4 yields quasi-solid-state electrolytes
(QSSEs).'"” Owing to the grain boundary-free and isotropic
properties, the glassy host exhibits high Li" conductivities of
16 x 107" Sem™ at 30 °C and 6.0 X 107> S em™" at —56.6 °C
with a Li* transport number of 0.89, which are higher than the
conductivity values observed in crystalline counterparts (8.2 X
105 S em ™t at 30 °C, 4.5 X 1077 S em™! at —56.6 °C, and a
transport number of 0.51). When paired with a LiFePO,
cathode, the glassy QSSE cell retains a discharge capacity of
101 mAh g™ for 500 cycles at 1 C. In addition to Li*
conductivity, vitrification of the redox-active Co ZIF-4 anode
results in an enhanced specific capacity of 306 mAh g™
compared to 157 mAh g~! for its crystalline counterpart after
1000 cycles at 2 A g'."*"

7.2. Optical Properties

7.2.1. Transparent and Luminescent. The intrinsic
transparency, processability, and isotropic homogeneity of CP/
MOF glasses enable the design of functional glasses for optical
applications.”® Luminescence of a CP glass was first
demonstrated in lanthanide-based Eu(hfa);(p-dpeb) (Figure
36).33189199 The design combines the benefits of the
lanthanide metal center with 4f—4f emissions of the parity-
forbidden transition with the prevention of 7—z and CH—x
interactions via the ethynyl group in the ligand. The compound
exhibits strong luminescence with a 4f—4f emission quantum
yield (®Ln) of 86% and an emission lifetime of 0.93 ms at
room temperature. (1-butyl-4-methyl-pyridinium)[Cu(SCN), ]
exhibits melting at 91 °C.'** The luminophore bridging ligand
(SCN™) alone can trigger a small but detectable luminescence
with a quantum efliciency of 0.90% and a lifetime of 131 ns at
room temperature.

Considering the possibility of both thermally and mechan-
ically induced decomposition, it is challenging to process
intrinsically “soft” CP/MOF glasses without deleterious
effects.''> The highly viscous liquid state of ZIF-62 melts
prevents the formation of transparent, bubble-free glass
monoliths using the conventional melt-quenching technique.
This issue is overcome by using the vacuum hot-press method
(Figure 37A). Hot-pressed ZIF-62 glass has a high trans-
mittance of up to 90% for visible and near-infrared wave-
lengths, which is comparable to that of oxide glasses (Figure
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Figure 36. Crystal structure of Eu(hfa);(p-dpeb). Eu, C, P, O, and F
atoms are represented by teal, gray, orange, red, and green spheres,
respectively.

37B). Although the refractive index was measured to be ~1.56
via the Becke line method, its Abbe number of 31 locates it in
the upper range of polymers in the refractive index—Abbe
number diagram. Additionally, the refractive index of ZIF-62
glass can be tuned by varying the linker (bIm:Im) ratio during
synthesis.

Co®" substitution in ZIF-62 glass introduces a photonic
functionality in the range of broadband mid-infrared (mid-IR,
1.5—4.8 um) luminescence.'*® A series of
Zn,_,Co,(Im),,(bIm),; glasses, where x = 0, 0.1, and 0.5,
were produced by hydrothermal synthesis followed by melt-
quenching. While pure Zn ZIF-62 did not exhibit any
luminescence, the emission intensity strengthened with an
increasing Co”* fraction owing to the d—d transition.
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Figure 37. (A) Schematic of the hot-pressing facility. (B) Trans-
mittance curve of polished ZIF-62 MQG. Adapted with permission
from ref 112. Copyright 2019 The Optical Society.

Additionally, the mid-IR luminescence of Co**-containing ZIF-
62 was stronger than that of its crystalline counterpart.

Transparent and luminescent glasses are not limited to CPs/
MOFs with stable liquid states. Transparent and red-emissive
gold thiolate CP glasses have been fabricated through uniaxial
compression of amorphous powder samples at 0.67 GPa under
ambient atmospheric conditions.”* Three examples of double-
helix interpenetrated spiral chain gold-based glasses are
Au(SPh), Au(SMePh), and Au(SEtPh) (Figure 27). The
yellow glass pellets of Au(SPh) and Au(SMePh) begin to
transmit light at 430 nm and reach a maximum transmittance
of 19% at 850 nm, whereas the transparent nature of colorless
Au(SMePh) begins at 400 nm and reaches a maximum value of
26% at 850 nm. The luminescent properties of d'® gold
thiolates arise from aurophilic interactions that induce the
ligand-to-metal charge transfer process. Au(SPh) and Au-
(SEtPh) are emissive below —23 °C, while Au(SMePh)
exhibits a weak red emission at room temperature because of
the minor electronic transition induced by the ligand (Figure
38). The emission increases with decreasing temperature
owing to the enhanced structural rigidity and faster intersystem
crossing process. At —180 °C, Au(SPh) glass exhibits red
phosphorescence (microsecond lifetime) with a maximum
emission peak at 690 nm and Stokes shift of —9780 cm™,
which deviates from the 675 nm emission peak with Stokes
shift of 16435 cm™' of the crystalline state. In contrast,
Au(SMePh) and phenylethanethiolate Au(SEtPh) glasses
exhibit an emission peak at 675 nm with a Stokes shift of
>12000 cm™.

7.2.2. Nonlinear Optics. The near-infrared nonlinear
optical (NIR-NLO) responses to a femtosecond laser was
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Au(SEtPh) (blue), and Au(SMePh) (red) obtained in the solid state
at —180 °C with, respectively, (Aey Aem) in nm as follows: (412, 690),
(372, 675), and (340, 675). (B) Photos of Au(SPh), Au(SEtPh), and
Au(SMePh) glass pellets (from left to right). Photos are shown under
normal (top) and UV (bottom) lighting. Reprinted with permission
from ref 34. Copyright 2020 The Royal Society of Chemistry. https://
creativecommons.org/licenses/by/3.0/.

observed in an identical series of Zn;_.Co,(Im),,(bIm),;
MQGs (Figure 39).>> An NLO response is one that deviates
from a linear response; it typically occurs at high powers.
Unlike the Zn(Im), ;(bIm),3; MQG, where no NLO response
is observed because of its high transparency in the NIR range,
the Zngy;Coys(Im),,(bIm),; MQG exhibits two strong
absorption bands at 570 and 1100 nm. These prerequisite
absorption peaks are assigned to the d—d transitions of

90 T T T T

804 Al
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Figure 39. Dependence of transmittance on the laser power density
for ZIF-62-Zn/Co and ZIF-62-Zn/Co MQGs. a,, a,, and I are
saturable loss, nonsaturable loss, and saturation intensity, respectively.
Reprinted with permission from ref 35. Copyright 2020 American
Chemical Society.
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tetrahedrally coordinated Co** via *A,(*F) — *T,(*F) and
*A,(*F) — *T,;(*P). A saturable broad positive peak at the
beam focus was observed in both crystalline and glassy
ZnyCogs(Im),,(bIm),; under an open-aperture Z-scan
measurement with a 1030 nm femtosecond laser (260 fs, 1
kHz), indicating the presence of an NLO response. The
crystal—glass transformation induces changes in NLO
parameters, such as the saturable loss («,), imaginary part of
72, absorption coefficient (f8), and figure of merit (FOM),
from 60.22%, —5.93 X 107! esu, —3.37 cm GW™}, and 26.94
X 107" esu cm for the crystalline state to 63.85%, —3.55 X
107" esu, —2.02 cm GW ™/, and 10.75 X 107"! esu cm for the
glassy state, respectively. The modulation depths in
ZnysCoys(Im), ,(bIm),; glass at 1030 nm are higher than
those observed in low-dimensional NLO materials, including
plasmonic nanostructures, graphene, and molybdenum disul-

ﬁde 191
7.3. Mechanical Properties

The intrinsic mechanical properties dictate the potential
applications of these novel CP/MOF glasses. By understanding
the nature of CP/MOF glasses, the mechanical reliability
during operation can be predicted. We differentiate studies
into stiffness and failure mode. The former term identifies the
deformation resistance in response to applied force, while the
latter discusses the conditions in which glass fails under the
action of external loads.

7.3.1. Stiffness. Nanoindentation studies of ZIF glasses
revealed that their elastic modulus correlates well with the
pycnometric density and chemical composition.'”’ The
indentation modulus of ZIF-62 glass was calculated to be ~6
GPa with a Poisson’s ratio of 0.45 via Brillouin scattering.94
The scratch resistance and creep behavior of ZIF-4, ZIF-62,
ZIF-76, and ZIF-76-mbIm glasses have been studied by
nanoindentation.'” The strain-rate sensitivities determined
through both strain-rate jump (SRJ) and constant load and
hold (CLH) indentation creep experiments were comparable
to the reported values for glassy polymers and Se-rich GeSe
chalcogenide glasses with similar hardness. The absence of a
jump in the friction coeflicient curve of ZIF-62 glass after
remelting indicates the absence of ductile fracture.

In contrast to conventional materials with a high Poisson’s
ratio, ZIF glasses exhibit easy crack nucleation. Micro- and
nanoindentation were conducted on a large ZIF-62 glass
monolith to further understand the anomalous behaviors
through the deformation and crack initiation patterns.'**'?*
The Vickers microhardness dropped drastically from 0.65 to
0.53 GPa as the load increased from 0.1 to 0.2 N. The rate of
decrease became more gradual from 0.53 to 0.50 GPa for
higher indentation loads (Figure 40A). The uncommon drop
in hardness from the initial state is due to the drastic free
volume change because the Zn—N coordination bonds break
more easily than metallic, covalent, and ionic bonds. The
gradual change at higher loads is ascribed to the indentation
size effect, where the ratio between the indentation surface and
the deformation volume increases with decreasing load owing
to the elastic contribution.

7.3.2. Failure Mode. Crack initiation and deformation
mechanisms were studied via the subsurface area cross-
sectional view of the indentation (Figure 40B).' Microcracks
originated from the deformation and densification in Zone 1
(process zone), while median (B) and radial (C) cracks
initiated in Zone II. Zone III refers to the undeformed glass
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Figure 40. (A) Indentation behavior and Vickers microhardness of
ZIF-62 glass in the load range 0.1-1.96 N. (B) Indentation
deformation zone for ZIF-62 glass and soda—lime—silica (SLS)
window glass. The inset displays radial cracks (yellow), median cracks
(red) and shear bands (green). Reproduced with permission from ref
106. Copyright 2020 U.S. National Academy of Sciences.

matrix. These three zones are identical to those observed in
most silica glass. The presence of a median crack in ZIF glasses
is considered abnormal because of their considerably higher
Poisson’s ratio (0.45 and 0.35 via Brillouin scattering and
sound wave velocity measurements, respectively). This could
be attributed to sinking-in deformation from the weaker
coordination bonds. Additionally, translational motion and
bond reorientation enable the formation of anomalous shear
bands, which have not been found in any fully polymerized 3D
network glasses.

The fracture toughness (Kj.), flexural strength, and origin of
the fracture behavior of ZIF-62 glass, Zn(Im),,5(bIm),s,
were studied using the single-edge precracked beam (SEPB)
method and ReaxFF-based MD simulations.'"® ZIF-62 exhibits
a large degree of nanoductility under load, in contrast to the
very brittle nature of a-SiO, glass. The brittleness index (B,gey)
of ZIF-62 glass is 0.70, where By, 4., = 1 corresponds to an ideal
brittle material. It is worth noting that the value falls between
that of disordered calcium silicate hydrate gel (0.62) and a-
SiO, glass (0.9). The atomic-scale crack propagation
mechanism was investigated to understand the origin of the
fracture behavior. First, the introduced precrack induces the
stretching of bonds with small strain values (Figure 41A).
Increasing the strain then initiates actual bond breaking with
crack propagation and the formation of nanocavities. Nano-
ductility was found to originate from the formation of
molecular bridges across the two fracture surfaces (Figure
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Figure 41. (A) Structural representation of crack propagation with increasing strain (&) in a precracked ZIF-62 glass. The colored spheres represent
carbon (red), hydrogen (gray), nitrogen (green), and zinc (blue). (B) Bond switching event during fracture. The color spheres depict carbon
(gray), nitrogen (yellow and green), hydrogen (blue), and zinc (red). Position of the considered Zn atom (enlarged for visualization). Zn is 4-fold
coordinated at £ = 0 and 3-fold coordinated at € = 0.09. Zn returns to a 4-fold coordinated state at ¢ = 0.42, but with a new organic linker. (C)
Predicted versus measured fracture toughness (Kj.) for a range of different glass families. (D) Relationship between fracture surface energy (y) and
Poisson’s ratio () for a range of glass materials, showing an apparent brittle-to-ductile transition. Adapted with permission from ref 113. Copyright
2020 Springer Nature Limited under Creative Commons license CC BY 4.0. https://creativecommons.org/licenses/by/4.0/. Reprinted with
permission from ref 88. Copyright 2021 The Royal Society of Chemistry.

41B), while the low fracture toughness was found to originate
from the weak Zn—N coordination bonds. Interestingly, the
applied stress induces rearrangement of the structure and
ultimately increases the connectivity of the network. Thus, the
total number of bonds after full fracture was observed to be
higher than that before forced deformation. Nanoductility was
later attributed to the Zn—N bond switching mechanism.*®
The behavior was found to be more pronounced for smaller
organic linkers, resulting in slightly different fracture behaviors
for various ZIF glasses, including ZIF-4, ZIF-62, and ZIF-76.

The fracture toughness of ZIF glasses was predicted using a
model developed for oxide glasses that employs the bond
strength and bond concentration along the fracture surface as
well as the experimental values (Figure 41C).M11%3 Although
the K;. of ZIF-62 glass is between that of elastomers and foams,
its Young’s modulus (E = 4—6 GPa) is considerably larger than
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that of either material (E < 1 GPa). Additionally, the Poisson’s
ratio (v = 0.34—0.35) is as high as that of many metallic and
organic glasses, allowing ZIF-62 to exhibit an anomalous
position in the brittle-to-ductile transition curve (Figure 41D).

7.4. Porosity and Gas Permeability

7.4.1. Porosity. One characteristic functionality of
crystalline CPs/MOFs is their permanent porosity. However,
the retention of accessible porosity in CP/MOF glasses is
challenging because the pore cavities generally collapse into a
dense amorphous phase upon thermal or mechanical glass
transformation. Thus, far, only partial retention of porosity in
MOF glasses has been observed. Investigation of internal
porosity in MQGs began with the PALS characterization of
ZIF-4*" The results indicated that the MQG exhibits an
intermediate porosity between that of crystalline ZIF-4 and
dense ZIF-zni with a wider pore size distribution. It is worth
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noting that neither the MQG nor ZIF-zni displayed significant 25 ZIF-76-mblm
N, uptake. Liquid ZIF-4 retains a substantial quantity of g_ 20
S
cavities according to computational modeling.”" The statistical B 5
analyses of the instantaneous porosity evolution with gz 10
increasing temperature were studied with a probe diameter ¢ g
of 2.4 A (kinetic diameter of He). Pore distribution broadening 4 6 8 10 12 14
was observed with increasing thermal motion (Figure 42). At Pore width (A)
20 25 a,ZIF-76-mbim
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« 300°< Figure 43. Pore size distributions of crystalline and MQG ZIF-76-
7‘07 800 mbIm determined by the NLDFT method from CO, adsorption
Ds,. isotherms at 0 °C. Reprinted with permission from ref 102. Copyright
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Figure 42. Distribution of total pore volume in ZIF-4 with increasing
temperature calculated by FPMD. Reprinted with permission from ref
61. Copyright 2017 Springer Nature.

T, the partial preservation of porosity was observed with a
slight deviation toward a lower pore volume with a larger
accessible fraction from 74% in crystalline ZIF-4 at 27 °C to
95% in liquid ZIF-4 at 1227 °C.

Permanent porosity in CP/MOF glasses has been studied
experimentally in ZIF-76 and ZIF-76-mbIm MQGs.'"* PALS
revealed the contraction of pore cavities, where the cavities in
ZIF-76 glass were reduced to a single cavity with a diameter of
~5 A. In contrast, ZIF-76-mbIm retained two distinct pore
characteristics, featuring contracted pores with diameters of 5.8
and 15.6 A. Gas adsorption measurements of the ZIF-76 glass
revealed a low uptake of N, and H, at 77 K with a significant
hysteresis due to the restricted diffusion of guest molecules. In
contrast, the ZIF-76-mbIm glass exhibited reversible CO, and
CH, adsorption at 0 and 20 °C. However, pore contraction
upon vitrification reduced the CO, uptake, with an estimated
pore volume of 0.12 mL g™* (7 wt % uptake) compared to 0.17
mL g™ (10 wt % uptake) for its crystalline precursor (Figure
43). Kinetic analysis suggested that CO, diffusion was more
constricted in the glass, and the pore network was more
tortuous. Partial retention of porosity was observed in a glass
prepared from the Co* analog of ZIF-62."'* The MQG
exhibited 50% of the CO, uptake (0.75 mmol g™') of its
crystalline state at —178 °C. Moreover, the preserved cavities
in ZIF glasses can host electrolytes and could be beneficial for
electrochemical energy systems.'®”'”*

In addition to ZIF glasses, permanent porosity for gas and
vapor sorption has been demonstrated in [Ag(mL1)-
(CF;80;)]-2C¢Hy and [Ag(pL2)(CF;S0;)]-2C¢Hy (Figure
19).>”> The glasses prepared by mechanical vitrification
exhibited microporosity characterized by CO, adsorption
uptakes of 18 and 9.2 mL g, respectively. A gate-opening
type of adsorption behavior was observed in both MIGs. The
vapor uptake was exclusive to glass phases; no uptake was
observed for crystalline phases in the pressure range of 0—12.3
kPa. Unlike during gas uptake, in which the glassy state
remained stable, both MIGs underwent a glass-to-crystal
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transformation during vapor uptake, suggesting a vapor-
induced crystallization behavior in these glasses.

The coexistence of guest-accessible porosity and H*
conductivity has been observed in meltable
[Zn,(HPO,),(H,PO,)] (CIbImH"),(H,PO,”)(MeOH) (Fig-
ure 4).'*> The as-synthesized 2D framework contains three
types of uncoordinated guest molecules: protonated ClbIm,
methanol, and H,PO,". Activation at 120 °C under vacuum
resulted in accessible porosity through the release of
encapsulated methanol, equivalent to 3.6 wt %. As demon-
strated by the water and methanol isotherms, the guest-
accessible porosity was maintained in the MQG. Gradual
uptakes at 25 °C with a continuous structural change suggest a
gate-opening effect. Interestingly, the maximum water and
methanol uptakes of the MQG of 118.0 and 61.5 mL g~' are
slightly higher than the 111.9 and 35.0 mL g' of the
crystalline counterpart. It is worth mentioning that both the
crystalline and glassy states selectively adsorbed water and
methanol but were not observed to uptake gases such as N,
and CO,. Moreover, the presence of guest water enhanced the
H" conductivity of the MQG, where the conductivity increased
to 1.2 X 107* S cm™" at 25 °C and 98% RH compared to <10~
S cm™" under anhydrous conditions.

Selective hydrocarbon sorption was demonstrated with the
ZIF-62-blm, glass variant containing a Zn** metal node (x =
0.05, 0.17, 0.35). Identical to the Co** analog, ZIF-62-bIm,
exhibited a permanent porosity with 50% of the CO, uptake of
its crystalline state at 0 °C. The pore size distribution indicates
the loss of small cavities (diameter ~ 3.5 A), the retention of
medium-sized cavities (diameter ~#5—6 A), and the emergence
of large cavities (diameter ~ 8 A)."'® In contrast to CO,, a
large hysteresis was observed in the sorption isotherms of n-
butane (kinetic diameter of 4.3 A), with uptake of 0.7 to 0.8
mmol g~' at 0 °C. Additionally, the hysteresis became more
pronounced with the increasing Im/bIm ratio because the
bulkier bIm restricted the diffusion kinetics of the larger
hydrocarbon gas. Kinetic sorption measurements revealed a
preference for the adsorption of propylene over propane,
where the diffusion rate could be controlled via the Im/bIm
ratio (Figure 44). The propylene/propane selectivity based on
the ideal adsorption solution theory (Sisgr) is between 1.8 and
2.5 for a 1:1 mixture. Although the current benchmark MOFs
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Figure 44. Kinetic sorption profiles of ZIF-62-bIm, glass (x = 0.05,
0.17, 0.35) recorded with an equilibrium pressure of ~S54 kPa.
Reprinted with permission from ref 116. Copyright 2019 American
Chemical Society.

exhibit a considerably larger propylene/propane selectivity
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The polycrystalline nature of the zeolitic and MOF membranes s
suffers from unavoidable grain boundaries or cracks. CP/MOF "
glasses possess the ability to be processed through the solid— Wi d0" 12 15 T 3 Goh

liquid transition while maintaining their porous nature,
resulting in a promising system for grain-boundary-free
membrane. The preparation of glass membranes for gas
separation has been demonstrated with both ZIFs and
phosphate—azole frameworks.”**” A ZIF-62-based glass
membrane was prepared by melt-quenching treatment of an
in situ solvothermally synthesized polycrystalline ZIF-62 on a
porous ceramic alumina support (Figure 45A).”° The vitrified
membrane demonstrated a highly isotropic and grain-
boundary-free nature, which is in contrast to the polycrystalline
precursor. Additionally, parts of the melts penetrated the top
layer of Al,O;, improving the stability of the membrane
interface. The elimination of interparticle gas diffusion
enhanced the molecular sieving ability of the membrane for
H,/CH,, CO,/N,, and CO,/CH,, with separation factors of
50.7, 34.5, and 36.6, respectively (Figure 45B). Moldability
through the reversible solid-to-melt transformation in [M-
(H,PO,),(HPO,)]-(H,dmbIm), (M = Zn**, Cd**, Cu*', and
Mn**) (Figure 4) enables the preparation of a healable
membrane.”” The low viscosity of [M(H,PO,),(HPO,)]-
(H,dmbIm), permits the application of hot-casting or hot-
pressing techniques to prepare a variety of membranes, either
free-standing or porous matrix composites (Figure 45C and
D). The derived glass membrane exhibited H,/CO,, H,/N,,
and H,/CH, separation capabilities (Figure 4SE). The
membrane showed healing ability via melt-quenching, with
complete separation performance recovery.

7.5. Thermal Conductivity

The relationship between the densification of ZIFs upon glass
formation and their thermal conductivity (x) has been
studied."'" Conventionally, the thermal conductivity of glasses
is always lower than that of the corresponding crystal because
they possess weaker phonon—phonon scattering. The weaker
scattering is due to the increase in the free volume upon
vitrification. However, both ZIF-4 and ZIF-62 display
anomalous behavior: the glassy states of both compounds
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H, permeability (Barrer)

Figure 45. (A) Photograph of a ZIF-62 glass film on a nonporous
SiO, support with a diameter of S cm. (B) Comparison of the
separation performances of the glass membrane for H,/CH,. Adapted
with permission from ref 28. Copyright 2020 John Wiley and Sons.
(C) Cross-sectional SEM, as well as (D) a photograph of a free-
standing [Zn(H,PO,),(HPO,)]-(H,dmbIm), glass membrane and
SEM images of the pellet and glass membrane. (E) Comparison of the
separation performances of the glass membrane for H,/CH,. Circles
represent the separation performances of reported MOF membranes.
Reprinted with permission from ref 29. Copyright 2021 John Wiley
and Sons.

have a higher thermal conductivity with negative Ak values
(Figure 46). Because the crystal and glass share an identical
heat transfer mechanism, as revealed by ReaxFF-based MD
simulations, the difference in k is ascribed to the higher density
and rigidity of the ligand. Both are caused by the collapse and
distortion of internal cavities upon melting.

8. OUTLOOK AND CONCLUSION

For decades, research on CPs/MOFs has mainly focused on
crystalline systems. With the increasing realization that
intrinsic disorder can enable unique features in materials,
recent years have witnessed the emergence of diverse interests
in noncrystalline CP/MOF glasses, which possess a fully
disordered system. Moldability through a mechanically “soft”
nature or the presence of a reversible solid—melt transition in
CP/MOF glasses enables the fabrication of grain-boundary-
free monoliths. Enhanced ion (H*/Li*) conductivities in CP
glasses have been imglemented in all-solid-state fuel cells and
secondary batteries.’”**'®” Distinct mechanical and thermal
behaviors have been observed.**'°%!'"!'* The gas separation
ability of melt-quenched membranes has benefited from the
elimination of intergarticle space, pore-size restriction, and
ease of processing.”**”''® Transparent, luminescent, and

https://doi.org/10.1021/acs.chemrev.1c00826
Chem. Rev. 2022, 122, 4163—-4203


https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00826?fig=fig44&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00826?fig=fig44&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00826?fig=fig44&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00826?fig=fig44&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00826?fig=fig45&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00826?fig=fig45&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00826?fig=fig45&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00826?fig=fig45&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.1c00826?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

A Self-archived copy in
Kyoto University Research Information Repository
https://repository.kulib.kyoto-u.ac.jp

RBAFFHERYED b %I
|

KURENAI

Kyoto University Research Information Repository

KYOTO UNIVERSITY

Chemical Reviews

pubs.acs.org/CR

REVIEY

: T require further understanding. For example, can T, be

100 normal behavior anomalous . . . .
ehavior manipulated without disturbing T,? How can the glass-
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10F , glass?®”* 11757198 The absence of stoichiometric constraints in
—~ | the glass opens the possibility of modulating thermal behavior
Ve [ through doping, which has proven effective in conventional

‘TE 1L ! glasses.

! Preparation of stable melts and large-scale production of
5 0 10’5 : T monoliths have always been challenging. Although ZIF-62
: ' | glass can be obtained by melt-quenching in the Ar atmosphere,
0.05 N it suffers from oxidation at high temperatures. It has difficulty
(¥ ¢ preparin$ a bubble-free glass sample due to its high
i O of S0 P @08 @ W ok viscosity. '~ A vacuum hot press with polishing is required to
0.05} © a“\‘g' W &\le@ ot ® obtain a transparent, bubble-free monolith. In comparison to
50 oo S P : viscous ZIF-62 melts (10>' Pa s at T,), [Zn(HPO,)-

Figure 46. Difference in thermal conductivity (k) between the
amorphous and crystalline states (Ax = Kerystal — Kamotphous) for ten
different materials, including ZIF-4 and ZIF-62, obtained from room
temperature powder pellet measurements. Reprinted with permission
from ref 111. Copyright 2020 American Chemical Society.

. . 34,35,112
nonlinear optics have been demonstrated.” "> "~ The absence

of stoichiometric constraints, controllable phase transitions,
and microstructuring highlights the opportunity for tailored
functionalities in CP/MOF liquids and glasses. In their infancy,
the aforementioned features have undoubtedly attracted
interest in the discovery of novel structures and functionalities.
However, substantial challenges remain, including the
fundamental aspects of controlling, characterizing, and
exploiting the liquid and glassy states.

8.1. Crystal Melting and Glass Formation

The variation of specific framework components within
crystalline CPs/MOFs can be exploited to render distinct
thermal behaviors. To achieve a stable liquid state, the intrinsic
T,, must be lower than the T, Reducing T, or increasing Ty
while retaining the counterpart is essential. Thus, far, the
manipulation of T, is plausible by balancing the entropy and
enthalpy changes upon melting (T, = AHj,/ASg,). To some
extent, this relationship has already been utilized empirically to
correlate the change at the molecular level to the melting
behavior.*"' "¢ AH; can be minimized by regulating the
cohesive interactions between the solid and melt states. A
certain de%ree of decoordination must be allowed during
melting.”*°" A lower crystal field stabilization energy,
particularly for the d'® configuration, requires a lower energy
for bond dissociation.”*”" The hard—soft acid—base theory is
another practical guideline for estimating the strength of
metal—ligand interactions. Melts are stabilized through the
minimization of electrostatic attractions via charge delocaliza-
tion and spatial separation of anions and cations, mimicking
the anticrystal engineering of ionic liquids. In contrast, ASg
must be maximized, which is achievable by restricting the
residual motion in solids through intermolecular interactions
and promoting a higher degree of freedom in the liquid state
through flexible ligands and labile coordination nodes. In
addition, the presence of porosity hinders the observation of
T,, because the free space allows the ligands to possess a higher
degree of residual motion and thus increases the overall
entropy in the solid state. However, the manipulation of
thermal behavior and the kinetics of the quenching process still
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(H,P0,),](ImH,), (10°% Pa s at T,)*° and
[Zn,(H,P0,)s(H,0),](BTA) (10> Pa s at Tm)32 are more
easily formed into glass monoliths/films of the appropriate
size. The behavior is primarily correlated with two parameters:
viscosity above T, and temperature windows between T, and
T, The viscosity of melts is the most important parameter
during the glass-forming process.'”” A suitable range of
viscosity depends on the glass-forming technology used. The
main characteristic temperatures are assigned based on the
viscosity: (1) Melting point (10" Pa s). this temperature does
not correspond to the physical melting point, but it is the
temperature at which the viscosity is suitable for the melt to
provide good homogeneity within the melting container. (2)
Working point (10 Pa s) is the temperature at which most
forming processes occur. However, the viscosity varies based
on the forming technology. (3) Softening point (10%% Pas) or
Littleton softening point is the temperature at which glass
deforms under its own weight at the rate of 1 mm/min. After
the forming process, the glass must be released at a
temperature below this point to avoid unwanted deformation.
(4) Strain point (10" Pa s) is the temperature at which the
stresses generated during the forming process can be released
within 15 h. (§) At the annealing point (10" Pa s), glass can
release the stresses generated during forming by viscous
relaxation within 15 min. The annealing process includes
heating above the annealing point, followed by slow cooling. In
addition, a wider stable liquid state temperature window allows
a higher possibility of achieving a suitable viscosity for glass
fabrication.

Thus, far, the discovery of melting quenching and
mechanically induced vitrification has been primarily achieved
based on scientific intuition and trial-and-error experimenta-
tion. This results in a lengthy time to discover new CPs/MOFs
that can undergo vitrification, delaying the exploration of new
functionality. An important question here is how can we
discover/design a potential glass-forming CP/MOF with the
desired properties? Screening through computational means
potentially provides some hints prior to the actual experiment.
High-throughput theoretical calculations offer the opportunity
to efficiently search for new systems with accessible melting
behazxgioors through the evaluation of thermodynamic parame-
ters.

8.2. Alternative Routes to Obtain a Glassy State

CP/MOF glasses can be fabricated through alternative routes,
such as mechanical vitrification and direct synthesis. Because
most CPs/MOFs undergo thermal decomposition upon
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heating prior to melting, these approaches are positioned as
alternative pathways to access the glassy state. Furthermore,
only minor differences are present between glasses obtained
from different routes. Mechanical methods are considered a
greener process compared to the energy-intensive melting
process.”’ However, these glasses are underexplored because
only five MIG compounds and three families of direct
synthesis glasses have been explored.>"***1?!1=93 1171732175
At the present stage, the intrinsic elastic, bulk, Young’s, and
shear moduli of the framework are found to rely on the
strength of coordination bonds and can be optimized through
the variation of the framework components.”’ Higher
mechanical stability requires a substantial amount of energy
for complete vitrification. Generally, MIGs exhibit thermally
induced crystallization. The process, which relies on the
growth of residual nuclei, is an exclusive feature of MIGs and
inaccessible in most MQGs because none of the starting nuclei
survive the melting process.”>’ The underlying challenges are
the limited number of examples and characterization
difficulties. Computational studies and in situ monitoring are
more complex because each degree of freedom in the milling
or direct synthesis process must be considered, while for
MQGs, only the thermal stimuli need to be considered. At the
most basic level, systematic correlations between the
mechanical properties of the crystalline parent and their
behaviors under mechanical stress can provide a mechanistic
understanding and general strategies to achieve MIGs.

Vitrification through alternative approaches such as light
irradiation potentially offers an opportunity to precisely control
the vitrification in a confined space. Moreover, reversible
crystal—glass transformation is potentially controlled by
incorporating two or more light-responsive components into
the CPs/MOFs and responding to different wavelengths of
light. Although the method has not yet been demonstrated to
provide glassy behaviors in CPs/MOFs, examples can be found
in amorphous CPs/MOFs. They undergo amorphization
under prolonged light irradiation or even exposure to electron
beams, X-rays, and y rays.'’®**'7>°* Care must be taken to
distinguish the contributions of irradiation and heat to the
vitrification process as well as identify the amorphous products,
whether they are glasses or decomposed residuals. Although
glass vitrified through conventional melt-quenching and
irradiation are expected to share some degree of similarity,
unique features are expected in irradiation-induced glasses due
to the potential difference in short and medium-range
structure. An example is silica glass, where irradiated quartz
comprises coordination defects, edge-sharing units, and large
silicate rings, which are absent from the structure of melt-
quenched silica.”**

8.3. Structural Identification

Understanding the nature of liquids and glasses is unarguably
one of the most complex problems in science.”” To begin
with, distinctions in topology and chemical composition
already lead to different melting mechanisms, where the
melts exhibit either complete dissociation into 0D fragments or
. L . . 54,61
only partial decoordination with rearrangement of ligands.
As previously mentioned, the nucleation process of melts is an
exclusive feature observed in very few CPs/
MOFs.* 1957198 Understanding the nucleation processes
. . . 206,207
is a huge challenge, even in conventional crystal growth.
Recrystallization from supercooled liquids or melts would
provide a facile fabrication method for thin films, the alignment
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of crystal orientation, and the growth of single-crystal
monoliths. Another challenge is the difficulty in structural
identification. The amorphous nature of liquids and glasses
limits structural characterization to local distribution and
computational modeling.*"**°"**® The development of
accurate modeling for representative liquid and glass structures
is crucial to correlate the macroscopic properties with local
topology, kinetic factors governing ligand reorientation in the
liquid state, and the degree of structural periodicity of the
network under various vitrification conditions.*»**~*"!

8.4. Application

As described previously, the unique network topologies of
CPs/MOFs in the liquid and glassy states provide exceptional
ion, phonon, and mass transport. To perceive and exploit the
advantages of the phase transition in CPs/MOFs, established
examples in conventional systems should be considered,
including organic polymers, ceramics, metals, and molecular
glasses. Aspects that differentiaste CP/MOF glasses from
traditional glasses include the labile nature of coordination
bonds, compositional variation through reticular design,
manipulation of network connectivity through coordination
chemistry, and functionality controlled at the molecular level.
Exploiting the extensive library of metal ions, secondary
building units, and organic linkers available for the
construction of crystalline CPs/MOFs and reinterpreting this
from the anti-crystal engineering perspective would enable the
precise control of properties in glasses and liquids as well as
extend the functionality to a wider range of applications.
Moldability through a softer nature or reversible phase
transitions enables the fabrication of various conformations.
Microstructuring and the formation of complex hierarchical
domains can give rise to unique chemical and physical
properties, such as interfacial conductivity or unidirectional
ion transport. Hybridization with other materials is also
teasible. The reversible crystal-liquid—glass transformation is
promising for the fabrication of immersive interfaces and
beneficial for electrochemical applications, where the elec-
trode/electrolyte interface contributes significantly to perform-
ance. Grain-boundary-free monoliths lead to the fabrication of
homogeneous films or membranes, which are ideal for
applications such as charge transport, photonics, and gas
separation. Thermal/light-induced phase transitions are
promising for thermal/solar energy storage and conversion
or even phase-transition memory units. The inclusion of
stimuli-responsive dopants in a glass matrix could result in an
advanced functional glass with switching capabilities or
luminescence. Finally, it remains challenging to establish a
connection between the physical properties, local topology,
and the underlying chemistry of glasses. The collective
understanding of and the ability to exploit the liquid and
glassy states of CPs/MOFs at an early stage of the transition
toward disorder can enable more applications in the future.
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NMR nuclear magnetic resonance

o-dpeb 1,2-bis(diphenylphosphorylethynyl)benzene)

(O octahedral

p pressure

PALS positron lifetime annihilation spectroscopy

p-dpeb 1,4-bis(diphenylphosphorylethynyl)benzene)

PDF pair distribution function

Phbpy 1-phenyl-[4,4-bipyridin]-1-ium

pL2 1,3,5-tris(4-cyanophenylethynyl)benzene

PMF potential mean force

PXRD powder X-ray diffraction

RDF radial distribution function

RMC Reverse Monte Carlo

SBU secondary building unit

SCN thiocyanate

SEM scanning electron microscopy

SEPB single-edge precracked beam

SEtPh phenylethanethiolate

Stus entropy of fusion

SiasT selectivity based on ideal adsorption solution
theory

SMePh phenylmethanethiolate

SN succinonitrile

SPh thiophenolate

SRJ strain-rate jump

STEM scanning-transmission electron microscopy

T temperature

TCT topological constraint theory

Ty decomposition temperature

T, tetrahedral

T, glass transition temperature

TGA thermal gravimetric analysis

T, melting temperature

TMA thermal mechanical analysis

TPrA tetrapropylammonium

u mean thermal atomic displacement (Linde-
mann’s rule)

UV—vis ultraviolet—visible spectroscopy

% volume

VT variable temperature

WAXS wide-angle X-ray scattering

XAFS X-ray absorption fine structure

XANES X-ray absorption near edge structure

XAS X-ray absorption spectroscopy

ZIF zeolitic imidazolate framework

n viscosity

K thermal conductivity

v Poisson’s ratio
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