QDCh Minireviews Ayl .

Germman Edtion: " DOI: 10.1002 ange. 201911384
A New Dimension for Coordination Polymers and
Metal-Organic Frameworks: Towards Functional
Glasses and Liquids

Satoshi Horike,* Sanjog S. Nagarkar, Tomohiro Ogawa, and Susumu Kitagawa*

Keywords:
coordination polymers - glass -
melting - metal—

organicframeworks (MOFs) -
phase transition

Sz
o

= SN By .“‘A
(N L =)
L7 2\,
PR RO

Angéwandte

Internati Chemie

2 Wiley Online Library © 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2020, 59, 2—15

&&These are not the final page numbers!


http://dx.doi.org/10.1002/ange.201911384
http://dx.doi.org/10.1002/anie.201911384
http://orcid.org/0000-0001-8530-6364
http://orcid.org/0000-0001-8530-6364
http://orcid.org/0000-0001-5487-6225
http://orcid.org/0000-0001-5487-6225
http://orcid.org/0000-0001-5487-6225
http://orcid.org/0000-0001-7298-0149
http://orcid.org/0000-0001-7298-0149
http://orcid.org/0000-0001-6956-9543

GDCh
~~—

There are two categories of coordination polymers (CPs): inorganic
CPs (i-CPs) and organic ligand bridged CPs (0-CPs). Based on the
successful crystal engineering of CPs, we here propose noncrystalline
states and functionalities as a new research direction for CPs. Control
over the liquid or glassy states in materials is essential to obtain specific
properties and functions. Several studies suggest the feasibility of
obtaining liquid/glassy states in o-CPs by design principles. The
combination of metal ions and organic bridging ligands, together with
the liquid/glass phase transformation, offer the possibility to transform
0-CPs into ionic liquids and other ionic soft materials. Synchrotron
measurements and computational approaches contribute to eluci-
dating the structures and dynamics of the liquid/glassy states of o-CPs.
This offers the opportunity to tune the porosity, conductivity, trans-
parency, and other material properties. The unique energy landscape
of liquid/glass o-CPs offers opportunities for properties and functions
that are complementary to those of the crystalline state.

1. Introduction

Coordination polymers (CPs) are defined as coordination
compounds with repeating coordination entities extending in
one, two, or three dimensions.!! CPs with two- (2D) and
three-dimensional (3D) structures are called CP networks
and offer a variety of useful properties. Early inorganic CPs
(i-CPs) included cyanide complexes, Prussian blue, and
Hofmann clathrates.” Three significant developments made
in the last few decades have greatly influenced the direction of
research trends (Figure 1). The first development was the

LIQUID, GLASS OF ’
ORGANIC LIGAND-BRIDGED CP/MOF
@ INHERENT SOFTNESS:

SOFT MOF

A Dimension of
coordination polymers

\/

1890 1960 1990

year

2000 2010

Figure 1. Chronological progression of coordination polymers (CPs).
There have been four major advances in the development of 0-CPs:®!
the construction of 0-CPs and determination of their X-ray structure
(first generation (1G)), permanent porosity by gas adsorption (second
generation (2G)), soft crystal, such as crystal-to-crystal, transformation
upon application of chemical/physical stimuli (third generation (3Q)),
and liquid and glassy states of 0-CPs and metal-organic frameworks
(MOFs) derived from crystalline states (fourth generation (4G)).
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discovery of organic-ligand-bridged
structures. Applying organic ligands
to CPs expanded the chemistry in
terms of the modularity and designa-
bility, which resulted in numerous new
compounds. Single-crystal X-ray anal-
ysis has been essential for characteriz-
ing these structures. The first organic-
ligand-bridged CP (0-CP) character-
ized by X-ray crystallography was
constructed from the d'° metal ion
Cu* and adiponitrile.”! Only several
decades later were further such struc-
tures reported. Square-grid (1986),1
diamond (1989),"! and honeycomb
(1992)1 networks of copper ions have
been made, which was followed by
those with other d'° metal ions (Cd**,
Ag", and Zn?>") in the mid-1990s."
The second noteworthy progres-
sion was the development of 0-CPs
with robust and permanent porosities
by gas adsorption,”’! which opened up
a new direction for the chemistry of
porous materials. The discovery of porous o-CPs led to the
generation of functional porous materials through design
principles. Since then, a large number of these porous crystals
have been synthesized, which are now also called metal-
organic frameworks (MOFs)!" or porous coordination poly-
mers (PCPs). For the sake of consistency, we will refer to
these porous materials as MOFs. The third development was
the demonstration of the intrinsic flexibility and dynamic
properties of the MOF structures."” This involves both the
transformation of the entire crystal structure as well as local
molecular motion in crystals and is triggered by chemical
stimuli (gas sorption and substrate inclusion) or physical
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stimuli (temperature, pressure, light, and electric fields)."!
The flexibility and dynamics of these structures as well as
their bistability with porosity has distinguished them from
other conventional porous solids, such as carbons, zeolites,
phosphates, and mesoporous silica. The dynamics of the
coordination bonds and the multistability of phases of 0-CPs
are relevant not only to the crystal-to-crystal transformation,
but also to the crystal-to-liquid/glass transformation, which is
the main topic in this Minireview. We previously summarized
the structure and function of next-generation MOFs through
“HAD? attributes: 1) hierarchy and hybrid, 2) anisotropy and
asymmetry, and 3) disorder and defect.®™ The observation
and control of disorder and defects in MOFs are important for
investigating metastable characteristics in the structures, and
examining their functions as catalysis, their conductivity,
etc.'”” Currently, a fourth development is taking place that is
related to (3): namely, the melting and vitrification of crystals
of a family of 0-CPs, including MOFs.

The chemistry of o-CPs has developed together with
crystallography. However, the three major material families—
polymers, metals, and ceramics—show both crystalline and
noncrystalline states. The noncrystalline states include liquids
and glasses, and both states are indispensable for discovering
new properties and the development of materials. In contrast,
there have been relatively few studies on the liquid or glassy
states of 0-CPs, because of the difficulty of both their
synthesis and characterization. The emergence and control
of liquid/glassy states of o0-CPs provides new scientific
directions in this field. From this perspective, we discuss
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liquid/glassy states of o- and i-CPs through their melting and
vitrification behaviors, their structures, and their function-
alities.

2. Discovery of the Melting and Vitrification of
o-CPs

2.1. History

It has been challenging to obtain a liquid state by heating
0-CPs, because they transform irreversibly into different
materials."" The resulting products are often porous carbons,
metal oxides, metal nanoparticles, and their composites, all of
which serve as functional materials.'"]

In recent years, several o-CP crystals have been discov-
ered that show melting and vitrification behaviors (Fig-
ure 2)."! This means the components (metal ions, bridging
ligands) are neither vaporized nor reacted in the liquid state.

[Zn(HPO,)(H,PO,),](imH,), (Figure3A, imH,=mo-
noprotonated imidazole) is a one-dimensional (1D) i-CP of
Zn”>" ions and phosphate chains with intercalated imidazolium
cations (Figure 3A).* Differential scanning calorimetry
(DSC) shows the compound has 7,,,=168°C and the liquid
state transforms into a glassy state upon cooling to 25°C. The
behavior is an indication of the potential melting and
vitrification of 0-CPs. Two o-CPs were subsequently reported
to show crystal-to-liquid transitions: 2D layer [Zn(1,2,4-
triazole),(H,PO,),] (Figure 3B),'"”! and a 3D network [Zn(i-
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Figure 2. Snapshots of schematic structures of crystal, glass, and
liquid states of 0-CPs. The blue cores and red bars represent metal
ions and bridging organic ligands, respectively. According to the
current knowledges, we propose: 1) glassy states have middle-range
order as a result of metal-ligand connectivities forming networks,

2) the first coordination spheres of metal ions in the three phases are
nearly identical according to X-ray absorption studies, 3) the liquid
state has more fragmented (but not completely) metal-ligand net-
works.

midazolate),] (Figure 3C).*! Metal phosphates commonly
show melting and glassy states, but their 7,, values are much
higher because of the lack of organic species. [Zn(1,2,4-
triazole),(H,PO,),] (T,,=180°C) has stacking layers consist-
ing of Zn*" and 1,2,4-triazole as well as H,PO,~ coordinated
to Zn*' ions at axial positions. [Zn(imidazolate),] (Zn-ZIF-4,
T,=593°C) comprises Zn(im), tetrahedra and shows an
orthorhombic porous structure.!”]

To characterize the melting phases of an o0-CP and
elucidate the mechanism, the crystal structures of the 0-CPs
below the T, value need to be identified. The composition of
both the liquid/glassy and crystalline states should be identical
in as far as we regard these phase transformations to be
“melting” or “vitrification”. There are many reports on
amorphous (or even glassy) o-CPs, including gels and metal-
lopolymers, where the crystalline states could not be identi-
fied. They are out of the scope of this Minireview. Phase
transitions are determined by DSC to clarify the melting and
vitrification behaviors.

A variety of analytical techniques have been established
to identify the structures and dynamics of liquid/glassy states
in glass/liquid research."® X-ray absorption fine structure
spectroscopy (XAFS) is widely used to establish short-range
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Figure 3. i-CPs and 0-CPs with their melting temperatures (T,,). Crystal
structures of A) 1D [Zn(HPO,) (H,PO,),](imH,), (im-
H,=monoprotonated imidazole) and B) 2D [Zn(1,2,4-triazole),-
(H,PO,),]. C) Two crystal structures of 3D [Zn(imidazolate),] (Zn-ZIF-4
and ZIF-zni). Gray C, blue N, pink O; light blue polyhedra: phosphates,
gray polyhedra: tetrahedral Zn?".

order, especially the coordination structure around metal
centers. Neutron and/or X-ray total scattering'” are fre-
quently used with the pair distribution function (PDF) to
evaluate middle-range correlations. Molecular dynamics
(MD),”" density functional theory (DFT),”!! and/or reverse
Monte Carlo simulations® have been used with the above-
mentioned experimental data to determine the structures.
Solid-state NMR, IR, and Raman spectroscopy are also good
methods to obtain information on chemical structures and
their dynamics. The comprehensive use of these methods has
enabled the melting phenomena of o-CP crystals to be
characterized and their melting and glass states defined.

The temperature of the decomposition (7,;) must be
higher than the T, value for the melting of the o-CP crystals
to be observed. The strength of the coordination bond and the
ionization tendency of metals are key to ensure T, < T,
Combinations of metal ions and ligands suitable for the
construction of melting o-CPs have been investigated, but one
could refer to the chemistry of either the molten salt or ionic
liquid. Anti-crystal engineering to design ionic liquids has
been reported,® whereby the cations and anions are
available for constructing o-CPs.

The reported o-CPs showing melting or vitrification are
listed in Table 1. Considering these examples as well as the
structures of known ionic liquids, suitable building blocks for
0-CPs are azolate/azole, nitriles, and inorganic anions such as
H,PO,”, SCN~, and dicyanamide (N(CN),").”! The total
energy required for melting 0-CPs also depends on the
dimensionality of the crystal structures. Considering that the
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Table 1: 0-CPs and i-CPs with organic molecules as counterions or terminal ligands that show melting and/or vitrification behaviors."!

Entry T.[°Cl T, [°C Functions in glassy state Ref.
0-CPs 0-CPs 0-CPs 0-CPs 0-CPs
[M(1,2,4-triazole),(H,PO,),] 184 32 (Zn*) anhydrous H* conductivity [15b,28]
(M=2Zn*", Cd*", Cr**, Mn?) (Zn*Y)  79-90" (Cd*")
62 (Cr*)
90 (Mn*)
[Zn(im),] (ZIF-4) 593 316 (LDA) 292 [15¢]
(HDA)
[Zn(im), 5(bim)gs] 437 318 kinetic separation of propylene/propanel? [29]
(Zn-ZIF-62)
[Zn(im),_(bim),]
[Co(im)s so(bim)osd] 432 290 [29b,30]
(Co-ZIF-62)
[Co(im), (bim),]
[Zn(im), 62(5-Clbim)g 4] (ZIF-76) 451 310 gas uptake of CO, and N, [37]
[Zn(im), 53(5-mbim)o ] 471 317
(ZIF-76-mbim)
Cu(isopropylimidazolate) 185 NA [32]
i-CPs
[Zn(HPO,) (H,PO,),](imH,), 160 30 anhydrous H" conductivity [15b]
[Zn; (H,PO,)s(H,0),]-bimH 164 NA [15b]
[Zn;(H,PO,)6(H,0),]-H (2Mebim) 97 NA [15b]
[Zn,(HPO,),(H,PO,) (5CIbimH),](H,PO,) (MeOH) 148 72 gas uptake (H,0 and methanol vapor) and anhydrous  [33]
H* conductivity
[Cd3(SCN),Brs(C,HsN,) ] 142 NA [34]
[Cu,(SCN), (C,bpy)] 187 68 [24b]
[Cu,(SCN),(C,bpy)] 138 59
[Cu,(SCN),,(Phbpy).] 217 71
[Cu,(SCN), (3-Pybpy)] 203 72
(1-butyl-4-methylpyridinium)[Cu(SCN),] 80 NA [24a]

[a] im=imidazolate, bim =benzimidazolate, 5-Clbim =5-chlorobenzimidazolate, 2Mebim = 2-methylbenzimidazolate, C,bpy = 1-ethyl[4,4"-bipyridin]-
1-ium, C,bpy=1-butyl[4,4"-bipyridin]-1-ium, Phbpy =1-phenyl[4,4"-bipyridin]-1-ium, 3-Pybpy =[3,1":4',4"-terpyridin]-1"-ium, NA=not available. [b] T,
depends on the time of the ball milling processes. [c] Gas uptake is reported for glasses with [Zn(im),_,(bim),], where x=0.05, 0.17, and 0.35. [d] Gas

uptake is observed for [Zn(im), o(5-Clbim), o] and [Zn(im)g.e3(5-mbim), 7]

glassy and liquid states are composed of fragmented coordi-
nation networks, 3D structures require higher energy than 1D
or 2D structures to dissociate coordination bonds and melt.
The thermal stability of the liquid state is another important
parameter. To stabilize the liquid state, an appropriate
electrostatic interaction between the metal ions and ligands
is required to avoid vaporization.

Several previous studies suggested the possibility of
melting o-CPs. For example, the 2D layer structure of
[Ag(1,3,5-tris(3-ethynylbenzonitrile)benzene)-
(CF;S05)]-2benzene shows a degassed state (crystal structure
unknown), which melts at 169°C according to its TGA/DTA
profile (TGA = thermogravimetric analysis, DTA = differen-
tial thermal analysis).”” Further examples of 0-CPs that
undergo melting can be found in the crystal structure
database.” Research into inorganic molten salts or metal-

containing ionic liquids is related to the chemistry of 0-CPs.”
Most metal-containing ionic liquids are discrete, but some are
regarded as o-CPs.

2.2. Structures of Liquid and Glassy States

Investigation of the structures of the liquid and glassy
states of 0-CPs is important for understanding the phase
transition and functionality of these materials. The melting
behavior and glass structure of 1D [Zn(HPO,)(H,PO,),]-
(imH,), (i-CP, Figure 3 A) have been studied. X-ray structural
analysis and solid-state NMR spectroscopy have shown that
the intercalated imidazolium starts to undergo in-plane
rotational motion below the T, value at 75°C (Figure 4 A).
Such crystals that undergo local rotational motion of the

6 www.angewandte.org
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Figure 4. A) Crystal structures of [Zn(HPO,) (H,PO,),](imH,), at
—30°C and 75°C. The imidazolium moieties rotate upon heating. The
gray polyhedral represent tetrahedral Zn?*. Monoprotonated imidazole
are shown in light blue. B) Temperature dependence of selected bond
distances of [Zn(HPO,) (H,PO,),](imH,),. Lindemann’s rule empirically
describes f=u/d, where u is the mean thermal atomic displacement of
an atom, d is the bond length to the nearest-neighbor atom; f
universally approaches 0.10 to 0.13 (area highlighted as red) near the
melting temperature.®®

molecules/ions are classified as plastic crystals.” When the
temperature is further raised, the Zn*'—O bond in the 1D
chain increases in length (Figure 4B) especially Zn**-09
reaches a critical value of f where the bond breaks and the
structure melts (the 7,,). Rotating imidazolium moieties are
present in the vicinity of the Zn?>'—09 bond and form dynamic
hydrogen bonds, and further fluctuation of the imidazolium
group upon heating facilitates the melting. A structure similar
to that of a melt-quenched glass (MQG) has been identified
by X-ray diffraction. PDF analysis with total X-ray scattering
shows the crystal and glassy states have a similar structural
periodicity within 8 A (Figure 5). The peak at 6 A corre-
sponding to the Zn?"-Zn?" pair is maintained even in the glass.
This indicates that the network domain is preserved in the
glassy state. The glassy state shows a reversible glass-to-
crystal transformation on application of a stimulus (anneal-
ing, scratching, and humidity). This indicates that rearrange-
ment of the metal ions and ligands in the glassy state is
a feasible means to reconstruct the crystalline state.
Although the structures of the liquid states of o-CPs have
not been studied experimentally, the investigation of ionic
liquids will be helpful in predicting the structure of the liquid
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Figure 5. PDF analysis of the crystal and glassy state of [Zn(HPO,)-
(H,PO,),](imH,),. G(r) is a reduced pair distribution function.

state of 0-CPs. The structures of ionic liquids have been
analyzed by combining X-ray scattering and simulation.”!
The parameters that define the structure include the degree of
ion pair formation, hydrogen bonding, and the formation of
ion clusters. In particular, the formation of a nonpolar alkyl
domain has been discussed in relation to the length of the
alkyl chain of ionic liquids (Figure 6 A).® The liquid state of
an 0-CP would also have such a domain structure consisting of
ligands and metal ions. Ligand polarity is an important
parameter in the design of the domain structure of o-CPs.
Rhythmic behaviors, such as the Zhabotinsky reaction, are
also a topic of interest in regard to the melting process of o-
CPs.®! The self-oscillation of melting/recrystallization is of
interest to understand melting behavior and dynamics. For
example, the organic salt [C;mim]Br (Cymim = n-butyl-meth-
ylimidazolium) with a low T, value shows a continuous DSC
signal indicating a small heat input/output when the mea-
surement is recorded with a slow scan rate (Figure 6 B). This is
caused by the deprivation of heat from the partially melting
domain and the resulting recrystallization. The melting
process is dominated by slow dynamics (ca. 10 s); indeed,

[C, mln][PF] IC, mm][PF | C,,min][PF,]
B 1.2
Cryslqlllzahon
=
2 1.14
~
: Jip
Lo ST
2
Melti
0.9, e mg
349.59 349.60 349.60 349.61 349.61

Temperature / K

Figure 6. A) Schematic representation of the domain structures of
[C,mim][PF¢] (n=2, 4, 6, 8, 12). Red: anion+ imidazolium ring. Green:
alkyl chain. B) High-resolution DSC signal showing the continuous
melting and recrystallization behavior of [C,mim]Br.
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multiple endothermic peaks are often observed at around the
T, value during the melting of 0-CPs by DSC, which suggests
stepwise melting mechanisms dependent upon the crystal
structure.

The thermal behavior and structure of 3D [Zn(imidazo-
late),] (Zn-ZIF-4; Figure 3 C, left) has been comprehensively
studied.'> It displays T,, =593 and T; = 602°C with multiple
solid-liquid-solid transitions. The crystal relaxes to a stable
low-density amorphous (LDA) state while maintaining net-
work connectivity. The LDA state transforms to a disordered
high-density amorphous (HDA) state through low-density
liquid to high-density liquid (HDL) transitions, as character-
ized using DSC and small-angle X-ray scattering. On further
heating, the HDL recrystallizes in the tetragonal nonporous
Zn-ZIF-zni structure (Figure 3C, right)*! before melting.
PDF measurements indicate that the MQG and HDA states
retain Zn*'-imidazolate connectivity similar to Zn-ZIF-4 up
to 6 A. The temperature dependence of the liquid and glass
structures of Zn-ZIF-4 was studied by the combination of X-
ray and neutron scattering as well as first-principles molecular
dynamics simulations (FPMD)."!! The structure exhibits
liquid-like disorder on heating below the T, value; the
computational approach estimates the enthalpy of fusion of
Zn-ZIF-zni to be AH;,,=173Jg"', comparable with that of
quartz (AH, =146 Jg .1 FPMD gives diffusion coeffi-
cients for Zn** and imidazolate in the liquid state on the order
of 107" m?s™!, comparable with some conventional ionic
liquids.*! Reverse Monte Carlo modeling based on X-ray
data at T, =593 °C found that 16.2 % of the porous volume in
the liquid structure is accessible (Figure 7).

. Relative proportion / %
N
o

300
1300
Ib"@f 1800 b
T 230075, 40 o
o Porous volume / cm*.kg

Figure 7. Distribution of the total pore volume in [Zn(imidazolate),]
(Zn-ZIF-4) with increasing temperature, as calculated by FPMD.

[Zn(imidazolate), ;s(benzimidazolate),,s]  (Zn-ZIF-62)
has the same network structure as Zn-ZIF-4 with 1/8 of the
imidazolate moieties substituted by benzimidazolates. The
partial ligand substitution decreases the 7, value to 437°C
and this provides a more stable liquid state. Zn-ZIF-62
releases guest solvents and forms an amorphous state above
337°C, whereas an amorphous state melts on subsequent
heating, without recrystallization to a dense phase, as in the
case of Zn-ZIF-4. The Zn>*-Zn** correlation peak at 6 A is
observed by PDF for its MQG, and the extended X-ray
absorption fine structure shows unaltered Zn*"-N tetrahedra.
Significant increases in both the elastic moduli (E) and
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hardness (H) are observed for the MQG prepared at 572°C
(135°C higher than T,,) compared with a glass prepared at T,.

Considering these examples, a summary of the structures
of liquids and glasses can be given. Most MQGs have the
same first-sphere coordination geometry as their crystalline
counterparts. PDF analysis shows that they preserve perio-
dicity up to around 10 A, which is often sufficient to claim
metal-ligand-metal periodicity; however, this intensity is
weak, and dynamics must also be considered. Advanced
TEM techniques can observe the glass structure of o-CPs
directly,* as has been successfully done for metal glasses.*”
Fast bond cleavage/reformation between metal ions and
ligands occurs at around 7, and above. Solid-to-solid
transition and melting are strongly influenced by the structure
of the ligands in the system.

2.3. Preparation of Glasses and Glass Composites

Glass is generally prepared by 1) cooling of the liquid
state, 2) mechanical treatment of crystals, or 3)solution
processes, such as the sol-gel method. Reported liquid states
of 0-CPs usually have high viscosities, and their MQGs are
fabricated by cooling the liquid state at a normal rate. Most o-
CPs do not have a stable liquid state, and this has prevented
the development of glassy states. Mechanical treatments are
available for the preparation of glassy states directly from
crystals. [Cd(1,2,4-triazole),(H,PO,),] (Figure 8 A) is an iso-
morphic 2D structure of [Zn(1,2,4-triazole),(H,PO,),], but it
does not have a T, value, and MQG formation has not been
reported. However, ball milling of the crystals can inject
mechanical energy to obtain a glassy state.”® Mechanical
treatment to generate a glass has been reported for various
materials, ranging from hard metals to pharmaceuticals.“
The applicability of milling-based vitrification for o-CPs is
wide, but the mechanism remains unclear. For example,
highly porous MOFs irreversibly change to an amorphous
state (not to a glassy state) during milling and lose porosity as
a result of shear-induced compression. In the case of the
above-mentioned [M(1,2,4-triazole),(H,PO,),], compounds
with M = Cd*!, Cr*", or Mn”>" form a stable glassy state, but
M =Zn*', Fe*", or Co*" do not form glasses upon milling.
Unsuccessful cases show remaining powder XRD (PXRD)
peaks and lower thermal stability upon milling.”*! One of the
parameters for successful vitrification by milling is the
directionality of the coordination bonds, which depends upon
the configuration of the d orbitals. In the vitrification process
of [Cd(1,2,4-triazole),(H,PO,),] by milling, doping with
molecules is also feasible.”™™! For example, the addition of
1,4-diazabicyclo[2.2.2]octane (dabco) during the milling of
crystals leads to a glass containing homogeneously dispersed
dabco molecules. 2D solid-state NMR spectroscopy indicates
the doped dabco molecules exist within a distance of 5 A to
the glass network. The homogeneous distribution of the
dopant allows a continuous change of the 7, value depending
on the amount of dabco. The doping perturbates the hydrogen
bonds in the structure, thereby leading to higher H'
conductivity. Interestingly, the volatile dabco is not released,
even during heating of the glass composite, which indicates
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Figure 8. A) Crystal structure of [Cd(1,2,4-triazole),(H,PO,),] and the
DSC profiles of glass samples obtained by mechanical ball milling for
different lengths of time. Gray C, blue N, pink O; gray polyhedral:
tetrahedral Zn**. B) Composition-dependent progression of the T,
value for Zn-ZIF-4 and Zn-ZIF-62 blends.

that the glass can confine the small molecules. The ability of o-
CP glasses to encapsulate guests is sufficient to allow the
introduction of metal nanoparticles, organic polymers, etc. to
fabricate multifunctional glass composites.

MOF glass blends are prepared by mixing the MOF
candidates through ball milling followed by heating the
physical mixture above the T,, value.*”! For example, crystals
of Zn-ZIF-4 and Zn-ZIF-62 are physically mixed and heated
to the T,, value of Zn-ZIF-62. The blend shows a single T,
value at 306°C, which is different from the individual T,
values of both Zn-ZIF-4 (292°C) and Zn-ZIF-62 (318°C).
The T, value of the blend can be tuned by altering the Zn-
ZIF-62 content (Figure 8 B). The long-range order of physical
mixtures disappears on blending, and only short-range order
below 6 A is retained. Another blending of non-melting Co-
ZIF-4 with Zn-ZIF-62 revealed heterogeneous mixing along
with interlocked microstructures. The high viscosity of the
system limits the complete homogeneity of the blend, and
ligand swapping between phases results in interlocked
domains. A further investigation of blends of Co-ZIF-62
and Zn-ZIF-62 was attempted using spatially resolved
spectroscopy.®! Analysis by electron energy loss spectroscopy
during scanning transmission electron microscopy revealed
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intact azolate ligands with sharp interphases between the Co
and Zn domains with widths of 200 nm to >1 um.

2.4. Devitrification and Phase Diagram

The tendency of liquids to avoid crystallization during
cooling is measured in terms of their glass-forming ability
(GFA).*) The MQG of Zn-ZIF-62 exhibits a T,/T,, ratio of
0.84, higher than the empirical T,/T,,=2/3 rule for various
glass materials (Figure 9), which contributes to their high

1.0
In-ZIF-62

0.8 ‘{‘MMA @
3 5 ©]
2l e B o 2/3
~ 0.6 ¥ IngIF-4aa
= # TalAa
~ @ Organic =
|_U Water Metallic

0.4

0.2 T T T T

0 500 1000 1500 2000
T /K

Figure 9. Comparison of the T/T,, ratio of [Zn(imidazola-

te), ss(benzimidazolate),,s] (Zn-ZIF-62) with glass-forming systems of
water (black), organic materials (pink), metallic materials (blue), and
oxides (orange).

GFAs. There are several steps in the crystallization of glass:
1) diffusion of atoms or ions, 2)generation of a crystal
nucleus, and 3) growth or propagation of the nucleation site.
The activation energy for crystal nucleation depends on the
network connectivity between the metal ions and organic
ligands in the o-CPs. 3D structures generally show a high
GFA. Their MQGs preserve the coordination environment of
the crystalline state and is denser, with a 20 % reduction in the
pore volume. Zn-ZIF-62 also shows high viscosity (7=
10°! Pas) at the T,, value, which is comparable to a silica
melt. The high viscosity and densification of the liquid state of
Zn-ZIF-62, limit the flow behavior of ligands that avoids
crystal growth and increase the GFA.

Control of the phase transition of crystals, glasses, and
liquids in 0-CPs through consideration of the phase diagram is
important. As an example, PXRD studies have shown that the
glassy state of [Cd(1,2,4-triazole),(H,PO,),] prepared by ball
milling undergoes recrystallization at 7, =111°C to return to
its original crystal structure. When the total time of ball
milling is increased, the T, value of each glass also increases,
as shown in Figure 8A, as a result of differing internal
energies. On the other hand, the MQG of Zn-ZIF-62 and
other 3D ZIFs do not return to their original crystal
structures. The reversibility of the crystal-to-glass transfor-
mation depends on the randomness of the positions and
interaction/dynamics of metal ions and ligands in the glassy
state. In general, devitrification is not desired in glasses, but
the reversible phase change has promising applications for
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nonvolatile memories through the switching of physical
properties, such as electric conductivity or optical reflectiv-
ity/absorption.””! Phase transition depends on pressure. As
shown above, [Cd(1,2,4-triazole),(H,PO,),] has T,=111°C
under ambient pressure but does not show a T, value at
a pressure of 4 GPa, even when heated to 153°C (Fig-
ure 10 A). This behavior was confirmed by PXRD and in situ

A
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Figure 10. A) Proton conductivity profiles for the glassy state of
[Cd(1,2,4-triazole),(H,PO,),] under ambient and 4 GPa pressures.
B) Experimental P-T phase diagram for Zn-ZIF-62.

measurement of the ion conductivity by AC impedance
spectroscopy under various pressures using a diamond anvil
cell. The movement of metal ions and ligands is suppressed by
pressures, thus prohibiting recrystallization. More recently,
a systematic investigation of the phase transition of Zn-ZIF-
62 was conducted using in situ PXRD and SEM at variable
pressures (Figure 10B).P" The experimentally derived pres-
sure-temperature phase diagram of Zn-ZIF-62 shows a neg-
ative slope for the melting curve between ambient pressure
and 2 GPa. The external pressure promotes a lowering of the
T, value. In addition, a positive slope was found at pressures
higher than 2 GPa. Two distinct amorphous phases play a key
role in the phase diagram: one with a higher density than the
liquid state and the other with a lower density than the liquid
state.
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3. Properties of the Liquid and Glass States of o-CPs
3.1. Porosity

One characteristic property of the crystalline state of o-
CPs is their permanent porosity; typical examples are termed
MOFs. The design of porous structures in MOF glasses or
liquids presents a challenge. Methods based on spinodal phase
separation (e.g. VYCOR 7930), sol-gel approaches, sintering,
and partial crystallization have been attempted to fabricate
nanoporous inorganic glasses. Some of these techniques could
be applied to MOF glasses, but simple melt-quench or
mechanical milling can also directly produce porous MOF
glasses. The porosity of MOFs in the glass/liquid states has
been studied by both positron annihilation lifetime spectros-
copy and theoretical calculations.**? The partial retention of
permanent porosity in ZIF-76-mbim MQG [Zn(im)e3(5-
mbim); ;] (5-mbim =5-methylbenzimidazolate) has been
studied experimentally.’!! Contraction of the pore volume
from 0.17 to 0.12 vol % with a concomitant change in the pore
size distribution occurs on vitrification of the crystalline state.
Co-ZIF-62, with T,, =430°C, is also reported to be a precursor
for a MOF glass.”™ The MQG of Co-ZIF-62 contains a few
percent metallic cobalt and retains 50 % porosity (CO, uptake
is about 18 mLg' at 100 kPa, 273 K) compared to the
crystalline state.

Preferential adsorption kinetics of propylene over pro-
pane is observed for the Zn-ZIF-62-bimx glass with increasing
amounts of bulky benzimidazole ligands (x =0.05, 0.17, 0.35).
Kinetic sorption measurements showed faster diffusion rates
for propylene than propane, with the rate also dependent on
the imidazole/benzimidazole ratio (Figure 11). The effect is
ascribed to a higher concentration of the bulky ligand
resulting in narrower pores in the glass, which consequently
slows down the diffusion of propylene, while no effect was
observed for propane.

The zinc phosphate based 2D inorganic CP [Zn,(HPO,),-
(H,PO,)(5ClbimH),](H,PO,)(MeOH) (5CIbimH = monop-
rotonated  5-chloro-1H-benzimidazole) contains guest
H,PO,  ions and methanol in the cavity. The degassed state
of this compound shows T, = 148 °C.** Its MQG shows both

propylene @ 293 K propane @ 293 K
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Figure 11. Time-dependent propylene and propane sorption profiles of
[Zn(im),_,(bim),] glasses with varying amounts benzimidazoles at the
same equilibrium pressure.
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H" conductivity and porosity, which is attractive for proton-
mediated heterogeneous catalysis. MOF glasses without grain
boundary properties could be applied as a new class of
ceramic membrane for selective gas permeation.

The porosity in the liquid state of MOFs is also of interest.
Both chemisorption and physisorption occur in the liquid
state of MOFs. Discrete molecular systems such as ionic
liquids and cage-type porous liquids are known to accom-
modate various gases through physical or chemical adsorp-
tion.”™ In the case of the liquid state of MOFs, the
preorganization of the bond geometry of the metal ions and
bridging ligands is key to affording large guest-accessible
space and fast mass transport. The interaction of guests and
metal ions could effectively be used for molecular recognition
or separation.

3.2. lonic Conductivity

One typical physical property of glasses is ion conductiv-
ity.* In the glassy state, the ion pathway is isotropic and the
structure has a lower density than the crystalline state, hence
leading to a high ion conductivity. Several reports have
discussed the enhancement of proton (H") conductivity by
the amorphization or glass formation of o-CPs.’! The glassy
state of [Cd(1,2,4-triazole),(H,PO,),] obtained by ball milling
shows H* conductivity several orders of magnitude higher
(1.0x10*Scm™ at 125°C) than the crystal state (Fig-
ure 12).%%! Internal hydrogen bonds are made more dynamic

4
T oy
= e O
'E .. Glass
G 8- @® ~Supercooled liquid
7 | ..
° L) -
' -8— .. .
<] .. [ ]
S Crystal LIS ° ® ®
-10- [ P ..

24 2 28 3 32
1000 T / K-

Figure 12. Temperature-dependent H" conductivity for the crystal and
glassy states of [Cd(1,2,4-triazole),(H,PO,),].

by vitrification, and the 2D structure is maintained to a low
degree. The H' conductivity in the glassy state drops once it
reaches its 7, value because the structure returns to the
crystalline state. The liquid state of [Zn(HPO,)(H,PO,),]-
(imH,), dissolves various organic molecules. Its MQG is
obtained by mixing it with trifluoromethanesulfonic acid
(CF;SO;H) in the liquid state, which leads to a H" con-
ductivity several orders of magnitude higher (3.0x10™* Scm ™!
at 110°C) than the pristine state.® This is due to an increase
in the amount of protonic carriers after doping. Nonetheless,
a doping of 10 mol % shows a maximum enhancement of the
H" conductivity, and further doping does not increase the
conductivity. Thus far, H* conductivity has been shown to be
dominant in the study of glasses of o-CPs, but other ion
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species, such as Li" and Na', are possible. One of the
advantages of ion conductivity in glasses of 0-CPs is the high
transport number: ¢, =u,/(u, +u_), where ¢, is the transport
number of cations (or anions) and u, and u_ are the mobilities
of cations and anions, respectively. In contrast to the discrete
system, o-CP glasses have a network structure and the
selective transport of cations (or anions) is expected. More-
over, the control of defects in the crystalline state of 0-CPs
and MOFs has been an important subject in recent years,””
since defects affect the behavior of crystal melting and ion
conductivity.”®

3.3. Optical Properties

Further promising materials properties of 0o-CP glasses are
their transparency and moldability. We expect luminescence
from various metal ions or ligands: the 1D structure of
[Eu(hexafluoroacetylacetonato);(1,4-bis(diphenylphosphory-
lethynyl)benzene)] exhibits red luminescence from the f-f
transition derived from excited Eu®" ions.’) The crystal
transforms to a glassy state and exhibits a characteristic two-
step T, transition. The quantum yield of the photolumines-
cence in the solid state can be as high as 86% at room
temperature. The i-CP (1-butyl-4-methylpyridinium)[Cu-
(SCN),] demonstrates luminescence and 7, = 91 °C.”*I Upon
cooling to the liquid state, it returns to its original crystal
structure, a process confirmed by PXRD. Although the
quantum yield of the luminescence is not high at room
temperature, it shows detectable luminescence in the solid
state below its T, value. In this system, SCN~ works both as
a bridging ligand to construct the CPs and a luminophore.

The switching of the H* conduction by UV light using
a MQG of [Zn(H,PO,)(HPO,)](imH,), has been reported as
a light-induced function.”® Figure 13 A shows that trisodium
8-hydroxy-1,3,6-pyrenetrisulfonate (pyranine) releases and
recombines H* in response to UV light when used as
a dopant. The H"-conducting MQG doped with 5 mol %
pyranine shows reversible switching of H* conductivity upon
irradiation with UV light. SEM and solid-state NMR
spectroscopy confirm that pyranine is uniformly dispersed
in the sample and contributes to the switching of long-range
H* migration in the glass. Both the modulation of the
composition and the transparency and moldability are
essential considerations for application of the glasses in
optically active materials. In this regard, the optical properties
of Zn-ZIF-62 glass were studied (Figure 13B). A high trans-
mittance (up to 90%) was found in the visible and near-
infrared wavelength ranges, comparable with that of many
oxide glasses.”! Although the observed refractive index
(1.56) is similar to that of most inorganic glasses, it has
a lower Abbe number (ca. 31).

4. Perspectives
More examples are needed for a complete understanding
of the general behaviors of melting and vitrification of this

family of o0-CPs, including MOFs. Scrutiny of both the
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Figure 13. A) Schematic illustration of the switching with UV light of
the H* conductivity of an i-CP glass of [Zn(HPO,) (H,PO,),](imH,),
doped with 8-hydroxy-1,3,6-pyrenetrisulfonate (pyranine). Gray C,

blue N; light blue polyhedral: phosphates, gray polyhedra: tetrahedral
Zn**. B) Transmittance curve of the polished Zn-ZIF-62 MQG showing
about 90% transmittance in the visible and near-infrared ranges.

crystallographic database and new syntheses are essential for
this development. Computational approaches for predicting
the stability of liquid states also contributes to the discovery
of more examples. Aside from the design of melting/vitrifying
structures, the current unanswered questions regarding the
fundamental properties and functions of o-CPs are:

[e
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&
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1) the length and structural periodicity of networks in liquid/
glassy states,

2) the time scale of bond formation/cleavage of metal ions
and bridging ligands in the liquid/glassy states,

3) the mechanical properties of the glass/liquid, and

4) the miscibility of the glass/liquid with other substrates.

There is an established background regarding conven-
tional glasses including ceramics, metals, molecules, and
organic polymers. Plausible unique features of the glassy
state of 0-CPs compared with these glasses are: the dynamic
character of the coordination bonds, a high network con-
nectivity through the use of secondary building units (SBUs)
of metal clusters, and the combined properties of the
coordination and hydrogen bonds with organic ligands,
dispersion forces, as well as charge-transfer and electrostatic
interactions. Figure 14 shows the processing-enabled forma-
tion of materials based on the glass and liquid states of 0-CPs
and the derived functions. Moldability and wide variability in
the composition of the glass/liquid states enable the formation
of various shapes and interfaces and the generation of
promising materials.

Grain-boundary-free glass membranes can be used for
selective gas permeation, while transparent films/monoliths
can be used for photoconductivity or spectral conversion
(luminescence and light-harvesting). The crystal-to-glass or
crystal-to-liquid transformation is promising for heat storage,
while the bistable resistivity is interesting for phase-change
memory modules. Partial domain crystallization is feasible for
the fabrication of glass ceramics. Large single crystals or glass
fibers can be fabricated, and they can be used for internal
reflection or optical transport. The soft and adhesive charac-
ters of glasses and liquids are important for engineering
interfaces with other materials for energy devices (batteries,
fuel cells). The 4G attributes (HAD) are important guidelines
for creating functional materials based on the fundamentals
of 0-CPs.®™! The glass and liquid states could be hybridized
with other materials such as organic polymers, metal particles,

DEFECT 'Phase change material
Heat storage, bistable resistivity
= ANISOTROPY
Grain boundary-free membrane,
Transparent film
Molecular conversion Gas |;>e|;mec:ﬁon,i photoconductivity,
and transport in fluid HYBRID speciral conversion

Glass composites with
polymer, metal, ion

Interface engineering
@ @ Al for energy devices
Photocatalysis, electrocatalysis;

vitrified storage media

Figure 14. Materials and their functions obtained by the engineering of glass and liquid states of 0-CPs/MOFs depending on the use of their glass

and liquid states, and phase transformation.
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or metal ions. These composites could be used as photo-
catalysts, electrocatalysts, storage media for reactive species,
and phosphors. We also propose that the liquid state of o-CPs
could potentially function as gas/ion transporters with fluid
porosity as well as media for chemical reactions.

The processing capability of the glass and liquid states of
0-CPs depends on the interaction between the metal ions and
bridging ligands. The mechanical properties, particularly, the
viscosity and working temperature, of glasses can be tuned by
using different conditions during vitrification. In this regard,
the mode of melting need to be understood. Sublattice
melting and melting rhythms are often discussed for ionic
liquids, molten salts, and eutectic solvents.®! There is
currently a huge library of metal ions and bridging ligands
available for the construction of CP crystals. We should
reinterpret this library from the viewpoint of phase control,
which may enable the design of functional glasses and liquids
of 0-CPs, in particular MOFs.

Abbreviations

CP coordination polymer

GFA glass-forming ability

HDA high-density amorphous

HDL high-density liquid

i-CP inorganic coordination polymer

LDA low-density amorphous

LDL low-density liquid

o-CP organic-ligand-bridged coordination polymer

PDF pair distribution function

MOF metal-organic framework

MQG melt-quenched glass

PCP porous coordination polymer

T, T,, T, T, glass transition, melting, crystallization, de-
composition temperatures

Acknowledgements

The work was supported by the Japan Society of the
Promotion of Science (JSPS) for a Grants-in-Aid for Scien-
tific Research (18H05262, 18H02032, 19K22200, 19K15662)
from the Ministry of Education, Culture, Sports, Science and
Technology, Japan, as well as the Strategic International
Collaborative Research Program (SICORP) and Adaptable
and Seamless Technology Transfer Program through Target-
driven R&D (A-STEP) from the Japan Science and Technol-
ogy, Japan.

Conflict of interest

The authors declare no conflict of interest.

Angew. Chem. Int. Ed. 2020, 59, 2—15

Minireviews

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

[1] S.R. Batten, N. R. Champness, X. M. Chen, J. Garcia-Martinez,
S. Kitagawa, L. Ohrstrom, M. O’Keeffe, M. P. Suh, J. Reedijk,
Pure Appl. Chem. 2013, 85, 1715-1724.

[2] a)J. F. Keggin, F. D. Miles, Nature 1936, 137, 577-578; b) K. A.
Hofmann, F. Kiispert, Z. Anorg. Allg. Chem. 1897, 15,204 -207.

[3] Y. Kinoshita, I. Matsubara, T. Higuchi, Y. Saito, Bull. Chem. Soc.
Jpn. 1959, 32, 1221 -1226.

[4] A. Aumiiller, P. Erk, G. Klebe, S. Hiinig, J. U. von Schiitz, H.-P.
Werner, Angew. Chem. Int. Ed. Engl. 1986, 25, 740-741; Angew.
Chem. 1986, 98, 759-761.

[5] B.F. Hoskins, R. Robson, J. Am. Chem. Soc. 1989, 111, 5962 —
5964.

[6] S.Kitagawa, M. Munakata, T. Tanimura, Inorg. Chem. 1992, 31,
1714-1717.

[7] a) M. Fujita, Y.J. Kwon, S. Washizu, K. Ogura, J. Am. Chem.
Soc. 1994, 116, 1151-1152; b) O. M. Yaghi, H. L. Li, J. Am.
Chem. Soc. 1995, 117, 10401-10402; c) S. Subramanian, M. J.
Zaworotko, Angew. Chem. Int. Ed. Engl. 1995, 34, 2127-2129;
Angew. Chem. 1995, 107, 2295-2297.

[8] a) S. Kitagawa, M. Kondo, Bull. Chem. Soc. Jpn. 1998, 71,1739 —
1753; b) S. Kitagawa, Acc. Chem. Res. 2017, 50, 514-516.

[9] a) M. Kondo, T. Yoshitomi, H. Matsuzaka, S. Kitagawa, K. Seki,

Angew. Chem. Int. Ed. Engl 1997, 36, 1725-1727; Angew.

Chem. 1997, 109, 1844 —-1846; b) H. Li, M. Eddaoudi, T. L. Groy,

O. M. Yaghi, J. Am. Chem. Soc. 1998, 120, 8571 -8572.

a) G. Férey, C. Serre, Chem. Soc. Rev. 2009, 38, 1380-1399; b) S.

Horike, S. Shimomura, S. Kitagawa, Nat. Chem. 2009, 1, 695—

704; c) A. Schneemann, V. Bon, 1. Schwedler, I. Senkovska, S.

Kaskel, R. A. Fischer, Chem. Soc. Rev. 2014, 43, 6062 -6096;

d) F. X. Coudert, Chem. Mater. 2015, 27, 1905-1916.

a) J. A. Mason, J. Oktawiec, M. K. Taylor, M. R. Hudson, J.

Rodriguez, J. E. Bachman, M. I. Gonzalez, A. Cervellino, A.

Guagliardi, C. M. Brown, P. L. Llewellyn, N. Masciocchi, J. R.

Long, Nature 2015, 527,357-361;b) S. Yuan, L. Zou, H. Li, Y. P.

Chen, J. Qin, Q. Zhang, W. Lu, M. B. Hall, H. C. Zhou, Angew.

Chem. Int. Ed. 2016, 55, 10776 -10780; Angew. Chem. 2016, 128,

10934-10938; c) A. Knebel, B. Geppert, K. Volgmann, D.I.

Kolokolov, A. G. Stepanov, J. Twiefel, P. Heitjans, D. Volkmer, J.

Caro, Science 2017, 358, 347-351; d) J. Wieme, K. Lejaeghere,

G. Kresse, V. Van Speybroeck, Nat. Commun. 2018, 9, 4899.

a) T. Besara, P. Jain, N. S. Dalal, P. L. Kuhns, A. P. Reyes, H. W.

Kroto, A. K. Cheetham, Proc. Natl. Acad. Sci. USA 2011, 108,

6828 -6832; b) M. J. Cliffe, W. Wan, X. Zou, P. A. Chater, A. K.

Kleppe, M. G. Tucker, H. Wilhelm, N. P. Funnell, F. X. Coudert,

A. L. Goodwin, Nat. Commun. 2014, 5, 4176.

[13] K.J. Lee, J. H. Lee, S. Jeoung, H. R. Moon, Acc. Chem. Res.

2017, 50, 2684 —2692.
[14] a) S.-L. Li, Q. Xu, Energy Environ. Sci. 2013, 6, 1656—-1683;
b) R. R. Salunkhe, Y. V. Kaneti, Y. Yamauchi, ACS Nano 2017,
11, 5293 -5308.
a) S. Horike, D. Umeyama, M. Inukai, T. Itakura, S. Kitagawa, J.
Am. Chem. Soc. 2012, 134, 7612-7615; b) D. Umeyama, S.
Horike, M. Inukai, T. Itakura, S. Kitagawa, J. Am. Chem. Soc.
2015, 137, 864—870; c) T. D. Bennett, J. C. Tan, Y. Yue, E.
Baxter, C. Ducati, N. J. Terrill, H. H. Yeung, Z. Zhou, W. Chen,
S. Henke, A. K. Cheetham, G. N. Greaves, Nat. Commun. 2015,
6, 8079; d) T. D. Bennett, S. Horike, Nat. Rev. Mater. 2018, 3,
431-440; e) J. M. Tuffnell, C. W. Ashling, J. Hou, S. Li, L.
Longley, M. L. Rios Gomez, T. D. Bennett, Chem. Commun.
2019, 55, 8705-8715.
[16] D. Umeyama, S. Horike, M. Inukai, T. Itakura, S. Kitagawa, J.
Am. Chem. Soc. 2012, 134, 12780-12785.

[17] R. Banerjee, A. Phan, B. Wang, C. Knobler, H. Furukawa, M.
O’Keeffe, O. M. Yaghi, Science 2008, 319, 939 -943.

[18] Modern Glass Characterization (Ed.: M. Affatigato), Wiley,
Hoboken, 2015.

[10]

(11]

(12]

[15]

www.angewandte.org

These are not the final page numbers

Angewandte

intemationalEdition’y Chemie

13
(AR


https://doi.org/10.1038/137577a0
https://doi.org/10.1002/zaac.18970150118
https://doi.org/10.1246/bcsj.32.1221
https://doi.org/10.1246/bcsj.32.1221
https://doi.org/10.1002/anie.198607401
https://doi.org/10.1002/ange.19860980834
https://doi.org/10.1002/ange.19860980834
https://doi.org/10.1021/ja00197a079
https://doi.org/10.1021/ja00197a079
https://doi.org/10.1021/ic00035a036
https://doi.org/10.1021/ic00035a036
https://doi.org/10.1021/ja00082a055
https://doi.org/10.1021/ja00082a055
https://doi.org/10.1021/ja00146a033
https://doi.org/10.1021/ja00146a033
https://doi.org/10.1002/anie.199521271
https://doi.org/10.1246/bcsj.71.1739
https://doi.org/10.1246/bcsj.71.1739
https://doi.org/10.1021/acs.accounts.6b00500
https://doi.org/10.1002/anie.199717251
https://doi.org/10.1002/ange.19971091633
https://doi.org/10.1002/ange.19971091633
https://doi.org/10.1021/ja981669x
https://doi.org/10.1039/b804302g
https://doi.org/10.1038/nchem.444
https://doi.org/10.1038/nchem.444
https://doi.org/10.1039/C4CS00101J
https://doi.org/10.1021/acs.chemmater.5b00046
https://doi.org/10.1038/nature15732
https://doi.org/10.1002/anie.201604313
https://doi.org/10.1002/anie.201604313
https://doi.org/10.1002/ange.201604313
https://doi.org/10.1002/ange.201604313
https://doi.org/10.1126/science.aal2456
https://doi.org/10.1073/pnas.1102079108
https://doi.org/10.1073/pnas.1102079108
https://doi.org/10.1021/acs.accounts.7b00259
https://doi.org/10.1021/acs.accounts.7b00259
https://doi.org/10.1039/c3ee40507a
https://doi.org/10.1021/acsnano.7b02796
https://doi.org/10.1021/acsnano.7b02796
https://doi.org/10.1021/ja301875x
https://doi.org/10.1021/ja301875x
https://doi.org/10.1021/ja511019u
https://doi.org/10.1021/ja511019u
https://doi.org/10.1038/s41578-018-0054-3
https://doi.org/10.1038/s41578-018-0054-3
https://doi.org/10.1039/C9CC01468C
https://doi.org/10.1039/C9CC01468C
https://doi.org/10.1021/ja304693r
https://doi.org/10.1021/ja304693r
https://doi.org/10.1126/science.1152516
http://www.angewandte.org

GDCh
~~—~

14
KRR

[19] H. E. Fischer, A. C. Barnes, P. S. Salmon, Rep. Prog. Phys. 2006,
69, 233-299.

[20] J. Sarnthein, A. Pasquarello, R. Car, Phys. Rev. Lett. 1995, 74,
4682 -4685.

[21] D. C. Allan, M. P. Teter, Phys. Rev. Lett. 1987, 59, 1136—1139.

[22] R. L. McGreevy, J. Phys. Condens. Matter 2001, 13, R877-R913.

[23] P. M. Dean, J. Turanjanin, M. Yoshizawa-Fujita, D. R. MacFar-
lane, J. L. Scott, Cryst. Growth Des. 2009, 9, 1137 -1145.

[24] a) E. T. Spielberg, E. Edengeiser, B. Mallick, M. Havenith, A. V.
Mudring, Chem. Eur. J. 2014, 20, 5338 -5345; b) S. S. Nagarkar,
H. Kurasho, N. T. Duong, Y. Nishiyama, S. Kitagawa, S. Horike,
Chem. Commun. 2019, 55, 5455 -5458; c¢) H. Kimata, T. Mochi-
da, Chem. Eur. J. 2019, 25, 10111 -10117.

[25] D. Venkataraman, G. B. Gardner, S. Lee, J. S. Moore, J. Am.
Chem. Soc. 1995, 117, 11600-11601.

[26] D. Depuydt, N.R. Brooks, S. Schaltin, L. Van Meervelt, J.
Fransaer, K. Binnemans, ChemPlusChem 2013, 78, 578 —588.

[27] a)J. S. Wilkes, Green Chem. 2002, 4, 73-80; b) I. J. B. Lin, C. S.
Vasam, J. Organomet. Chem. 2005, 690, 3498-3512; c)lJ.
Estager, J. D. Holbrey, M. Swadzba-Kwasny, Chem. Soc. Rev.
2014, 43, 847 -886.

[28] a) D. Umeyama, N.P. Funnell, M. J. Cliffe, J. A. Hill, A.L.
Goodwin, Y. Hijikata, T. Itakura, T. Okubo, S. Horike, S.
Kitagawa, Chem. Commun. 2015, 51,12728-12731; b) W. Chen,
S. Horike, D. Umeyama, N. Ogiwara, T. Itakura, C. Tassel, Y.
Goto, H. Kageyama, S. Kitagawa, Angew. Chem. Int. Ed. 2016,
55, 5195-5200; Angew. Chem. 2016, 128, 5281-5286; c) Y.
Ohara, A. Hinokimoto, W. Chen, T. Kitao, Y. Nishiyama, Y. L.
Hong, S. Kitagawa, S. Horike, Chem. Commun. 2018, 54, 6859 —
6862.

[29] a) T. D. Bennett, Y. Yue, P. Li, A. Qiao, H. Tao, N. G. Greaves, T.
Richards, G. I. Lampronti, S. A. Redfern, F. Blanc, O. K. Farha,
J. T. Hupp, A. K. Cheetham, D. A. Keen, J. Am. Chem. Soc.
2016, 138, 3484-3492; b)L. Frentzel-Beyme, M. Kloss, P.
Kolodzeiski, R. Pallach, S. Henke, J. Am. Chem. Soc. 2019,
141, 12362 -12371.

[30] L. Frentzel-Beyme, M. Kloss, R. Pallach, S. Salamon, H.
Moldenhauer, J. Landers, H. Wende, J. Debus, S. Henke, J.
Mater. Chem. A 2019, 7, 985-990.

[31] C.Zhou, L. Longley, A. Krajnc, G. J. Smales, A. Qiao, 1. Erucar,
C. M. Doherty, A. W. Thornton, A. J. Hill, C. W. Ashling, O. T.
Qazvini, S. J. Lee, P. A. Chater, N. J. Terrill, A. J. Smith, Y. Yue,
G. Mali, D. A. Keen, S. G. Telfer, T. D. Bennett, Nat. Commun.
2018, 9, 5042.

[32] Y.-J. Su, Y.-L. Cui, Y. Wang, R.-B. Lin, W.-X. Zhang, J.-P. Zhang,
X.-M. Chen, Cryst. Growth Des. 2015, 15, 1735-1739.

[33] M. Inukai, Y. Nishiyama, K. Honjo, C. Das, S. Kitagawa, S.
Horike, Chem. Commun. 2019, 55, 8528 —8531.

[34] K. Saidi, S. Kamoun, H. F. Ayedi, M. Arous, J. Phys. Chem.
Solids 2013, 74, 1560-1569.

[35] a) J. Timmermans, J. Phys. Chem. Solids 1961, 18, 1-8; b) D. R.
MacFarlane, M. Forsyth, Adv. Mater. 2001, 13, 957 —966.

[36] Q.S. Mei, K. Lu, Prog. Mater. Sci. 2007, 52, 1175-1262.

[37] R. Hayes, G. G. Warr, R. Atkin, Chem. Rev. 2015, 115, 6357—
6426.

[38] a)J. N. Canongia Lopes, A. A. Padua, J. Phys. Chem. B 2006,
110,3330-3335;b) A. Triolo, O. Russina, H. J. Bleif, E. Di Cola,
J. Phys. Chem. B 2007, 111, 4641 -4644.

[39] K. Nishikawa, S. Wang, K. I. Tozaki, Chem. Phys. Lett. 2008, 458,
88-91.

[40] R. Lehnert, F. Seel, Z. Anorg. Allg. Chem. 1980, 464, 187 -194.

[41] R. Gaillac, P. Pullumbi, K. A. Beyer, K. W. Chapman, D. A.
Keen, T. D. Bennett, F. X. Coudert, Nat. Mater. 2017, 16, 1149 —
1154.

[42] K. L. Kelly, US Bur. Mines Bull. 1936, 393, 152.

Minireviews

Angewandte

intemationaldition’y) Chemie

[43] A. Noda, K. Hayamizu, M. Watanabe, J. Phys. Chem. B 2001,
105, 4603 -4610.

[44] L. Liu, Z. Chen, J. Wang, D. Zhang, Y. Zhu, S. Ling, K. W.
Huang, Y. Belmabkhout, K. Adil, Y. Zhang, B. Slater, M.
Eddaoudi, Y. Han, Nat. Chem. 2019, 11, 622 -628.

[45] A. Hirata, L.J. Kang, T. Fujita, B. Klumov, K. Matsue, M.
Kotani, A. R. Yavari, M. W. Chen, Science 2013, 341, 376—-379.

[46] a) A. Hayashi, T. Ohtomo, F. Mizuno, K. Tadanaga, M.
Tatsumisago, Electrochem. Commun. 2003, 5, 701-705; b) J. F.
Willart, M. Descamps, Mol. Pharm. 2008, 5, 905 —920.

[47] L. Longley, S. M. Collins, C. Zhou, G. J. Smales, S. E. Norman,
N.J. Brownbill, C. W. Ashling, P. A. Chater, R. Tovey, C. B.
Schonlieb, T.F. Headen, N.J. Terrill, Y. Yue, A.J. Smith, F.
Blanc, D. A. Keen, P. A. Midgley, T. D. Bennett, Nat. Commun.
2018, 9, 2135.

[48] S. M. Collins, D. M. Kepaptsoglou, K. T. Butler, L. Longley, T. D.
Bennett, Q. M. Ramasse, P. A. Midgley, J. Am. Chem. Soc. 2018,
140, 17862 —17866.

[49] a) A. Qiao, T. D. Bennett, H. Tao, A. Krajnc, G. Mali, C. M.
Doherty, A. W. Thornton, J. C. Mauro, G. N. Greaves, Y. Yue,
Sci. Adv. 2018, 4, eaao6827; b) C. Zhou, M. Stepniewska, L.
Longley, C. W. Ashling, P. A. Chater, D. A. Keen, T. D. Bennett,
Y. Yue, Phys. Chem. Chem. Phys. 2018, 20, 18291 —18296.

[50] S.Raoux, W. Welnic, D. Ielmini, Chem. Rev. 2010, 110, 240-267.

[51] R.N. Widmer, G.I. Lampronti, S. Anzellini, R. Gaillac, S.
Farsang, C. Zhou, A. M. Belenguer, C. W. Wilson, H. Palmer,
A. K. Kleppe, M. T. Wharmby, X. Yu, S. M. Cohen, S. G. Telfer,
S. A. T. Redfern, F. X. Coudert, S. G. MacLeod, T. D. Bennett,
Nat. Mater. 2019, 18, 370-376.

[52] A.W. Thornton, K. E. Jelfs, K. Konstas, C. M. Doherty, A.J.
Hill, A. K. Cheetham, T. D. Bennett, Chem. Commun. 2016, 52,
3750-3753.

[53] a) N. O’Reilly, N. Giri, S. L. James, Chem. Eur. J. 2007, 13,3020—
3025; b) S. Zhang, K. Dokko, M. Watanabe, Chem. Sci. 2015, 6,
3684-3691; c) N. Giri, M. G. Del Popolo, G. Melaugh, R.L.
Greenaway, K. Ratzke, T. Koschine, L. Pison, M. F. Gomes, A. L.
Cooper, S. L. James, Nature 2015, 527, 216-220; d) J. Zhang,
S. H. Chai, Z. A. Qiao, S. M. Mahurin, J. Chen, Y. Fang, S. Wan,
K. Nelson, P. Zhang, S. Dai, Angew. Chem. Int. Ed. 2015, 54,
932-936; Angew. Chem. 2015, 127, 946 —950.

[54] T. Minami, J. Non-Cryst. Solids 1985, 73, 273 —-284.

[55] S. Horike, W. Chen, T. Itakura, M. Inukai, D. Umeyama, H.
Asakura, S. Kitagawa, Chem. Commun. 2014, 50, 10241 -10243.

[56] S.S. Nagarkar, S. Horike, T. Itakura, B. Le Ouay, A. Demes-
sence, M. Tsujimoto, S. Kitagawa, Angew. Chem. Int. Ed. 2017,
56, 4976 -4981; Angew. Chem. 2017, 129, 5058 —5063.

[57] Z. Fang, B. Bueken, D. E. De Vos, R. A. Fischer, Angew. Chem.
Int. Ed. 2015, 54, 7234 -7254; Angew. Chem. 2015, 127, 7340—
7362.

[58] J. H. Huang, A. Hill, M. Forsyth, D. MacFarlane, A. Hollen-
kamp, Solid State Ionics 2006, 177, 2569 —2573.

[59] Y. Hirai, T. Nakanishi, Y. Kitagawa, K. Fushimi, T. Seki, H. Ito,
H. Fueno, K. Tanaka, T. Satoh, Y. Hasegawa, Inorg. Chem. 2015,
54, 4364 —-4370.

[60] A. Qiao, H. Tao, M. P. Carson, S. W. Aldrich, L. M. Thirion, T. D.
Bennett, J. C. Mauro, Y. Yue, Opt. Lett. 2019, 44, 1623 -1625.

[61] a) Q. Zhang, K. De Oliveira Vigier, S. Royer, F. Jerome, Chem.
Soc. Rev. 2012, 41, 7108—-7146; b) E. L. Smith, A.P. Abbott,
K. S. Ryder, Chem. Rev. 2014, 114, 11060-11082.

Manuscript received: September 6, 2019
Accepted manuscript online: October 20, 2019
Version of record online: Il 11, 11NN

www.angewandte.org

These are not the final page numbers!

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angew. Chem. Int. Ed. 2020, 59, 2—15


https://doi.org/10.1088/0034-4885/69/1/R05
https://doi.org/10.1088/0034-4885/69/1/R05
https://doi.org/10.1103/PhysRevLett.74.4682
https://doi.org/10.1103/PhysRevLett.74.4682
https://doi.org/10.1103/PhysRevLett.59.1136
https://doi.org/10.1088/0953-8984/13/46/201
https://doi.org/10.1021/cg8009496
https://doi.org/10.1039/C9CC02172H
https://doi.org/10.1002/chem.201900979
https://doi.org/10.1021/ja00151a034
https://doi.org/10.1021/ja00151a034
https://doi.org/10.1002/cplu.201300063
https://doi.org/10.1039/b110838g
https://doi.org/10.1016/j.jorganchem.2005.03.007
https://doi.org/10.1039/C3CS60310E
https://doi.org/10.1039/C3CS60310E
https://doi.org/10.1039/C5CC04626B
https://doi.org/10.1002/anie.201600123
https://doi.org/10.1002/anie.201600123
https://doi.org/10.1002/ange.201600123
https://doi.org/10.1039/C8CC02399A
https://doi.org/10.1039/C8CC02399A
https://doi.org/10.1021/jacs.5b13220
https://doi.org/10.1021/jacs.5b13220
https://doi.org/10.1021/jacs.9b05558
https://doi.org/10.1021/jacs.9b05558
https://doi.org/10.1039/C8TA08016J
https://doi.org/10.1039/C8TA08016J
https://doi.org/10.1021/cg501737j
https://doi.org/10.1039/C9CC02744K
https://doi.org/10.1016/j.jpcs.2013.05.024
https://doi.org/10.1016/j.jpcs.2013.05.024
https://doi.org/10.1016/0022-3697(61)90076-2
https://doi.org/10.1002/1521-4095(200107)13:12/13%3C957::AID-ADMA957%3E3.0.CO;2-%23
https://doi.org/10.1016/j.pmatsci.2007.01.001
https://doi.org/10.1021/cr500411q
https://doi.org/10.1021/cr500411q
https://doi.org/10.1021/jp056006y
https://doi.org/10.1021/jp056006y
https://doi.org/10.1021/jp067705t
https://doi.org/10.1016/j.cplett.2008.04.070
https://doi.org/10.1016/j.cplett.2008.04.070
https://doi.org/10.1002/zaac.19804640117
https://doi.org/10.1038/nmat4998
https://doi.org/10.1038/nmat4998
https://doi.org/10.1021/jp004132q
https://doi.org/10.1021/jp004132q
https://doi.org/10.1038/s41557-019-0263-4
https://doi.org/10.1126/science.1232450
https://doi.org/10.1016/S1388-2481(03)00167-X
https://doi.org/10.1021/mp800092t
https://doi.org/10.1021/jacs.8b11548
https://doi.org/10.1021/jacs.8b11548
https://doi.org/10.1126/sciadv.aao6827
https://doi.org/10.1039/C8CP02340A
https://doi.org/10.1021/cr900040x
https://doi.org/10.1038/s41563-019-0317-4
https://doi.org/10.1039/C5CC10072K
https://doi.org/10.1039/C5CC10072K
https://doi.org/10.1039/C5SC01374G
https://doi.org/10.1039/C5SC01374G
https://doi.org/10.1038/nature16072
https://doi.org/10.1002/anie.201409420
https://doi.org/10.1002/anie.201409420
https://doi.org/10.1002/ange.201409420
https://doi.org/10.1016/0022-3093(85)90353-9
https://doi.org/10.1039/C4CC04370G
https://doi.org/10.1002/anie.201700962
https://doi.org/10.1002/anie.201700962
https://doi.org/10.1002/ange.201700962
https://doi.org/10.1002/anie.201411540
https://doi.org/10.1002/anie.201411540
https://doi.org/10.1002/ange.201411540
https://doi.org/10.1002/ange.201411540
https://doi.org/10.1016/j.ssi.2006.01.041
https://doi.org/10.1021/acs.inorgchem.5b00145
https://doi.org/10.1021/acs.inorgchem.5b00145
https://doi.org/10.1364/OL.44.001623
https://doi.org/10.1039/c2cs35178a
https://doi.org/10.1039/c2cs35178a
https://doi.org/10.1021/cr300162p
http://www.angewandte.org

GDCh
~~—

Minireviews

S. Horike,* S. S. Nagarkar, T. Ogawa,
S.Kitagawa* — 11I-1Nl

A New Dimension for Coordination
Polymers and Metal-Organic
Frameworks: Towards Functional Glasses
and Liquids

Angew. Chem. Int. Ed. 2020, 59, 2—15

Minireviews Angewandte

Heart of glass: The liquid/glass states of
coordination polymers (CPs) and metal-
organic frameworks (MOFs) constitute

-\ A a new class of amorphous materials and
Liquip N i are related to ionic liquids and other ionic

Giass composites (SRR — soft materials. The unique energy land-
‘ ' E scape and dynamics of liquid/glass CPs/
MOFs with coordination networks offer
additional opportunities for properties

and functions that are complementary to
those of the crystalline state.

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org 15

These are not the final page numbers! *?


http://www.angewandte.org

