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CONSPECTUS: Crystalline metal−organic frameworks (MOFs)
are porous frameworks comprising an infinite array of metal
nodes connected by organic linkers. The number of novel MOF
structures reported per year is now in excess of 6000, despite
significant increases in the complexity of both component units
and molecular networks. Their regularly repeating structures give
rise to chemically variable porous architectures, which have been
studied extensively due to their sorption and separation potential.
More recently, catalytic applications have been proposed that
make use of their chemical tunability, while reports of negative
linear compressibility and negative thermal expansion have
further expanded interest in the field.
Amorphous metal−organic frameworks (aMOFs) retain the basic building blocks and connectivity of their crystalline
counterparts, though they lack any long-range periodic order. Aperiodic arrangements of atoms result in their X-ray diffraction
patterns being dominated by broad “humps” caused by diffuse scattering and thus they are largely indistinguishable from one
another. Amorphous MOFs offer many exciting opportunities for practical application, either as novel functional materials
themselves or facilitating other processes, though the domain is largely unexplored (total aMOF reported structures amounting
to under 30).
Specifically, the use of crystalline MOFs to detect harmful guest species before subsequent stress-induced collapse and guest
immobilization is of considerable interest, while functional luminescent and optically active glass-like materials may also be
prepared in this manner. The ion transporting capacity of crystalline MOFs might be improved during partial structural collapse,
while there are possibilities of preparing superstrong glasses and hybrid liquids during thermal amorphization. The tuning of
release times of MOF drug delivery vehicles by partial structural collapse may be possible, and aMOFs are often more
mechanically robust than crystalline materials, which is of importance for industrial applications.
In this Account, we describe the preparation of aMOFs by introduction of disorder into their parent crystalline frameworks
through heating, pressure (both hydrostatic and nonhydrostatic), and ball-milling. The main method of characterizing these
amorphous materials (analysis of the pair distribution function) is summarized, alongside complementary techniques such as
Raman spectroscopy. Detailed investigations into their properties (both chemical and mechanical) are compiled and compared
with those of crystalline MOFs, while the impact of the field on the processing techniques used for crystalline MOF powders is
also assessed. Crucially, the benefits amorphization may bring to existing proposed MOF applications are detailed, alongside the
possibilities and research directions afforded by the combination of the unique properties of the amorphous domain with the
versatility of MOF chemistry.

■ INTRODUCTION

Crystalline metal−organic frameworks (MOFs) are network
solids in which inorganic nodes (clusters or metal ions) are
linked via organic ligands in an infinite array. The placement of
these moieties within the framework is highly regular and as
such the materials are said to possess long-range order.
The synthesis of novel MOF materials has been the subject

of intense research and debate over the past decade, mainly
because of their potential for application in gas storage and
separation, catalysis, and sensing.1 While the complexity and
gas storage ability of novel MOFs is ever increasing, they are
necessarily becoming more difficult to synthesize and character-
ize. This has led to a surge in work on functionalizing, altering,
and utilizing existing MOF structures.

A small but growing number of noncrystalline MOFs are
steadily capturing scientific interest (Table 1), though it is only
recently that well-characterized examples of amorphous MOFs
(aMOFs) have started to appear.2 To date, they still remain
woefully under represented, despite amorphization being well-
known in inorganic materials and observed recently in porous
aromatic frameworks.3

Amorphous MOFs may find applications in multiple areas,
especially those that might involve the collapse of porous MOF
structures around guest species. Reversible gas storage using
pressure-induced amorphization4 and irreversible long-term
harmful substance storage5 have already been suggested, while
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release times of drug-loaded MOFs6 might also be tailored
using partial amorphization. In addition, zeolite collapse has
been shown to produce inorganic glasses,7 and similar
processes might be used as routes to functional hybrid glasses.
A third route of exploration involves understanding the process
of amorphization itself (thermal or pressure-induced), in order
to provide greater insight into the processing of MOF powders
(sintering and densification).
The majority of work to date has been performed on a

subfamily of MOFs called zeolitic imidazolate frameworks
(ZIFs), which consist of tetrahedral metal centers (typically
Zn2+ or Co2+), connected by imidazolate (C3H3N2

−) organic
ligands.8 The similarity of the angle subtended at these ligands
to its counterpart Si−O−Si angle in inorganic zeolites results in
ZIFs adopting similar network structures (Figure 1).

For simplicity, we define an amorphous MOF as a network of
inorganic nodes (clusters or metal ions), linked by organic
ligands (generally containing carboxylate or nitrogen-based
functional groups). Crucially (and clearly differentiating them
from crystalline MOFs), there is no long-range order within the
structure, resulting in an absence of Bragg peaks in their X-ray
or neutron diffraction patterns (Figure 2).
To date, approximately 30 cases of aMOFs have been

reported, along with a minority of partially crystalline MOFs.
Most have been prepared by ourselves through application of
stress to a crystalline framework, though direct formation from
inorganic salt and organic precursor (e.g., MOF aerogels9) has
been observed in a minority of cases, as has their in situ
formation during crystalline MOF synthesis.10

A summary of existing aMOFs is given in Table 1, sections a
and b, where the prefixes ap, am, aT, and ae are used to denote
amorphization by pressure, ball milling, heating, or electrical
discharge, respectively. In this Account, we describe various
methods of preparing amorphous MOFs and the methods used
to characterization them, their properties, and potential
applications.

■ IDENTIFICATION AND CHARACTERIZATION
The absence of conventional Bragg diffraction from amorphous
MOFs precludes determination of the position of individual

atoms and thus the long-range structure of a material. The
disordered nature of aMOFs does, however, give rise to diffuse
scattering, which contains valuable information on two-atom
interactions and can be used to yield insight into short and
medium range ordering. The pair distribution function (PDF),
G(r), is in effect a map of atom−atom distances and can be
used to ascertain the degree of local and intermediate ordering
within amorphous solids, provided that the density and
composition of the system in question is known. Indeed, the
limit of ordering within an amorphous solid is made quickly
apparent by the absence of features over a certain length scale
(Figure 3).
X-ray or neutron total scattering experiments are performed

to yield the total scattering function (S(Q)), which includes
information on both Bragg and diffuse scattering. After suitable
data reduction, the Fourier transform of S(Q) yields the PDF,
which can then be used to provide first insight into structural
behavior.
Reverse Monte Carlo (RMC) modeling on PDF data using

the RMC profile program can be used to build structural
models of amorphous systems, though the modeling requires a
starting configuration that is subsequently refined (in a manner
largely analogous to Rietveld refinement) against the
experimental data. The technique is more commonly used to
probe disorder in crystalline systems,25 though it has also been
used to provide information on the in situ changes of a system
under nonambient conditions.26,27 Nevertheless, for amorphous
solids that meet the criteria of known density and composition
(most commonly due to it being formed from a known
crystalline starting framework), PDF analysis remains the
quintessential tool in the characterization of amorphous solids.
Aside from total scattering experiments, infrared and Raman

spectroscopy may be used to identify the presence of various
moieties and infer short-range ordering,19,21 while differential
scanning calorimetry (DSC) has been shown to indicate
heating-induced amorphization in several publications.12

Figure 1. (a) The basic Si−O−Si building unit in inorganic zeolites,
(b) M−L−M connectivity in MOFs, where the metal-coordinating
atoms are usually N or O, (c) the M−Im−M building unit of zeolites,
(d) the sodalite network topology of zeolites and ZIFs (gray atoms
representing the metal nodes and yellow sticks representing the O or
Im units linking them together), (e) unit cell of the prototypical MOF-
5 (Zn4O polyhedra, blue; C, black; yellow sphere representing the
accessible area within the porous system), and (f) unit cell of ZIF-8
(ZnN4 polyhedra, blue).

Figure 2. (a) Unit cell and associated X-ray diffraction pattern of ZIF-
1 [Zn(Im)2] and (b) comparably sized configuration of an amorphous
ZIF and powder pattern. Zn, pink; C, green; N, blue; H atoms
omitted. (C) The ZnN4 tetrahedra (blue) and bridging imidazolate
linker common to both crystalline and amorphous species.
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■ SYNTHESIS
Currently, identification of amorphous products when screen-
ing for novel MOF structures is not pursued, and it is highly
likely that many have been synthesized and subsequently
discarded without investigation. Indeed, with the application of
high throughput screening, software has been developed with
the aim of disregarding information on aMOFs with alarming
readiness.28 Despite this, limited information does exist on the

direct synthesis of aMOFs, with fast rates of addition of
triethylamine to zinc nitrate and ICA in N,N-dimethylforma-
mide (DMF) yielding a disordered material and not the
crystalline product formed with slow addition.15

More commonly, aMOFs are formed from the application of
stress to crystalline frameworks. Some MII imidazolate-
containing complexes partially decompose upon heating to
give the M(Im)2 product.

16,17 The loss of inherent parts of the
structure is not however a prerequisite for amorphization, as
illustrated in a family of zinc tris(4-pyridyl)triazine-containing
frameworks, which first lose solvent and then undergo
amorphization at 473 K in separate demarcated steps, before
a reconstructive transition at 573 K into a different frame-
work.24 This bears remarkable resemblance to the sequence of
transitions discovered in ZIFs.12

Pressure has also been used to amorphize crystalline MOFs,
with the prototypical framework MOF-5 (IRMOF-1) collaps-
ing under just 3.5 MPa compression in a hydraulic press,19

Raman spectroscopy being used to note the presence of similar
vibrational modes across crystalline and amorphous products
(thereby confirming the retention of local structural modes).29

MOF-177, which shows large gas uptake capacities, undergoes
similar collapse upon mechanical compression.21 In both cases,
collapse was observed to result in a large decrease in framework
porosity. Amorphization of MOF-5 by electrical discharge

Table 1. Reported aMOFsa

name composition amorphization conditions space group of starting MOF ref

(a) Incorporating an Imidazolate-Type Ligand
amZIF-1 Zn(Im)2 25 Hz, 30 min P21/n 11
aTZIF-1 300 °C P21/n 12
amZIF-3 Zn(Im)2 25 Hz, 30 min P42/mnm 11
aTZIF-3 300 °C P42/mnm 12
amZIF-4 Zn(Im)2 25 Hz, 30 min Pbca 11
aTZIF-4 300 °C Pbca 12
apZIF-4 0.35−0.98 GPa Pbca 4
amCoZIF-4 Co(Im)2 25 Hz, 30 min Pbca 11
aTCoZIF-4 300 °C Pbca 12
amZIF-8 Zn(mIm)2 25 Hz, 30 min I43m 13
apZIF-8 0.34 GPa I43m 14
amZIF-69 Zn(nIm)(cbIm) 25 Hz, 30 min P63/mmc 5
amZIF-mnIm Zn(mnIm)2 25 Hz, 30 min I43m 5
aZn(ICA)-2b Zn(ICA)2 direct preparation d 15
aTNickel(II) bisimidazolate Ni(Im)2 decomposition 150 °C [Ni(acac)(Im)2] P21/a 16
aTPalladium(II) bisimidazolate Pd(Im)2 decomposition 150 °C Pd(Him)2(Im)2 Pnca 16
aTPlatinum(II) bisimidazolate Pt(Im)2 Decomposition 250 °C Pt(Him)2(Im)2 P21/c 16
aTCopper(II) bisimidazolate Cu(Im)2 decomposition 110 °C Cu(Him)2(CO3)2·H2O P1 17
aTRho-ZMOF Na48In48(HIMDc)96 200 °C Im3m 18

(b) Not Containing an Imidazolate Ligand
apMOF-5 Zn4O(BDC)3 10.3 MPa, not hydrostatic Fm3m 19
aeMOF-5c Zn4O(BDC)3 electrical discharge Fm3m 20
aMOF-177c Zn4O(BTB)2 compression P31c 21
aZn(CN)2 Zn(CN)2 3 GPa (and X-ray exposure) P43m 22
aT[ZnI2]3(TPT)2] [ZnI2]3(TPT)2] 200 °C C2/c 23
aT[ZnBr2]3(TPT)2] [ZnBr2]3(TPT)2] 200 °C C2/c 24
aT[ZnCl2]3(TPT)2] [ZnCl2]3(TPT)2] 200 °C C2/c 24
Fe3O(BTC)2F·H2O aerogelb Fe3O(BTC)2F·H2O direct preparation d 9

aIm, imidazolate (C3H3N2
−); mIm, 2-methylimidazolate (C4H5N3

−); nIm, 2-nitroimidazolate (C3H2N3O2
−); cbIm, 5-chlorobenzimidazolate

(C7H4N2Cl
−); mnIm, 4-methyl-5-nitroimidazolate (C4H4N3O2

−); ICA, imidazolate-2-carboxaldehyde (C4H3N2O
−); ImDC, imidazole-4,5-

dicarboxylate (C5HN2O4
−); BDC, benzene-1,4-dicarboxylate (C8H3O4

2−); BTB, 1,3,5-tris(4′-carboxyphenyl)benzene (C21H15O6
3−); TPT, 2,4,6-

tris(4-pyridyl)triazine) (C18H12N6).
bIndicates aMOF reported synthesized directly from its precursors. cIndicates those cases where the X-ray

diffraction pattern still contains some Bragg reflections. dNot applicable.

Figure 3. G(r), the Fourier transform of the S(Q) produced from an
X-ray total scattering experiment on aTZIF-4 [Zn(Im)2]. The peaks
correspond to distances between atom pairs, with the limit of
correlated distances coming at 6 Å. The absence of defined features
beyond this distance indicates the lack of any longer range ordering.
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similarly results in densification, with collapse linked to the
destruction of metal-binding carboxylate groups in the
framework. The presence of Bragg peaks at the point of
amorphization however suggests, at best, an incomplete
process.20

The role of radiation in amorphization processes has not yet
been probed extensively, though interestingly the simple
cyanide Zn(CN)2 collapses at a pressure of 3 GPa, when
exposed to X-rays but not without.22 In general, the reaction of
frameworks to a combination of stresses has not been
researched. While the synthesis of MOFs by ball-milling is
achieving greater scientific relevance, few reports exist where it
is used to facilitate the collapse of frameworks.11

■ AMORPHOUS ZEOLITIC IMIDAZOLATE
FRAMEWORKS

The vast majority of work done on amorphous MOFs has been
undertaken on members of the ZIF subfamily. The prototypical
example of temperature-induced amorphization in hybrid
frameworks remains that of ZIF-4. This framework of
composition Zn(Im)2, which adopts the same network
topology as the mineral CaGa2O4, contains N,N-dimethylfor-
mamide (DMF) molecules within its porous structure when
synthesized solvothermally. Upon heating to ca. 200 °C, this
pore-occupying solvent is lost, though the framework remains
intact despite the fact that the pore apertures (at 2.1 Å
diameter) are too small for the molecule to pass through. Upon
further heating to ca. 300 °C, an irreversible transition to a
dense topologically disordered phase with the same composi-
tion as crystalline ZIF-4 is observed. This phase was termed
aTZIF-4. Further heating to ca. 450 °C results in the
crystallization of the most dense crystalline ZIF, ZIF-zni
([Zn(Im)2], zni referring to the network topology, which is
identical to that adopted by zinc iodide), which is essentially
nonpermeable.
Neutron total scattering data were collected in situ using the

GEM diffractometer at the ISIS spallation source, and RMC
Profile was used to model the crystalline−amorphous−
crystalline transition. Starting structures based on ZIF-4 and
ZIF-zni configurations were not able to produce a structural
configuration that matched G(r) for the amorphous ZIF, while
a model derived from a random distribution of atoms similarly
failed to converge on a chemically reasonable configuration. A
model based on the continuous random network (CRN) model
of silica glass (with distances altered to allow for the greater size
of imidazolate compared with oxygen) afforded excellent fits to
the observed data after refinement, though constraints on Zn
coordination number and bond distances were used.2

Other zeolitic imidazolate frameworks (ZIF-1 and ZIF-3) of
the same Zn(Im)2 composition, with the zeolitic topologies
BCT and DFT, respectively, were observed to undergo similar
irreversible, reconstructive transitions. Amorphization in each
case occurred after solvent removal and further heating of the
evacuated framework, before recrystallization to the same dense
ZIF-zni phase. Total scattering experiments were performed
using Ag X-ray radiation (λ = 0.561 Å), Fourier transform of
the almost-identical S(Q) yielding G(r)s with no significant
differences (Figure 4). The retention of short-range ordering
(SRO) is evidenced in each case by the major peak in the PDF
at ca. 6 Å, which corresponds to the M−M nearest neighbor
pair. While the debate of the exact origin of the first sharp
diffraction peak in total scattering experiments continues, some

have used it to define a “coherence length”, which we
approximate to be around 10 Å in ZIFs.12

Given our observations on a subset of M(Im)2 frameworks,
we would expect others to undergo similar processes, though
no further experiments were performed. However, five ZIFs
incorporating substituted imidazolate ligands were chosen and
found to be thermally stable to ca. 500 °C. Efforts are
continuing to separate the topological and steric factors that
may influence amorphization in ZIFs.
The fate of those frameworks incorporating both simple and

substituted imidazolate ligands upon heating has not yet been
researched in detail, though their thermal stabilities are known
to be generally below those of other ZIFs, which contain only
one type of ligand.8 Similarly, the role of the inorganic moiety
in such amorphization processes remains unexplored. Frame-
works in which alternating Li+ and B3+ or Cd2+ cations replace
Zn2+ do exist, though none are isostructural to ZIFs, which
amorphize on heating.
Dehydrated crystalline ZIFs have also been observed to

undergo amorphization by ball-milling. To enable accurate
comparisons with the aTZIFs, ZIF-1, -3, and -4 were subjected
to ball-milling. Rapid, irreversible collapse was observed, though
recrystallization into the dense ZIF-zni did not occur. Their
PDFs were found to be extremely similar to those of the
aTZIFs, and indeed, all the evidence thus far points to the same
amorphous products being formed from both routes. Further
evidence comes from the fact that while recrystallization of the
dense ZIF-zni during milling of an amorphous ZIF is not
observed, the amZIFs can be heated to 450 °C to give the same
crystalline products as the aTZIFs.
Helium pycnometry was used to measure the densities of the

crystalline and amorphous ZIFs, yielding values for the aZIFs
intermediate between those of ZIF-4 and ZIF-zni. No
significant differences in density were observed between aTZIFs
and amZIFs of the same composition.
The intermediate nature of aZIF-4 was further investigated in

solution calorimetric experiments, which revealed relative
enthalpies of formation of 8.61 and 4.1 kJ mol−1 for ZIF-4
and aTZIF-4 (relative to ZIF-zni), indicating that the
amorphization of ZIF-4 is exothermic in nature.30

Differences between the amorphization mechanisms must
however exist, given the applicability of ball-milling induced
amorphization to other ZIFs, including the prototypical ZIF-8
(Figure 5).13 When subjected to the same treatment as its
unsubstituted counterparts, the same rapid amorphization
process was evident, despite the fact that it does not undergo
structural collapse upon heating.
Unsurprisingly, upon study of amZIF-8 by PDF analysis,

similarities in the SRO with amZIF-4 were evident, with the
PDFs being featureless at greater distances aside from a broad

Figure 4. G(r) for aTZIF-1 (green), aTZIF-4 (red), and ZIF-zni (blue).
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low intensity hump at ca. 13 Å. This feature was observed to
move slightly between the two, which was matched in the shift
in position of the Zn−Zn distance at 6 Å. The structural
configuration of amZIF-8 was elucidated using RMC modeling,
with the same starting model as that used to produce the
configuration of aTZIF-4 (though slightly altered to account for
the extra −CH3 group) again enabling good fits to the
experimentally observed total scattering structure factor for
amZIF-8.
Multiple other ZIFs have been amorphized this way,

including mixed ligand systems (ZIF-69) and those with
large, bulky organic moieties such as benzimidazolate (ZIF-9).
This susceptibility to collapse has been ascribed to their low
shear modulus31 and is presumably the reason why previous
attempts to prepare catalytic mixtures with ZIFs have
repeatedly failed.32

Zeolitic imidazolate frameworks display interesting behavior
under hydrostatic pressure, with behavior largely dependent on
the molecular size of the pressure-transmitting fluid. ZIF-8
undergoes irreversible amorphization at approximately 1.4 GPa
in Fluorinert or 0.34 GPa under nonhydrostatic conditions. Use
of ethanol as the hydrostatic medium was observed to delay
amorphization (which still occurred at pressures significantly
less than those required to amorphize its purely inorganic
sodalite counterpart (Na8[Al6Si6O24]Cl2)). PDF data collected
on samples of crystalline and pressure-amorphized ZIF-8
suggest a retention of the Zn−imidazolate−Zn link (6 Å).
Gas sorption measurements confirm a retention of porous
structure, indicating a displacive transition. Infrared spectros-
copy has been used to show that the effects of pressure upon
ZIF-8 up to 1.6 GPa are entirely reversible, though pressures
above this (and up to 39 GPa) resulted in recovery of a
disordered product at ambient pressure.33

The behavior of ZIF-4 under pressure is similarly complex.
The structure undergoes amorphization in both ethanol and a
large molecule pressure-transmitting fluid, which is slowed by
the presence of pore-occupying species.4 The pressure of

amorphization of an evacuated powder sample of ZIF-4 in the
latter fluid is comparable to that of ZIF-8 at approximately 0.35
GPa. The absence of a transition to the dense ZIF-zni in the
pressure range investigated suggests that the amorphization
process proceeds with retention of the metal tetrahedra and
associated structural connectivity. apZIF-4 is therefore unlikely
to adopt the same CRN topology as those that have been
thermally amorphized, which is a similar situation to classical
amorphous zeolites.
The cause of pressure-induced instability in ZIFs is believed

to be shear mode softening; molecular dynamics simulations
show rapid decreases in some elastic constants upon
compression in each case.34

■ PROPERTIES
BET analysis on substituted aTZIFs and amZIFs indicates
negligible porosities compared with crystalline frameworks
(Figure 6a), in line with their increased densities relative to the
crystalline phases.

Differences do however arise when we consider the gas
sorption abilities of apZIF-8 and amZIF-8. Upon pressure-
induced amorphization, the total gas uptake of ZIF-8 is reduced
substantially (Figure 6b), though it is still comparable to that of
crystalline ZIF-4. The evolution of ZIF-8 pore shape up to the
point of amorphization reveals that the larger pores are
essentially intact (though the channels linking them become
more constricted),35 while the nonporous nature of amZIF-8
may be caused by either structural densification or blocking of
pore channels. This basic evidence suggests that at least at
modest pressures, apZIF-8 and amZIF-8 possess different
structures.
The mechanical properties of ZIFs are important,36,37 given

potential applications in electromechanical conversion and as
thin films in chemical sensing and actuators. While the
reduction in surface area upon milling prohibits study of
amZIFs, the mechanical properties of aTZIF-1 and aTZIF-4

Figure 5. The different amorphization routes possible using
unsubstituted ZIFs (e.g., ZIF-4) and those incorporating substituted
linkers (e.g., ZIF-8).

Figure 6. (a) N2 sorption isotherms for amZIF-1 (black), amZIF-3
(red), amZIF-4 (green), and ZIF-4 (orange). (b) N2 sorption
isotherms for amZIF-8 (blue) and apZIF-8 amorphized at 0.9 GPa
(purple) and 1.2 GPa (red). Closed circles indicate adsorption data,
and open ones indicate desorption data.
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(both Zn and Co analogues) were found to be the same
(Figure 7a) and isotropic2 (as one might expect given their

isotropic CRN topology and the similarities in their PDFs).
The stiffness was found to be approximately intermediate
between the two bounding crystalline phases (i.e., increasing
upon amorphization), which agrees with the greater densities of
the amorphous frameworks,37 though the hardness varies little.
The dramatic change in Young’s modulus may be beneficial in
devices that detect subtle changes in conditions through
amorphization (humidity, heat, or radiation sensors).
Some evidence of macroscopic flow during the crystalline

ZIF-4 to aTZIF-4 transition is presented by optical microscopy
on a single crystal of aTZIF-4 (Figure 7b). The crystal, heated
to 300 °C at ambient pressure, clearly exhibits curved interior
and exterior edges. The extent of isothermal flow on crystal
morphology has not yet been researched, though the careful
application of temperature and pressure to a large crystal of
ZIF-4 may result in more drastic changes in morphology.
The isotropic mechanical response of the aZIFs has

implications for their thermal, electrical, and ion conductivity.
While little work has been done on this area of MOFs, one
would expect similarly isotropic responses of the materials upon
amorphization. Through comparison with crystalline and
amorphous SiO2, we might also predict the aZIFs to have
higher, thickness-independent resistivities.

■ APPLICATIONS
The use of crystalline−amorphous transitions to facilitate
different processes has enormous potential. One avenue
currently being explored is the application of pressure-induced
amorphization to reversibly store gas. In such applications, low,

industrially accessible pressures of collapse are used to change
the properties of the porous material. However, although
reversible transitions have been found at low pressures, the
apMOF formed is itself still porous and not a truly closed form
(allowing for movement and possible diffusion of gas molecules
into the environment).14

More promising is work on using crystalline ZIFs as hosts for
“harmful” guest molecules and then collapsing the framework
around the guest. The process renders the guest “trapped”
within the porous interior, with channels (which formerly
linked the pores to the outer surface) now blocked due to the
introduction of substantial disorder. ZIF-8 was shown to
display good molecular I2 (a radioactive version of which is a
nuclear fission byproduct) uptake capacity, retaining the guest
upon irreversible pressure or ball-milling induced amorphization.
Whereas the initial amounts of I2 adsorbed in each case was
comparable, there were slight differences in the ability of
amZIF-8 and apZIF-8 to retain I2 upon heating, with the former
appearing to show better isothermal retention of I2 at 200
°C.5,38 Other ZIFs have also been found to display promising
storage behavior, with amZIF-mnIm (mnIm referring to the
imidazolate linker) in particular showing particularly striking
retention of I2 compared with the crystalline form (Figure 8).5

As yet, solutions for reuse of the amorphized material have not
yet been proposed, though, given the instability of ZIFs in
acid30 and work on the room temperature synthesis of ZIFs,
one might anticipate dissolution of the amorphous product
before the use of pH chemistry to reform the crystalline
framework.
Biomedical applications of MOFs are of current interest,

because some exhibit good drug storage capacities and hence
potential for use as drug delivery vehicles.6 Whereas the
retention of guest is essential in the trapping applications
mentioned above, here we look to the ability of a MOF to
release its contents slowly and uniformly. It might be here that
partial amorphization can play a role in tailoring release times
(given that the density of certain aMOFs has been observed to
decrease with increasing milling time)13 though no work has
been performed at present.
Various routes to photoluminescent glassy materials can also

be envisaged, either by amorphization of rare earth containing
frameworks, by introduction of a small amount of lanthanide
salt during solvothermal synthesis, or by postsynthetic ion
inclusion, before thermal amorphization. Significant hurdles
exist in each method, however, in avoiding phase separation
and generating a sufficiently favorable binding site for the
introduced cation. Tunable, optically active glasses may well be
produced in a similar way, through inclusion of chiral sorbent
molecules.

Figure 7. (a) Nanoindentation studies on ZIFs, data taken from prior
literature and for indentation depths over 150 nm.2,12 (b) Optical
microscopy performed on a sample of ZIF-4 obtained by heating a
single crystal to 300 °C.

Figure 8. Isothermal thermogravimetric analysis (TGA) traces
showing the retention of molecular I2 by ZIF-8 and ZIF-mnIm.
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■ LOOKING FORWARD: AN EMERGING FIELD

One of the major barriers to the use of aMOFs in practice
remains the difficulty in elucidating their structural character-
istics. Indeed, caution must be exercised when making the
distinction between true “amorphous” frameworks and those
which simply undergo a reduction in particle size upon milling.
It is also true that the few detailed structural investigations of
aZIFs performed to date are by no means definitive, because
substantial debate still exists as to the structures of amorphous
materials.
These arguments not withstanding, further research

directions in the field of amorphous MOFs can be anticipated.
The use of amorphization as a sensor for pressure, heat, or
radiation changes is plausible, given the drastic structural
changes to these stimuli outlined in this Account, though
developing reversibility will prove key.
Much has also been made on the rational design of MOFs

and in this respect, we might look to using designed MOFs to
exhibit excellent selectivity for a particular guest molecule,
which we wish to then immobilize by amorphization. Currently,
while good uptake for various guests may be achieved,
selectivity for the guest in the presence of water is much
more problematic.
The production of functional glass-like materials from

crystalline MOFs is a particularly attractive and relatively facile
way to make new materials, though the prospect of “designer
MOF glasses” is perhaps a concept too far at this stage.
Aside from being used in practical applications themselves,

the study of aMOFs should also prove beneficial to those
researching the processing and shaping of MOF powders.
Densification of MOFs is of great interest for gas storage
applications, though the processing conditions that are used
often result in deterioration of porous structure.21 Similarly,
applications of crystalline frameworks in high-pressure
chromatography have been mooted, though knowledge of
pressure-induced structural alterations is again lacking. Studies
on using MOFs for optical materials (requiring transparency)
will also benefit from a greater understanding of the mechanical
limits of MOF structures, while sintering processes used to
shape MOF powders must also avoid conditions leading to
amorphization.
It is expected that the number of amorphous MOFs reported

in the coming years will increase, though to what extent they
might be characterized is unclear. However, it will be important
that exploration of the field is performed with an end-goal in
mind, because the characterization techniques involved are
simply not rapid enough to support high throughput work.
Examples of the virtuous nature of extreme disorder have

been presented here, though they are by no means exhaustive.
It is hoped that the domain of aMOFs will start to attract new
research and result in a multitude of novel functional
amorphous materials.
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