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ABSTRACT: A fast and efficient mechanosynthesis (ball-
milling) method of preparing amorphous zeolitic imidazo-
late frameworks (ZIFs) from different starting materials is
discussed. Using X-ray total scattering, N2 sorption analysis,
and gas pycnometry, these frameworks are indistinguishable
from one another and from temperature-amorphized ZIFs.
Gas sorption analysis also confirms that they are nonporous
once formed, in contrast to activated ZIF-4, which displays
interesting gate-opening behavior. Nanoparticles of a pro-
totypical nanoporous substituted ZIF, ZIF-8, were also
prepared and shown to undergo amorphization.

Considerable attention has been given to zeolitic imidazolate
frameworks (ZIFs), a subfamily of metal�organic frame-

works (MOFs) in which imidazolate-derived ligands (Im=C3-
H3N2

�) and metal (M2+) ions form open-framework [M(Im)2]
structures adopting zeolitic topologies.1�3 These numerous
porous structures have been the subject of interest focusing on
their sorption and catalytic properties,4,5 the development of ZIF
thin films and membranes being particularly promising from an
application perspective.6 Significant progress has been made in
addressing the lack of understanding of the mechanical proper-
ties of this exciting class of materials,7 with particular reference to
inter- and intrafamily structure�property relationships.8,9

Conventional ZIF synthesis relies on the solvothermal reac-
tion between the imidazolate ligand and a metal source at tem-
peratures in the range 80�140 �C, though some can be produced
under ambient conditions. The mechanosynthesis of ZIFs and
MOFs in general using liquid-assisted grinding (LAG)10 repre-
sents a notable advance in this area,11,12 being a faster, inexpen-
sive, and cleaner route to larger sample quantities than other
methods. While advances in synthetic techniques for novel
framework topologies and compositions are ongoing, new ZIF-
based materials are also being reported which derive from
existing frameworks. The synthesis and characterization of
thermally amorphized ZIFs (aT-ZIFs), for example, offers unique
opportunities to combine the functional tunability of MOFs with
amorphous phase properties, potentially opening routes to
photoluminescent and optically active glasses.13,14 The applica-
tion of hydrostatic pressure to ZIFs yields similarly interesting
novel materials, such as porous amorphous ZIFs,15 while also

being utilized for effective pore evacuation without collapse.16

The reversible amorphization of a ZIF was recently reported,17

demonstrating reversible sorption characteristic modification.
In the present work, we report that mechanosynthesis can

irreversibly amorphize crystalline ZIFs (Figure 1). The structure
and properties of the materials produced (am-ZIFs) are com-
pared and contrasted to those produced by thermal amorphiza-
tion. We also report that nanocrystals of porous ZIF-8 with
substituted imidazolate ligands can be amorphized by milling.

ZIF-1 [Zn(Im)2] and the structurally polymorphic ZIF-3 and -
4 were produced and evacuated according to the previously
reported synthetic procedures (SI-1). The materials were ball-
milled without solvent for 30min at room temperature (see SI for
further details). The only product obtained from each reaction
was amorphous (Figure 2). This is faster than the thermal
amorphization of ZIFs, which, like the related aluminosilicates,

Figure 1. Synthesis of ZIF-4, a-ZIF-4, and ZIF-zni using hydrothermal
and ball-milling techniques. Not only is mechanosynthesis faster, cheap-
er, and more straightforward, but it also greatly reduces the crystalline
impurities frequently found in aT-ZIFs. The hydrogen atom bonded to
the nitrogen in the imidazole molecule has been omitted to show the
deprotonated imidazolate linker present in the crystalline frameworks.
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is strongly time dependent.18 Typically heating at 300 �C for at
least 2 h is required to effect complete amorphization. Powder
X-ray diffraction (PXRD) analysis was repeated over a month
to confirm the irreversibility of the transition. Whereas small
crystalline impurities (e.g., untransformed starting materials) are
common in the aT-ZIFs, no such impurities were observed in the
am-ZIFs. The ease with which amorphization can be achieved
with ball-milling, compared with heating or hydrostatic pressure,
suggests that shear deformation may be important in the
mechanism.

While the formation of ZIF-4 and the dense, most thermo-
dynamically stable ZIF-zni (which may also be formed upon
further heating of ZIF-4 via aT-ZIF, see Figure 1) directly from
imidazolate and metal salt precursors by liquid-assisted mechan-
osynthetic means has been reported previously,12 attempts to
synthesize the amorphous phase directly from these precursors
were unsuccessful. Similarly, milling crystals of ZIF-4 did not
result in ZIF-zni formation, although ZIF-zni was observed upon
heating the am-ZIFs to 450 �C, as found with the aT-ZIFs
(Figure 1). The pycnometric densities of the am-ZIFs are very
close to one another and to those of the aT-ZIFs (Table 1).

Total scattering data on am-ZIF-1, -3, and -4 were collected at
room temperature using Ag X-ray radiation (λ = 0.561 Å) (SI-2)
and compared to those obtained previously for aT-ZIF-4. The
X-ray total scattering structure factors S(Q) and the correspond-
ing pair distribution functions (PDFs) G(r) are shown in
Figure 3. It is clear from the PDFs that the short-range orderings
(SROs) of the am-ZIFs are identical to one another and to that of
the aT-ZIF-4 (Figure 3a), the limit of SRO being taken as the
nearest-neighbor inter-zinc distance of 6 Å. Slight variations at
very low r can be explained by the low statistics in S(Q) at highQ.
The same features in the SROs have been observed across all
crystalline and amorphous ZIFs studied. Above the 6 Å limit in
the am-ZIFs, inspection of the PDFs reveals only the existence of

a broad, low-intensity feature at ∼12 Å. This feature is also
observed in the aT-ZIFs but not in the crystalline phases.

The similarity of the S(Q) traces at low Q (inset, Figure 3b)
also indicates that the am-ZIFs have very similar medium-range
orderings (MROs), which extends farther than the next-nearest-
neighbor interatomic distance. The first sharp diffraction peak
(FSDP) is generally accepted to be a good indicator of MRO in
covalently bonded glasses,19,20 the full width at half-maximum
(FWHM) of the FSDP being used to determine a rough measure
of theMRO in silica glass (the coherence length, L).21 In previous
work on the structure of aT-ZIFs, we calculated anL value of >10Å
(the value found in the case of silica glass). Despite small
differences in the intensity of the FSDP, the FWHM is largely
unchanged from that observed previously, again suggesting repeti-
tion of interatomic distances of >10 Å throughout a significant
volume of the am-ZIFs, though not in a periodic manner char-
acteristic of long-range crystalline order. At this stage, no differ-
ences in the MROs between the aT-ZIFs and am-ZIFs can be
detected, suggesting that very similar amorphous materials are
produced from the two different synthetic approaches.

To further characterize the amorphous ZIFs, N2 sorption
analysis was performed on the am-ZIFs and aT-ZIF-4 at 77 K. The
results confirm that the materials have no nanoporosity but are
similar to the dense ZIF-zni prepared by solvothermal reaction
(Figure 4a). Differences in the apparent surface areas of the two
classes of amorphous material were apparent, however, with the
am-ZIFs having greater Brunauer�Emmett�Teller (BET) sur-
face areas than aT-ZIF-4 (Table S1).

Characterization of samples of am-ZIF-4 and aT-ZIF-4 by trans-
mission electron microscopy (TEM) confirms that the typical

Figure 2. Uncorrected X-ray diffraction patterns for crystalline ZIF-1,
-3, and -4 (bottom) produced by solvothermal synthesis, and amorphous
phases (top) as produced by mechanosynthesis.

Table 1. Pycnometric Density Measurements for the Crys-
talline (Solvent-Containing) ZIFs, the Temperature-
Amorphized ZIFs, and the ZIFs Amorphized by Milling
(Densities in g cm�3)

crystallinea aT-ZIFs
a am-ZIFs

ZIF-1 1.4828(6) 1.575(4) 1.581(5)

ZIF-3 1.1763(20) 1.572(4) 1.575(3)

ZIF-4 1.4616(5) 1.576(4) 1.570(2)
aData for crystalline phases (solvent containing) and aT-ZIFs from ref 14. Figure 3. X-ray total scattering data measured for the am-ZIFs. (a) Pair

distribution function G(r) calculated via Fourier transform of S(Q) for
am-ZIF-1 (black), am-ZIF-3 (red), am-ZIF-4 (green), and aT-ZIF-4
(purple). (b) X-ray total scattering function S(Q). Inset: Low-Q region
of S(Q).
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particle size in am-ZIF-4 is significantly smaller than in the
thermally amorphized sample. The wider distribution of particle
sizes, along with the greater predominance of small particles in
am-ZIF-4, is evident from the TEM images (Figure S2). Particle
sizes in aT-ZIF-4 were typically ∼4�10 μm, with few smaller
particles, whereas the particle size in am-ZIF-4 was typically <4�
5μm,with a substantial population of particles as small as 50 nm in
diameter.

Nitrogen gas sorption analysis was also performed on a sample
of activated crystalline ZIF-4. The N2 sorption isotherm shown
in Figure 4b reveals a gate-opening behavior not unlike those
already reported in ZIF-7 and -8.22,23 The porosity of ZIF-4 only
becomes evident at ∼35 kPa, where a rapid increase in N2

sorption from 10 to 260 cm3g�1 is indicative of a transition to a
more porous structure. The sorption-induced transition is re-
miniscent of ZIF-8, where a more open phase appears at 2 kPa;
the gate-opened ZIF-8 is related to the ambient phase by a simple
rotation of the imidazolate ligands.24 While investigations to
determine the identity of the gate-opened structure of ZIF-4 are
ongoing, the higher pressure of the effect is consistent with
concerted imidazolate rotation being inhibited by the lower
solvent-accessible volume and higher density of the structure
(Table S2). Though the total N2 adsorbed by the system
was unremarkable (260 compared to 400 cm3 g�1 for ZIF-8)
and the BET surface area relatively small (300 compared to
1630 m2 g�1),3 the result is of specific relevance to work on
capturing harmful gaseous species (e.g., I2, CO2) in MOFs. For
example, gate-opening of the type now found in ZIF-4, -7, and -8
could provide a mechanism for trapping adsorbed species.

Many of the porous ZIFs which display the most promising
sorption capacities contain substituted imidazolate ligands and
can exhibit thermal stabilities up to 500 �C since they do not
amorphize upon heating. ZIF-8 [Zn(mIm)2] (mIm = 2-methyl-
imidazolate) provides such an example. We prepared activated
nanocrystals of this prototypical ZIF (nanoZIF-8) according to
previous procedures25 and subjected the sample to an identical
ball-milling treatment as done for the unsubstituted ZIFs. The
average particle size, in line with prior investigations of ZIF-8
nanoparticles,25 was ∼60 nm, as estimated from the broadening
of the Bragg reflections and by TEM observations (Figure S3).
The resultant purely amorphous product (a-nanoZIF-8) (Figure
S1) was stable over at least one month at room temperature
under atmospheric exposure. Total scattering data on am-nano-
ZIF-8 were collected and compared to those obtained for am-
ZIF-1 (Figure S4). While the SRO is similar to that observed in
all other ZIFs, the MRO appears to be different from that of the
unsubstituted amorphous phases. Reverse Monte Carlo model-
ing (e.g., ref 13) is underway to investigate this further. A sample
of bulk crystalline ZIF-8 showed partial amorphization on ball-
milling (Figure S1) but contained a significant amount of
crystalline impurity attributed to zinc oxide.

Gas pycnometry on the three activated samples (ZIF-8,
nanoZIF-8, and am-nanoZIF-8) revealed similar pycnometric
densities for the two crystalline samples of 1.42(2) and 1.45(1)
g cm�3, along with the expected densification of the structure on
amorphization (1.52 g cm�3). Subsequent N2 sorption analysis
confirmed that, like the previous amorphous frameworks, am-
nanoZIF-8 was not nanoporous. In line with previous results, and
as expected given the smaller particle size (Figure S3b), a larger
BET surface area for nanoZIF-8 of 1630 m2 g�1 was attained,
compared to 1006 m2 g�1 for the bulk sample. The maximum
uptake capacity of 1000 cm3 g�1 for nanoZIF-8 was reduced
to 312 cm3 g�1 for the bulk sample (Figure 5). By contrast, the
BET surface area of the am-nanoZIF-8 was 56 m2 g�1, and the
maximum uptake was only 70 cm3 g�1, both attributed to
external surfaces of the particles.

In conclusion, this is a first study that not only presents a faster
and more efficient route to amorphous ZIFs but also develops a
technique for the synthesis of amorphous ZIFs containing
substituted imidazolate ligands The characterization of each of
the am-ZIFs as nonporous represents an advance in our knowl-
edge on the amorphous MOF domain. Further work on the
ball-milling-induced amorphization of substituted ZIFs (which
are resistant to thermal amorphization) is warranted in order to

Figure 4. (a) N2 sorption isotherms for am-ZIF-1 (black), am-ZIF-3
(red), am-ZIF-4 (green), aT-ZIF-4 (purple), and ZIF-zni (blue). Closed
circles indicate adsorption, while open circles indicate desorption. Inset:
Sorption at low pressures, clearly indicating the lack of microporosity
(pore size of up to 2 nm) in the five amorphous materials. (b) N2

isotherm for ZIF-4 crystalline (orange) compared to am-ZIF-4 (green).
A step in the adsorption isotherm is clearly observed around 35 kPa, the
gate “closing” at ∼20 kPa on desorption.

Figure 5. N2 sorption isotherms for bulk ZIF-8, nano-ZIF-8, and am-
nanoZIF-8. Closed circles indicate adsorption, while open circles
indicate desorption. Inset: Sorption at low pressures.
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elucidate the underlying mechanisms. In addition, an exploration
of amorphization with samples that have not been evacuated
could have interesting consequences.
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