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ABSTRACT: The release of guest species from within a
nanoporous metal—organic framework (MOF) has been
inhibited by amorphization of the guest-loaded framework
structure under applied pressure. Thermogravimetric ana-
lyses have shown that by amorphizing ZIF-8 following
sorption of molecular I, a hazardous radiological byproduct
of nuclear energy production, the pore apertures in the
framework are sufficiently distorted to kinetically trap I, and
improve I, retention. Pair distribution function (PDF)
analysis indicates that the local structure of the captive I,
remains essentially unchanged upon amorphization of the
framework, with the amorphization occurring under the
same conditions for the vacant and guest-loaded framework.
The low, accessible pressure range needed to effect this
change in desorption is much lower than in tradition sor-
bents such as zeolites, opening the possibility for new mole-
cular capture, interim storage, or controlled release applica-
tions.

he structural versatility and flexibility of metal—organic

frameworks (MOFs) affords opportunities for applications
distinct from those of established nanoporous sorbents."” The
unparalleled sorption selectivity that can be achieved in MOFs,
through the initial synthesis or postsynthetic chemical modifica-
tion of the framework, pore geometry, and surface functionality,
is well established.> Recently, it has been recognized that the
expanded structures of MOFs are extremely flexible, such that the
associated pore geometries can be modified mechanically,
through the application of pressure.* ® Notably, for ZIF-8, an
archetypal MOF with an expanded zeolite topology, application
of pressure induces an irreversible structural transition to an
amorphous phase—a pressure-induced amorphization or PIA—
which alters the pore structure and sorption characteristics
without collapsing it.> Because of the flexibility of the expanded
MOF structure, this amorphization occurs at low, easily acces-
sible pressures; pressures an order of magnitude lower than for
traditional nanoporous sorbents like zeolites.” Consequently, for
MOFs, the amorphization can be achieved on a bulk, industrial
scale, for example, through pressing pellets, mechanical grinding,
ball milling, sonication, and so forth, providing opportunities for
unique applications.

Here, we demonstrate the possibility to exploit pressure-
induced changes to the MOF structure and sorption—desorption
characteristics for new molecular capture applications. By pres-
sure-amorphizing ZIF-8 following I, capture,” subsequent release
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of this volatile species, which is formed as a radioactive byproduct
of nuclear energy production, is minimized. Detailed analysis of
the local structure of the I, guests, using the PDF method which
can probe both crystalline and amorphous materials,”'® indicates
that this remains unaffected by the framework amorphization. In
contrast to chemical postsynthetic modification of MOFs, this
mechanical modification through pressure can be applied at an
intermediate point in a sorption or sequestration process, rather
than simply being used to generate the initial sorbent and sorption
characteristics. Consequently, when employed after guest-sorp-
tion, mechanical modification has the potential to alter desorption
properties, for example, to physically trap guests. This approach
decouples guest sorption and changes to porosity, providing
unique opportunities, distinct from the guest-triggered switching of
pore structure reported in some framework materials (e.g, MIL-53)
and molecular systems."”'* This is the first study to quantify the
effect of pressure amorphization of MOFs for gas retention and
storage, and show that this is pertinent to a wide range of molecular
capture and interim storage applications including for volatile fission
gases from nuclear fuel reprocessing,g’13 such as I, Kr, and other
species relevant to clean energy production (e.g, CO,, and H,).

ZIF-8, Zn(2-methylimidazole),, is part of a broad family of
MOFs with expanded zeolite topologies—zeolitic imidazolate
frameworks (ZIFs)—where the Zn—imidazolate—Zn link repli-
cates the characteristic T-O-T angle of zeolites.'* The sodalite-
type topology of the cubic ZIF-8 framework (I-43m, a ~ 17.0 A)
defines 12.0 A diameter pores connected via 3.5 A diameter
apertures (6-rings). The unmatched I, sorption capacity, reten-
tion, and selectivity of the ZIF-8 pore network benefits from the
close correspondence of these 6-ring apertures to the I, molec-
ular dimensions (3.5 cf. 3.35 A).%

Activated ZIF-8 (~1.5 g, Sigma-Aldrich) was loaded with
iodine at ~75 °C to different final concentrations (20, 40, 60, 80,
100, and 120 wt % L,). A portion of each sample was annealed at
125 °C for 6 h to remove I, from the external surface. While the
as-loaded samples were brown, with the color intensity increas-
ing for higher loadings, all samples faded to a pale brown or tan
shade upon annealing, independent of I, loading. This suggests
that the color of the bulk sample is correlated to external surface-
sorbed L.

Variable pressure X-ray diffraction measurements, fora 40 wt % I,
sample, indicate that the I,-containing sample can be amorphized
at the same pressure as the vacant framework (~0.34 GPa,
see Supporting Information). Bulk powders of I,-loaded ZIF-8
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Figure 1. Representative PDFs, G(r), for the crystalline and amorphous
materials (a), and differential PDFs (b) corresponding to I—I and
I—framework interactions in the pressure-amorphized as-loaded series
(120 wt % loading). The intensity and position of features in differential
PDFs for crystalline and amorphous, and as-loaded and annealed
samples are compared (c).

(as-loaded and annealed) were amorphized within a pellet press
(9 ton, 10-mm-diameter die, ~1.2 GPa average pressure), and redis-
persed as powders for subsequent analysis. The structure of the
crystalline and amorphized materials were compared using PDF
analysis of high energy X-ray scattering data collected at beamline
11-ID-B at the Advanced Photon Source at Argonne National
Laboratory. The PDF provides local structure information, inde-
pendent of crystallinity, as a welghted histogram of all atom—atom
distances within a material.” Not only can the PDF provide insight
into the structural features that are retained in the amorphous ZIF-8
framework, but using a differential approach, and subtracting the
contribution associated with the framework, the local I—1 and
I—framework interactions in the crystalline and amorphized materi-
als can be directly compared.'

The well-defined long-range correlations, evident in PDFs for
the crystalline materials, are eliminated for the amorphized ZIF-8
systems (Figure 1). However, the shorter range features, including
those up to 6 A, which correspond to the Zn—imidazolate—Zn
links, are entirely preserved in the amot;phous materials. The
combined retention of guests, porosity,” and the Zn---Zn
connectivity in the pressure-amorphized materials suggests that
the sodalite topology of ZIF-8 is preserved, despite the local
structural changes that destroy the long-range order, that is, the
crystallinity. These structural changes are likely to involve sym-
metry-reducing distortions of the 6-ring apertures, eliminating the
well-defined features in the PDF beyond ~6 A and impeding
diffusion of guest molecules through the framework. This dis-
placive amorphization contrasts with the reconstructive transition
to a dense amorphous phase induced thermally in ZIFs containing
unsubstituted imidazole."®

While the long-range framework order is eliminated upon
amorphization, the short-range I—-I and I—framework interac-
tions remain unchanged. Indeed, a larger change in local struc-
ture is associated with the annealing and surface-desorption
compared to the amorphization itself (Figure 1). Specifically,
the nearest neighbor I—1I peak shifts from 2.8 to 2.6 A while
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Figure 2. The mass loss associated with I, release from the crystalline
and amorphized ZIF-8 based on TGA of the as-loaded (left) and
annealed (right) samples. The mass losses for the vacant ZIF-8 materials
have been subtracted.

simultaneously narrowing, indicating less disorder (dynamic or
static).'® This is accompanied by an increase in the relative
intensity of the second and third peaks at 3.85 and 4.3—4.4 A,
associated with intermolecular interactions within pores. These
changes may reflect a refinement of the I, arrangement within the
pores upon annealing.

The retention of I, is enhanced in the amorphized relative to
the crystalline ZIF-8, as evidenced from thermograwmetrlc
analysis (TGA). The mass losses upon heating (10 °C min ™,
N, flow, Figure 2) were shifted to higher temperatures for the
amorphized materials, by up to 150°. These gains were most
pronounced for the intermediate I, loadings. At the highest
loadings, there appeared to be some destabilization of the
framework, with a greater overall mass loss for the I,-containing
framework than for the vacant ZIF-8. This is consistent with the
reduced crystallinity observed at high loadings. For the as-loaded
samples, the TGA showed mass loss associated with surface
desorption starting at 100—120 °C, with a further loss at
170—240 °C associated with release of I, from within the pores.
For the surface-desorbed samples, the mass loss occurred at
170—240 °C, starting at lower temperatures for higher loadings.

The improvement in I, retention was quantified by comparing
the I, mass loss from ZIF-8 samples (annealed 80 wt %) at
constant temperature in the TGA apparatus (200 °C, N, flow,
see ESI). The I, loss is retarded by a factor of approximately 12 in
the amorphized ZIF-8.

The enhanced guest retention of the amorphlzed material is
associated with a kinetic trapping mechanism,'” rather than a
change in binding energy, with identical host—guest interactions
in the crystalline and amorphous materials. Leach testing, which
evaluates the long-term durability of a final waste form, by
heating in deionized water for 7 days at 90 °C,"® showed minor
differences in I, retention upon amorphization. As such, the
amorphized pellets are most suitable for applications as an
interim waste-form. Initial tests suggest that these can be
successfully incorporated into core—shell structured final waste
forms'® that combine excellent long-term stability with poten-
tially unmatched I, densities.

The present study shows that independent of guest molecules
loaded into pores of ZIF-8, the framework can be amorphized at
the same mild pressure and temperature conditions as empty
ZIE-8. This is particularly striking considering the extremely high
I, loading (up to ~6 I, molecules per sodalite cage). This is
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generally consistent with the relative independence of certain
MOFs’ compressibility to different guest loadings.* The structur-
al changes to the framework associated with this amorphization
improve the I, retention upon heating, by up to 150°, retaining
the local structure of the captive I, despite the changes to the
framework crystallinity.

An efficient radioactive waste capture process, in reprocessing
nuclear fuel or cleanup following inadvertent environmental
release, is perhaps one of the highest impact (in terms of cost
savings per unit quantity) potential sorption applications for
MOFs.° In this field, there are overwhelming economic drivers
that dictate that contamination, and accordingly, processing
steps and materials, must be minimized, with the same storage
requirements applied to any component used as part of the waste
capture as for the waste itself. The amorphization of I,-loaded
ZIE-8 provides for secure interim storage before incorporation
into a long-term waste form, ensuring noncontamination of the
environment. The unmatched I, uptake capacity for ZIF-8,
relative to existing zeolite getters, and the possibility to minimize
subsequent release through amorphization, makes this a promis-
ing I, capture method. Furthermore, the invariance of the
host—guest interactions to pressure treatment, demonstrated
here, answers an important question in materials for radioactive
waste storage. Here, the preferred technology to densify radio-
active waste to a monolithic form that is suitable for transport is hot
isostatic pressing (HIPping).”' Not only does the present work
provide a route to an interim waste form based on amorphized
ZIF-8, but more generally, it provides insight into the behavior of
other I, containing MOFs under HIPping conditions, showing
that the pore structure can retain iodine under pressure.

More generally, in contrast to chemical postsynthetic mod-
ification of MOF structure and sorption—desorption behaviors
which must be applied before guest-loading, this mechanical
modification through pressure can be applied at any point in a
sorption-sequestration process. Consequently, pressure-induced
structural changes can be used as a macroscale handle with which
to control the nanoscale sorption properties. Specifically, they
can be used for increasing hysteresis in the sorption—desorption
kinetics, at will, to kinetically trap I,. Potential applications,
beyond the capture of radioisotopes, include the controlled
release of agrochemicals.
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