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l motifs: the frontier of actinide-
containing metal–organic frameworks†

Corey R. Martin, Gabrielle A. Leith and Natalia B. Shustova *

In this perspective, we feature recent advances in the field of actinide-containing metal–organic

frameworks (An-MOFs) with a main focus on their electronic, catalytic, photophysical, and sorption

properties. This discussion deviates from a strictly crystallographic analysis of An-MOFs, reported in

several reviews, or synthesis of novel structural motifs, and instead delves into the remarkable potential

of An-MOFs for evolving the nuclear waste administration sector. Currently, the An-MOF field is

dominated by thorium- and uranium-containing structures, with only a few reports on transuranic

frameworks. However, some of the reported properties in the field of An-MOFs foreshadow potential

implementation of these materials and are the main focus of this report. Thus, this perspective intends to

provide a glimpse into the challenges, triumphs, and future directions of An-MOFs in sectors ranging

from the traditional realm of gas sorption and separation to recently emerging areas such as electronics

and photophysics.
Introduction

The fundamental understanding of properties of actinide (An)-
containing materials1,2 is paramount for nuclear waste storage,
separation, and efficient reprocessing, especially taking into
account the abundance of nuclear weapons decommissioning
programs and associated challenges with nuclear energy utili-
zation and production.3,4 As a response to the ever-increasing
stockpiles of radionuclide waste, the interest in An-containing
systems for gaining fundamental understanding and
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0

improving waste repurposing programs has only grown over
time.5–24 In this direction, studies of the physicochemical
properties of An-based materials are necessary rst steps to
build a foundation for beginning to address the current chal-
lenges in waste reprocessing by revealing potential applications
that have not yet been realized.

High-temperature solid-state reactions have been predomi-
nantly used as an experimental approach for preparation of
actinide- or transuranic-based materials for systematic studies
of material properties.16,25–29 However, metal–organic frame-
works (MOFs) have recently emerged as materials of interest to
advance actinide chemistry due to MOFs' diverse structural
topologies, porosity, and modularity.30–34 As expected, the rst
steps in the relatively novel eld of An-MOFs started with the
development of synthetic approaches for framework
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preparation and establishment of methods for their structural
characterization.

The inclusion of actinides in MOFs can promote unique
properties in comparison with those of well-studied transition
metal-based MOFs. For actinides, in general, relativistic effects
are substantially more prominent in comparison with transi-
tion metals or lanthanides, that can lead to profound spin–orbit
coupling.35–37

The photophysical properties of An-based materials can be
affected by relativistic effects of actinides through mixing of
excited and ground states or the relativistic f–f transitions in
crystal elds.38–41 In many cases, theoretical calculations are
used to rationalize the structural preferences of the 5f-orbitals
in An-based complexes (e.g., [ThH6]

2�) relative to the d-
orbitals of transition metal-based compounds (e.g.,
[HfH6]

2�).42 For instance, it was determined that the nature of
the ungerade f-orbitals found in actinide-containing motifs
opens an avenue for structure-bonding that is typically not
possible with only gerade d-orbitals found in transition metal
systems.42

Another area of interest is the exceptional stability of
actinide-based materials in the presence of ionizing radiation
(i.e., high attenuation efficiencies).43 For example, uranyl-
coordination cages, Li12K48[{(UO2)(O2)}60(C2O4)30]$nH2O and
Li24Na24[(UO2)24(O2)24(P2O7)12]$120H2O, exhibited stability to
both g- and simulated a-irradiation.43 In contrast to purely-
inorganic compounds that could possess long-term stability to
ionizing radiation, it is important to investigate the advantages
offered by hybrid systems such as An-MOFs, that could be used
for short-term manipulation with radionuclides.44–46

Since MOFs can be considered as “bulky linkers” for stabi-
lization of elusive oxidation states, as it was shown on the
example of transition metal-based MOFs,47–49 it is also impor-
tant to pursue this direction for actinide-containing frame-
works. For example, the coordination of actinides in molecular
complexes can lead to the stabilization of less-common oxida-
tion states (e.g., Th2+, U2+, and Pu2+).50–52 Therefore, it is
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plausible to expect that a framework could allow for isolation of
elusive oxidation states that enriches actinide chemistry.
Furthermore, high coordination numbers (>14) observed in
several examples of An-based organometallic complexes (e.g.,
U(BH4)4 and [Th(H3BNMe2BH3)4])53–57 could also be achieved
through integration of actinides in a MOF. Currently, high
coordination numbers (>10) for actinides have already been
observed in An-MOFs, suggesting that there is more to be
discovered upon further detailed investigations.53–57

To summarize, in comparison with the well-explored M-MOF
eld (M ¼ a transition metal), the instantaneous development
of An-MOFs and understanding of their properties (that is the
main focus of this perspective, Scheme 1) is mainly impeded by
careful implementation of safety protocols. Primarily due to this
fact, the rst transuranic MOFs have only recently been
synthesized.3,58–60 In general, analysis of reported An-MOF
structures has demonstrated that connectivity of the
secondary building units (metal nodes) could replicate struc-
tural motifs typically observed in natural minerals.38 At the
same time, the An-MOF lattice could support a metal coordi-
nation environment that is primarily observed in organome-
tallic complexes.61–67 For example, the [U6O8]

8+ structural motif
found in MOF metal nodes replicates the structure typically
observed in actinide-based molecular complexes.68–75 Similarly,
the natural mineral, adolfpateraite, and the UO2(OH)(PYCA)
(HPYCA ¼ pyrazine-2-carboxylic acid) framework both contain
similar vertex-sharing pentagonal bipyramidal uranyl metal
nodes.76,77 From this point of view, An-frameworks can be
considered a versatile “bridge” between solution and solid-state
actinide chemistry.61 However, actinides integrated within the
MOF lattice can also exhibit signicantly different behavior in
comparison with discrete metal complexes, as demonstrated on
the example of cationic exchange reactions.78 Furthermore,
Scheme 1 An overview of the sections related to actinide-containing
MOFs discussed in this perspective.

Chem. Sci., 2021, 12, 7214–7230 | 7215
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porosity and modularity of MOFs have showcased novel acti-
nide integration methods that are unavailable in other solid-
state systems. For instance, a radionuclide can be integrated
as a part of a metal node or an organic linker (e.g., capping
linkers; Fig. 1) through several approaches such as trans-
metallation, chelation, or metal node extension.78 Due to an
almost unlimited possibility of combinations of metals and
organic linkers, a wide range of structural motifs can be ach-
ieved (Fig. 2). Remarkably, some crystalline structures possess
exceptionally large unit cell parameters, similar to natural
proteins.79–82 Another unique phenomenon, such as solvent-
dependent structural dynamism, was recently reported for Th-
MOFs in which the presence of dynamic structural behavior
strongly correlated with the coordination number of organic
linkers per thorium metal node and was not exhibited by non-
radioactive isostructural Zr-containing analogs.83

The presented perspective will deviate from outlining
exclusively structural aspects, and instead will focus on the
remarkable potential of An-MOFs as innovative materials with
an emphasis on their physicochemical properties. In particular,
we focus on the electronic and photophysical properties of An-
Fig. 1 (Top) A schematic representation of a MOF with pathways for
actinide integration highlighted in red. (Bottom) A schematic repre-
sentation of framework modularity for actinide integration utilizing Zr-
and An-based MOFs as precursors. The integrated actinides are dis-
played in red. Reproduced from ref. 78 with permission from American
Chemical Society, Copyright 2017.

Fig. 2 Secondary building units of several examples of Th, U, Np, Pu,
and Am-based MOFs. The teal, pink, dark gray, dark blue, light gray,
red, blue, white, and green spheres correspond to uranium, thorium,
neptunium, americium, carbon, oxygen, nitrogen, hydrogen, and
halogen atoms, respectively.

7216 | Chem. Sci., 2021, 12, 7214–7230
frameworks as well as their applications in heterogeneous
catalysis and separation (Scheme 1).
Electronic properties of An-MOFs

The rst section of this perspective focuses on the electronic
properties of An-MOFs. Although only a few reports highlight
the electronic properties of porous An-based hybrid materials, it
has been demonstrated that the role of actinides can make
a profound impact on the electronic structures of purely inor-
ganic materials.84–87 Specically, unique electronic properties in
actinide-containing materials (as opposed to transition metals)
arise from relativistic effects resulting in: (1) mixing of elec-
tronic ground and excited states and (2) strong spin–orbit
coupling.35

As previously demonstrated, the electronic properties of
MOFs could be controlled “statically” (i.e., through structure
modication with metals, linkers, or guests) or “dynamically”
(i.e., through application of an external stimulus such as
light).78,83,88,89 The same approaches can be applied towards
tailoring the electronic proles of An-MOFs. Indeed, integration
of a thorium cation inside uranium-containing MOFs through
cationic exchange can signicantly affect the framework's
electronic behavior (Fig. 1).78,83,88 On the example of hetero-
metallic U/Th-MOFs, it was shown that the band gap, estimated
from a Tauc plot analysis, decreased from 3.3 eV
© 2021 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1sc01827b


Fig. 3 (Top) Schematic representation of spiropyran photoswitching
in Th-based MOFs. (Bottom) Normalized optical and current cycling of
photochromic Th-MOF through alternation of UV (lex ¼ 365 nm) and
visible (lex ¼ 590 nm) irradiation. Imax and Imin ¼ the maximum and
minimum current values, respectively; Amax and Amin ¼ the maximum
and minimum absorption values (converted from reflectance via the
Kubelka–Munk function), respectively. Reproduced from ref. 88 with
permission from John Wiley and Sons, Copyright 2021.
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(Th6O4(OH)8(Me2BPDC)4; H2Me2BPDC ¼ 2,20-dimethylbi-
phenyl-4,40-dicarboxylic acid) to 2.5 eV (U1.23Th4.77O4(OH)8(-
Me2BPDC)4).83 The theoretical calculations supported the
observed experimental data revealing that uranium integration
resulted in changes in the density of states (DOS) near the Fermi
edge (EF). The orbital-projected DOS suggested that orbitals
near EF originated mainly from the uranium 5f-orbitals.
Modularity of the frameworks allowed for further tailoring of
the Th/U-MOF electronic properties through integration of
a transition metal, cobalt, using the metal node extension
approach (Fig. 1).83 Integration of cobalt led to a further
decrease of the band gap to 1.9 eV that was also reected in
changes in the calculated DOS of the Th/U/Co-MOF that were
primarily dominated by the cobalt 3d-orbitals and oxygen 2p-
orbitals.83 The observed changes in the electronic structures
were in-line with conductivity measurements that revealed
a three-orders-of-magnitude enhancement from 7.0 �
10�10 S cm�1 (Th/U-MOF) to 1.4 � 10�7 S cm�1 (Th/U/Co-
MOF).78 Thus, these examples demonstrated that integration of
actinides or transition metals can signicantly affect the elec-
tronic proles of actinide-containing materials. However, to
build a correlation between electronic properties and metal
node nuclearity, similar to that reported for transition metal-
based MOFs,90 large samples of data and application of
a systematic approach is necessary.

In addition to metal integration, changes in electronic
properties of An-frameworks could be made through incorpo-
ration of redox-active guests such as 7,7,8,8-tetracyanoquino-
dimethane (TCNQ) or I2.88 For instance, a 50-fold conductivity
enhancement was detected for the iodine-doped Th-MOF,
I2@Th-MOF, in comparison with the parent Th-framework.88

A next step in tailoring of An-MOF properties is utilizing
“dynamic” control through application of an external stimuli
(Fig. 3).89,91–96 To engineer these An-materials, stimuli-
responsive components were integrated inside a framework
matrix. This approach has been successfully employed on the
examples of monometallic Th-MOFs and heterometallic Th/U-
MOFs containing spiropyran-based photochromic units
(Fig. 3).88 Spiropyran derivatives are known to exhibit fast and
reversible photoisomerization upon alternation of an excitation
wavelength in solution.94 Upon integration into porous An-
MOFs, for instance, as a capping linker (Fig. 1), they preserve
their photochromic behavior, and as a result, could signicantly
affect the properties of the framework.95,96 Indeed, integration
of TNDA2� (H2TNDA ¼ 4,40-(10,30,30-trimethyl-6-nitrospiro
[chromene-2,20-indoline]-40,70-diyl)dibenzoic acid) inside Th- or
Th/U-MOFs resulted in signicant changes in the DOS of the
framework, as demonstrated by theoretical calculations.88

Indeed, the DOS near EF of non-photoresponsive monometallic
and heterometallic Th- or Th/U-MOFs mainly originated from
the 5f orbitals of the metals while upon photochromic unit
integration, the frontier orbitals were localized on the photo-
chromic linker.88 Experimental detection of electronic property
modulation upon alternating irradiation with UV and visible
light was monitored by changes in conductivity. In addition to
optical cycling, alternation of current was observed as shown in
Fig. 3.
© 2021 The Author(s). Published by the Royal Society of Chemistry
As an alternative avenue for tailoring electronic properties of
An-MOFs, one can rely on a combination of the aforementioned
“static” and “dynamic” approaches.83,88 For instance, redox-
active guest molecules such as TCNQ and I2 could be inte-
grated inside photochromic An-MOFs.88 Indeed, modulation of
electronic properties upon excitation wavelength alternation
was achieved in photochromic Th- and Th/U-MOFs containing
TCNQ and I2 guests, respectively.

As an expansion on actinide-based frameworks with a focus
on electronic properties, proton conductivity was measured on
the example of a uranyl-containing MOF, K2(UO2)(m3-
O)(BPDSDC)0.5(H2O)2 (K2H2BPDSDC ¼ biphenyl-3,30-disulfonyl-
4,40-dicarboxylic acid dipotassium salt), that exhibited high
proton conductivity values due to the decoration of the pores
with hydrophilic sulfonate groups (Fig. 4).97 The highest
conductivity value obtained for K2(UO2)(m3-O)(BPDSDC)0.5(H2-
O)2 was 1.07 � 10�3 S cm�1 at 85 �C (enhanced from 1.27 �
Chem. Sci., 2021, 12, 7214–7230 | 7217
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Fig. 4 (Top) X-ray crystal structure of K2(UO2)(m3-O)(BPDSDC)0.5(H2-
O)2 and (bottom) Nyquist plots of K2(UO2)(m3-O)(BPDSDC)0.5(H2O)2
collected under varied relative humidity percentages at 85 �C. The
gray, white, yellow, red, purple, and green spheres represent carbon,
hydrogen, sulfur, oxygen, uranium, and potassium atoms, respectively.
Reproduced from ref. 97 with permission from American Chemical
Society, Copyright 2020.
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10�5 S cm�1 at 45 �C). The origin of such behavior was attrib-
uted to vehicle-like proton transfer: presence of the sulfonate
groups can affect the dynamics of the absorbed water molecules
that act as carriers for H+.98–101

As clearly shown based on the reports highlighted in this
perspective, studies of An-MOF electronic properties are in their
infancy. In contrast to MOFs made of transition metals, where
major breakthroughs have already been reported,102–109 An-
MOFs require signicant attention from the scientic commu-
nity. Complimentary to a plethora of crystallographic investi-
gations,61 computational methods can serve as a reliable and
powerful screening tool for the selection of the object of
interest, especially taking into account safety protocols required
for comprehensive studies of An-MOFs. Currently, theoretical
investigations on the electronic properties of An-MOFs are
limited to very few reports;110–112 however, they have already
provided several pathways for future investigations that can be
crucial for expanding the studies on transuranic MOFs.
Fig. 5 (Top) X-ray crystal structures of Th6(m3-O)4(m3-OH)4(BPDC)6,
Th6(m3-O)4(m3-OH)4(BDC)6, [Th3(BPTC)3O(H2O)3.78]$Cl, and Th6O4(-
OH)4(H2O)6(TBA)6. The pink, blue, gray, and red, spheres represent
thorium, nitrogen, carbon, and oxygen atoms, respectively. (Bottom)
Literature analysis of the surface areas of several reported An-MOFs
over time.3,59,66,78,134,138,159–163
An-MOFs for sorption and separation

MOFs are renowned for their sorption and separation capabil-
ities ranging from the removal of harmful biotoxins, long-term
storage of energy-relevant gases, charged and neutral organic
species separation, and radionuclide sequestration.113–124 Over
the last several decades, trends for designing efficient
7218 | Chem. Sci., 2021, 12, 7214–7230
absorbents based on transition metal-containing MOFs have
been preliminarily identied and are still being developed (e.g.,
high framework exibility for inert gas capture and separa-
tion).125–131 Large An cations available for MOF synthesis could
potentially bring a new avor to the landscape of MOF-based
absorbents and membranes (Fig. 5). For example, adsorption
of carbon dioxide in NU-1302 (NU ¼ Northwestern University)
resulted in a phase transition.132 This section will present An-
MOFs that have been employed to separate ions (e.g., perrhen-
ate, dichromate, peruorooctane sulfonate (PFOS), and
cesium),65,133–135 molecular species (e.g., iodine and organic
dyes),136–138 and gases (e.g., carbon dioxide, hydrogen, methane,
ethylene, and xenon),132,139–141 taking into account the possibility
of radiation-induced damage in MOFs.137,142–147

The interest in MOF-based sorption materials arises from
their highly porous nature and the ability to alter a MOFs pore
environment through linker functionalization and framework
topology.148–154 Through strategic design of a MOFs metal node
and organic linker, metal cations can be exchanged via an ion
© 2021 The Author(s). Published by the Royal Society of Chemistry
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metathesis reaction.155–158 For instance, Shi and coworkers
prepared a bipyridinium-based U-containing MOF that was
applied for selective removal of perrhenate anions, ReO4

� (as
a non-radioactive surrogate for TcO4

�).133 Using [(UO2)(-
BCBP)(OH)(H2O)]$Cl ([H2BCBP]Cl2 ¼ 1,10-bis(4-carboxyphenyl)-
4,40-bipyridinium bis(chloride)), the authors were able to ach-
ieve a high degree of ReO4

� sequestration at acidic conditions
(86.2% from a 10 mg L�1 solution, pH ¼ 4.0). A decrease in pH
to 2.0 still resulted in substantial removal of perrhenate anions
(63%), foreshadowing practical utilization of the prepared
framework for TcO4

� removal from highly acidic radioactive
waste mixtures.135,164–167

The rst cationic thorium-based framework was recently
surveyed for its ability to trap several different types of ions (e.g.,
polyoxoanions and persistent organic pollutants).134 The [Th3(-
BPTC)3O(H2O)3.78]Cl$(C5H14N3Cl)$8H2O (H3BPTC ¼ [1,10-
biphenyl]-3,40,5-tricarboxylic acid) framework was prepared via
ionothermal synthesis (synthesis in an ionic liquid medium) in
tetramethylguanidine chloride at 140 �C.134 The cationic nature
and hydrolytic stability of the Th-based MOF enabled the
authors to test its anion-exchange capabilities for perrhenate,
dichromate, methyl blue, and PFOS (a persistent organic
pollutant). Employment of the Th-MOF resulted in efficient and
rapid removal of all of the aforementioned anions. For instance,
80% of ReO4

� anions and 96% of PFOS were extracted from
solution in 2minutes using the Th-MOF. The authors attributed
such high sorption capacity to the cationic nature of the
[Th3(COO)9O(H2O)3]

+ metal nodes.134

Hierarchical tunability of MOF structures allowed Wang and
coworkers to develop a Th-MOF containing a very high void
space (74%) and a large surface area (3396.5 m2 g�1) for
radioactive iodine (I129 and I131) sequestration138 as a highly
volatile, radiotoxic substance that is detrimental to the human
metabolic processes.168,169 One focus of their report also
included the use of modulating acids170 for efficient control of
the MOF growth. The mass uptake of I2 (gas-phase studies) in
the prepared Th6(O)4(OH)4(H2O)6(SBDC)6 (H2SBDC ¼ 4,40-stil-
benedicarboxylic acid) was found to be 1.5 I2 molecules per Th
atom, that is comparable with other MOF-based systems (e.g.,
5.3 I2 molecules per cage in Cu3BTC2 (H3BTC ¼ 1,3,5-benze-
netricarboxylic acid)).171,172 Notably, solution-based sorption
studies of iodine in cyclohexane (200 mg L�1) revealed that
nearly quantitative iodine removal, using the Th-framework,
could be achieved.138

As mentioned above, due to high surface areas and the
presence of unsaturated metal sites, gas-based sorption and
separation are widely studied in MOFs consisting of transition
metals.173–184 Similar studies have also been probed on An-
containing frameworks (Fig. 5). By utilizing the pore space of
An-MOFs, selective separation of C2H4 from a mixture of C2H4,
C2H2, and C2H6 was achieved using a Th-based MOF, Th6O4(-
OH)4(H2O)6(TBA)6 (HTBA ¼ 4-(1H-tetrazol-5-yl) benzoic acid).139

This Th-based MOF showed a high adsorption capacity for C2H6

(>100.2 cm3 g�1 at room temperature and 100 kPa), that sur-
passed the values reported for several other leading transition
metal-based porous adsorbents such as Fe2(O2)(DOBDC)
(H2DOBDC ¼ 2,5-dioxido-1,4-benzenedicarboxylic acid),
© 2021 The Author(s). Published by the Royal Society of Chemistry
Zn(BATZ) (H2BATZ ¼ bis(5-amino-1H-1,2,4-triazol-3-yl)
methane), ZIF-7 (ZIF ¼ zeolitic imidazolate framework), ZIF-8,
PCN-245 (PCN ¼ porous coordination network), MIL-142A
(MIL ¼ Materials Institute Lavoisier), Cu(Qc)2 (HQc ¼
quinoline-5-carboxylic acid), or Zn2(ATZ)2(IPA) (HATZ ¼ 3-
amino-1,2,4-triazole; H2IPA¼ isophthalic acid).185–192 Compared
to C2H6, the Th-based MOF had a lower adsorption capacity for
C2H4 (80.7 cm3 g�1 at room temperature and 100 kPa) as well as
a high adsorption heat enthalpy (28.6 kJ mol�1 for C2H6)
compared to C2H2 (25.4 kJ mol�1), that could promote studies
for selective C2H4 separation from ternary C2H6/C2H4/C2H2

mixtures. Along these lines, the authors were also able to purify
C2H4 (>99.9%) using the Th-based MOF. The proposed mech-
anism of such behavior in the framework relied on strong van
der Waals interactions between C2H6 and the MOF skeleton
according to DFT calculations.139

An important aspect of An-MOFs, that is crucial for a number
of the aforementioned applications but especially pertaining to
storage/separations, is the stability of frameworks in the pres-
ence of ionizing radiation.137,142–146 Farha and coworkers recently
studied radiation-induced damage on the example of two Zr-
based MOFs as well as factors that could potentially affect the
radiolytic stability such as ligand aromaticity and connectivity,
metal node density and connectivity, as well as interligand
distance.146 The authors proposed that differences in the MOF's
radiolytic stability could be applied for specic radiological
applications (e.g., long-term storage versus scintillation
sensors). Similarly, Loiseau and coworkers studied the resis-
tance of several MOFs to g-irradiation.143 In their study, g-irra-
diation (up to 175 Mrad) was applied towards frameworks,
followed by extensive characterization using powder X-ray
diffraction (PXRD), gas sorption analysis, and nuclear
magnetic resonance and fourier-transform infrared spectros-
copies. Comprehensive analysis conrmed structural stability
aer signicant g dosages. In a similar vein, Shustova and
coworkers studied g-irradiation of a Zr-based MOF, Zr6O4(-
OH)8(Me2BPDC)4, for a total dose of 19.7 Mrad (209 hours at
a dose rate of 94.3 krad hour�1), and the MOF still maintained
its structural integrity according to crystallographic data.147

As clearly demonstrated, these reports have only grazed the
surface of storage/separations that could be performed on An-
MOFs. More in-depth studies are necessary to highlight the
unique role of actinides in sorption processes in which unusual
coordination numbers and environments of actinides inte-
grated into a framework lattice could play a signicant role
(substantially different from ones observed for transition
metals).53–57 High removal capacities of radioactive species in
aqueous media using An-frameworks may compete or even
surpass other transition metal- or lanthanide-based materials.
However, material radioactivity should be taken into account
for employment of these materials beyond fundamental
studies. For instance, employment of An-MOFs as sorbents for
efficient gas separation could be limited due to the required
safety protocols. At the same time, the use of radioactive MOFs
for targeted sequestration of radioactive species could be
a prospective direction for future studies.
Chem. Sci., 2021, 12, 7214–7230 | 7219
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Fig. 6 (Left) Emission profile of UO2(HBTA)(H2O) (SCU-9) under UV
(black) and X-ray (red) excitation. (Right) X-ray attenuation lengths for
UO2(HBTA)(H2O) (red) and CsI:Tl (dark blue) in the X-ray energy region
ranging from 30 eV to 30 keV. Reproduced from ref. 224 with
permission from John Wiley and Sons, Copyright 2018.
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Photophysics of An-MOFs

A variety of photophysical studies, which describe Stokes shis,
quantum yields (QYs), lifetimes, effects of external stimuli, and
local environment, have been reported for a number of MOF-
based systems and is primarily driven by their implementa-
tion in programmable sensors, X-ray scintillators, solar cells,
photocatalysts, or light-harvesting systems.89,193–202 Amain focus
in these studies has been on either specic chromophores (e.g.,
porphyrin- or boron dipyrromethene-(BODIPY) based
linkers)203–209 integrated inside a MOF matrix or antenna chro-
mophores coupled to lanthanide-containing metal nodes.210–214

The ability of actinides to support high coordination numbers
and a large range of oxidation states (that are different from the
properties of transition metals or lanthanides),12,61,63,215 could
result in unique pathways for tailoring photophysical proper-
ties. This section of the review will highlight the current prog-
ress of photophysical studies on An-MOFs, emphasizing the
distinct benets of MOFs with integrated actinides and pose
future possible pathways for material development.

One particular facet of MOF-based photophysics, in which
actinide-based MOFs have the capability to stand above the
large pool of photoluminescent frameworks, is X-ray scintilla-
tion.199–201 Coupling the porosity, modularity, and luminescent
properties of MOFs facilitates their ability to be applied as
highly efficient X-ray sensors, as discussed in several
reviews.193,202 For preparing X-ray scintillating materials, in
general, a crystalline matrix is typically doped with guest ions
that endow the material with luminescent properties to achieve
X-ray-to-visible-light conversion.216–219 Uranium can be consid-
ered as a desirable choice for preparation of MOF-based X-ray
scintillating materials due to its high atomic number (corre-
lating to a high X-ray attenuation efficiency) in comparison with
other natural heavy elements currently used in X-ray scintilla-
tors (e.g., lead, tungsten, or thallium).220 In general, the green
emission of uranyl species has been well-documented as
a vibrationally-coupled charge-transfer mechanism and has
been observed in many systems.221–223 Owing to these consid-
erations, Wang and coworkers studied X-ray scintillation
properties of a uranyl-based MOF as the rst MOF-based scin-
tillator with actinide-centered emission.224 In their report,
UO2(HBTA)(H2O) (H3BTA ¼ 1,3,5-benzenetricarboxylic acid)
was shown to exhibit an X-ray excited luminescence spectrum
nearly identical to that of the UV-excited emission spectrum
(Fig. 6). The QY of UO2(HBTA)(H2O) was determined to be 58%,
that was the highest value among other reported uranyl-
containing hybrid materials at that time,61,65,78,160,161,225–227

including uranyl nitrate (QY ¼ 36%). The observed high QY was
attributed to the rigid and dense structure of the U-MOF that
restricted non-radiative decay pathways. Moreover, the
prepared frameworks demonstrated stability against radiation
damage (up to 20 Mrad of radiation; 60Co g source). The
attenuation efficiency of UO2(HBTA)(H2O) was notably greater
than that of the commercial thallium-doped cesium iodide
(CsI:Tl) scintillator, above a photon energy of 20 keV (Fig. 6).
The MOF-based material also maintained a substantially lower
7220 | Chem. Sci., 2021, 12, 7214–7230
structural density (2.88 g cm�3 for UO2(HBTA)(H2O) and
4.51 g cm�3 for CsI:Tl), implying that there is room for
improvement as a higher concentration of uranyl units within
the lattice may further increase X-ray attenuation efficiency.
Thus, given the large attenuation efficiency, high QY, radiation-
damage resistance, and lower structural density, these studies
highlight the “yet-to-be-revealed” potential for An-MOF-based
scintillators that could facilitate changes in the current tech-
nological sector.

In a similar vein, Wang and coworkers highlighted the use of
a uranyl-based MOF, (TMA)2[(UO2)4(ox)4suc] (TMA+ ¼ tetrame-
thylammonium cation; H2ox ¼ oxalic acid; and H2suc ¼ suc-
cinic acid) as efficient X-ray and g-irradiation detectors.227 As
a starting point for their studies, they noticed that UV-
irradiation of the U-MOF caused emission attenuation, i.e.,
decreased the emission response over time. Indeed, aer only
20 minutes of material irradiation at 365 nm, the emission
intensity decreased by 50%, and it was completely quenched
aer ve hours of 365 nm exposure. For emission restoration,
the irradiated U-MOF underwent heating at 200 �C for 12 hours.
Photoluminescence intensity cycling could also be achieved
through alternation of 6 krad g-irradiation followed by heating.
Moreover, exposure of the MOF to only 12 rad of g-irradiation
resulted in a nearly 20% decrease in emission that was four-fold
more sensitive than a previously reported solvent-assisted
photoluminescence quenching dosimeter.228–230 Furthermore,
exposing the MOF to 10 rad of X-ray led to a 12% decrease in
emission intensity.227

As mentioned in the rst section of this perspective, modu-
lation in photophysical properties of An-MOFs could result in
tailoring their electronic properties. To probe this phenom-
enon, the Shustova research group studied the photochromic
properties of An-MOFs with embedded photoresponsive moie-
ties.88 In particular, one of the focuses of their studies was
testing the suitability of different scaffolds to achieve efficient
photoisomerization of integrated photochromic diarylethene-
and spiropyran units.96 The latter exhibited limited photo-
isomerization in the solid state due to constraints imposed by
necessary structural rearrangements associated with isomeri-
zation processes.89 However, integration of the abovementioned
photoresponsive units inside a porous scaffold resulted in
restoration of their photochromic behavior.96 The
© 2021 The Author(s). Published by the Royal Society of Chemistry
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monometallic Th- and heterometallic Th/U-based MOFs were
chosen as a platform for tuning of photophysical properties as
a function of an excitation wavelength.88 In particular, diffuse
reectance (DR) measurements showed modulation of absorp-
tion proles upon alternation of UV- and visible light irradia-
tion. Optical cycling showcased the reversibility of
photoisomerization processes (Fig. 3). Studies of photo-
isomerization kinetics allowed for estimation of the attenuation
rate of a Th-based spiropyran-containing MOF (3.9 � 10�1 s�1),
that is similar to that of a Zr analog (1.5 � 10�1 s�1), and is in
line with a previously reported value for a Zn-based spiropyran-
containing frameworks (1.6 � 10�1 s�1).96

Luminescent MOFs have been readily employed for the
creation of sensors and light-emitting diodes;231–236 however,
only recently have they resulted in the preparation of a self-
induced radioluminescent system237 on the example of a Th-
MOF, Th(NDC)2 (H2NDC ¼ 2,6-naphthalenedicarboxylic acid).
The Th(NDC)2 framework contains scintillating naphthalene-
based struts that are capable of radiation-induced autolumi-
nescence.237 In the prepared framework, autoluminescence
arose from the interactions of the radio emitted ionizing alpha
emission from Th4+ and the scintillating moiety, NDC2� (Fig. 7).
Despite alpha emission, the framework retained crystallinity,
even aer one year. This noteworthy development emphasizes
that harnessing the inherent properties of actinides (e.g.,
radioactivity) could lead to unconventional avenues for the
development of futuristic materials.231–236

Another possible pathway for gaining information of An-
MOF photophysics, that is worth mentioning in this perspec-
tive, is obtaining knowledge from similar actinide-based
discrete systems such as metal-coordination cages (MCCs)
and then applying that information to extended structures such
as MOFs. For example, photoreactivity of UO2

2+ was explored on
the example of a MCC.238 An initial uranyl-based cage (tripodal),
formed upon reaction of cis-calix[4]pyrrole dibenzoic acid with
uranyl nitrate and pyridine, underwent conversion to a tetrapo-
dal cage through uranyl-assisted activation of molecular oxygen
in the presence of light.238 Photoreactivity of UO2

2+-based metal
nodes coordinated to benzoate groups could be
Fig. 7 Autoluminescence in Th2(NDC) occurring through emission of
an alpha particle from a thorium cation, subsequent ionization of the
scintillator (NDC2�), followed by core–hole recombination that leaves
the system in an electronic excited state, and then visible light
photoemission. Reproduced from ref. 237 with permission from
American Chemical Society, Copyright 2018.

© 2021 The Author(s). Published by the Royal Society of Chemistry
a transformative concept for replication in MOFs possessing
similar architectures. In fact, there are a number MOFs with
uranyl-containing metal nodes61,67 and an in-depth photo-
physical analysis could assist in unveiling their potential.

To summarize, MOF-based photophysics has been reviewed
on several occasions,193–198,239 yet still only a small fraction of
reports have focused on the photophysics of An-MOFs beyond
recording solely the framework emission spectra. Given the
remarkable properties of actinides (e.g., high atomic numbers,
high X-ray attenuation, and unique metal coordination envi-
ronments), photoluminescent An-based MOFs undoubtedly
have the capability to cultivate the technological sector. More-
over, fostering a diverse array of investigations is necessary to
gain a more comprehensive overview of the An-MOF
capabilities.

Heterogenous An-MOF catalysis

Heterogenous catalysis is one of the most widely studied
directions for MOFs, as outlined by over a dozen reviews within
the last several years.203–220 The excitement surrounding MOF-
based catalysis comes from the intrinsic properties of the
frameworks such as the high density of evenly-distributed
catalytic active sites, the inherent porous nature, as well as
the ability for facile separation of catalyst from products, e.g., in
situ enantiomeric separations.240–257 Despite the aforemen-
tioned advantages258 and the potential for small molecule acti-
vation using actinide organometallic compounds,259–272 reports
on An-MOF-based catalysis are very limited. For example, there
are very few types of reactions (e.g., cycloaddition, dehydroge-
nation, and photocatalytic oxidation)57,273–276 that have been
probed so far on An-MOFs as heterogeneous catalysts. As
a result, there are even fewer reports focused on mechanistic
studies of catalytic transformations occurring in An-based
MOFs. This section of the review features current An-MOF-
based catalysts as well as speculates on the forthcoming
discoveries in this promising direction.

In an approach employed by the Farha group, a Th-based
MOF, Th-NU-1008 (Fig. 8), was applied as a Lewis acid cata-
lyst, and catalytic activity was examined in comparison with
isostructural hexanuclear frameworks containing transition
metals, Zr and Hf, and a lanthanide, Ce.273 The carbon dioxide
cyclization into styrene oxide was selected as a model reaction.
A 65% conversion of styrene oxide to styrene carbonate aer 72
hours was achieved by utilization of Th-NU-1008, while it was
surpassed by the Ce-based analog (nearly full conversion in 20
hours). To rationalize the observed catalytic activity (Ce > Zr > Hf
> Th for 20 hour reactions), the authors estimated the Lewis
acidity of the catalysts by temperature-programmed desorption
of ammonia (TPD-NH3) measurements.277 However, the estab-
lished trend Th > Zr > Hf > Ce deviates from the one determined
for the catalytic performance that allowed the authors to spec-
ulate that other factors rather than Lewis acidity contributed to
the reaction progress. One factor that could be responsible for
such deviation is terminal water dissociation. For example,
dissociation of a water molecule from the cerium-based Lewis
sites occurred more rapidly at a lower temperature in
Chem. Sci., 2021, 12, 7214–7230 | 7221
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Fig. 8 (Top) X-ray crystal structures of Th-IHEP-5, Th6(m3-O)2-
(HCOO)4(TCPP)4, Th-NU-1008, and Ni3Th6(m3-O)4(m3-OH)4(IN)12-
$(OH)6. The pink, purple, dark red, blue, gray, and red, spheres
represent thorium, nickel, bromine, nitrogen, carbon, and oxygen
atoms, respectively. (Bottom) A model photocatalytic carbon dioxide
cycloaddition reaction that was performed with An-MOFs as
a catalyst.273–276
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comparison with the Th-containing metal nodes.273 This
conclusion was supported by mechanistic studies previously
performed for transition metal-containing MOFs.278 In a similar
vein, a mixed-metal Th/Ni-based MOF, [Ni3Th6(m3-O)4(m3-
OH)4(IN)12]$(OH)6,276 was explored for Lewis acid catalysis
(Fig. 8). Specically, a MOF constructed of Th48Ni6 clusters was
examined for the photocatalytic carbon dioxide cycloaddition of
styrene oxide to styrene carbonate (Fig. 8). For catalytic activity,
yields ranged from 89% to 99% (12 hour reaction) using 2-
methyloxirane, 2-(chloromethyl)oxirane, 2-(phenoxymethyl)
oxirane, 2-((benzyloxy)methyl)oxirane, and 2-phenyloxirane as
starting materials. The mechanism of this catalytic reaction was
proposed to be mediated by the terminal oxygen atoms of a Th-
based metal node with the metal node stabilizing an alkyl-
carbonate salt intermediate.276 The framework also exhibited
stability under b-irradiation up to 40 Mrad. As shown in these
examples, the unique binding environment of Th- (or U-)134

containing MOFs could potentially assist in expanding Lewis
acid catalysis.215,279–281

One of the common organic reactions for testing catalytic
properties is the photodegradation of organic dyes (e.g., methyl
orange (MO), methyl blue (MB), or rhodamine B (RhB)) which
was also explored on several An-MOFs.282–286 For example,
7222 | Chem. Sci., 2021, 12, 7214–7230
a three-dimensional MOF, [Na(H2O)4][(UO2)2Na(FDA)3(H2O)2]
(H2FDA ¼ 2,5-furandicarboxylic acid), was capable of decom-
posing 21.5% of MO aer 1.5 hours of UV-irradiation.284 Simi-
larly, a heterometallic framework,
Ni2(H2O)2(QA)2(BPy)2U5O14(H2O)2(OAc)2 (H2QA ¼ quinolinic
acid; HOAc ¼ acetic acid), constructed from polyoxouranium
ribbons and nickel-based layers bridged by QA2� ligands was
employed for photocatalytic degradation of MB.283 The Chen
group synthesized heterometallic MOFs, Ag(Bipy)(UO2)(BDC)1.5
(Bipy ¼ 2,20-bipyridyl; H2BDC ¼ 1,4-benzenedicarboxylic acid)
and Ag2(phen)2UO2(BTEC) (phen ¼ 1,10-phenanthroline;
H4BTEC ¼ 1,2,4,5-benzenetetracarboxylic acid), and probed
them for the photocatalytic degradation of RhB.287 The authors
evaluated the performance of their MOFs against commercial
TiO2 (Degussa P-25) and found that the frameworks displayed
photocatalytic activities higher than TiO2 under UV-irradiation.
In particular, a decrease in total organic carbon was 34% and
40% for Ag(Bipy)(UO2)(BDC)1.5 and Ag2(phen)2UO2(BTEC),
respectively. The difference in catalytic activity between the two
frameworks was mainly attributed to steric hindrance and
therefore, the ability for the dye substrate to access the uranium
center where catalytic conversion occurred. In addition,
Ag(Bipy)(UO2)(BDC)1.5 has a more spacious interlayer area
compared to Ag2(phen)2UO2(BTEC), thus making it easier for
the dye molecule to diffuse and access the uranium-containing
nodes. Interestingly, Ag(Bipy)(UO2)(BDC)1.5 also showed pho-
tocatalytic activity under visible light irradiation; however,
Ag2(phen)2UO2(BTEC) did not, which was explained by the
differences in the absorption proles of the two MOFs.287 The
reaction was proposed to be catalyzed through photoexcitation
of uranium, followed by proton abstraction from RhB. Speci-
cally, a proton is abstracted from the methylene group of RhB,
resulting in C–N bond cleavage, and a stepwise N-deethylation
of RhB.287 As a follow-up study, the same group designed novel
U-based MOFs and probed whether the presence of a transition
metal would improve the photocatalytic reaction rate.285 Irra-
diation with UV light revealed that two U-based MOFs,
(UO2)8(1,4-NDC)12(4,40-BipyH2)3(4,40-BipyH)3 (1,4-H2NDC ¼ 1,4-
naphthalenedicarboxylic acid) and (UO2)3O[Ag(Bipy)2]2(NDC)3,
would almost quantitatively degrade RhB aer 80 minutes, and
the use of visible light resulted in degradation of RhB aer 10
hours of irradiation. The presence of silver in one of these
frameworks, containing a similar amount of uranium (�30%),
did not affect the photocatalytic performance, allowing the
authors to surmise that the presence of silver was inconse-
quential in the photocatalytic reactions.

A more recent report utilized MOF modularity to create four
U-polycarboxylates frameworks with honeycomb (6,3) nets
containing transition metal/phenanthroline complexes or viol-
ogen guest molecules to enhance the photodegradation of
RhB.286 The authors discovered that (MV)[(UO2)2(TDC)3] (MV2+

¼ methyl viologen; H2TDC ¼ thiophene-2,5-dicarboxylic acid)
outperformed the other U-basedMOFs in this study with almost
complete degradation of RhB under visible light irradiation
aer 60 minutes. The observed photocatalytic performance is
suspected to be due to the electron accepting nature of MV2+

that can stabilize active peroxide anions that are responsible for
© 2021 The Author(s). Published by the Royal Society of Chemistry
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the oxidation of RhB. Overall, this work demonstrated that
uranium-based photocatalysts could outperform benchmark
materials and showcased An-based MOFs as stable photo-
degradation catalysts for UV- and visible-irradiation.

The photocatalytic activity of porphyrin-containing An-
frameworks was recently reported as a stable and heteroge-
nous alternative to porphyrin-based homogeneous cata-
lysts.274,275 For example, a U-MOF with integrated porphyrin-
based linkers, Co-TCPP (Co-TCPP ¼ Co(II) tetra(4-
carboxyphenyl) porphyrin) was used for catalyzing N-
heterocycle dehydrogenation reactions.57 Specically, dehydra-
tion of nine different N-heterocyclic compounds (e.g., 1,2,3,4-
tetrahydroquinoline to quinoline) occurred at yields ranging
from 61–98%. The authors compared their ndings to the
activity of a well-known (and structurally similar) homogenous
catalyst, Co-TPP (Co-TPP ¼ Co(II) tetraphenyl porphyrin), and
determined that the catalytic activity of the Co-based porphyrin
MOF was substantially higher (e.g., a 64% yield for Co-TPP and
a 93% yield for the MOF). In a similar vein, two porphyrin-based
Th-MOFs were probed for the photocatalytic oxidation of 2-
chloroethyl ethyl sulde or the carbon dioxide xation to
styrene oxide.274 These Th-MOFs were constructed from
tetrakis(4-carboxyphenyl)porphyrin (TCPP4�) ligands and either
2,20-bipyridyl-5,50-dicarboxylate (BPYDC2�) or 4,40-biphenyldi-
carboxylate (BPDC2�) linkers.274 The BPYDC2�-containing Th-
MOF, (Th-IHEP-5; Fig. 8), showed 71% photocatalytic conver-
sion of styrene oxide to styrene carbonate aer 48 hours;
whereas, the BPDC2�-containing MOF showed no catalytic
activity. Moreover, control experiments performed for each
individual organic linker resulted in no product formation. The
authors suspected that the bipyridine core of the BPYDC2�

linker acted as a photosensitizer and improved the photo-
catalytic activity of the Th-based porphyrin MOF in the visible
region. Since this type of catalytic reaction is inuenced by the
organic linker, there is uncertainty regarding the role of inte-
grated actinide moieties in comparison with, for instance, well-
studied transition metal-based frameworks.288–290

The aforementioned results demonstrate the current limi-
tations of the eld of heterogeneous catalysis involving An-
MOFs. Overall, most reports of An-MOF-based catalysts
focused on either the metal site Lewis acidity (that does not
surpass the existing MOF-based catalysts) or catalytically-active
centers coordinated to the organic linkers rather than the
actinide nodes. In contrast, actinide-centered catalysis in
organometallic complexes have foreshadowed novel avenues for
hydrocarbon photooxidation and photoinduced hydrogen atom
abstraction.259–272 Overall, actinide integration inside a frame-
work lattice could expand the realm of catalytic transformations
currently dominated by transition metal-based MOFs and lead
to new reactive pathways (through stabilization of unique
oxidation states of actinides) or lower activation energy
barriers.47–49,259–272 However, as clearly seen from this section,
none of these benets, as a result of integration of actinides in
the MOF lattice, have been demonstrated extensively yet.
Therefore, expanding the currently explored routes, that tradi-
tionally rely on lanthanides or transition metals, is crucial since
it could lead to unexpected results that arise from the unique
© 2021 The Author(s). Published by the Royal Society of Chemistry
electronic behavior and possibly reveal cooperative reactivity of
actinide-based catalytically active metal nodes and surrounding
organic ligands.

Conclusions and perspectives

As featured in this perspective, the eld of An-containing MOFs
has grown signicantly in the past ve years, and yet there
remains a signicant amount of knowledge to discover by
preparing unique An-containing motifs. Currently, the An-MOF
eld has been dominated by thorium- and uranium-containing
structures, with only a few reports on transuranic scaffolds.3,58–60

One of the main challenges that largely impedes the develop-
ment of the designated eld is limited access to actinide-based
precursors as well as rigorous safety protocols that are imple-
mented for not only synthetic research groups but also for
national facilities where the majority of materials character-
ization occurs. One could anticipate that the development of
stringent safety protocols could facilitate access to transuranic
elements beyond national laboratories, leading to the discovery
of novel chemical principles or actinide-based materials pos-
sessing unprecedented properties. These developments could
elevate investigations on transuranic frameworks by addressing
fundamental questions regarding their chemical behavior and
physicochemical properties. To some extent, this statement is
also applicable for the more thoroughly examined uranium-
and thorium-containing MOFs. As shown above, each section of
this perspective only contains a few examples. For instance, less
than ve reports discuss the electronic behavior of An-
frameworks. Only recently the rst photochromic actinide-
based frameworks have been synthesized.88 Along these lines,
photophysical studies of actinide-containing MOFs mainly
include reports of emission proles that are essential, but
insufficient for the advancement of An-MOF photophysics.
Alternatively, a more promising situation is observed in the area
related to An-MOF-based sequestration. There are a number of
studies demonstrating the suitability of An-MOFs for radionu-
clide immobilization. Partially, it is due to the enormous
previous success achieved for transition metal-based MOFs in
the areas of gas storage and separation, that allowed for the
research teams to apply similar methods for material analysis of
An-containing frameworks. However, it is important to note
that the practicality of An-MOF employment as sorbent mate-
rials could be very limited due to their radioactive nature. At the
same time, sequestration of radioactive species performed on
An-MOFs could be one of the areas that will be boosted during
the next decade. In terms of catalyst development, An-MOFs
have only made their rst steps. As expected, only simple
transformations have been probed that did not provide
a comprehensive overview of possible future directions.
Currently, a deciency of property investigations is due to the
relative youth of An-basedMOF catalysts that will change as new
materials emerge. In particular, small molecule activation was
explored on actinide-based molecular complexes259–272 and
could be probed in An-based MOFs that will translate to the
overall success of actinides in the sector of heterogeneous
catalysis. Development in this area could also result in the
Chem. Sci., 2021, 12, 7214–7230 | 7223
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concept proposed above: utilization of radioactive materials for
nuclear waste reprocessing.

An area that has barely been explored is the utilization of
actinide-containing MOFs for medical applications. Similarly to
transition metal-containing MOFs, An-MOFs could be used as
targeted drug delivery systems for delivering drugs to tumor
tissues.291 In a similar vein, radioactive transition metals (e.g.,
99Tc) have proved successful as metalloradiopharmaceuticals,
specically therapeutic radionuclides that are b- or a-emit-
ters.292 In particular, a MOF that acted as an a-emitter could
potentially be applied in radioactive therapy of, for instance,
a malignant tumor.292 Furthermore, an interesting direction
towards radiation-induced autoluminescence of An-MOFs has
only been demonstrated on one example.237

Another avenue toward the development of An-based radio-
isotope thermoelectric generators for fueling planetary explo-
ration, currently represented by purely inorganic systems (e.g.,
US, US2, U2S3, and UN),293–296 can be expanded through appli-
cation of recent advances achieved in the MOF eld.

Thus, this eld of An-MOFs, much like an iceberg where only
the surface is exposed, is ripe with opportunity. Especially, taking
into account that a MOF is a versatile platform for harnessing the
unique properties of these captivating elements. Finding the
niche for actinide-containing frameworks is essential for putting
An-MOFs on the broad material landscape map.
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T. J. Daou, RSC Adv., 2018, 8, 29248–29273.

170 A. Schaate, P. Roy, A. Godt, J. Lippke, F. Waltz, M. Wiebcke
and P. Behrens, Chem.–Eur. J., 2011, 17, 6643–6651.

171 D. F. Sava, K. W. Chapman, M. A. Rodriguez,
J. A. Greathouse, P. S. Crozier, H. Zhao, P. J. Chupas and
T. M. Nenoff, Chem. Mater., 2013, 25, 2591–2596.

172 D. F. Sava, M. A. Rodriguez, K. W. Chapman, P. J. Chupas,
J. A. Greathouse, P. S. Crozier and T. M. Nenoff, J. Am.
Chem. Soc., 2011, 133, 12398–12401.

173 C. E. Bien, K. K. Chen, S.-C. Chien, B. R. Reiner, L.-C. Lin,
C. R. Wade and W. S. W. Ho, J. Am. Chem. Soc., 2018, 140,
12662–12666.
7228 | Chem. Sci., 2021, 12, 7214–7230
174 Z. Cai, C. E. Bien, Q. Liu and C. R. Wade, Chem. Mater.,
2020, 32, 4257–4264.

175 B. M. Connolly, D. G. Madden, A. E. H. Wheatley and
D. Fairen-Jimenez, J. Am. Chem. Soc., 2020, 142, 8541–8549.

176 Y. Xiao, H. Yang, X. Bu and P. Feng, Carbon, 2021, 176, 421–
430.

177 Y. Gu, J.-J. Zheng, K.-I. Otake, M. Shivanna, S. Sakaki,
H. Yoshino, M. Ohba, S. Kawaguchi, Y. Wang, F. Li and
S. Kitagawa, Angew. Chem., Int. Ed., 2021, 60, 11688–11694.

178 P. Wu, Y. Li, J.-J. Zheng, N. Hosono, K.-I. Otake, J. Wang,
Y. Liu, L. Xia, M. Jiang, S. Sakaki and S. Kitagawa, Nat.
Commun., 2019, 10, 4362.

179 S. Barman, H. Furukawa, O. Blacque, K. Venkatesan,
O. M. Yaghi and H. Berke, Chem. Commun., 2010, 46,
7981–7983.

180 D. Britt, D. Tranchemontagne and O. M. Yaghi, Proc. Natl.
Acad. Sci. U. S. A., 2008, 105, 11623–11627.

181 V. Y. Mao, P. J. Milner, J.-H. Lee, A. C. Forse, E. J. Kim,
R. L. Siegelman, C. M. McGuirk, L. B. Porter-Zasada,
J. B. Neaton, J. A. Reimer and J. R. Long, Angew. Chem.,
Int. Ed., 2020, 59, 19468–19477.

182 A. Jaffe, M. E. Ziebel, D. M. Halat, N. Biggins, R. A. Murphy,
K. Chakarawet, J. A. Reimer and J. R. Long, J. Am. Chem.
Soc., 2020, 142, 14627–14637.
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