
Chemical
Science

PERSPECTIVE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
A

pr
il 

20
23

. D
ow

nl
oa

de
d 

on
 2

2.
02

.2
02

6 
14

:1
5:

07
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Energy–structure
aDepartment of Chemistry and Interna

Northwestern University, Evanston, IL 60208
bDepartment of Chemical and Biological

Evanston, IL 60208, USA

Cite this: Chem. Sci., 2023, 14, 4219

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 12th February 2023
Accepted 2nd April 2023

DOI: 10.1039/d3sc00788j

rsc.li/chemical-science

© 2023 The Author(s). Published by
–property relationships in
uranium metal–organic frameworks

Sylvia L. Hanna a and Omar K. Farha *ab

Located at the foot of the periodic table, uranium is a relatively underexplored element possessing rich

chemistry. In addition to its high relevance to nuclear power, uranium shows promise for small molecule

activation and photocatalysis, among many other powerful functions. Researchers have used metal–

organic frameworks (MOFs) to harness uranium's properties, and in their quest to do so, have discovered

remarkable structures and unique properties unobserved in traditional transition metal MOFs. More

recently, (e.g. the last 8–10 years), theoretical calculations of framework energetics have supplemented

structure–property studies in uranium MOFs (U-MOFs). In this Perspective, we summarize how these

budding energy–structure–property relationships in U-MOFs enable a deeper understanding of chemical

phenomena, enlarge chemical space, and elevate the field to targeted, rather than exploratory,

discovery. Importantly, this Perspective encourages interdisciplinary connections between

experimentalists and theorists by demonstrating how these collaborations have elevated the entire U-

MOF field.
Introduction

Among the diverse chemistry that the periodic table offers,
uranium stands distinctly apart from s-, p-, and d-block metals,
and even from its actinide and lanthanide relatives. With three
f-electrons and unique electronic structure,1 uranium's char-
acter is complex and multifaceted. Indirect relativistic orbital
expansion endows uranium with diverse oxidation states
ranging from U(I) to U(VI),2–6 resulting in impressive redox
activity.7–9 High coordination numbers and multiple bonding
characterize uranium's coordination, and relativistic effects
also change the extent of its bonding covalency.7,10,11

Consequently, these fundamental singularities amplify into
the striking properties of uranium's molecular species and
materials. Perhaps its most notable function, uranium shows
promise for challenging reactions relevant in the highly
industrialized Haber–Bosch and Fischer–Tropsch
processes.12–14 Uranium's ability to activate small molecules is
not only limited to N2 and CO, but also extends to other envi-
ronmentally relevant species including CO2, NO, and hydro-
carbons.7 Additionally, uranium possesses powerful photoredox
abilities,15–17 impressive single molecule magnetism,17–19 and
burgeoning catalytic capacity.20–22

In addition to its chemical properties, uranium's radioactive
and energetic ssion properties were unearthed over a century
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the Royal Society of Chemistry
aer the element's discovery by Martin Klaproth.11 Use of ssile
uranium radioisotopes during the Manhattan Project cast
a historically negative image on uranium, with deep scientic
and societal implications. This image, paired with actual or
perceived fear regarding its safety, is responsible in part for the
relatively underdeveloped nature of scientic research on
uranium, compared to transition metals. Currently, pressing
demands within nuclear stockpile stewardship23 and the
nuclear energy sector24 call for further development of uranium,
made possible primarily through the scientic study of the 238U
isotope.25

We broadly focus this Perspective on the further develop-
ment of uranium through the study of uranium's crystal
chemistry. Specically, researchers have harnessed unique
attributes of uranium by installing it in nanoscale hybrid
materials called metal–organic frameworks (MOFs) which
possess directional, mathematically predictable bonding
patterns.26–29 Built from the self-assembly of organic, multitopic
linkers and uranium-based single-atom or cluster nodes,
uraniumMOFs (U-MOFs) are a twist on their classical transition
metal-based counterparts. Like traditional transition-metal
MOFs, U-MOFs boast crystallinity, higher-order dimension-
ality, synthetic tunability, and impressive porosity. However,
electronic, architectural, and behavioral differences make U-
MOFs fundamentally distinctive.30–32 Importantly, U-MOFs
provide valuable insight into the intersection of environ-
mental stewardship and nuclear fuel processes, as their chela-
tion environments mirror that of the uranium mineral,
studtite.33 Additionally, U-MOFs possess optimal attributes to
harness and develop uranium chemistry in a relatively facile
Chem. Sci., 2023, 14, 4219–4229 | 4219
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manner; spatially separated nodes discourage ever-present
disproportionation, and facile hydrothermal/solvothermal
MOF syntheses allow researchers to tune the ligand environ-
ment without re-developing complex organometallic syntheses.
Furthermore, U-MOFs can function as tailored waste forms for
radioactive waste streams, allowing researchers to simulta-
neously recycle uranium and remove toxic chemicals.34 We refer
to this broad class of materials as uranium MOFs (U-MOFs) for
the remainder of this Perspective, but we note that they are also
referred to as uranium–organic frameworks/compounds34–41 or
uranyl/uranium coordination polymers42–47 in the literature.

Most commonly, U-MOFs crystallize as hexavalent uranium
polyhedra48,49 connected by organic linkers. In its hexavalent
state, uranium typically exists as the linear, symmetric uranyl
[UO2]

2+ dication (Scheme 1c) where U(VI) binds to two axial
oxygen atoms with short 1.8 Å bonds. The equatorial plane
remains available for binding to carboxylate,31 phosphonate,50

imidazolate, and other groups, forming bipyramidal
polyhedra.32,42,43,51–54 The hydrolysis of uranium can produce
nodes with a plethora of nuclearity, and less-common node
motifs comprised of clusters or lower-valent uranium also
occur. Advancement of U-MOF underlying design principles has
led to a library of impressive hybrid structures and unprece-
dented arrangements.32,35,55,56 This structural collection boasts
emerging properties applied in catalysis, photochemistry, waste
capture, electronics, sensing, non-linear optics, and lumines-
cence. Importantly, ties between structure and property have
been crucial to the progress of the U-MOF eld from exploratory
synthesis to more targeted development.30,36,37,42,57–63

A third dimension of exploration remains – that of energy.
While structure–property relationships correlate the physical
arrangement of atoms in a U-MOF lattice to the resulting
material behavior, fundamental energetic investigations (ther-
modynamics, thermochemistry, theoretical calculations inves-
tigating structural and electronic congurations, etc.) allow
researchers to rationalize these correlations. Energy–structure–
property relationships thereby offer a deeper understanding of
phenomena, explaining why structure produces function. This
understanding becomes crucial for the rational design of tar-
geted U-MOF materials with specic and enhanced properties
Scheme 1 Structure of this Perspective, progressing from fundament
properties.

4220 | Chem. Sci., 2023, 14, 4219–4229
that are energetically accessible. Indeed, energy–structure–
property relationships ultimately offer a very precise knob to not
only ne-tune existing material properties through structure,
but to also discover next-generation materials with novel
properties.

Over the last 8–10 years, the U-MOF eld has begun to
investigate energy–structure–property relationships. This
Perspective serves to highlight the impact and importance of
newly established energy–structure–property relationships in
the development of U-MOFs. We structure this Perspective to
progress from the energetic characterization of U-MOFs to the
ways in which energy affects structure, and nally to the
resulting connections between energy, structure, and property.
We begin by examining the thermodynamics and thermo-
chemistry of the energy landscape on which U-MOFs lie (Part I,
Scheme 1a): are the targeted structures energetically accessible?
Next, we discuss the electronic structure and properties of
energetically feasible U-MOFs (Part II, Scheme 1b). Part III
moves from theoretical calculations on U-MOF electronic
structure to crystallographic structure and explains how struc-
tural distortions and geometries originate in energetic
phenomena (Scheme 1c). In Part IV, we consider how energetics
inform properties (Scheme 1d). Finally, we discuss the future
potential of energy–structure–function maps as a method to
harness knowledge as the eld ages. As an underlying theme,
this Perspective emphasizes the interdisciplinary relationship
between experiment and calculation and is not designed to
alienate either audience, but rather to enhance the connection
between the two.
Part I. Energetic accessibility of U-
MOFs

Emergent U-MOF structures and properties depend upon the
energetic feasibility of constructing the structure to begin with
(Scheme 1a). While both thermodynamic and kinetic drivers
impact framework formation, the U-MOF eld has focused
primarily on investigating the former. Calculated free energies
of formation thus provide valuable insight into the thermody-
namic stability of desired U-MOF products relative to their
al energetic characterization of U-MOFs to structures and resulting

© 2023 The Author(s). Published by the Royal Society of Chemistry
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starting forms. This information in turn assists in predicting
and explaining our power to synthetically access specic ligand
and node motifs or even entire topologies.

For example, Li et al. reported the single-crystal-to-single-
crystal transformation of the U-MOF URCP3 to URCP4 and
calculated that ligand coordination in the URCP4 isomer
favored its relative stability. Both isomers crystallize with
a uranyl node, a pseudorotaxane cucurbit[6]uril-based linker,
and a sulfate anion (derived from the uranyl sulfate starting
material). However, while URCP3 possesses a monodentate
linker and bidentate sulfate, URCP4 holds a bidentate linker
and monodentate sulfate. The thermodynamic stability of the
URCP4 ligand binding motif over that of its isomer explains the
irreversible and spontaneous transformation of URCP3 to
URCP4 (Fig. 1a).44 Thermodynamics of ligand binding can also
be observed in the study of Ejegbavwo et al. to post-synthetically
install capping linkers into U6-Me2BPDC-8 (Me2BPDC

2− = 2,2′-
dimethylbiphenyl-4,4′′-dicarboxylate). Theoretical calculations
supported observed linker installation in the isostructural Th-
based MOF and predicted the energetic feasibility of U6-Me2-
BPDC-8 transformation to a 10-connected (−308 kJ mol−1) or
12-connected (−641 kJ mol−1) MOF.64

In addition to ligand crystallization, the composition and
structure of uranium nodes also depend on their energetic
accessibility. The Shustova group demonstrated this concept
during their efforts to extend MOF modularity by integrating
actinide ions through transmetalation. Interestingly, attempted
transmetalation of a Zr6 cluster UiO-type MOF (Zr6-Me2BPDC-8)
with actinides proved unsuccessful (attributed to the lack of
exibility in the rigid MOF), while transmetalation of the anal-
ogous U6-Me2BPDC-8 MOF with Th resulted in Th5.65U0.35-
Me2BPDC-8 and marked the rst actinide-to-actinide cation
exchange in MOFs. Density functional theory (DFT) calculations
revealed an unfavorable energy to substitute six Zr node atoms
to U (Fig. 1b); thus favorable substitution energy for U to Th
likely allows for its successful transmetalation.65 The use of U as
a surrogate for Np motivated Saha and Becker to similarly
investigate the energetic favorability of Np incorporation into U-
MOFs. Computational studies suggested thermodynamically
Fig. 1 Thermodynamic favorability of (a) ligand motifs in ref. 53: URCP3
node motifs in ref. 55: Zr6 cluster on the left and U6 cluster on the right; (
NU-1305 on the right. O is shown in red, U in yellow, C in black, H in pi

© 2023 The Author(s). Published by the Royal Society of Chemistry
favorable incorporation of Np, even in the face of changing
node geometry.66

Combining the effects of U-MOF linker and node motifs with
framework topology reects overall lattice stability. In collabo-
ration with the Hendon group, our group used total energy
calculations paired with experimental studies to quantify the
synthetic feasibility of a metastable U-MOF isomer, NU-1306.
Isomers NU-1305 and NU-1306, both comprised of a tetra-
kis(4-carboxyphenyl)methane linker and mononuclear uranyl
node, crystallized in ctn and bor topologies, respectively. We
identied the thermodynamic stability of NU-1305 over NU-
1306 (Fig. 1c) and demonstrated how these energetic
phenomena allowed conversion from metastable NU-1306 to
globally stable NU-1305, and vice versa.67
Part II. Effect of U-MOF electronic
structure on coordination and bonding

Once envisioned U-MOF structures become synthetically
feasible, researchers resolve their electronic properties by
characterizing the energy levels of the frontier molecular
orbitals involved in electronic transitions. Simulated DFT
calculations compliment absorption, infrared, Raman, uores-
cence, and photoluminescence spectroscopy to elucidate the
fundamental nature of bonding in U-MOFs. Ultimately, these
studies demonstrate how f- and/or d-electrons affect U-MOF
material properties.

Frontier molecular orbitals in uranyl-based U-MOFs most
oen possess a highest occupied molecular orbital (HOMO)
with primarily ligand character. Specically, phenyl- or
benzene-based p character68,69 and 2p orbitals from carboxylate
oxygen atoms70–73 dominate this energetic regime. The lowest
unoccupied molecular orbital (LUMO) is primarily stabilized by
uranium and exhibits 5f character68,70–75 or uranyl d-orbital
qualities.69,76 Ligand to metal charge transfer (LMCT) in these
compounds point to electronic promotion from organic linker
to uranium center and is oen indicated by low energy
absorption bands (Scheme 1b).76,77 Calculated natural charges
in electronically active frameworks also reect LMCT behavior:
on the left and URCP4 on the right. Bonds of interest are dashed; (b)
c) framework topologies in U-MOFs in ref. 57: NU-1306 on the left and
nk, S in green, and Zr in blue.

Chem. Sci., 2023, 14, 4219–4229 | 4221
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while the natural charge of the free uranyl cation is expected to
be 2.81, bound uranyl cations in MOFs show values in the range
of 1.38–1.54.46,70,78,79 Pandey et al. published a detailed study
systematically exploring DFT methods to distinguish the
contribution from organic and inorganic components to the
HOMO–LUMO band gap origin in U-MOFs.80

Since relativistic effects strongly inuence uranium bond
covalency, U-MOF electronic structures closely relate to the
ionic vs. covalent nature of linker-to-node bonding. In general,
organic linkers predominantly exhibit covalent bonding char-
acteristics while the metallic uranyl node demonstrates ionic
bonding characteristics.71 Bond order and electron density
calculations of axial (U-oxo) and equatorial bonds in the uranyl
subunit closely link to their specic character. Calculated and
experimental bond lengths for uranyl-oxo bonds in U-MOFs
exhibit double bond (2.0–2.1)46,47,72,81 or partial triple bond
(2.20–2.37)73,77,82 character. These axial bonds are classied as
covalent bonds, justifying their relatively inert behavior
compared to U–O equatorial bonds. U-oxo bonding character in
MOFs can, however, be inuenced by the presence of other
interacting ions.79,83–85 Equatorial U–O bonds predominantly
exhibit smaller bond orders (0.3–0.6) which suggest mostly
ionic or weak covalent character.46,47,72,77,81,82,86

These electronic structure considerations directly affect U-
MOF bonding features and coordination behavior. For
example, in a variety of uranyl-based MOF systems containing
both U–O and U–N equatorial bonds, stronger interactions with
uranium originate from oxygen-bound rather than nitrogen-
bound ligands.47,69,81 While this behavior corresponds with
uranium's well-known oxophilicity, it also reects the stronger
LMCT of carboxylic acid-based linkers over nitrogen-bound
linkers like phenanthroline.46 The Sun group also demon-
strated effects of the HOMO–LUMO gap in their uranyl-based
MOF system.78 While pairing the uranyl node with a terpyr-
idine-based metalloligand produced innite 1D chain struc-
tures, addition of the auxiliary 4,4′-biphenyldicarboxylic acid
linker resulted in 3D catenated frameworks. Interestingly,
increasing dimensionality from 1D to 3D systems decreased the
HOMO–LUMO gap from 4.29 eV to 2.93 eV, suggesting that
addition of the auxiliary ligand resulted in more diffuse elec-
tronic motion.
Part III. Energetic origins of
crystallographic U-MOF configurations

The inuence of energetics on U-MOF crystallization impacts
resulting material properties dramatically. Because structural
distortions, unusual geometries, and unique bonding originate
in energetic phenomena or instability, theoretical calculations
provide insight into the nature of these crystallographically
characterized congurations. Within uranyl-based MOFs
(Scheme 1c), energetic effects inuence axial U-oxo bonds,
equatorial node bonds, and overall crystallization preference.

For example, Chen et al. reported a U-MOF containing
unusual 173.3° curvature in the typically linear 180° uranyl
dication (Fig. 2a).79 The 8-coordinate uranyl unit was bound to
4222 | Chem. Sci., 2023, 14, 4219–4229
two bidentate 1,4-benzenedicarboxylic acid linkers and two
monodentate 1-(4-(1H-imidazol-1-yl)-2,5-dimethylphenyl)-1H-
imidazole linkers. DFT investigations revealed that the elec-
tronegative heterocyclic imidazole units induced the bent
uranyl geometry by generating higher charge populations in the
valence U 6d shell. Studies by the Cahill group on harnessing
terminal oxo chemistry revealed energetic foundations of both
non-covalent and covalent oxo interactions in U-MOFs. In one
case, 1D chains of the uranyl cation bound to benzoic acid, m-
chlorobenzoic acid, m-bromobenzoic acid, or m-iodobenzoic
acid non-covalently assembled through hydrogen or halogen-
oxo interactions (Fig. 2b). Through DFT calculations, the rela-
tive strength of these non-covalent halogen-oxo interactions was
shown to originate in inductive effects and halogen polariz-
ability.84 Conversely, covalent oxo-Ag+ interactions in a separate
U-MOF decreased uranyl bond orders through electron dona-
tion from Ag+ to U-oxo s- or p-antibonding orbitals.85

Equatorial U–O bonding modes and distortions also origi-
nate in energetic roots.87 In their report of the rst f-element
Kagomé topology coordination complex UVO(UVIO2)2(-
OH)5(Triaz)2 (where Triaz = 1,2,4-triazolate), Smetana et al.
observed disorder between two complementary mutually
excluding U positions. Bound monodentately by triazolate-
based linkers, U2 occupied 84.6%, and U3, bound in a biden-
tate fashion, occupied 15.4% (Fig. 2c). The nature of this
disorder was claried through DFT studies on triazolate linker
interactions; strong repulsions between triazole nitrogen atoms
and nearby oxygen atoms prevented bidentate triazole binding
in U2 while additional hydrogen-bond stabilization in U3
compensated for N–O repulsions and encouraged bidentate
triazole coordination.88 Theoretical calculations also helped
distinguish binding motifs of equatorial groups in uranyl
phosphonate compounds. For example, the 1,4-phenylenebis(-
methylene))bis(phosphonic acid) linker can bind to uranyl
through both P–O− and P]O motifs, driven by electrostatic
forces or electron lone pair donation, respectively. The Wang
group conrmed their assignment of these crystallographic
binding modes in [NH4]2[UO2(pmb)] where pmbH4 = 1,4-phe-
nylenebis(methylene))bis(phosphonic acid) through calcula-
tions of bond indices and electron density (Fig. 2d).89

Apart from specic geometries of axial U-oxo or equatorial
U–O bonds, effects of energetics have also been observed on U-
MOF overall structure. For instance, Mei et al. reported an
energy decomposition analysis which identied an Ag–N bond
as the driving force for the formation of the U-MOF, U-Ag-2,6-
DCPCA (H-2,6-DCPDA = 2,6-dichloroisonicotinic acid)
(Fig. 2e).72 Findings by the same group also directly related the
unique weaving conguration of their polyrotaxane poly-
threaded U-MOF to the asymmetric coordination of its trinu-
clear node through quantum chemical calculations (Fig. 2f).90
Part IV. Energetic origins of U-MOF
structure–property relationships

A strong driver in the exploration of U-MOFs is the potential for
discovery of novel properties (Scheme 1d). Indeed, the
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Crystal structures demonstrating (a) distortion of axial U–O bonds in ref. 70. Only one of the structure's three interpenetrated lattices is
shown for clarity; (b) axial U–O bond interaction with iodine from them-iodobenzoic acid linker in ref. 76; (c) Kagome lattice and equatorial U–O
bonding modes in ref. 81; (d) equatorial bonding of phosphonate-based linkers to uranyl in [NH4]2[UO2(pmb)] from ref. 82. NH4 is removed from
the structure for clarity, and phosphonate linkers are terminated at carbon atoms. Bonds of interest are dashed; (e) U-Ag-2,6-DCPCA containing
Ag–N bonds from ref. 62; (f) compound 1 from ref. 79 where N,N′-bis(4-cyanobenzyl)-1,4-diammoniobutane dinitrate are bound to an
asymmetric trinuclear uranyl node and are encapsulated by cucurbit[6]uril shown in grey panels. O is shown in red, U in yellow, C in black, S in
green, I in navy, N in light blue, P in pink, Cl in aqua, and Ag in grey. H are hidden for clarity.
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multifaceted character of uranium promises behaviors that
transition metal-, lanthanide-, and even other actinide-based
MOFs cannot provide.7 Chemical structures can explain or
correlate to emergent properties, but the underlying reasons for
their existence lie in energetic processes. The combination of
theoretical calculations with experiment thereby describes why
certain U-MOF structures produce properties such as sponta-
neous de-interpenetration, photochromism, radiation resis-
tance, radioactive waste capture, and catalysis.38,40,91 This
fundamental understanding of U-MOF behaviors not only
explains chemical phenomena but also enhances material
properties.

One recent example of novel behaviors in U-MOFs is our
group's discovery of spontaneous de-interpenetration –
© 2023 The Author(s). Published by the Royal Society of Chemistry
a property unobserved in any network material to date.92 De-
interpenetration transformed NU-1303-6, a 6-fold inter-
penetrated U-MOF with 14.2 Å and 19.8 Å pores, into an open,
single-lattice structure with 40.7 Å pores and record-high free
void space (96.6%). This generation of porosity in the absence of
external stimuli proves valuable for various applications
including gas storage, catalysis, and electronics. Energetic
investigations into the origins of this phenomena revealed that
charged point–point repulsions between anionic uranyl nodes,
present across the entire energy landscape, drove structural
changes and reversed typical thermodynamic framework
favorability (Fig. 3a).

U-MOFs also exhibit impressive optoelectronic proper-
ties,39,93 as seen in the rst photochromic actinide-based
Chem. Sci., 2023, 14, 4219–4229 | 4223
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Fig. 3 Energy–structure–property relationships in (a) the spontaneous de-interpenetration of NU-1303-6 in ref. 86. Charged point–point
repulsions between nearby nodes on different interpenetrated lattices repel each other, causing spontaneous de-interpenetration; (b) photo-
chromic spiropyran linker in (c) actinide-based framework in ref. 89; (d) U-MOFwith umbellate distortions in ref. 90. O is shown in red, C in black,
H are hidden for clarity. U is shown in yellow in all panels except for (c) where heterometallic nodes are comprised of Th4.77U1.23.
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framework, reported by the Shustova group.94 Using a photo-
switchable spiropyran-based linker (Fig. 3b) paired with a het-
erometallic Th5U cluster node, Martin et al. accessed
dynamically controlled conductivity and electronic properties.
Importantly, electronic structure calculations revealed funda-
mental differences between photochromic Th5U MOFs and
non-photoresponsive Th5U MOFs; frontier orbitals of the
former involved in electronic transitions originated from U and
Th 5f orbitals while those of the latter localized on the linker. In
this way, photophysical properties in actinide MOFs were tied to
electronic structure for rst time linker (Fig. 3c).

U-MOFs also show value as adsorbent materials for ssion
product waste and contamination remediation. For example,
the Wang group reported a U-MOF with impressive radiation
resistance up to 200 kGy of g and b irradiation and excellent
chemical stability.34 Additionally, this U-MOF exhibited selec-
tive Cs(I) removal from aqueous solution with a distribution
coefficient at the same order of commercial materials. These
properties were attributed to the rare U-MOF structure, where
2D graphene-like sheets of [(CH3)2NH2][UO2(L2)]$
0.5DMF$15H2O (L2 = 3,5-di(4′-carboxylphenyl) benzoic acid)
catenate into a 3D framework with geometric distortions in the
4224 | Chem. Sci., 2023, 14, 4219–4229
equatorial uranyl plane. Linear transit calculations further
revealed that structural umbellate distortions were rooted in
electronic behavior; repulsions from the umbrella-shaped
equatorial carboxylate ligands pushed O4's valence orbitals up
in energy, producing a better orbital energy match with
uranium's contracted 5f valence orbitals (Fig. 3d).

Conclusions and outlook

Energy–structure–property relationships in U-MOFs enable
a deeper understanding of chemical phenomena, enlarge
chemical space, and elevate the U-MOF eld to targeted, rather
than exploratory, discovery. In this Perspective, we have detailed
the impacts of theoretical calculations highlighting energetic
phenomena on U-MOF thermodynamics, thermochemistry,
electronic conguration, crystallographic structure, and mate-
rial properties. We believe that energy–structure–property rela-
tionships lie at the heart of innovation and progress, and their
detailed development will inspire the next generation of U-MOF
materials with advanced properties. Importantly, close
connections between experiment and calculation are crucial for
this type of progress, particularly in the eld of U-MOFs where
much of uranium's promise remains undiscovered.
© 2023 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3sc00788j


Perspective Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
A

pr
il 

20
23

. D
ow

nl
oa

de
d 

on
 2

2.
02

.2
02

6 
14

:1
5:

07
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
As the U-MOF eld ages and the library of energetically
characterized materials increase, concrete and organized
connections between a material's structure, property, and
energetic favorability become vital. Looking forward, we
propose the eventual application of energy–structure–function
maps in the U-MOF eld.95–100 These maps rely on machine
learning to reveal the energetically accessible regions of the
system's lattice-energy surface and propose possible structures
and properties for the building blocks of choice. Such a tool
promises special value for exploring the multifaceted, complex,
and unique crystal chemistry of uranium.
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M. Mazzanti, Nitrogen reduction and functionalization by
a multimetallic uranium nitride complex, Nature, 2017,
547, 332–335.

13 M. Falcone, L. Barluzzi, J. Andrez, F. Fadaei Tirani,
I. Zivkovic, A. Fabrizio, C. Corminboeuf, K. Severin and
M. Mazzanti, The role of bridging ligands in dinitrogen
reduction and functionalization by uranium multimetallic
complexes, Nat. Chem., 2019, 11(2), 154–160.

14 O. T. Summerscales, F. G. N. Cloke, P. B. Hitchcock,
J. C. Green and N. Hazari, Reductive Cyclotrimerization of
Carbon Monoxide to the Deltate Dianion by an
Organometallic Uranium Complex, Science, 2006,
311(5762), 829–831.

15 C. K. Jørgensen and R. Reisfeld, in Uranyl photophysics,
Topics in Inorganic and Physical Chemistry, Springer Berlin
Heidelberg, Berlin, Heidelberg, 1982, pp. 121–171.

16 L. S. Natrajan, Developments in the photophysics and
photochemistry of actinide ions and their coordination
compounds, Coord. Chem. Rev., 2012, 256(15), 1583–1603.

17 D. Hu and X. Jiang, Perspectives for Uranyl Photoredox
Catalysis, Synlett, 2021, 32(13), 1330–1342.

18 F. Moro, D. P. Mills, S. T. Liddle and J. van Slageren, The
Inherent Single-Molecule Magnet Character of Trivalent
Uranium, Angew. Chem., Int. Ed., 2013, 52(12), 3430–3433.

19 S. T. Liddle and J. van Slageren, Improving f-element single
molecule magnets, Chem. Soc. Rev., 2015, 44(19), 6655–
6669.

20 A. R. Fox, S. C. Bart, K. Meyer and C. C. Cummins, Towards
uranium catalysts, Nature, 2008, 455(7211), 341–349.
Chem. Sci., 2023, 14, 4219–4229 | 4225

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3sc00788j


Chemical Science Perspective

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
A

pr
il 

20
23

. D
ow

nl
oa

de
d 

on
 2

2.
02

.2
02

6 
14

:1
5:

07
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
21 T. Andrea and M. S. Eisen, Recent advances in
organothorium and organouranium catalysis, Chem. Soc.
Rev., 2008, 37(3), 550–567.

22 D. R. Hartline and K. Meyer, FromChemical Curiosities and
Trophy Molecules to Uranium-Based Catalysis:
Developments for Uranium Catalysis as a New Facet in
Molecular Uranium Chemistry, JACS Au, 2021, 1(6), 698–
709.

23 M. Nacht, M. Frank and S. Prussin, The Second Nuclear Age
(1992–Present), in Nuclear Security: The Nexus Among
Science, Technology and Policy, ed. M. Nacht, M. Frank and
S. Prussin, Springer International Publishing, Cham,
2021, pp. 213–263.

24 G. S. Was, D. Petti, S. Ukai and S. Zinkle, Materials for
future nuclear energy systems, J. Nucl. Mater., 2019, 527,
151837.

25 E. S. Cra, A. W. Abu-Qare, M. M. Flaherty, M. C. Garofolo,
H. L. Rincavage and M. B. Abou-Donia, Depleted and
Natural Uranium: Chemistry and Toxicological Effects, J.
Toxicol. Environ. Health, Part B, 2004, 7(4), 297–317.

26 J. D. Evans, V. Bon, I. Senkovska, H.-C. Lee and S. Kaskel,
Four-dimensional metal-organic frameworks, Nat.
Commun., 2020, 11(1), 2690–2700.

27 M. J. Kalmutzki, N. Hanikel and O. M. Yaghi, Secondary
building units as the turning point in the development of
the reticular chemistry of MOFs, Sci. Adv., 2018, 4(10),
eaat9180.

28 S. Kitagawa, R. Kitaura and S.-i. Noro, Functional porous
coordination polymers, Angew. Chem., Int. Ed., 2004,
43(18), 2334–2375.

29 H. C. Zhou, J. R. Long and O. M. Yaghi, Introduction to
metal-organic frameworks, Chem. Rev., 2012, 112(2), 673–
674.

30 C. R. Martin, G. A. Leith and N. B. Shustova, Beyond
structural motifs: the frontier of actinide-containing
metal–organic frameworks, Chem. Sci., 2021, 12(21), 7214–
7230.

31 T. Loiseau, I. Mihalcea, N. Henry and C. Volkringer, The
crystal chemistry of uranium carboxylates, Coord. Chem.
Rev., 2014, 266, 69–109.

32 M. B. Andrews and C. L. Cahill, Uranyl Bearing Hybrid
Materials: Synthesis, Speciation, and Solid-State
Structures, Chem. Rev., 2013, 113(2), 1121–1136.

33 R. J. Baker, Uranium minerals and their relevance to long
term storage of nuclear fuels, Coord. Chem. Rev., 2014,
266–267, 123–136.

34 Y. Wang, Z. Liu, Y. Li, Z. Bai, W. Liu, Y. Wang, X. Xu, C. Xiao,
D. Sheng, J. Diwu, J. Su, Z. Chai, T. E. Albrecht-Schmitt and
S. Wang, Umbellate distortions of the uranyl coordination
environment result in a stable and porous polycatenated
framework that can effectively remove cesium from
aqueous solutions, J. Am. Chem. Soc., 2015, 137(19), 6144–
6147.

35 K.-X. Wang and J.-S. Chen, Extended Structures and
Physicochemical Properties of Uranyl–Organic
Compounds, Acc. Chem. Res., 2011, 44(7), 531–540.
4226 | Chem. Sci., 2023, 14, 4219–4229
36 Y. Wang, X. Yin, W. Liu, J. Xie, M. A. Silver, D. Sheng,
L. Chen, J. Diwu, Z. Chai, S. Wang, Y. Wang, N. Liu,
J. Chen and T. E. Albrecht-Schmitt, Emergence of
Uranium as a Distinct Metal Center for Building Intrinsic
X-ray Scintillators, Angew. Chem., Int. Ed. Engl., 2018.

37 J. Xie, Y. Wang, W. Liu, X. Yin, L. Chen, Y. Zou, J. Diwu,
Z. Chai, T. E. Albrecht-Schmitt, G. Liu and S. Wang,
Highly Sensitive Detection of Ionizing Radiations by
a Photoluminescent Uranyl Organic Framework, Angew.
Chem., Int. Ed., 2017, 56(26), 7500–7504.

38 X.-H. Kong, K.-Q. Hu, L. Mei, A. Li, K. Liu, L.-W. Zeng,
Q.-Y. Wu, Z.-F. Chai, C.-M. Nie and W.-Q. Shi, Double-
Layer Nitrogen-Rich Two-Dimensional Anionic Uranyl–
Organic Framework for Cation Dye Capture and Catalytic
Fixation of Carbon Dioxide, Inorg. Chem., 2021, 60(15),
11485–11495.

39 X. Wang, Y. Wang, X. Dai, M. A. Silver, W. Liu, Y. Li, Z. Bai,
D. Gui, L. Chen, J. Diwu, R. Zhou, Z. Chai and S. Wang,
Phase transition triggered aggregation-induced emission
in a photoluminescent uranyl–organic framework, Chem.
Commun., 2018, 54(6), 627–630.

40 W. Xu, Y.-N. Ren, M. Xie, L.-X. Zhou and Y.-Q. Zheng, Six
uranyl-organic frameworks with naphthalene-dicarboxylic
acid and bipyridyl-based spacers: syntheses, structures,
and properties, Dalton Trans., 2018, 47(12), 4236–4250.

41 J. Ai, F.-Y. Chen, C.-Y. Gao, H.-R. Tian, Q.-J. Pan and
Z.-M. Sun, Porous Anionic Uranyl–Organic Networks for
Highly Efficient Cs+ Adsorption and Investigation of the
Mechanism, Inorg. Chem., 2018, 57(8), 4419–4426.

42 C. L. Cahill, D. T. de Lill and M. Frisch, Homo- and
heterometallic coordination polymers from the f
elements, CrystEngComm, 2007, 9(1), 15–26.

43 C. Volkringer, N. Henry, S. Grandjean and T. Loiseau,
Uranyl and/or Rare-Earth Mellitates in Extended Organic–
Inorganic Networks: A Unique Case of Heterometallic
Cation–Cation Interaction with UVI═O–LnIII Bonding (Ln
= Ce, Nd), J. Am. Chem. Soc., 2012, 134(2), 1275–1283.

44 F.-z. Li, L. Mei, K.-q. Hu, S.-w. An, S. Wu, N. Liu, Z.-f. Chai
and W.-q. Shi, Uranyl Compounds Involving a Weakly
Bonded Pseudorotaxane Linker: Combined Effect of pH
and Competing Ligands on Uranyl Coordination and
Speciation, Inorg. Chem., 2019, 58(5), 3271–3282.

45 W. Liu, X. Dai, J. Xie, M. A. Silver, D. Zhang, Y. L. Wang,
Y. W. Cai, D. W. Juan, J. Wang, R. H. Zhou, Z. F. Chai and
S. Wang, Highly Sensitive Detection of UV Radiation
Using a Uranium Coordination Polymer, ACS Appl. Mater.
Interfaces, 2018, 10(5), 4844–4850.

46 K. Q. Hu, L. Z. Zhu, C. Z. Wang, L. Mei, Y. H. Liu, Z. Q. Gao,
Z. F. Chai and W. Q. Shi, Novel Uranyl Coordination
Polymers Based on Quinoline-Containing Dicarboxylate by
Altering Auxiliary Ligands: From 1D Chain to 3D
Framework, Cryst. Growth Des., 2016, 16(9), 4886–4896.

47 X.-H. Kong, K.-Q. Hu, Q.-Y. Wu, L. Mei, J.-P. Yu, Z.-F. Chai,
C.-M. Nie and W.-Q. Shi, In situ nitroso formation induced
structural diversity of uranyl coordination polymers, Inorg.
Chem. Front., 2019, 6(3), 775–785.
© 2023 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3sc00788j


Perspective Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
A

pr
il 

20
23

. D
ow

nl
oa

de
d 

on
 2

2.
02

.2
02

6 
14

:1
5:

07
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
48 P. C. Burns, R. C. Ewing and F. C. Hawthorne, The crystal
chemistry of hexavalent uranium: polyhedron geometries,
bond-valence parameters, and polymerization of
polyhedra, Can. Mineral., 1997, 35, 1551–1570.

49 P. C. Burns, U6+ minerals and inorganic compounds:
insights into an expanded structural hierarchy of crystal
structures, Can. Mineral., 2005, 43, 1839–1894.

50 W. Yang, T. G. Parker and Z.-M. Sun, Structural chemistry of
uranium phosphonates, Coord. Chem. Rev., 2015, 303, 86–
109.

51 C. L. Cahill and L. A. Borkowski, U(VI)-containing metal-
organic frameworks and coordination polymers, in
Structural Chemistry of Inorganic Actinide Compounds,
2007, pp. 409–442.

52 J. Su and J. Chen, MOFs of Uranium and the Actinides,
Struct. Bond, 2015, 163, 265–295.

53 Y. Hu, Z. Shen, B. Li, X. Tan, B. Han, Z. Ji, J. Wang, G. Zhao
and X. Wang, State-of-the-art progress for the selective
crystallization of actinides, synthesis of actinide
compounds and their functionalization, J. Hazard. Mater.,
2022, 426, 127838.

54 S. L. Hanna, X. Zhang, K.-i. Otake, R. J. Drout, P. Li,
T. Islamoglu and O. K. Farha, Guest-Dependent Single-
Crystal-to-Single-Crystal Phase Transitions in a Two-
Dimensional Uranyl-Based Metal–Organic Framework,
Cryst. Growth Des., 2019, 19(1), 506–512.

55 Z. Chen, P. Li, X. Zhang, M. R. Mian, X. Wang, P. Li, Z. Liu,
M. O'Keeffe, J. F. Stoddart and O. K. Farha, Reticular
exploration of uranium-based metal—organic frameworks
with hexacarboxylate building units, Nano Res., 2021,
14(2), 376–380.

56 P. Li, N. A. Vermeulen, C. D. Malliakas, D. A. Gomez-
Gualdron, A. J. Howarth, B. L. Mehdi, A. Dohnalkova,
N. D. Browning, M. O'Keeffe and O. K. Farha, Bottom-up
construction of a superstructure in a porous uranium-
organic crystal, Science, 2017, 356(6338), 624–627.

57 E. A. Dolgopolova, A. M. Rice and N. B. Shustova, Actinide-
based MOFs: a middle ground in solution and solid-state
structural motifs, Chem. Commun., 2018, 54(50), 6472–6483.

58 K. Lv, S. Fichter, M. Gu, J. März and M. Schmidt, An
updated status and trends in actinide metal-organic
frameworks (An-MOFs): from synthesis to application,
Coord. Chem. Rev., 2021, 446, 214011.

59 P. Li, N. A. Vermeulen, X. Gong, C. D. Malliakas,
J. F. Stoddart, J. T. Hupp and O. K. Farha, Design and
Synthesis of a Water-Stable Anionic Uranium-Based
Metal-Organic Framework (MOF) with Ultra Large Pores,
Angew. Chem., Int. Ed., 2016, 55(35), 10358–10362.

60 X. Zhang, P. Li, M. Krzyaniak, J. Knapp, M. R. Wasielewski
and O. K. Farha, Stabilization of Photocatalytically Active
Uranyl Species in a Uranyl–Organic Framework for
Heterogeneous Alkane Fluorination Driven by Visible
Light, Inorg. Chem., 2020, 59(23), 16795–16798.

61 D. P. Halter, R. A. Klein, M. A. Boreen, B. A. Trump,
C. M. Brown and J. R. Long, Self-adjusting binding
pockets enhance H2 and CH4 adsorption in a uranium-
© 2023 The Author(s). Published by the Royal Society of Chemistry
based metal–organic framework, Chem. Sci., 2020, 11(26),
6709–6716.

62 S. Wang, E. V. Alekseev, J. Ling, G. Liu, W. Depmeier and
T. E. Albrecht-Schmitt, Polarity and Chirality in Uranyl
Borates: Insights into Understanding the Vitrication of
Nuclear Waste and the Development of Nonlinear Optical
Materials, Chem. Mater., 2010, 22(6), 2155–2163.

63 T. Y. Shvareva, S. Skanthakumar, L. Soderholm,
A. Cleareld and T. E. Albrecht-Schmitt, Cs+-Selective Ion
Exchange and Magnetic Ordering in a Three-Dimensional
Framework Uranyl Vanadium(IV) Phosphate, Chem.
Mater., 2007, 19(2), 132–134.

64 O. A. Ejegbavwo, C. R. Martin, O. A. Olorunfemi, G. A. Leith,
R. T. Ly, A. M. Rice, E. A. Dolgopolova, M. D. Smith,
S. G. Karakalos, N. Birkner, B. A. Powell, S. Pandey,
R. J. Koch, S. T. Misture, H.-C. z. Loye, S. R. Phillpot,
K. S. Brinkman and N. B. Shustova, Thermodynamics and
Electronic Properties of Heterometallic Multinuclear
Actinide-Containing Metal–Organic Frameworks with
“Structural Memory”, J. Am. Chem. Soc., 2019, 141(29),
11628–11640.

65 E. A. Dolgopolova, O. A. Ejegbavwo, C. R. Martin,
M. D. Smith, W. Setyawan, S. G. Karakalos,
C. H. Henager, H.-C. zur Loye and N. B. Shustova,
Multifaceted Modularity: A Key for Stepwise Building of
Hierarchical Complexity in Actinide Metal–Organic
Frameworks, J. Am. Chem. Soc., 2017, 139(46), 16852–16861.

66 S. Saha and U. Becker, A rst principles study of energetics
and electronic structural responses of uranium-based
coordination polymers to Np incorporation, Radiochim.
Acta, 2018, 106(1), 1–13.

67 S. L. Hanna, T. T. Debela, A. M. Mroz, Z. H. Syed,
K. O. Kirlikovali, C. H. Hendon and O. K. Farha,
Identication of a metastable uranium metal–organic
framework isomer through non-equilibrium synthesis,
Chem. Sci., 2022, 13(44), 13032–13039.

68 C. Liu, F.-Y. Chen, H.-R. Tian, J. Ai, W. Yang, Q.-J. Pan and
Z.-M. Sun, Interpenetrated Uranyl–Organic Frameworks
with bor and pts Topology: Structure, Spectroscopy, and
Computation, Inorg. Chem., 2017, 56(22), 14147–14156.

69 W. Xu, Z.-X. Si, M. Xie, L.-X. Zhou and Y.-Q. Zheng,
Experimental and Theoretical Approaches to Three Uranyl
Coordination Polymers Constructed by Phthalic Acid
and N,N′-Donor Bridging Ligands: Crystal Structures,
Luminescence, and Photocatalytic Degradation of
Tetracycline Hydrochloride, Cryst. Growth Des., 2017,
17(4), 2147–2157.

70 L. Mei, C.-z. Wang, L.-z. Zhu, Z.-q. Gao, Z.-f. Chai,
J. K. Gibson and W.-q. Shi, Exploring New Assembly
Modes of Uranyl Terephthalate: Templated Syntheses and
Structural Regulation of a Series of Rare 2D / 3D
Polycatenated Frameworks, Inorg. Chem., 2017, 56(14),
7694–7706.

71 S. Saha and U. Becker, The effect of the aliphatic carboxylate
linkers on the electronic structures, chemical bonding and
optical properties of the uranium-based metal–organic
frameworks, RSC Adv., 2015, 5(34), 26735–26748.
Chem. Sci., 2023, 14, 4219–4229 | 4227

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3sc00788j


Chemical Science Perspective

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
A

pr
il 

20
23

. D
ow

nl
oa

de
d 

on
 2

2.
02

.2
02

6 
14

:1
5:

07
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
72 L. Mei, Q.-y. Wu, S.-w. An, Z.-q. Gao, Z.-f. Chai andW.-q. Shi,
Silver Ion-Mediated Heterometallic Three-Fold
Interpenetrating Uranyl–Organic Framework, Inorg.
Chem., 2015, 54(22), 10934–10945.

73 J.-y. Wang, Q.-y. Wu, S. Wang, Z.-w. Huang, K.-q. Hu,
J.-p. Yu, L. Mei, M. Zhang, Z.-f. Chai and W.-q. Shi,
Coordination-driven assembly of actinide-organic
polyrotaxanes involving crown ether macrocycles, Org.
Chem. Front., 2021, 8(14), 3686–3694.

74 C. Liu, X.-X. Yang, S. Niu, X.-Y. Yi and Q.-J. Pan, Occurrence
of polyoxouranium motifs in uranyl organic networks
constructed by using silicon-centered carboxylate linkers:
structures, spectroscopy and computation, Dalton Trans.,
2020, 49(13), 4155–4163.

75 A.-G. D. Nelson, Z. Rak, T. E. Albrecht-Schmitt, U. Becker
and R. C. Ewing, Three New Silver Uranyl
Diphosphonates: Structures and Properties, Inorg. Chem.,
2014, 53(6), 2787–2796.

76 L. Wang, W. Xu, W.-Y. Li, M. Xie and Y.-Q. Zheng, A Water-
Stable Uranyl Organic Framework as a Highly Selective and
Sensitive Bifunctional Luminescent Probe for Fe3+ and
Tetracycline Hydrochloride, Chem.–Asian J., 2019, 14(23),
4246–4254.

77 C. Liu, C.-Y. Gao, W. Yang, F.-Y. Chen, Q.-J. Pan, J. Li and
Z.-M. Sun, Entangled Uranyl Organic Frameworks with
(10,3)-b Topology and Polythreading Network: Structure,
Luminescence, and Computational Investigation, Inorg.
Chem., 2016, 55(11), 5540–5548.

78 X. Kong, K. Hu, L. Mei, Q. Wu, Z. Huang, K. Liu, Z. Chai,
C. Nie and W. Shi, Construction of Hybrid Bimetallic
Uranyl Compounds Based on a Preassembled Terpyridine
Metalloligand, Chem.–Eur. J., 2021, 27(6), 2124–2130.

79 F. Chen, C.-z. Wang, Z.-j. Li, J.-h. Lan, Y.-q. Ji and Z.-f. Chai,
New Three-Fold Interpenetrated Uranyl Organic Framework
Constructed by Terephthalic Acid and Imidazole Derivative,
Inorg. Chem., 2015, 54(8), 3829–3834.

80 S. Pandey, B. Demaske, O. A. Ejegbavwo, A. A. Berseneva,
W. Setyawan, N. Shustova and S. R. Phillpot, Electronic
structures and magnetism of Zr-, Th-, and U-based metal-
organic frameworks (MOFs) by density functional theory,
Comput. Mater. Sci., 2020, 184, 109903.

81 L.-Z. Zhu, C.-Z. Wang, L. Mei, L. Wang, Y.-H. Liu, Z.-T. Zhu,
Y.-L. Zhao, Z.-F. Chai and W.-Q. Shi, Two novel uranyl
complexes of a semi-rigid aromatic tetracarboxylic acid
supported by an organic base as an auxiliary ligand or
a templating agent: an experimental and theoretical
exploration, CrystEngComm, 2015, 17(15), 3031–3040.

82 C. Liu, W. Yang, N. Qu, L.-J. Li, Q.-J. Pan and Z.-M. Sun,
Construction of Uranyl Organic Hybrids by Phosphonate
and in Situ Generated Carboxyphosphonate Ligands,
Inorg. Chem., 2017, 56(3), 1669–1678.

83 D. M. Brager, A. D. Nicholas, M. H. Schoeld and
C. L. Cahill, Pb–Oxo Interactions in Uranyl Hybrid
Materials: A Combined Experimental and Computational
Analysis of Bonding and Spectroscopic Properties, Inorg.
Chem., 2021, 60(22), 17186–17200.
4228 | Chem. Sci., 2023, 14, 4219–4229
84 K. P. Carter, M. Kalaj, A. Kerridge and C. L. Cahill, Probing
hydrogen and halogen-oxo interactions in uranyl
coordination polymers: a combined crystallographic and
computational study, CrystEngComm, 2018, 20(34), 4916–
4925.

85 K. P. Carter, M. Kalaj, S. McNeil, A. Kerridge,
M. H. Schoeld, J. A. Ridenour and C. L. Cahill,
Structural, spectroscopic, and computational evaluations
of cation–cation and halogen bonding interactions in
heterometallic uranyl hybrid materials, Inorg. Chem.
Front., 2021, 8(5), 1128–1141.

86 K.-Q. Hu, X. Jiang, C.-Z. Wang, L. Mei, Z.-N. Xie, W.-Q. Tao,
X.-L. Zhang, Z.-F. Chai and W.-Q. Shi, Solvent-Dependent
Synthesis of Porous Anionic Uranyl–Organic Frameworks
Featuring a Highly Symmetrical (3,4)-Connected ctn or
bor Topology for Selective Dye Adsorption, Chem.–Eur. J.,
2017, 23(3), 529–532.

87 L. Mei, C.-z. Wang, L. Wang, Y.-l. Zhao, Z.-f. Chai and
W.-q. Shi, Halogen Bonded Three-Dimensional Uranyl–
Organic Compounds with Unprecedented Halogen–
Halogen Interactions and Structure Diversity upon
Variation of Halogen Substitution, Cryst. Growth Des.,
2015, 15(3), 1395–1406.

88 V. Smetana, S. P. Kelley, H. Pei, A.-V. Mudring and
R. D. Rogers, Sandwiched Kagomé Lattices in
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