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ABSTRACT: We have constructed an unprecedented MOF platform that accommodates a range of 5f-block metal ions (Th*", U%,
Np**, Pu**) as the primary building block. The isoreticular actinide metal-organic frameworks (An-MOFs) exhibit periodic trends in
the 12-coordinate metal environment, ligand configuration, and resulting ultramicroporosity. It holds potential in distinguishing
neighboring tetravalent actinides. The metal ionic radius, carboxylate bite angle, anthracene plane twisting, inter-ligand interactions,
and countercation templating collectively determine an interplay between solvation, modulation, and complexation, resulting in a
coordination saturation of the central actinide while lanthanide counterparts are stabilized by the formation of a dimer-based motif.
Quantum chemical calculations indicate that this large coordination number is only feasible in the high-symmetry environment pro-
vided by the An-MOFs. This category of MOFs not only demonstrates autoluminescence (4.16 x10* counts per second per gram) but
also portends a wide-bandgap (2.84 eV) semiconducting property with implications for a multitude of applications such as hard

radiation detection.

The coordination number (CN) of a given metal center is
essential for tuning the molecular and electronic structures, en-
suing stability, and reactivity of metal complexes or coordina-
tion polymers. A low CN of metal centers will potentially offer
coordinatively unsaturated metal sites for a multitude of appli-
cations?. In contrast, the quest for large CN (i.e. > 10) remains
underexplored in the realm of metal complexes or coordination
polymers, wherein high CNs are originally designed by com-
bining large actinide centers with small ligands. A CN of 15
was experimentally revealed in a thorium aminodiboranate
complex? while a CN of 17-24 in actinide complexes with H,
He, or BH®7 were suggested based on relativistic quantum
chemical calculations. To date, the highest experimentally char-
acterized and theoretically predicted CNs are 16 in the CoBjs
cluster® and 28 in Ta@B2s** complex®, respectively. As these
high CNs are obtained by using coordinating atoms of low-Z
(i.e. H, He, B), an intriguing question is: what is the largest pos-
sible CN in molecular complexes or coordination polymers
when using more common, much larger coordinating atoms
such as nitrogen or oxygen? Actinide centers bearing 12 oxygen
atoms have been isolated, which are mostly anionic An(NQ3)s>
ion-pair complexes®!* while other complexes comprise Th**
centers bound by two bidentate O-donor ligands and four NOgz
1213 or six bidentate boron oxyanions. In one case, a thorium
center is chelated by two monodentate imidazoles and five bi-
dentate NOg", defining a unique case of the mixed-donor 12-co-
ordinate environment®®. The highest CN in MOFs is currently
only 10, which is exclusively obtained with tetravalent actinides
in Th-NTB®, ECUT-36%, Th-BDC-1%, SCU-11%, Th-TPO-
1%, Th-BTC-1%, SCU-8%, U4-BDC-5%, or U4-CI,DHBQ*.
Actinide centers with a coordination number of 12 are expected

to be possible in An-MOFs that display unique structural stabil-
ity, chemical reactivity, and multifunctionality?, but they have
not been achieved to date. Herein, we expand the CN limit to
12 in an unprecedented category of MOFs, namely An(IV)-
ADC (ADC, 9,10-anthracene-dicarboxylic acid).

Four isoreticular An(1V)-ADC have been uncovered includ-
ing exceedingly rare transuranium-bearing MOFs. The mor-
phologies and defects of An(IVV)-ADC crystal (e.g. Th(IV)-
ADC) can be tuned by varying the precursor concentration,
modulator type, and amount (Figure S1-2). In all structures,
each actinide center is coordinated by six equivalent bidentate
carboxylate groups from six deprotonated ADC, defining an
ideal icosahedral geometry of the [AnO1,] primary building unit
(PBU). As each ADC links two PBUSs, it generates a (2,6)-con-
nected pcu topology featuring a high-symmetry structure of
these polyhedral crystals (Figure S3). The An—O bond length in
the 12-coordinate actinide PBU follows an expected decreasing
trend from 2.577 A (Th) to 2.510 A (Pu) due to the actinide
contraction (Table 1). While the Th-O bond distance is close to
the mean bond-length (i.e. 2.580 A) of the distorted ThO, ico-
sahedra in thorium molecular complexes, the U-O, Np-O, and
Pu-O bond lengths are larger than the statistics for uranium and
transuranic molecular complexes (2.518, 2.502, 2.487 A, re-
spectively)1®11.26-28 |t is notable that a subtle bond-length de-
crease of 0.005 A from Np(IV) to Pu(IV), is significantly
smaller than the difference in ionic radii of 0.02 A when both
have a CN of 8%°. Our theoretical calculations also illustrate the
bond elongation, the energy of complexation (Figure S4-5), nat-
ural bond orbital (NBO) charge, d- and f-orbital occupation
across (Table S1-3) from CN of 8 to CN of 12 are as expected



due to the high ionicity of metal-ligand interactions, implying
that the observed CN of 12 partly results from the high-sym-
metry crystal structure and would not be possible with free lig-
ands. The bite angle (01) - i.e. the O-An-O bond angle - corre-
sponds to the space that bidentate carboxylate groups take up in
the coordination sphere of a central metal and depends on re-
pulsion between interdonor atoms. An increasing trend in 61 can
then be ascribed to enhanced ionic interaction between the acti-
nide center with the bidentate carboxylates. These values are
larger than those of nitrate in (NH4)2An(NO3)s (An = Th*,
Pu*"), indicating relatively stronger interdonor repulsion be-
tween the coordinating ADC in the PBU. This elevated repul-
sion across the actinides also contributes to an increase in the
twisting angle (62) of carboxylate groups relative to their an-
thracene planes. Every four anthracene planes along three crys-
tallographic axes assemble into a truncated cube-like cavity,
where specific dihedral angles for opposite “seesaw-like” an-
thracene planes (83, 84) define rectangular ultramicroporous
“gates” (Figure S6). A subtle change of pore size and solvent-
accessible void can be observed as a function of ionic radius
and bite angle. Although ~50% of the framework void is deter-
mined to be accessible, the analysis of the experimental CO;
adsorption data yields a BET surface area of 33.7 m2/g and an
approximate median pore diameter of 5.8 A (Figure S7). Com-
pared with other pore textures in An-MOFs?®, the accessible ul-
tramicropore regime in An(IV)-ADC is relatively small and its
potential in adsorption-related applications will need to be in-
vestigated in more detail.

The crystallographically disordered DMF molecules and
dimethylamine cations are assigned in the void, thus defining a
general chemical formula as An(ADC)z*(DMF)z*((CHs).NH>),
(Table S4). The mass loss below 200 °C, determined for
Th(IV)-ADC by TGA, is assigned to the evaporation of DMF
followed by the decomposition of ligands and conversion to
ThO; (Figure S8). It is thermally stable up to about 210 °C,
close to that of Pu-UiO-66 with both missing linkers and clus-
ters defects®. This low thermal stability appears to be related to
fissure-like crystal defects (Figure S9) as evidenced by increas-
ing poor integration statistics (Table S6) compared to as-syn-
thesized material. Its structure remains intact after immersing in
0.01 mol-L* HNO; and H,O for 5 days (Figure S10). A residual
crystallinity and considerable thorium leaching rate imply that
it partially degrades in 8 molsL* HNO3 while a few 12-coordi-
nate thorium centers retain within the framework. In terms of
self-irradiation stability, a variation of the unit cell length by
approximately 0.08%, and 0.02% was observed for Th(IV)-
U(IV)-ADC and Np(IV)-ADC, respectively, while a shrinkage
of the unit cell by approximately 0.6% and “crystalline-to-
amorphous” pattern in U(IV)-ADC indicates the formation of
missing-metal or missing-linker defects concomitant with the
formation of an unknown molecular species, leading to a
change in the crystal color from blackish green to dark red (Fig-
ure S11). This self-irradiation damage is unsurprising in coor-
dination polymers containing high-activity actinides®2, The
notable structure lifetime and tiny structure change manifest the
stability of 12-coordinate transuranic MOFs. The tolerance of
these An-MOFs towards chemical or radiation damage is a re-
sult of the large coordination number and the ability to compen-
sate defects with either solvent or modulator molecules.

The large ionic radii of Ln(I11, V) and U(I11) are also expected
to be able to form such 12-coordinate PBU in MOFs consider-

ing the presence of 12-coordinate homoleptic Ln dicyanonitro-
somethanide (Ln = La-Nd, Sm) ionic liquids®, or heteroleptic
lanthanum phenanthroline-diamide complexes®. However, it
turns out that Ln(ll1, 1) assemble into 8-, or 9-coordinate Ln-
ADC dimer (Figure S12) while U(lI1) forms a framework (Fig-
ure S13a, Figure S16) near-identical to U(IV)-ADC, implying
that a majority of U(IlI) is in situ oxidized to U(IV) likely due
to the high reactivity of U(111)*. Further identification of the
oxidation kinetics of U(I1I) precursor would be needed to pin-
point the synthetic variables that would lead to the formation of
12-coordinate trivalent transuranic MOFs.

To examine the ability of this isoreticular framework to
simultaneously incorporate different An(IV), we adopted
mixed actinide precursors (Th(IV)-U(1V) and U(IV)-Np(1V),
respectively) in equimolar quantities. In the former case, the
crystallographically unique An—O bond length and the atomic
ratio in leaching supernatant (Figure S13b) collectively indi-
cate that Th(IV) predominates at the 12-coordinate metal cen-
ter while lower amounts of U(IV) probably reside at defect
sites or in the microporous cavities. For the U(IV)-Np(1V)
case, it is plausible that U(IV) predominates 12-coordinate
metal centers (Table S6). This selectivity for larger An**
among actinide pairs is attributed to the amplification of subtle
bonding differences during the crystallization of the high-sym-
metry framework as well as steric constraints in the accommo-
dation of ADC ligands. Such a selective crystallization pattern
is distinct from the conventional selective building of metal-
organic complexes®®*” and is pivotal to address the challeng-
ing intragroup actinide separation. We also probed into the
self-assembly mechanism of An-ADC (Figure S14), wherein
an appropriate combination of comparatively small 6; and 0.
represents an ingenious arrangement of ligand coordination
and configuration meanwhile both strong inter-ligand interac-
tions (Figure S15, Table S5) and the structure-directing role of
countercation for the anionic actinide monomers are involved.



Table 1. Periodic trends of coordinative environment, ligand configuration, and porosity in isoreticular An(IV)-ADC frameworks.

Accessible void/%

An(IV)-ADC Th(lV)-ADC | U(IV)-ADC Np(IV)-ADC Pu(IV)-ADC
i 2.577(3) 2.532(3) 2.515(4) 2.510(1)
An-0 /A
50.6 51.3 51.7 51.9
Bite Angle 0,/°
60.7 62.2 61.9 62.1
120.6 119.4 119.2 119.0
149.4 150.6 150.8 151.0
7.97 x5.39 8.01x5.22 8.00x5.19 8.02 x5.17
52.0 51.0 50.6 50.4
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Figure 1. (a) The energy profile of particle detection of Th(IV)-ADC and Th(NOs)4+5H20. The background count has been subtracted. The
inset images are the respective capillaries loaded with pure samples; (b) The UV-Vis DRS of Th(IV)-ADC. The inset histogram is the
comparison of the bandgap value of archetypical semiconducting materials for radiation detection.

Anthracene-based MOFs have been well recognized in ver-
satile applications®3, As crystalline anthracene displays the
highest scintillation of any organic scintillator, it is therefore
utilized to construct scintillating MOFs as its stability to radia-
tion damage will be improved when incorporated at linker-cen-
tric sites** or encapsulated as guest molecules®.
Th(NO3)4+5H0 yielded 3.29 x 10° counts per second per gram
that corresponds to 81% of the ionizing particles emitted by
22Th, Th(IV)-ADC exhibited 4.16 x 10* counts per second per
gram by producing detectable photons that is an approximately
10-fold enhancement of the autoluminescence (Figure 1a). This
increase is lower than that in an autoluminescent MOF*®, pre-
sumably due to its dynamic porosity with non-radiative path-
ways. As the distances between opposite anthracene planes in
Th(IV)-ADC are less than 8.2 A (Figure S6), an appreciable n-
orbital overlap is expected to occur, which facilitates electron
transport through anthracene spacing. The strong ionic bonding
nature between Th(IV) and carboxylate anions creates a
bandgap of 2.84 eV (Figure 1b), which is larger than those in
other semiconducting MOFs (i.e. SCU-1247, SCU-13, SCU-
14%), and an iodide-based semiconductor (i.e. T1,Cdls>®) used
for radiation detections. However, its lattices are receptive to
vacancies that break up the charge transport pathway and ob-
fuscate intrinsic electroconductivity®. Th(IV)-ADC can be po-
tentially utilized as a wide-bandgap semiconducting MOF as
well as scintillating MOF with constant internal reference for
hard radiation detection.

In summary, we have revealed periodic trends in 5f-block
metal-oxygen bond length, bite and twisting angle of carbox-
ylate groups, geometry configuration of anthracene plane, and
resulting microporosity of isoreticular An(IV)-ADC. The

mixed-valence, mixed-metal issues, and the formation mecha-
nism collectively indicate that this 12-coordinate structure is (1)
exclusive to An(IV)-MOFs as a result of a mutual effect of ste-
ric hindrance, inter-ligand interactions, and countercation tem-
plating, and (2) conducive to implementing selective crystalli-
zation for actinide separation. Quantum chemical calculations
reveal that this unusually high CN can only be realized in the
high-symmetry environment provided by An(IV)-ADC. The in-
tegration of high stability, dynamic porosity, autoluminosity,
and semiconductivity confers 12-coordinate An-ADC with po-
tential functionalities such as in-situ identification of airborne
isotopes. Future investigations will explore these functionalities
and endeavor to expand this actinide structure with CN 12 to
An(l11) as well as nitrogen analogs of An-ADC.
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