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A Thorium Metal-Organic Framework with Outstanding Thermal

and Chemical Stability

Korey P. Carter,™® J. August Ridenour,” Mark Kalaj, 9 and Christopher L. Cahill**

Abstract: A new thorium metal-organic framework (MOF),
Th(OBA),, where OBA is 4,4-oxybis(benzoic) acid, has
been synthesized hydrothermally in the presence of a
range of nitrogen-donor coordination modulators. This
Th-MOF, described herein as GWMOF-13, has been charac-
terized by single-crystal and powder X-ray diffraction, as
well as through a range of techniques including gas sorp-
tion, thermogravimetric analysis (TGA), solid-state UV/Vis
and luminescence spectroscopy. Single-crystal X-ray dif-
fraction analysis of GWMOF-13 reveals an interesting, high
symmetry (cubic /a3d) structure, which yields a novel srs-a
topology. Most notably, TGA analysis of GWMOF-13 re-
veals framework stability to 525°C, matching the thermal
stability benchmarks of the UiO-66 series MOFs and zeolit-
ic imidazolate frameworks (ZIFs), and setting a new stan-
dard for thermal stability in f-block based MOFs. D

Metal-organic frameworks (MOFs) represent an expansive
family of compounds that have been developed for a variety
of applications including gas sorption and separations," cataly-
sis,? and biomedicine.”’ MOFs have also exhibited significant
promise for nuclear fuel cycle applications including uranium
extraction,”” Kr/Xe capture,” |, sorption,” and more recently,
as hierarchical materials for long-term waste immobilization.”
The multitude of inorganic secondary building units (SBUs)
and nearly limitless variety of polytopic organic linkers has led,
so far, to thousands of MOF architectures with a wide array of
shapes, pore sizes, and chemical functionalities. Despite the
significance and continually growing interest in this class of
materials, synthesis of MOFs built from actinide metal centers,
and in particular Th", represents an underdeveloped area of
study.”®
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Fifteen years ago O'Hare and colleagues prepared the first
Th-MOF® and since then, only a handful of additional exam-
ples have been synthesized.”™'? As thorium is capable of ex-
hibiting a greater variety of coordination numbers and more
diverse coordination environments than other high charge
density tetravalent metal cations (e.g., Zr", Hf", Ce"),™ there
are distinct opportunities to prepare new Th-MOFs which dis-
play elevated thermal and hydrolytic stability, which have no
transition metal or lanthanide analogues. Beyond new materi-
als exploration, MOF synthesis with Th" also represents a
forum to explore Th" hydrolysis further, where studies have
demonstrated a dependence on both pH and the relative
nature of the ligand(s).'”? Additional insights into Th" hydroly-
sis, and how it can be harnessed, are thus appropriate for de-
veloping a more thorough understanding of the chemical be-
havior of thorium, which is increasingly relevant as Th" finds
more applications in both the nuclear energy and nuclear
medicine arenas."

After a decade hiatus from MOF synthesis," herein we re-in-
itiate our efforts by pairing Th" with 4,4-oxybis(benzoic) acid
(OBA) to produce [Th(OBA),], which we will refer to as
GWMOF-13 hereafter. 4,4"-oxybis(benzoic) acid (OBA) is a flexi-
ble V-shaped ligand comprised of two benzoic acid groups
bridged together at the para position by an sp® ether oxygen
atom, which has been extensively utilized in the synthesis of
new luminescent Ln" coordination polymers (CPs) and
MOFs."™ OBA has a propensity to yield helical chain SBUs in
CPs and MOFs, and this SBU is known to enhance structural ro-
bustness in MOFs."® By combining Th" and OBA to yield
GWMOF-13, a Th-MOF assembled from interpenetrating helical
chains, it was our aim to synergistically combine ideal charac-
teristics of both metal and ligand to generate a potential Th'-
based hierarchical waste form,”’ which could serve as a model
for other An" species. GWMOF-13 was found to display excel-
lent thermal stability, maintaining structural integrity past
500°C, and the MOF is also stable in boiling water, as well as
in a wide-range of polar and non-polar organic solvents, dem-
onstrating the robust nature of this new Th" material.

Single-crystal X-ray crystallography analysis reveals that
GWMOF-13, [Th(OBA),], crystallizes in the cubic space group
la3d, and features a single crystallographically-unique thorium
cation that has adopted square antiprismatic coordination ge-
ometry. Each Th" cation in GWMOF-13 is bound to eight OBA
ligands, one of which is crystallographically unique, and all of
which adopt syn,syn-n'm":u, bridging conformations (Fig-
ure 1A). Th1—O bonds to OBA ligands (O1-04) are at an aver-
age distance of 2.386 A, and OBA ligands link Th" metal cen-

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. A) Polyhedral representation highlighting the local coordination environment of Th*" cations in GWMOF-13. Green polyhedra are Th" centers,
whereas red spheres are oxygen atoms. All H atoms have been omitted for clarity. B) One helical chain of GWMOF-13 shown in (100) plane illustrating forma-
tion of two, unique square 1D channels. C) Side view in (010) plane of helical chain highlighting hub-and-spoke nature of chains of GWMOF-13. D) 3D frame-

work structure of GWMOF-13 shown in (100) plane.

ters into helical hub-and-spoke like chains, which generate
square 1D channels with diameters of 3.5 and 1.4 A, respec-
tively (Figures 1B and C). In between each square 1D channel
of GWMOF-13 are 1D ellipsoidal channels with dimensions of
ca. 10.85x 7.2 A that are filled by hydrogen atoms from OBA li-
gands (Figure 1D). Helical chains of GWMOF-13 assemble into
a 3D framework with a solvent accessible volume of 15.6% (of
the total volume) as estimated by PLATON (Figure 1D)."”

The 3D framework of GWMOF-13 is both elegant and highly
complex (Figure 2). In simplistic terms the structure can be
considered as two interwoven nets that are cross-linked by an
OBA ligand. Topological analysis indicates that the two unino-
dal nets have point symmetry 3.4%.5% and are one of the
first examples of nets with (4,8)-c topology."® Alternatively, if
the single 4-coordinate (4-c) representation of the ligand is re-
duced to two 3-c nodes,""” then the nets can be described as
(3,3,8)-c, which is also a new topology. The simplest description
of the GWMOF-13, however, is obtained by visualizing the Th"
cations as nodes, and replacing the organic anions as “struts”
(Figure 2). In this case, the 2-fold related nets of GWMOF-13
can be described as having srs-a (augmented srs) topology,
and these two interpenetrated srs-a nets are then bridged by
ligand anions to form a single net.

The density of GWMOF-13 limits its permanent porosity, as
demonstrated by adsorption studies with CO, at room temper-
ature and N, and H, at 77 K after evacuation under high
vacuum overnight at 105°C. GWMOF-13 was found to be a mi-
croporous material as indicated by the isotherms for all
three adsorbates (Figures S1-S3, Supporting Information), yet
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Brunauer-Emmett-Teller (BET) surface area values for GWMOF-
13 are small (0.256 mmolg™ CO, 50m?’g™" N, and
11.94 cm®g™" H,), which suggests that porosity toward the
three gases is limited in the applied pressure ranges.
Thermogravimetric analysis (TGA) of GWMOF-13 demonstrat-
ed that the framework is very robust, as decomposition did
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A

Figure 2. The srs-a net of GWMOF-13. Spheres represent thorium cation
nodes. The two interwoven nets are shown in yellow and green. Struts are
drawn between nodes that are bridged by OBA ligands in syn,syn-n'm':u,
configuration. For clarity no struts have been included to represent the li-
gands that cross-link the two nets. The cubic unit cell is shown as dashed
lines.

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. (Top) Pre-TGA PXRD pattern of GWMOF-13 with calculated pattern of GWMOF-13 overlaid in red. (Middle) Thermogravimetric analysis (TGA) curve of
GWMOF-13. (Bottom) Post-TGA PXRD pattern of GWMOF-13 with calculated pattern of ThO, overlaid in red.

not begin until above 500°C (Figure 3). The corresponding
~65% weight loss is in good agreement with the calculated
(68.8%) weight percent of OBA, with the remaining ~30% cor-
responding to thorium oxide (confirmed by PXRD) (Figure 3).
Notably, we observe the same TGA results for fresh samples
and those that have been aged (for more than a year), indicat-
ing that the thermal stability of GWMOF-13 is not affected
over time. In general, thermal stability of MOFs is usually limit-
ed to 350-400°C,”” with a few examples of frameworks that
are stable above ca. 500°C, such as UiO-66 and zeolitic imida-
zolate frameworks (ZIFs),*>?" setting the standard for MOF
thermal stability, which has been matched here by GWMOF-13.

To verify the chemical stability of GWMOF-13, as synthesized
samples were soaked in boiling water, strongly acidic aqueous
solutions (6 M HCl, 6 M HNO;), and strongly basic aqueous solu-
tion (6 M NaOH) for one day at room temperature. The PXRD
pattern of the GWMOF-13 sample after being treated in boiling
water matches well with that of the pristine sample (Fig-
ure S4A, Supporting Information), whereas we observe a
breakdown of the MOF in strongly acidic and strongly basic
media. In both 6 M HCl and 6 M HNO;, PXRD confirms the pres-
ence of free OBA (Figures S4B and C), whereas in 6 M NaOH,
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crystallinity is significantly diminished, and we were unable to
identify the final post-soaking product(s) (Figure S4D). Addi-
tionally, we explored the stability of GWMOF-13 in a range of
polar and nonpolar organic solvents and after soaking times of
one day, GWMOF-13 was found to be completely insoluble in
all solvents tested (acetone, THF, DMF, DMSO, methanol, etha-
nol, acetonitrile, diethyl ether, dichloromethane, cyclohexane,
and benzene) with PXRD patterns matching that of the pristine
sample in all instances (Figure S5).

Finally, the solid-state spectroscopic properties of GWMOF-
13 were investigated as it is well-known that luminescence in
Th" materials is entirely a result of ligand fluorescence process-
es. Figure S6 (Supporting Information) shows the UV/Vis and
luminescence spectra of both OBA and GWMOF-13, and both
spectra provide insight into how ligand insertion within the
MOF scaffold affects ligand absorption and emission pathways.
In the UV/Vis (Figure S6 Left), we note a small redshift in the
spectrum of GWMOF-13, yet the more interesting observation
is the similar shape of the two spectra, as this indicates that
ligand absorption transitions are only weakly perturbed by in-
sertion into the GWMOF-13 framework.?? Similar trends are
also noted in the luminescence spectra of OBA and GWMOF-

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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13 (Figure S6 Right), and a look at the normalized absorbance
and luminescence spectra of GWMOF-13 (Figure S6 Bottom)
displays only a limited amount of overlap, suggestive of mini-
mal self-absorption effects.'*

The synthesis and crystal structure of a new thorium(IV)-
MOF, GWMOF-13, featuring 4,4’-oxybis(benzoic) acid is report-
ed, and the resulting srs-a topology has been detailed.
GWMOF-13 demonstrates excellent thermal stability up to
525°C, and extended aging of the MOF is not found to impact
framework thermal or chemical properties. Soaking experi-
ments revealed that GWMOF-13 is also stable in a full range of
polar and nonpolar organic solvents and can withstand
twenty-four-hour treatment in boiling water. Only in extreme
conditions, such as strongly acidic or basic media (6 m HCl, 6 m
HNO;, or 6 M NaOH), do we observe framework decomposition
resulting in either free OBA in acidic media or complete break-
down of GWMOF-13 in 6 NaOH. While GWMOF-13 demon-
strates some limitations in terms of functioning as a potential
waste form for long-term immobilization efforts, it does high-
light a path forward for MOF synthesis with this end goal in
mind, and efforts exploring new, similar ligands to OBA with
both Th" and other tetravalent actinide species are in-prog-
ress.

Experimental Section

GWMOF-13 was synthesized by hydrothermal methods at autoge-
neous pressure in a 23 mL Teflon-lined Parr bomb. There are many
synthetic routes to generate single crystals of GWMOF-13 over the
pH range 1-5; thus we will only outline the (hydrothermal) proto-
col for optimal single-crystal growth. A mixture containing 55 mg
(0.10 mmol) of Th(NO,),4H,0, 52 mg (0.20 mmol) of 4,4’-oxybis-
(benzoic) acid, 36 mg (0.20 mmol) of 1,10-phenanthroline, and
1.5 mL (83.3 mmol) of water was placed in a Parr autoclave and
then heated statically at 120°C for 72 h. Upon removal from the
oven, the sample was allowed to cool over four hours, and the
Parr bomb opened after approximately 16 h. The solution and
solid products were both colorless and after washing three times
with water and ethanol, the bulk product was dried at ambient
conditions, yielding large, cubic crystals, which were unusually
robust. More specifically, crystals of GWMOF-13 that were stuck to-
gether could not be separated by application of a small amount of
pressure, as is common for inorganic hybrid materials and MOFs.
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The Supporting Information contains further experimental details,
additional figures, gas sorption data for GWMOF-13, solid-state UV/
Vis and luminescence spectra for GWMOF-13, PXRD spectra of
GWMOF-13 after treatment in aqueous, acidic, basic, and organic
media, PXRD and IR spectra of GWMOF-13 made with different N-
donor modulators, and X-ray crystallographic data in CIF format for
GWMOF-13. CCDC 1902331 contains the supplementary crystallo-
graphic data for this paper. These data are provided free of charge
by The Cambridge Crystallographic Data Centre.
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