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ABSTRACT: The fundamental interest in actinide chemistry, particularly for the development of thorium-based materials, is expe-
riencing a renaissance owing to the recent and rapidly growing attention to fuel cycle reactors, radiological daughters for nuclear
medicine, and efficient nuclear stockpile development. Herein, we uncover fundamental principles of thorium chemistry on the ex-
ample of Th-based extended structures such as metal-organic frameworks in comparison with the discrete systems and zirconium
extended analogs; demonstrating remarkable over two-and-half-year chemical stability of Th-based frameworks as a function of metal
node connectivity, amount of defects, and conformational linker rigidity through comprehensive spectroscopic and crystallographic
analysis as well as theoretical modeling. Despite exceptional chemical stability, we report the first example of studies focusing on the
reactivity of the most chemically stable Th-based frameworks in comparison with the discrete Th-based systems such as metal-organic
complexes and a cage, contrasting multi-cycle recyclability and selectivity (> 97%) of the extended structures in comparison with the
molecular compounds. Overall, the presented work not only establishes the conceptual foundation for evaluating the capabilities of
Th-based materials but also represents a milestone for their multifaceted future and foreshadows their potential to shape the next era
of actinide chemistry.

reaction classes.?*% Such disparity in the number of studies
on zirconium- versus thorium-based frameworks can be largely
attributed to two main factors. For instance, the comprehensive
fundamental understanding guiding the coordination chemistry
of actinides is relatively underdeveloped in comparison with
transition metals.’? As a result, there is little understanding of
the chemical reactivity and stability of, for instance, Th-based
materials discussed in the current studies. In addition, the radi-
oactive nature of Th-containing compounds limits the accessi-
bility to the characterization techniques typically applied to
solid-state material analysis.

INTRODUCTION

Broad chemical and thermal stability is one of the highly
sought-after traits in the field of metal-organic frameworks
(MOFs'%), which shapes the landscape of possible applica-
tions with a main focus on specific MOF classes, including
those based on zirconium.***$ Indeed, Zr-MOFs (e.g., pos-
sessing fcu-*"*® and ftw-type*-*° topologies) exhibit excellent
thermostability up to 500 °C,*” possess chemical stability across
a wide pH range from 2 to 12, and demonstrate exceptional
resilience even under 423 Gy/min gamma radiation.”' At the
same time, the recent and rapidly growing interest in the devel-

opment of fuel cycle reactors, radiological daughters for nuclear
medicine, as well as efficient nuclear stockpile recycling serves
as the driving force for translating the wealth of fundamental
knowledge acquired for Zr-MOFs to thorium-based analogs.>?-
57 Since the onset of research focusing on Th-based materials,
Zr-frameworks have been considered to be the closest analogs
due to the shared metal oxidation state (+4), high Lewis acidity,
formation of strong coordination bonds to carboxylate-based
organic linkers, and oxophilicity comparable to thorium.3*
However, in contrast to a plethora of publications (>3600) fo-
cusing on Zr-MOFs, only around 100 exist for their Th-based
counterparts (Figure 1). Moreover, less than 0.3% of these stud-
ies include any information on the reactivity of Th-based mate-
rials in a very narrow scope of reactions, targeting only six

Herein, we uncover fundamental principles of thorium chemis-
try on the example of extended metal-organic materials in com-
parison with their molecular counterparts and well-studied zir-
conium analogs; the latter have served as benchmarks in the
area of metal-organic frameworks for an extended period of
time. Based on spectroscopic and crystallographic analysis in
combination with theoretical modeling, we demonstrate for the
first time that Th-based frameworks can surpass the 2.5-year
stability range bringing them into the cohort of the most stable
MOFs reported to date™’®; whose chemical stability does not
have a strong correlation with metal node connectivity (i.e.,
does not increase with the increasing number of ligands per
node) but rather aligns with variables such as material defects
and conformational linker rigidity (defined by the deviation of
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Figure 1. (top) Plot demonstrating the average number of defects
present in Th- and Zr-based MOFs (aqua and gray, respectively).
On average, the discussed Th-MOFs possess 0.27 defects per metal
node, while Zr-analogs possess 1.32 defects per node. (middle)
Overview of the presented studies with the focus on Th-based ex-
tended and discrete structures probed for stability and reactivity in
comparison with Zr-based analogs. (bottom) Plot demonstrating the
number of publications on Th- versus Zr-MOFs as a function of
time. The inset highlights the relatively few studies of Th-MOF re-
activity.

the dihedral angle from the optimized computational value) ac-
cessed for the series of frameworks. The presented studies
demonstrate not only the correlation between the considered
variables (defects, conformational linker rigidity, or metal node
connectivity) but also highlight the limitations that have to be
taken into account upon translating the acquired knowledge
across a different series of frameworks with linkers possessing
different conformational rigidity. Despite remarkable long-term
stability and robustness over a wide pH range, even the most
chemically stable Th-based extended structures among those
studied can still promote aniline oxidation, which was used as a
model reaction” to probe framework reactivity. At the same
time, in contrast to the molecular systems, Th-frameworks ex-
hibit multi-cycle recyclability and selectivity while maintaining
their structural integrity. We quantified the observed reactivity
of Th-based materials toward aniline oxidation using turnover

numbers (TONs) while monitoring material integrity crystallo-
graphically for the first time. Overall, the presented work un-
covers fundamental concepts for evaluating the capacity of Th-
based materials and represents a milestone for their multifac-
eted future.

RESULTS AND DISCUSSION

One of the main driving forces for the presented studies is to
probe whether the wealth of fundamental knowledge acquired
for Zr-based materials over the past several decades could in-
form and shape the materials chemistry of a relatively less-ex-
plored class of frameworks based on thorium. One of the sur-
prising facts that initially drove our curiosity toward Th-mate-
rials, in general, was the detection of remarkable two-and-half-
year stability of Th-MOFs which was able to surpass one of
some very stable Zr-analogs (Figures 2 and S21). Based on the
literature reports and our previous studies,*®1-5% several fac-
tors could affect the material behavior including the nature of
organic linkers, the composition and structure of the metal
nodes, or the impact of structural defects on framework integ-
rity and stability. As a starting point, we selected a series of Th-
MOFs composed of organic linkers containing two phenyl rings
in their backbones. Our linker choice (Figure 2) was determined
by three main factors. First, two-phenyl ring-based linkers al-
lowed us to contextualize our work in the broader MOF field
due to existing studies®! performed for other MOFs (rather than
Th-based) involving similar ligands that can be used as a point
of reference.®3? Second, the selected linkers permit the synthe-
sis of isostructural Th- and Zr-frameworks, allowing us to uti-
lize the Zr-MOF fundamental design principles as a guide for
our work herein.’*#° Finally, the presence of the two phenyl
rings in the organic linker allows us to probe the structural sta-
bility as a function of the linker rigidity/flexibility by evaluating
the deviation of the dihedral angle (J) defined by the planes of
two phenyl rings from the optimized ones using theoretical cal-
culations as shown in Table 1. Thus, we focused on 2,2’-dime-
thyl-[1,1°-biphenyl]-4,4’-dicarboxylic acid (H:Me,BPDC, Fig-
ure 2), 2-methyl-[1,1’-biphenyl]-4,4’-dicarboxylic  acid
(H.MeBPDC, Figure 2), and [1,1’-biphenyl]-4,4’-dicarboxylic
acid (H,BPDC, Figure 2) as linkers for the preparation of M-L-
n MOFs (where M = metal, L = organic linker, and » = number
of organic linkers per node).

Preparation of the novel Th-MeBPDC-12 structure was accom-
plished by heating a solution of H>MeBPDC and
Th(NOs3)4-2H,0 in N,N-dimethylformamide (DMF) in the pres-
ence of nitric acid to 120 °C for 24 hours, resulting in crystals
that were suitable for single-crystal X-ray diffraction analysis
(Figures 2, S1, and S15). At the same time, the novel Zr-
Me,BPDC-10 structure was accessed through postsynthetic
modification of Zr-Me,BPDC-8. For this, a sample of Zr-
Me,BPDC-8 was exposed to the solution of HMe,BPDC in
DMF and heated at 75 °C for 72 hours. The phase purity of all
prepared frameworks, including Th-BPDC-12,% Th-MeBPDC-
12, Th-Me,BPDC-10,** Th-Me,BPDC-8,% Zr-BPDC-12,%° Zr-
MeBPDC-12,% Zr-Me,BPDC-10, and Zr-Me,BPDC-8,* was
confirmed by powder X-ray diffraction (PXRD) analysis (Fig-
ures S9—S16). In addition to structural analysis by single-crystal
and PXRD, thermogravimetric analysis (TGA) was used to
evaluate the number of defects present in each sample, which is
described in more detail below (Figures S19 and S20). Further,
theoretical modeling was used as a tool to characterize and eval-
uate the thermodynamic stability of Th-MOFs by calculating
the energy of formation of metal nodes possessing different
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Figure 2. (leff) X-ray crystal structures of the studied Th- and Zr-MOFs consisting of linkers with two phenyl rings in their backbone.
Metal nodes (either containing Th or Zr) are represented by the aqua polyhedra, consisting of the red and gray spheres representing
oxygen and carbon atoms, respectively. Hydrogen atoms were omitted for clarity. (right) PXRD patterns of Th-Me,BPDC-10 and
Th-Me,BPDC-8 demonstrating long-term stability of up to two and half years.

connectivity modes (i.e., metal nodes with eight, 10, or 12 co-
ordinated ligands, Figure 3, see more information below).

Organic linkers, and in particular, their geometrical aspects,
were used as a first parameter to probe how they affect Th-based
material behavior. As previously demonstrated in the in-depth
studies by Zhou and coworkers, the rigidity of organic linkers
containing two phenyl rings can significantly impact the overall
stability of Zr-MOFs.%” Specifically, they demonstrated that the
selected linker rigidity (> two or more phenyl rings in their skel-
eton) correlates with the higher energy barriers of rotation
around the Cp—Cpp bond (the bond between two neighboring
aromatic rings as depicted in Table 1 in the green color).’” In-
deed, the organic linker, 2,6-dimethyl-1,1’-biphenyl, containing
two methyl groups on only one out of the two phenyl rings was
found to have an energy barrier of rotation twice less in com-
parison with that of the similar linker, 2,2°,6,6’-tetramethyl-
1,1’-biphenyl, with two methyl groups on each of the phenyl
rings.?” As a result, the authors demonstrated that the estimated
increase in the energy barrier of rotation around the central Cp—
Crn bond through steric interactions resulted in higher estimated
chemical stability for the studied Zr-MOFs upon their exposure
to acidic and basic conditions.?’ Inspired by the studies per-
formed by the Zhou group for zirconium-based materials, we
probed if the observed stability of Th-MOFs would follow a
similar trend of decreasing chemical stability in the order of
H>Me;BPDC > H:MeBPDC > H,BPDC (Figure 2). However,
the chemical stability of corresponding Th-MOFs, which was
estimated by evaluating the structural integrity of each MOF af-
ter exposure to acidic and basic conditions, did not align with
our initial hypothesis (Table 2 and Figure 6, discussed in more
detail below). For example, Th-MeBPDC-12 was less stable
than Th-BPDC-12 despite the expected increase in steric con-
straints for the H,MeBPDC linker in comparison with

H,BPDC; i.e., a methyl group on the linker backbone (an in-
crease of steric hindrance) in MOFs containing H,MeBPDC did
not result in increased chemical stability (Figure 2 and Tables 1
and 2). For further insights into the observed experimental re-
sults, we analyzed another geometrical parameter that could be
used to describe the linker “rigidity”: the dihedral angle formed
between two planes constructed from the neighboring phenyl
rings of the linker (depicted in Table 1 in green) and compared
its deviation from the simulated one. The simulated dihedral an-
gle was calculated using the geometrically optimized structure
of the linker that mimics constraints imposed on it by a frame-
work lattice. (Table 1 and Figure 6). Detailed procedures for the
theoretical modeling and optimization of the linker structures
can be found in the SI. We hypothesized that the larger devia-
tion in the linker dihedral angles, Ad, between experimentally
observed average dihedral angle calculated based on the crystal
structures published in the CCDC and the angle acquired from
the optimized linker structure, could lead to a decrease in over-
all structural stability. Based on the data shown in Table 1, Ad
between the optimized structure of H;Me;BPDC and the same
linker constrained within a framework was found to be only
2.0°. In contrast, much larger values of Ad =41° and 64° were
estimated for H.BPDC and H-MeBPDC, respectively. Thus, the
found trend for Ad = 2.0°(H:Me,BPDC) < 41°(H,BPDC) <
64°(H,MeBPDC) coincides with the reverse trend of the frame-
work stability, i.e., as we hypothesized, minimization of struc-
tural deviation between the simulated and experimental linker
structures coincides with higher framework stability. The same
trend was also observed for the isostructural Zr-analogs. Thus,
we could employ Ad as a viable parameter for providing a plau-
sible explanation of the experimentally observed fact that Th-
MeBPDC-12 is less chemically stable than Th-BPDC-12 (Table
2) despite the difference in steric constraints for the mentioned



linkers. Additionally, Ad provides a reasonable explanation for
the high overall stability of Th-MOFs containing the
H>Me,BPDC linker (e.g., Th-Me;BPDC-10 and Th-Me,BPDC-
8) since the average Ad was only 2.0° for H,Me,BPDC-based
MOFs. However, it does not explain the difference in stability
observed between Th-Me,BPDC-10 and Th-Me,BPDC-8 since
both MOFs consist of the same linker but exhibit different sta-
bility (Figure 2 and Table 2). Indeed, Th-Me,BPDC-10 is stable
over 2.5 years while Th-Me,BPDC-8 exhibits significant deg-
radation after 1.5 years (Figure 2). Within the same line, Th-
Me;BPDC-10 maintained structural integrity in a pH range of
1.0-12.4, while Th-Me,BPDC-8 was stable in a narrower range
from 1.0 up to 12.0 (i.e., 10 mM NaOH vs 25 mM NaOH for
Th-Me,BPDC-10). This experimentally observed fact
prompted us to consider additional variables that could influ-
ence Th-material stability outside of organic linker geometry.

Table 1. Dihedral angles between two phenyl rings, £Cpni—
C—C—Cpn2, estimated through single crystal X-ray analysis
(X-ray; average dihedral angles estimated based on the
CCDC structural analysis) and theoretical simulations
(calc). The relevant dihedral angles are highlighted in green.

H,BPDC H,MeBPDC H,Me,BPDC
calc X-ray calc X-ray calc X-ray
43° 1.8° 64° 0.0° 97° 99°

After organic linker consideration, the next obvious choice to
probe is the framework metal node, in particular its connectivity
(i.e., number of linkers per node).®*%8 For instance, the prepared
Th- and Zr-MOFs possess metal nodes coordinated by either 8,
10, or 12 organic linkers (Figure 3). The maximum number of
linkers possible per metal node is 12, and, therefore, all M-8 and
M-10 frameworks (M = Th or Zr) possess unsaturated coordi-
nation spheres around the metal nodes.**3+% To assess how the
metal node connectivity could impact the thermodynamic sta-
bility of the frameworks, we estimated the energy of formation
for M-8, M-10, and M-12 nodes (Figures 2 and 3).
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Figure 3. Plot demonstrating the calculated energy of formation for
metal nodes connected by eight, 10, or 12 organic linkers (M-8, M-
10, and M-12, respectively, where M = Th or Zr). Metal atoms

(either Th or Zr) are represented by the aqua spheres, while the red,
gray, and white spheres represent oxygen, carbon, and hydrogen
atoms, respectively.

For this, we utilized a truncated model of the metal node involv-
ing the metal cluster (Th or Zr) coordinated by different num-
bers of carboxylate groups (Figure 3) mimicking metal nodes in
the considered MOFs. Further computational details can be
found in the SI. The estimated energy of formation for both Th-
and Zr-based frameworks follow the same trend: the energy of
formation for M-12 (M = Th, Zr) is more negative in compari-
son with M-10 or M-8 nodes, demonstrating that the formation
of M-12 is more thermodynamically favorable than M-10 or M-
8 for both zirconium and thorium metals (Figure 3). That is,
based only on metal nodes, one would expect Th-BPDC-12 and
Th-MeBPDC-12 to exhibit the highest chemical stability of all
the targeted Th-MOFs. Likewise, Zr-BPDC-12 and Zr-
MeBPDC-12 could be expected to exhibit the highest chemical
stability among the considered Zr-MOFs. Thus, the experi-
mental data for framework stability does not follow the trend
predicted by the calculated energy of formation, and, therefore,
metal node connectivity even in combination with the linker di-
hedral angle trend is not sufficient to predict or explain the ex-
perimentally observed Th-MOF stability within the studied se-
ries.

As known from the literature reports, the presence of defects
(i.e., “missing linkers”) in framework structures could signifi-
cantly impact the MOF chemical, thermal, and mechanical sta-
bility.?®°! Thus, it is plausible to suggest that the number of de-
fects per metal node could be a variable that could explain the
“gaps” found from the linker and metal consideration. The num-
ber of defects was evaluated for each of the prepared Th- and
Zr-MOFs using the TGA-based reported procedure (Figure 1
(top)).***2 As shown in Figure 4, an increase in the number of
defects present in Th-MOFs decreases overall framework ther-
mal stability as evidenced by the variation of the MOF decom-
position temperature, which is in line with the average number
of defects per metal node. Additionally, we estimated the chem-
ical stability as a function of the number of defects per metal
node by exposing each MOF sample to acidic or basic condi-
tions followed by PXRD analysis to determine whether struc-
tural degradation occurred. Figure 5 summarizes the trend of
how the presence of defects decreases MOF stability toward
acidic or basic conditions. In Figure 5, the conditions at which
each MOF maintained structural integrity are plotted as a func-
tion of the average number of defects from several batches. For
instance, Th-Me,BPDC-10 possessed an average of 0.03 de-
fects and was stable in basic conditions up to a pH of 12.4. In
contrast, Th-MeBPDC-12 possessed an average of 0.45 defects
and maintained structural integrity only up to a pH of 9.0. The
average number of defects for each MOF sample is summarized
in Table 2, and the values are in good agreement with the ob-
served stability trends. For instance, in comparison with all Th-
MOFs, Th-Me,BPDC-10 possesses only 0.03 defects on aver-
age, while the Th-MOF with the highest concentration of de-
fects, Th-MeBPDC-12, possesses approximately 0.45 defects
per metal node (Figure 1 (top)). This data is in line with the
trends in the dihedral angles discussed above: the Th-MOF with
the fewest defects and the smallest value for Ad maintained
structural integrity in the widest range of acidic and basic con-
ditions for all Th-MOFs constructed from linkers containing
two phenyl rings (Table 2). A similar trend was detected for the
Zr-analogs. For example, Zr-Me,BPDC-10 possessed the
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Figure 4. TGA plots of Th-Me2BPDC-8, Th-Me2BPDC-10, and Th-MeBPDC-12 demonstrating how the presence of defects impacts the
thermal stability of the MOFs. The green traces correspond to MOF samples with lower defect numbers, while the black traces correspond
to samples of the same MOFs with a higher concentration of defects. The presented number of defects was calculated for two different
batches of each corresponding MOF. The average number of defects calculated based on at least five different batches of each MOF is given

in Table 2.

fewest defects in comparison with other Zr-MOFs (0.71 per
node) as well as the smallest value for Ad and the highest chem-
ical stability from pH = 0.0-12.3. Figure 1 (top) summarizes
our studies performed for Th and isostructural MOFs in terms
of defect concentration per MOF node. Overall, we detected a
lower average number of defects for Th-MOFs than Zr-MOFs
(0.27 versus 1.3, respectively), even when prepared using the
same synthetic procedures. For example, Th-BPDC-12 and Zr-
BPDC-12 MOFs were prepared using identical synthetic condi-
tions (i.e., Th(NO3)4-2H,O or Zr(NOs)4-5H,O and the corre-
sponding linker dissolved in DMF and trifluoroacetic acid fol-
lowed by heating to 120 °C for 24 hours) yet Th-BPDC-12 pos-
sessed only 0.21 defects per node on average, while Zr-BPDC-
12 possessed an average of 1.6 defects per node (Figures S4,
S5, S19, and S20). It is important to note that the reported num-
ber of defects is statistically meaningful and calculated based
on five distinct batches of each MOF prepared using multiple
synthetic procedures. The lower average number of defects for
Th-MOFs in comparison with Zr-analogs is one of the potential
factors that could contribute to the enhanced long-term stability
for Th-MOFs (2.5 years versus 1.5 years, Figures 2 and S21).

Thus, based on the combined data concerning the geometry of
the organic linker, energy of formation of the metal node, and
defects, we conclude that within the series of MOFs containing
linkers with two phenyl rings, the nature of the organic linker
and presence of defects are two of the most crucial variables
which contribute to Th-MOF stability. Our main trends are
summarized in Figure 6. Important to note that transitioning
from MOFs with more “floppy” two-phenyl linkers to frame-
works with linkers containing only one phenyl ring may shift
the contribution of the different parameters (e.g., Ad, number of
defects, etc.) into framework stability. For instance,
TheO4(OH)4(TA)s and ZrsO4(OH)4(TA)s (Th- and Zr-UiO-66;
UiO = University of Oslo, TA = terephthalic acid), consisting
of linkers composed of only one phenyl ring exhibit a relatively
large average number of defects per node in comparison with
the other studied MOFs: 0.57 and 1.2 in Th-UiO-66 and Zr-
Ui0-66, respectively (Figure 1 and Table 2). Overall, these val-
ues are in line with the trend seen for the MOF's containing link-
ers with two phenyl rings: Th-UiO-66 contained fewer defects
than its isostructural Zr-analog. However, to our surprise, the
increased number of defects did not result in decreased chemi-
cal stability for UiO-66 samples in comparison with the MOFs
containing linkers with two phenyl rings (Table 2). Indeed, Th-
UiO-66 exhibited stability in a broader pH range (pH = 1.0-

12.5) than any other Th-MOF consisting of two phenyl rings,
and the same tendency was observed for the Zr-analogs. Nota-
bly, both Th- and Zr-UiO-66 possess fully saturated 12-coordi-
nated metal nodes, similar to Th-BPDC-12 and Th-MeBPDC-
12, as well as the corresponding Zr-analogs. However, the sta-
bility of UiO-66 is drastically different (much higher, Table 2)
in comparison with the two-phenyl ring series. Moreover, the
trends in AJ described for organic linkers containing two phenyl
rings in their skeleton do not apply to systems containing linkers
with only one phenyl ring. Therefore, the presence of defects
and linker geometry may be critical factors for evaluating the
stability of MOFs within the same series (i.e., for MOFs con-
structed from linkers with two phenyl rings) but should be care-
fully re-considered or maybe not even applicable for compari-
son between the series (e.g., MOFs with one-phenyl-ring-based
versus two-phenyl-ring based linkers). More in-depth funda-
mental insights are required for Th-MOFs based on linkers with
one phenyl ring to conclude the possibility of any trends shown
in Figure 6; but they rely on the development of synthetic pro-
cedures first allowing for the preparation of a series of isostruc-
tural Th-MOFs/Zr-MOFs containing short rigid linkers. Cur-
rently, these studies with the main focus on the development of
synthetic protocols are underway.
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Figure 5. (leff) Plot demonstrating the base stability in NaOH of
Th-MOFs (Th-Me2BPDC-10, Th-Me2BPDC-8, Th-BPDC-12, and
Th-MeBPDC-12, from left to right) as a function of average defects
per metal node. (right) Plot demonstrating the acid stability in HCI
of Zr-MOFs (Zr-Me:BPDC-10, Zr-Me:BPDC-8, Zr-BPDC-12, and
Zr-MeBPDC-12, from left to right) as a function of average defects
per metal node.

Finally, we experimentally tested the broad chemical stability
of the prepared Th-MOFs and Zr-analogs in a wide range of
acidic and basic conditions and compared the results with the
principles discussed above (e.g., linker geometry, metal node,



Table 2. Summary of the estimated number of defects for each of the studied MOFs as well as their stability in acidic or basic

conditions.

acid stability base stability 3
inNaOH ~ humber

id stability base stabili
numbe aci ility ility

in HCI »  Th-MOFs? Zr-MOFs? 5 in HCI in NaOH
(mM)/pH (mM)/pH of defects of defects (mM)/pH (mM)/pH
100/1.0 32/125 0.57 £0.27 Th-UiO-66 Zr-Uio-66 1.16 £ 0.39 1000/0.0 30/12.5

10/2.0 5/11.7 0.21£0.08 Th-BPDC-12 Zr-BPDC-12 1.56+0.65 0.1/4.0 0.01/9.0
0.01/5.0 0.01/9.0 0.45+0.37 Th-MeBPDC-12 Zr-MeBPDC-12 2.14 +0.47 <0.01/5.0 < 0.001/8.0
100/1.0 10/12.0 0.20+0.11 Th-Me,BPDC-8 Zr-Me,BPDC-8 0.75+0.19 1000/0.0 5/11.7
100/1.0 25/12.4  0.03 £ 0.02 Th-Me,BPDC-10 Zr-Me,BPDC-10 0.71 £ 0.45 1000/0.0 20/12.3

4data based on = 5 MOF samples prepared using different synthetic conditions. More synthetic details are provided in the SI.

baveraged using at least 5 distinct samples

and presence of defects). For these studies, each MOF was ex-
posed to solutions of known concentration of either HCI or
NaOH for 24 hours at room temperature, using the literature re-
port®” as a reference for the choice of these conditions. After 24
hours, each sample integrity/degradation was evaluated using
PXRD analysis. Table 2 summarizes the acidic and basic con-
ditions at which each MOF maintained structural integrity. As
mentioned before, both Zr-and Th-UiO-66 exhibited superior
stability (within pH = 1.0-12.5 for Th-UiO-66 and pH = 0.0—
12.5 for Zr-Ui0-66) in comparison with the MOFs containing
metal nodes with same connectivity but connected with two-
phenyl-ring linkers. Within the series of MOFs containing two
phenyl rings in their backbones, the chemical stability trends
follow the principles discussed above.
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Figure 6. Plots summarizing the evaluated variables contributing
to framework stability for Th-MOFs (top) and Zr-analogs (bottom).
The number of defects, difference in dihedral angle, stability in
basic conditions, and stability in acidic conditions are given in
green, black, blue, and red, respectively.

For example, Th-Me,BPDC-10, which possessed the fewest de-
fects and smallest deviation in dihedral angle, exhibited the
highest chemical stability for Th-MOFs within a pH range from
1.0-12.4. As expected, Th-MeBPDC-12 exhibited the lowest
chemical stability among the studied Th-MOFs (between pH =
5.0-9.0), which is in line with the highest number of defects and
the largest deviation of dihedral angle. The Zr-analogs follow a
similar trend shown in Table 2. Summary of the estimated num-
ber of defects for each of the studied MOFs as well as their sta-
bility in acidic or basic conditions.

Zr-Me,BPDC-10 exhibits stability in the broadest range of pH
values (pH = 0.0-12.3), while Zr-MeBPDC-12 tolerates a much
narrower range of conditions, from pH = 5.0-8.0. Thus, the pre-
dicted stability based on organic linker geometry and the num-
ber of defects is in line with the experimentally determined
chemical stability. In addition, Th-MOFs tend to exhibit higher
stability in basic conditions, whereas the Zr-analogs remain sta-
ble in more acidic conditions. This observation could be at-
tributed to the previously published hydrolysis constants for Th
and Zr, which suggest that Th-based structures are prone to be
more stable in a basic environment.?® All of the explored varia-
bles that may contribute to the stability of Th-based materials
and a comparison to Zr-counterparts are summarized in Figure
6.

Driven by the exceptional stability of Th-based materials (>2.5
years), we also explored their potential for reactivity and possi-
ble recyclability. As mentioned in the introduction, extremely
few studies have been carried out on the reactivity of Th-based
materials, especially in comparison with the number of studies
performed for Zr-frameworks, which are typically considered
as their closest analogs (Figure 1). In this paper, we tried to de-
crease this existing “gap” by probing the behavior of Th-based
materials by analyzing the reactivity of extended structures such
as Th-MOFs in comparison with their discrete analogs includ-
ing Th-based complexes and cages (Figure 7).

The oxidation of aniline (Figure 7), which is generally under-
stood in the literature to be initiated through the activation of
hydrogen peroxide by Lewis-acidic thorium cations, was se-
lected as a tool to monitor the Th-MOF reactivity for several
reasons.” Since this reaction has been previously explored us-
ing Th-based discrete complexes and cages (discussed in more
detail below), it allowed us to compare the behavior of the Th-
based extended structures (i.e., Th-MOFs) with the discrete mo-
lecular systems.” While the formation of azoxybenzene
through aniline oxidation is important in the production of phar-
maceuticals, dyes, and agrochemicals,’** it is also challenging
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which additional aniline was added to the reaction mixture.

because of competition between oxidation and condensation of
the amine functional groups. Thus, the selection of aniline oxi-
dation as a model reaction allowed us to evaluate the possible
selectivity promoted by Th-materials. As molecular analogs, we
prepared two molecular complexes, Th-FA and Th-BEN (FA =
formic acid, BEN = benzoic acid, shown in Figure 7), as well
as a slightly larger discrete system, a Th-based metal-organic
cage, Th-INA (INA = isonicotinic acid, Figure 7). Preparation
of the latter systems was performed based on the literature pro-
cedures.””?® Following molecular complex and cage synthesis,
their structures were confirmed by 'H nuclear magnetic reso-
nance (NMR) spectroscopy, as well as single-crystal and pow-
der X-ray analysis (Figures S2, S3, and S6-S8).”>° In addition,
inductively coupled plasma mass spectrometry (ICP-MS) was
employed to evaluate the integrity of Th-MOFs by analyzing
the residual reaction mixtures (after Th-MOF removal) and test-
ing the presence of thorium cations or Th-based by-products
(see more details in the SI) which can affect the reactivity re-
sults.

As a starting point for our reactivity studies, we explored the
synthetic conditions previously reported for Th-complexes and
cages.” As a result, aniline, hydrogen peroxide, and a known
amount of Th-material (i.e., Th-FA, Th-BEN, Th-INA, Th-
Me,BPDC-8, Th-Me,BPDC-10, Th-BPDC-12, or Th-
MeBPDC-12) were mixed in methanol, and the reaction was al-
lowed to progress at room temperature for 24 hours (Figures 7
and 8). Th-material integrity was evaluated before and after ex-
posure to the reaction conditions. As mentioned above, besides
spectroscopic and crystallographic analysis, we also carried out
a leaching test to evaluate whether potential thorium leaching
from the complexes, cage, or MOFs impacted the reaction out-
come (Table S1, Figures 7 and 8). For this, we carried out con-
trol experiments in which we separated the Th-based materials

from the reaction mixture after 12 hours but continued monitor-
ing the reaction progress by 'H NMR spectroscopy in the ab-
sence of the bulk Th-material (see more details in the SI). As
shown in Figure 7, the oxidation of aniline still progressed even
after the removal of the Th-complexes and cages from the reac-
tion mixture, suggesting that dissociation of the complexes and
cages resulted in partial material degradation, resulting in resid-
ual thorium cations in solution that could promote aniline oxi-
dation. The latter trend was observed for all selected discrete
platforms, Th-FA, Th-BEN, or Th-INA. PXRD analysis was
employed as a starting point to evaluate the structural integrity
of Th-frameworks after their exposure to the reaction condi-
tions. Both Th-Me,BPDC-10 and Th-Me,BPDC-8 demonstrate
the maintenance of structural integrity after exposure to the ani-
line oxidation reaction conditions (Figures S23 and S25).

However, other Th-MOFs, including Th-BPDC-12 and Th-
MeBPDC-12, exhibited structural degradation in the same re-
action conditions (Figures S29 and S31). Notably, the degrada-
tion of Th-BPDC-12 and Th-MeBPDC-12, as well as the struc-
tural integrity of Th-Me,BPDC-10 and Th-Me,BPDC-8, upon
exposure to the mentioned reaction conditions is in line with the
stability trends discussed above (Figure 6). Indeed, Th-
Me,BPDC-10, which remained highly crystalline after expo-
sure to the reaction conditions for aniline oxidation (Figure
S23), possessed the fewest number of defects and smallest value
for Ad of all Th-MOFs. In contrast, Th-MeBPDC-12 degraded
after exposure to the mentioned reaction conditions, which is in
line with our hypothesis and could be anticipated based on the
high number of defects per metal node and a large value for Ad.
Likewise, the stability of the studied Zr-MOFs toward the ani-
line oxidization reaction agreed with the previously described
trend (Figure 6). For instance, Zr-BPDC-12 and Zr-MeBPDC-
12 exhibited structural degradation, while Zr-Me,BPDC-10



maintained crystallinity (Figures S27, S30, and S32). After es-
tablishing the structural integrity of Th-Me,BPDC-10, Th-
Me:BPDC-8, and Zr-Me,BPDC-10 in the selected reaction con-
ditions, we evaluated the reactivity of each framework based on
conversion and selectivity. For instance, Th-Me,BPDC-10 and
Th-Me,BPDC-8 both showed conversions exceeding 99% with
selectivity of >97% and >94%, respectively (Table S6). Com-
parative reactivity experiments with Zr-MOFs showed similar
results in terms of both stability and reactivity (> 90% conver-
sion and selectivity, Table S6). As a next step, the potential re-
cyclability of the most stable Th-and Zr-MOFs, Th-Me,BPDC-
10 and Zr-Me,BPDC-10, were tested. For this, Th-Me,BPDC-
10 and Zr-Me,BPDC-10 were removed from each reaction mix-
ture after 24 hours by a thorough centrifugation and filtration
procedure.

After confirming the crystallinity of the recovered material by
PXRD analysis (Figures S23 and S27), the MOFs were intro-
duced to the reaction conditions for the oxidation of aniline for
an additional reactivity cycle. After each reaction cycle, the
conversion and selectivity were re-evaluated using 'H NMR
spectroscopic analysis (Table S5). Notably, for each subsequent
reaction, the amount of starting reagents was adjusted based on
the amount of MOF recovered (see the SI for more details).
Both Th-Me,BPDC-10 and Zr-Me,BPDC-10 were able to pro-
mote the oxidation of aniline in three consecutive reaction cy-
cles without sacrificing conversion or selectivity (Table S5).
Importantly, the recovered MOFs still demonstrated crystallin-
ity and preserved their structural integrity, providing a pathway
for their reusability in multiple cycles (Figures S23 and S27).
To ensure that the detected reactivity was not due to the gradual
leaching of thorium cations or by-products from Th-Me,BPDC-
10, we also performed the leaching test by analyzing the reac-
tivity of the reaction mixtures after the removal of the corre-
sponding MOF. As expected, the reaction did not progress after
the MOF separation from the reaction mixture (Table S1 and
Figure 7), and therefore, the observed reactivity was attributed
to the Th-MOF structure and not to the presence of the residual
thorium cations in the solution. This conclusion was also sup-
ported by the ICP-MS which demonstrated that no residual tho-
rium cations were detected in the reaction mixture after the Th-
MOF removal. Furthermore, to evaluate the sustained reactivity
of Th-Me,BPDC-10, we determined the TON by monitoring
conversion spectroscopically (Figure 7). To the best of our
knowledge, the TON for aniline oxidation promoted by Th-
based materials has never been reported before. Thus, Th-
Me;BPDC-10 exhibited consistent reactivity, and further addi-
tion of the reagent confirmed the ongoing reactivity of Th-
Me,BPDC-10, reaching 2233 turnover numbers. The mainte-
nance of the Th-Me,BPDC-10 structural integrity was moni-
tored and confirmed using PXRD (Figure S39).

CONCLUSION

We shed light on fundamental principles of thorium chemistry
of extended metal-organic materials in comparison with molec-
ular discrete metal-organic complexes and a cage as well as
commonly used zirconium-containing analogs. For the first
time, using spectroscopic, crystallographic, and theoretical
studies, we showed that thorium-organic frameworks can sur-
pass the two-and-half-year stability which surprisingly does not
have a strong correlation with metal node connectivity but ra-
ther is in line with a number of material defects and conforma-
tional linker rigidity (defined by the deviation of the dihedral
angle from the optimized computational value) accessed for the

series of frameworks. The presented studies demonstrate not
only the correlation between the considered parameters which
include the number of defects, conformational linker rigidity, or
metal node connectivity but also highlight the limitations that
have to be taken into account upon translating the acquired
knowledge between different series (e.g., one-phenyl ring ver-
sus two-phenyl ring linkers) of the selected frameworks. Along
with the remarkable long-term stability at a wide pH range, the
investigated Th-based extended structures are reactive toward
aniline oxidation which was used as a tool for probing the reac-
tivity and selectivity of Th-frameworks and the discrete systems
between oxidation and condensation of the amine functional
groups. We demonstrate for the first time that Th-frameworks
exhibit multicycle recyclability and high selectivity (> 97%)
while maintaining their integrity in contrast to the molecular
Th-based compounds. For instance, Th-Me,BPDC-10 was able
to be recycled up to three times without sacrificing conversion
(> 99%) and selectivity (>97%) while maintaining structural in-
tegrity based on X-ray crystallography and ICP-MS analysis of
the residual mixtures. The observed reactivity was quantified
using TONS for the first time while material integrity was con-
firmed crystallographically. Overall, the reported studies not
only lay the conceptual groundwork for evaluating the capabil-
ities of Th-based materials but also represent a milestone for
their multifaceted future and foreshadow their potential to shape
the next era of actinide chemistry.
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