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Abstract: A novel series of heterometallic f-block-frameworks 
including the first examples of transuranic heterometallic 238U/239Pu-
metal-organic frameworks (MOFs) and a novel monometallic 239Pu-
analog are reported. In combination with theoretical calculations, we 
probed the kinetics and thermodynamics of heterometallic 
actinide(An)-MOF formation and reported the first value of a U-to-Th 
transmetallation rate. We concluded that formation of uranyl species 
could be a driving force for solid-state metathesis. Density of states 
near the Fermi edge, enthalpy of formation, band gap, proton affinity, 
and thermal/chemical stability were probed as a function of metal 
ratios. Furthermore, we achieved 97% of the theoretical maximum 
capacity for An-integration. These studies shed light on fundamental 
aspects of actinide chemistry and also foreshadow avenues for the 
development of emerging classes of An-containing materials, 
including radioisotope thermoelectric generators or 
metalloradiopharmaceuticals. 

Introduction 

Both fundamental and industrial factors are driving forces for 
recent studies performed in an f-block-metal-organic frameworks 
(MOFs) sector. Applications of f-block MOFs as scintillators, hard 
radiation detectors, absorbers with a high selectivity toward 
specific actinides, or sensors for highly volatile radioactive 
species are the obvious directions in this area without taking into 

Scheme 1. (top) A schematic representation of changes in properties of 
heterometallic actinide-containing MOFs as a function of degree of 
transmetallation from U (purple) to Th (red) and Pu (yellow). (bottom) Calculated 
weight percent for all reported heterometallic An-MOFs and heterometallic An-
molecular complexes as a function of structural 1/d (d = density).[1–11] 
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account emerging classes of An-based materials for radioisotope 
thermoelectric generators or metalloradiopharmaceuticals.[12–40]  

At the same time, fundamental aspects including relativistic 
effects through mixing of excited and ground states, f–f transitions 
in crystal fields, or pronounced spin-orbit coupling are 
cornerstones of inorganic, physical, and materials chemistry 
which could lead to coordination environments that are 
uncommon in transition metal systems, resulting in unique 
physicochemical properties or unusual structural motifs.[41–49] 
Another area which has not been explored yet is preparation of 
actinide-based frameworks containing actinides with mixed metal 
oxidation states.[50] Currently, reports on f-block MOFs, especially 
those containing transuranic elements, mainly focus on detailed 
structural analysis, while studies toward material properties have 
only very recently emerged (Scheme 1). As shown in Scheme 1, 
only four structures of heterometallic f-block MOFs have been 
reported[1,2,20,51] to date (including the two from this work) in 
contrast to over 1000 reports focused on d-element-based 
multimetallic frameworks, and therefore, there is not only a gap in 
studies of properties of heterometallic f-element-containing 
frameworks, but also in access to their synthetic routes. For 
instance, their preparation usually relies on successful crystal 
growth from a corresponding organic linker and metal salt, 
whereas the solid-state metathesis techniques successfully 
employed for d-block elements in MOFs[52,53] are nearly 
unexplored in f-block MOFs. Transmetallation in MOFs offers the 
advantage of preparing materials with already-known topology 
since a pre-synthesized MOF is utilized as a precursor, in contrast 
to a mixture of salts and linkers used in direct synthesis.[53–58]  

Herein, we employ solid-state metathesis to prepare the first 
example of a heterometallic 238U/239Pu-MOF, as well as the first 
Pu-based framework isostructural to UiO-67. Furthermore, we 
report a trend in physicochemical properties of a series of 
heterometallic U/Th-containing frameworks as a function of metal 
ratio for the first time (Scheme 1). We employ a comprehensive 
analysis using theoretical modeling to correlate thermochemistry 
data with the observed trends, as well as to estimate density of 
states near the Fermi edge and corresponding band gaps in 
comparison with experimentally estimated values in the prepared 
heterometallic U/Th-frameworks. We also evaluated kinetics and 
thermodynamics of the U-to-Th process including a 
transmetallation rate for the first time and demonstrated that the 
formation of a very stable UO22+ moiety is a driving force that 
promotes the process of solid-state metathesis. Using theoretical 
analysis, we also shed light on the possibility of utilizing the 
uranium-containing MOF as a precursor to probe the preparation 
of heterometallic U/Pu-analogs. Furthermore, we explored the 
modularity of MOFs, including metal nodes, metal node extension, 
linkers, and pores to maximize actinide content within a single 
material, resulting in 97% actinide incorporation based on the 
theoretical maximum capacity.  

Results and Discussion 

In contrast to numerous studies focused on the preparation of 
actinide-containing frameworks from the corresponding salts and 
linkers, in the current work, we utilized the advances in the MOF 
field to employ actinide(An)-MOFs as reactants. The MOF 
selection was conducted based on the assumption that the 
presence of unsaturated metal nodes in the An-MOF structure 

(i.e., with less than 12 organic linkers per node) could facilitate the 
second actinide integration through diminishing steric 
components, and that such nodes would be less stabilized by the 
coordination environment making them more susceptible to solid 
state metathesis. As a result, An-Me2BPDC-8, 
An6O4(OH)8(Me2BPDC)4, (An4+ = U4+, Th4+; Me2BPDC2− = 2,2′-
dimethylbiphenyl-4,4′-dicarboxylate) possessing the bcu-topology, 
in which the organic linker is connected by eight-coordinated 
metal nodes, have been selected and synthesized (Figure 1; more 
detailed synthetic procedures can be found in the Supporting 
Information (SI)). Using the prepared An-Me2BPDC-8 MOFs, we 
explored different pathways for the preparation of multiactinide 
heterometallic frameworks.  

Figure 1. (left) Single-crystal X-ray structures of U- and Th-Me2BPDC-8. (right) 
PXRD patterns of U/Th-Me2BPDC-8 with various thorium content (%Th, the 
transition from purple to red colors represents the increase of the Th content). 

Initially, we targeted different synthetic pathways for integration of 
multiple actinides with a detailed focus on thermodynamic and 
kinetic aspects of such processes and followed up with studies of 
the electronic structure and physicochemical properties of 
heterometallic An-MOFs. As a starting point, we have used U-
Me2BPDC-8 as a precursor to pursue solid-state metathesis using 
thorium nitrate as the Th source for preparation of heterometallic 
U/Th-containing analogs, while monitoring the actinide 
concentration and time as variables to control the degree of 
transmetallation. Our initial experiments provide an interesting 
insight, namely that the U→Th transmetallation could be switched 
on and off through alternation of experimental conditions. For 
instance, under anaerobic conditions the transmetallation did not 
occur even after several months (i.e., U-Me2BPDC-8 stays intact 
in the presence of the thorium salt under an inert atmosphere 
using oxygen-free solvent), while transmetallation was rapidly 
completed in air. Interestingly, all attempts to use Th-MOFs as a 
precursor for uranium integration using the same method and 
experimental conditions were completely unsuccessful as 
confirmed by ICP-MS. In all cases, transmetallation occurred with 
preservation of the parent framework integrity as confirmed 
through PXRD analysis (Figure 1). Taking into account the 
experimental observations, we hypothesized that the formation of 
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stable UO22+ could be a driving force for the successful U→Th 
transmetallation process, i.e., the replacement of U(IV) to Th(IV) 
is accompanied with oxidation of the former and formation of 
stable UO22+ species.  

Figure 2. Time-dependent UV-vis spectra of the supernatant to monitor 
progress of the U→Th transmetallation reaction using a U-Me2BPDC-8 as a 
precursor. The inset shows changes of supernatant absorbance at 424 nm as 
a function of transmetallation reaction time. 

To test our hypothesis, we studied the kinetics and 
thermodynamics of the reported processes. In particular, we 
monitored the rate of the U→Th conversion 
spectrophotometrically through analysis of the supernatant 
solution. As shown in Figure 2, the intensity of the absorption 
bands at λmax = 424 nm, associated with the UO22+ π–π∗ 
transitions,[59–61] increased over time, which is consistent with the 
increased concentration of UO22+ as transmetallation progresses. 
Moreover, the transmetallation progress could be estimated 
visually due to changes in the color of the supernatant from 
colorless to bright yellow. We estimated the corresponding rate 
constant by monitoring the appearance of UO22+ during the 
reaction progress. We hypothesized that the UO22+ release from 
the MOF matrix could be described as a first-order process, 
similar to our previous studies associated with radionuclide 
leaching from porous matrices.[39,62] In order to test our hypothesis, 
we fitted our experimental data using multiple theoretical models, 
such as zero-, first-, and second-order models, similar to studies 
of our group and others performed on different MOF 
systems.[39,62–66] Indeed, an analysis of the fittings based on 
evaluation of the goodness-of-fit parameter demonstrates that the 
transmetallation process could be described by a first-order rate 
model with the rate constant of uranyl formation k1 = 5.64 × 10−6 
s−1. To the best of our knowledge, the reported rate constant is 
not only the first attempt to quantify the transmetallation process 
in An-MOFs, but it is the first rate constant value reported for the 
transmetallation process in MOFs in general. The determined rate 
constant is in agreement with values (same order of magnitude, 
double-exponential model fitting[62,66]) previously estimated for 
cation release from the framework pores.[62] The matching rate 
constant values allow us to anticipate that the observed process 
of uranyl formation during transmetallation is mainly associated 
with framework-to-solution diffusion of UO22+.[62] We built this 

conclusion based on our previous studies of UO22+ leaching 
kinetics from porous materials.[62] We found that in contrast to the 
leaching process of the pre-absorbed UO22+ cations,[62] which 
occurs via two steps (corresponding to an initial fast cation 
release from the framework surface followed by a slow, kinetically 
hindered release of cations from the bulk of the material[67]), 
kinetics of UO22+ formation due to transmetallation could be 
described as a one step process. Indeed, in the present studies, 
the UO22+ formation occurs in situ versus the previous report in 
which UO22+ was initially loaded into the framework by immersing 
the MOF into the UO22+ solution.  

Figure 3. (top) Calculated ΔH°rxn(calc) (gray squares) and ΔH°rxn (blue circles) for 
the U→Th transmetallation reaction as a function of %Th. Red bars represent 
the standard error of the average value. (bottom) TGA plots of evacuated U/Th-
Me2BPDC-8 with various %Th. The transition from purple to red colors of TGA 
plots correspond to 0%, 47%, 61%, 70%, 93%, and 100% of thorium in the metal 
nodes of U/Th-Me2BPDC-8. The TGA data were normalized to 100% at 400 °C 
for better visualization of framework stability.  

As expected, there are no surface-trapped uranyl species in the 
present studies due to the different mechanism of the 
transmetallation reaction, and therefore, the observed cation 
release has been described as a first-order process. As a next 
step, we evaluated the standard enthalpy of the transmetallation 
reaction, ΔH°rxn, i.e., formation of heterometallic U/Th-Me2BPDC-
8. To estimate ΔH°rxn, we first performed room temperature 
solution calorimetry measurements. Specifically, we determined 
the enthalpies of dissolution (ΔH°ds) for monometallic U-
Me2BPDC-8 and heterometallic U/Th-Me2BPDC-8 with a 
different %Th content as shown in Table 1. The enthalpy of 
formation for each An-Me2BPDC-8 (ΔH°f) was calculated from 
experimentally measured and related thermodynamic values 
given in Table 1 using thermochemical cycle reaction equations 
as explained in more details in the SI. Moreover, we further 
calculated the standard enthalpy of the transmetallation reaction, 
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ΔH°rxn, for each U/Th-Me2BPDC-8 by applying Eq. 1 to the 
transmetallation reaction carried out in the presence of oxygen 
(reaction I) using the appropriate standard enthalpies of formation 
of the reaction components (Tables 1, S1, and S2). The estimated 
values of ΔH°rxn as a function of a degree of transmetallation are 
shown in Figure 3.  
 
ΔH°rxn = ΣaΔH°f (products) – ΣbΔH°f (reactants)  (Eq. 1) 
 
U-Me2BPDC-8·11.29DMF(s) + xThCl4 + 0.5xO2 + xH2O → 
U6−XThX-Me2BPDC-8·yDMF(s) + (11.29−y)DMF + xUO2Cl2 + 
2xHCl           (I) 
 

Based on the analysis of the thermochemical studies, the 
higher degree of %Th content incorporated into the U-Me2BPDC-
8 resulted in more negative values of ΔH°rxn, suggesting that the 
U→Th transmetallation reaction is exothermic. In contrast, the 
reaction 
 
U-Me2BPDC-8·11.29DMF(s) + xThCl4 → U6−XThX-Me2BPDC-
8·yDMF(s) + xUCl4 + (11.29−y)DMF            (II) 

Figure 4. Calculated (gray squares) and experimental optical band gaps (blue 
circles) of U/Th-Me2BPDC-8 as a function of %Th. The insets show optical 
micrographs of U/Th-Me2BPDC-8 with different levels of Th substitution. The 
scale bars are 20 μm. 

in which transmetallation occurs without changes in the uranium 
oxidation state (i.e., U+4 after the replacement by Th+4 remains in 
the +4 oxidation state (reaction II)) is energetically less favorable. 
For instance, ΔH°rxn of the reaction that converts U-Me2BPDC-8 
metal nodes to U3.2Th2.8-Me2BPDC-8 ones using Eq.1 (reaction II) 
was estimated to be +176.79 kJ/mol versus −587.57 kJ/mol 
estimated using Eq.1 (reaction I), where the latter was calculated 
for the reaction associated with the formation of a uranyl species. 
These studies also shed light on the experimental outcome of the 
unsuccessful reverse Th→U transformations. Thus, these values 
are in line with our observations and the hypothesis that the 
formation of stable uranyl species through U(IV) oxidation could 
be the driving force for transmetallation to occur. Moreover, they 
uncover a useful synthon, U-Me2BPDC-8, for incorporation of 
other radionuclides as discussed below. To further support our 
experimental findings, we also performed theoretical calculations 
to determine the calculated enthalpy of transmetallation reaction. 
Specifically, we calculated ΔH°rxn(calc) for U→Th substitution using 

density functional theory (DFT) on the truncated models, 
U6−xThx(HCO2)8O8 (x = 0–6) as shown in Figure 6. The DFT-
calculated values of ΔH°rxn(calc) agreed with the experimentally 
determined trend (Figure 3), demonstrating that the larger degree 
of transmetallation with Th results in larger negative values of 
calculated ΔH°rxn(calc). Thus, the calculated enthalpy of 
transmetallation reaction indicates that U→Th substitution is an 
energetically favorable process. 

Table 1. Enthalpies of formation of U/Th-Me2BPDC-8 and H2Me2BPDC 
calculated from experimental thermodynamic data.[a] 

 ΔH°ds, kJ/mol ΔH°f, kJ/mol 

U-Me2BPDC-8  −221[b] ± 27 −12986[c] ± 42 

U3.2Th2.8-Me2BPDC-8 −419[b] ± 38 −13101[c] ± 44 

U2.3Th3.7-Me2BPDC-8 −274[b] ± 32 −15568[c] ± 42 

U1.8Th4.2-Me2BPDC-8 −105[b] ± 42 −15925[c] ± 50 

H2Me2BPDC 4.48[20] ± 0.06 −715.2[20] ± 1.0 

DMF −9.45[20] ± 0.01 −239.4[20] ± 1.2 

ThCl4 −250.4[c] ± 2.6 −1186.3[68] ± 1.3 

UO2Cl2 −109.4[c] ± 2.0 −1243.6[69] ± 1.3 

HCl 0 −166.99[70] ± 0.02 

H2O 0 −285.83[20] ± 0.1 

[a] ΔH°ds (left) and ΔH°f (right) are the enthalpies of dissolution and formation, 
respectively. 
[b] Average of the measurements.  
[c] Detailed information can be found in the SI. 

We also performed thermal stability studies via thermogravimetric 
analysis (TGA) and found that the thermal stability is in line with 
the described thermodynamics data. The TGA plots show a 
stepwise weight loss upon heating of the monometallic and 
heterometallic MOFs under a nitrogen atmosphere (Figure S3). 
The first step in the TGA curves (< 300 °C) is associated with the 
removal of the solvent, such as DMF, while the second step (> 
350 °C) is associated with framework degradation (mainly due to 
the presence of organic linkers (Figures 3 and S3)).  
According to the analysis of the acquired TGA results, the 
increase of the Th content in the U/Th-Me2BPDC-8 shifts the MOF 
decomposition to a higher temperature range, demonstrating that 
thorium-containing MOFs have higher thermal stability as shown 
in Figure 3. During transmetallation experiments, we also noticed 
that the U→Th transmetallation process is accompanied by a 
drastic color change from dark green (U-Me2BPDC-8) to colorless 
(Th-Me2BPDC-8, Figure 4). We also explored the 
photoluminescence behavior of An-Me2BPDC-8 (An4+ = U4+, Th4+) 
and detected a hypsochromic shift in emission upon increasing 
the thorium content as shown in Figure 5. For instance, λmax was 
shifted from 513 to 497 nm when the Th content increased from 
65% to 75%. In addition, epifluorescence microscopic images 
(Figure 5) displayed the same trend: a change in emission color 
of U/Th-Me2BPDC-8 from green to blue with an increased thorium 
percentage (%Th). The increase of %Th also resulted in a slight 
enhancement of its photoluminescence quantum yields as shown 
in Figure 5. The changes in material color and photoluminescence 
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properties provoked an investigation of changes in the U/Th-
Me2BPDC-8 electronic properties as a function of degree of 
transmetallation using diffuse reflectance (DR) spectroscopy and 
Tauc plot analysis with support from theoretical calculations. DR 
spectroscopic studies demonstrated a hypsochromic shift upon 
U→Th transmetallation which is associated with the trend of 
changes in the band gap estimated from the Tauc plot analysis 
(Figure S6). Indeed, the optical bandgap, ΔEg(exp), increases from 
2.30 eV (U-Me2BPDC-8) to 3.24 eV (Th-Me2BPDC-8), which is in 
line with the observed changes in An-MOF color upon the 
transmetallation process (Table S9).  

Figure 5. (top) Optical microscopic images of U/Th-Me2BPDC-8 crystals with 
different metal ratios, collected in an epifluorescence mode. (bottom) Emission 
spectra of U/Th-Me2BPDC-8 (λex = 330–385 nm). The transition from purple to 
red represents 65%, 75%, 87%, and 100% of thorium in the metal nodes of 
U/Th-Me2BPDC-8. The inset shows fluorescence quantum yields of U/Th-
Me2BPDC-8 with various %Th. 

To shed light on the origin of such changes in the electronic 
structure, we performed ab initio band calculations with the plane 
wave basis set (Figure S1). The total and partial density of states 
(DOS) obtained from the lowest-energy configuration of each 
U/Th-Me2BPDC-8 system (Figure 6) allowed for monitoring the 
changes in the DOS near the Fermi edge upon exchanging U4+ 
with Th4+ cations, using U-Me2BPDC-8 as a precursor. The partial 
DOS shown in Figure 6 were obtained by adding the atomic 
projected DOS over different groups of elements, such as O, Th, 
and U. In the case of U6-, U5Th1-, U4Th2-, U3Th3-, and U2Th4- 

models (Figure 6), the orbital-projected DOS suggest that DOS 
above EF (conduction band) are dominated by U(5f) states with 
some degree of hybridization from O(2p) orbitals, while the DOS 
below EF (valence band) are dominated by only U(5f) states. In 
contrast, for the Th6 model, DOS above EF (conduction band) are 
found to be dominated by O(2p) with very poor hybridization with 
the Th(5f) orbital, while DOS below EF (valence band) are 
dominated by hybrid Th and O(2p) orbitals. Furthermore, we 
performed the calculations on one or more spin configurations for 
each truncated model (see the SI for more details). The band gap 
value of the U-containing SBU is dependent on the electrons’ 
spin-polarization according to a literature report.[71] In Figure 4, the 
estimated band gap values (ΔEg(calc)) are shown which were 
evaluated through a weighted average of the band gap values 
obtained from all spin configurations (see SI for more details).  

As a result, the estimated trend for ΔEg(calc) values, which increase 
from 2.58 eV (U-Me2BPDC-8) over the range of 2.60 eV (17%Th), 
2.64 eV (33%Th), 2.69 eV (50%Th), 2.90 eV (67%Th), and 2.92 
eV (83%Th) to 3.70 eV (Th-Me2BPDC-8). They are also line with 
the ones determined for ΔEg(exp) as shown in Figure 4 and Table 
S9. Interestingly, integration of the second actinide within the An-
metal node also affects the proton affinity (i.e., enthalpy difference 
between the corresponding neutral and deprotonated states).  

Figure 6. Partial and total DOS for U/Th-Me2BPDC-8 with different U to Th ratios 
calculated from lowest-energy configurations. The insets show the truncated 
models of U/Th-Me2BPDC-8 used for the DOS estimation. 
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As shown in Figure 7, there are three types of protons associated 
with the metal nodes of selected An-Me2BPDC-8: terminal −OH2 
(H1, Figure 7) and terminal −OH (H2) as well as bridging −µ3−OH 
(H3). DFT calculations revealed that affinities for H1 (324.0 
kcal/mol), H2 (325.4 kcal/mol), H3 (327.1 kcal/mol) are smaller in 
the case of U-Me2BPDC-8 in comparison with those estimated for 
Th-based nodes (330.0, 330.0, and 329.2 kcal/mol, respectively, 
Figure 7). Remarkably, overall there are only about eight 
examples[72–79] of such studies performed for heterometallic 
nodes including d-block MOFs despite the fact that this difference 
can be utilized for tailoring proton conductivity as shown in the 
example of heterometallic Zr/Ce MOFs.[79] 

Figure 7. Truncated model of U/Th-Me2BPDC-8 nodes. Proton affinities were 
calculated for the protons of aquo groups (terminal −OH2, H1), hydroxo groups 
(terminal −OH, H2), and bridging groups (bridging µ3−OH, H3). The purple, pink, 
gray, and white spheres represent uranium (thorium), oxygen, carbon, and 
hydrogen atoms, respectively. 

Figure 8. (left) Calculated ΔH°rxn(calc) (orange squares) for the U4+→Pu4+ 
transmetallation reaction as a function of %Pu. (right) Single-crystal X-ray 
structure of 239Pu-Me2BPDC-12. The orange, pink, and gray represent 
plutonium, oxygen, and carbon atoms, respectively. Hydrogen atoms were 
omitted for clarity. 

As a proof of principle, we also tested the possibility of using U-
Me2BPDC-8 as a precursor for the incorporation of 239Pu (6.2 × 
10–2 Ci/g), which is about 100,000 times more radioactive in 
comparison with the used 232Th (1.1 × 10–7 Ci/g) or 238U (3.3 × 10–

7 Ci/g). The latter fact as well as safety restrictions placed on this 
work by Savannah River National Laboratory regulations 
dominated the choice of experimental conditions and the scope of 
work. As a source of 239Pu, we used Pu(IV) nitrate which was 
loaded into U-Me2BPDC-8 through its immersion into a DMF 
solution of 239Pu(NO3)4 (1.00 × 105 Bq/mL). After three hours of 
U→239Pu transmetallation, the resulting U/Pu-Me2BPDC-8 
samples were thoroughly rinsed and soaked in DMF to remove 
any residual plutonium salt. According to gamma-ray 
spectroscopic analysis, we were able to integrate about 0.1% of 
239Pu into our scaffold. Therefore, we increased the plutonium 
concentration by 82 times (8.20 × 106 Bq/mL) to enhance the 
degree of transmetallation. Indeed, after three and six hours of 
U4+→239Pu4+ transmetallation, the concentration of incorporated 
239Pu was increased by 10 times and 15 times, respectively. 

Despite a relatively low 239Pu loading, within several percent, the 
experiments were performed several times to confirm the extent 
of 239Pu incorporation. In all cases, the performed structural 
analysis using PXRD confirmed structural integrity of the 
framework, and therefore, these studies are a first step to outline 
the possibility for incorporation of highly radioactive isotopes such 
as 239Pu into a framework through solid-state metathesis (Figure 
S7). 

Scheme 2. (top left) Schematic representation of a heterometallic actinide MOF 
demonstrating different sites for uranium (purple) integration: as a part of the 
metal node through metal node extension, coordination to the organic linker, 
and as guest molecules. (top right) Model structure of U@ThU-BPyDC(U)-8. 
The red, purple, pink, gray, blue, and green spheres represent thorium, uranium, 
oxygen, carbon, nitrogen, and chlorine atoms, respectively. Hydrogen atoms 
were omitted for clarity. (bottom) Two pathways for actinide loading in MOFs. 

More detailed studies regarding the rate of transmetallation, long-
term framework stability upon 239Pu integration, as well as probing 
the effects of increasing the degree of transmetallation are 
underway. Calculations of the enthalpy of transmetallation were 
performed in a similar way as described for U/Pu-Me2BPDC-8. As 
shown in Figure 8, the DFT-calculated values of ΔH°rxn(calc) 
demonstrate that the larger degree of transmetallation with Pu 
results in larger negative values of ΔH°rxn(calc). Thus, the calculated 
enthalpy of the transmetallation reaction indicates that the 
U4+→239Pu4+ substitution is a favorable process. Interestingly, our 
attempts to prepare 239Pu-Me2BPDC-8 isostructural to U-
Me2BPDC-8 or Th-Me2BPDC-8 using the direct synthesis were 
unsuccessful. Instead, we prepared 239Pu-Me2BPDC-12 
isostructural to the UiO-67 analog using the direct method.[80] The 
PXRD pattern and 239Pu-Me2BPDC-12 metal node structures 
obtained through single-crystal X-ray studies are shown in Figure 
8. Finally, we concluded our studies by testing the possibility to 
maximize actinide content through the utilization of multiple 
pathways for actinide integration such as in the metal node, metal 
node extension, linker coordination, and An-guest inclusion to 
prepare highly-loaded heterometallic An-frameworks with minimal 
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1/d (d = density, Scheme 1). We used two multistep approaches 
to achieve this goal as shown in Scheme 2. Approach I includes 
the following four steps: (1) synthesis of An-MOF, (2) metal node 
extension using UO22+,[1] (3) linker exchange to install 2,2′-
bipyridine-5,5′-dicarboxylate (BPyDC2−) possessing sites for 
actinide coordination, and (4) inclusion of An as guests. Approach 
II contains three steps: (1) the synthesis of An-MOF, (2) linker 
exchange to integrate BPyDC2−, and (3) finally, An-inclusion as 
guests (see more details in the SI). The MOF selection was based 
on two criteria: presence of unsaturated metal nodes (i.e., 
containing less than 12 linkers per node) to promote metal node 
extension and (ii) chemical stability to undergo postsynthetic 
modifications such as linker exchange and metal node extension. 
As a result, we have chosen the thorium-based MOF, Th-
Me2BPDC-10, with 10-coordinated metal nodes as shown in 
Figure S14. The postsynthetic modification was carried out in the 
presence of uranyl acetate as a source of uranium to promote 
metal node extension. The actinide content in the prepared 
heterometallic An-MOFs was determined using ICP-MS, and the 
linker exchange was confirmed through 1H NMR spectroscopy of 
the digested (destroyed in the presence of acid) MOF samples. 
Time, temperature, and actinide concentration were used as 
variables to maximize the actinide content. As a result, the 
maximum actinide content was achieved through approach I, and 
the maximum wt% was estimated as 60 wt% based on ICP-MS 
data, resulting in the highest reported content in heterometallic 
actinide-based frameworks at minimal reciprocal structural 
density, 1/d (d = density calculated from crystallographic data). 
Modeling of the theoretical maximum for actinide loading, taking 
into account the pore geometry, actinide-organic ligand chelating 
motif, as well as metal nodes and metal-node extension, resulted 
in 62 wt% maximum capacity, and therefore, we achieved 97% of 
the theoretical maximum.  

Conclusion 

To conclude, the first examples of heterometallic U/Pu 
MOFs and a monometallic Pu-MOF isostructural to UiO-67 have 
been prepared. Physicochemical properties of a novel series of 
U/Th-MOFs were explored as a function of a U:Th metal ratio, 
demonstrating increased thermo- and chemical stability in 
frameworks with a higher degree of Th incorporation. DOS near 
the Fermi edge and corresponding changes in the material band 
gaps were also studied upon enhancement of the Th content 
during the transmetallation process. In combination with the 
theoretical calculations, we probed kinetics and thermodynamics 
of heterometallic An-MOF formation, including the first reported 
value of a U-to-Th transmetallation rate. Based on the analysis of 
thermochemical studies, the higher degree of %Th content 
incorporated into U-MOFs resulted in more negative values of 
ΔH°rxn, suggesting that the U⟶Th transmetallation reaction is 
exothermic. We also established that one of the possible driving 
forces of the U-to-Th transmetallation is the formation of a stable 
uranyl species. The latter fact was supported by experimental and 
theoretical thermochemical data. A combination of strategies was 
also employed to maximize the actinide content within the same 
framework. For that, we used the Th-MOF containing BPyDC2− 
linkers with sites for actinide coordination, An-metal-node 
extension, and pore volume occupied by actinide cations. As a 
result, 97% of the theoretical maximum capacity has been 

achieved, leading to the material with the highest actinide wt% for 
the smallest reciprocal structural density, 1/d. Overall, these 
studies highlight the potential for f-block MOFs to act as not only 
a platform for uncovering fundamental structure-property 
relationships, but also as precursors for well-defined transuranic-
containing materials. As such, f-block MOFs could undoubtedly 
play a significant role in the development of upcoming 
radionuclide sequestration and repurposing methodologies that 
would alter the landscape of actinide research. 
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