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ABSTRACT
Metal-organic frameworks (MOFs), which are well-defined and porous extended
structures consisting of organic linkers connected to inorganic secondary building units,
are a class of materials that have received tremendous attention over the last decade. This
geometrically growing interest in MOFs is attributed to their properties of porosity,
tunability, modularity, crystallinity, flexibility, and long-term stability, which makes
them attractive candidates for various applications. This dissertation focuses on two
major studies, the first part encompasses the strategic design, preparation, and extensive
studies of actinide containing MOFs (An-MOFs). This work, presented within the first
two chapters, demonstrates the effective utilization of MOF modularity and versatility for
radionuclide incorporation and sequestration. The highlights of the performed research
include: (i) the synthesis of the first examples of actinide-based MOFs with unsaturated
metal nodes necessary for the incorporation of a high actinide content within the MOF,
(ii) thermodynamic studies of profoundly water-stable An-MOFs, (iii) “structural
memory” effect of An-MOFs upon solvent exposure, and (iii) electronic structure studies
of heterometallic multinuclear An-MOFs, prepared via metal node engineering. The
fundamental knowledge gained from these studies is aimed towards developing novel
waste forms for more effective nuclear waste management. The second part which is
presented in the last two chapters, reveal investigative studies of the effect of the
incorporation of a second metal on the electronic structure and catalytic proficiency of
three distinct classes of heterometallic multinuclear MOFs. Utilizing the metal node

v

engineering technique, we are able to preserve MOF porosity while tuning framework
electronic structure and catalytic activity. Combination of experimental and theoretical
studies of the heterometallic MOFs, for example, single crystal and powder X-ray
diffraction, X-ray photoelectron spectroscopy and theoretical modeling, allowed us not
just to establish the structure-property relationship of these systems, but also provide
valuable insights into the improvement and expansion of MOF applications.
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The global scare experienced in the past as a result of various nuclear waste
catastrophes has spurred investigative efforts of scientists all over the world towards the
development of more effective forms of nuclear waste management. A key aspect of
these studies involves gaining fundamental understanding of the mechanisms enabling
the successful integration of radionuclides in different stable and functional architectures.
This chapter discusses the investigative studies of metal-organic frameworks (MOFs) as
model systems for actinide (An) integration, through utilization of various techniques
highlighting the unique nature of MOF modularity that cannot be replicated in any other
currently studied material. The presented strategic approaches afforded the stepwise
construction of An-containing MOF materials that resulted in the first successful
examples of bimetallic (An-Zr) and bi-actinide (An-An) metal nodes. This feat was
achieved through metal-node extension and cation-exchange or solid-state metathesis in
the reported novel An-MOFs. Furthermore, the aforementioned approaches allowed for
extensive structural characterization of the An-MOFs particularly via single crystal X-ray
diffraction studies, demonstrating the drastic difference in chemical behavior between
molecular species and extended structures. Moreover, a combinatorial strategy involving
solid metathesis, metal-node extension, and capping linker installation, to the best of our
knowledge, resulted in the highest thorium weight % (wt %) in mono- and bi-actinide
frameworks.
Ultimately, the multistep strategic approach presented aims at homogenous
distribution and incorporation of actinides into well-ordered MOF systems at mild
temperatures. This strategy could be a useful tool for developing an effective and
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convenient pathway for understanding the chemical behavior of An-based extended
structures and the design of potential nuclear waste forms.
1.1. INTRODUCTION
The persistent interests of scientists in actinide-containing architectures and their
interaction with the environment over the past decades, stems from the need to
strategically design and craft appropriate nuclear waste sequestration techniques, leading
to a pathway through which challenges plaguing effective storage of nuclear waste, could
be addressed.1−8 Every aspect of the aforementioned challenges requires extensive
investigations and studies of the actinide (An) elements, their coordination chemistry,
their structural characteristics, as well as the overall structure-function properties of
various An-based motifs.7

Figure 1.1. Structural description of Metal-Organic Frameworks (MOF) and its
components.
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Recently, metal-organic frameworks (MOFs), which are a class of crystalline,
porous, and stable hybrid materials consisting of an inorganic (metal node or secondary
building unit (SBU)) and an organic (organic linker) component (Figure 1.1), have been
utilized as a platform for nuclear waste detection and sequestration.9 As a result of their
structural versatility,10−19 modularity,20−28 porosity, and tunability, MOFs allow for a
more homogeneous distribution of actinides within their framework (either in the metal
nodes29−40 or attached to an extended organic linker41−46). A more homogeneous
distribution can lead to effective actinide immobilization, which decreases the
accumulation of possible radiation damage to nuclear waste forms caused by the
formation of vacancies and defects.47−50 Additionally, the solvothermal synthetic
procedure for MOFs utilizes mild temperatures, which prevents the formation of volatile
radioactive species, in comparison to the high temperature (∼ 1000 °C) protocols
employed for radionuclide sequestration utilizing borosilicate glass as sequesters.48
Furthermore, the hybrid framework of MOFs proffers a distinct avenue for the inclusion
of a high radionuclide content in MOF materials with minimal structural density.29
Therefore, extending beyond the “classical realm” of MOF applications reported so far in
the literature such as, heterogenous catalysis and gas sorption, the Shustova group
plunged into investigative studies to gain fundamental insights for the potential
application of MOFs for nuclear waste management.
This chapter discusses actinide immobilization through covalent bond formation
within MOFs through a sequential multistep approach utilizing MOF modularity and
versatility (Scheme 1.1). This unique approach afforded the stepwise construction of Anbased materials, resulting in i) the first examples of unsaturated An-based MOFs which
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generated an efficient pathway for maximum amount of radionuclide incorporation into
the framework by combining pre- and post-synthetic modification, ii) the preparation of a
Th-based framework possessing one of the largest pore apertures and one of the highest
measured surface areas, iii) the first example of a heterometallic An-based MOF prepared
through metal-node extension by single crystal-to-single-crystal transformations. This
transformation afforded the subsequent investigation of the electronic effect of d- and felectrons interactions within a MOF system.51

Scheme 1.1. Schematic Representation of the MOF Precursors An (U, Th) (top) and Zr
(bottom), the Synthetic Strategies utilized for Actinide Integration into the MOF
Frameworks, and the Organic Linkers utilized for MOF Preparation and Post-synthetic
Capping Linker Installation processes.
5

In addition, this procedure also allowed for the demonstration of a drastic
difference in chemical behavior between molecular species and extended structures, (iv)
the first post-synthetic capping linker installation (i.e., post-synthetic linker coordination
to the unsaturated metal nodes in the MOF framework) on An-integrated systems, and (v)
the simultaneous capping linker installation and An-containing guest inclusion on
bimetallic and monometallic frameworks. The synthesis and characterization methods of
the novel unsaturated and saturated An-MOFs features two unique synthetic strategies:
transmetalation and metal-node extension, which were utilized for the preparation of
heterometallic MOFs, and capping linker installation used as a “MOF sealing technique”
in the MOFs. The comprehensive analyses of the synthesized An-MOF systems discussed
includes single-crystal and powder X-ray diffraction (PXRD), inductively coupled
plasma mass spectrometry (ICP- MS), conductivity measurements, solution calorimetric
measurements, thermogravimetric (TGA) and gas sorption analyses, nuclear magnetic
resonance (NMR), Fourier-transform infrared (FTIR), and X-ray photoelectron
spectroscopies (XPS), and theoretical modeling.
1.2. RESULTS AND DISCUSSION
1.2.1. Direct Synthesis and Characterization of Novel An-MOFs
The An-based MOFs in this work were designed utilizing novel An- (U and Th)
based MOFs as well as a Zr-based MOF. These MOFs with nomenclature M-Linker-n
(where M = the metal (Th, U, or Zr) in the metal node, Linker = an organic linker, and n
= number of carboxylate groups from the linkers attached to the metal node), were
utilized as precursors as a result of their unsaturated metal nodes. An unsaturated metal
node has less than the maximum number of 12 linkers (n) coordinated to the metal node,
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and therefore, can be post-synthetically modified, while, a saturated metal node has the
maximum 12 linkers (n) coordinated to the metal node.52 The novel unsaturated An-based
precursors used in this work are: Th6O4(OH)6(TFA)2(Me2BPDC)5 (Th6-Me2BPDC-10;
Me2BPDC2− = 2,2′- dimethylbiphenyl-4,4′′-dicarboxylate, TFA = trifluoroacetic acid),
and U6O4(OH)8(Me2BPDC)4(DMF)2 (U6-Me2BPDC-8, DMF = N,N-dimethylformamide).
While the Zr-based MOF precursor Zr6O4(OH)8(H2O)4(Me2BPDC)4 (Zr6-Me2BPDC-8)
previously reported by Zhou et al. was used due to the established stability of Zr-MOFs.52
The stability of the Zr-MOF would unsure actinide incorporation within the framework
without MOF degradation or collapse.
Table 1.1. Synthetic Conditions and Techniques for An-MOF systems.
An- and Zr-MOFs

Synthetic
Techniques

Precursors

U6-Me2BPDC-8
Th6-Me2BPDC-10
Th6-TPDC-NH2-12
Zr6-Me2BPDC-8
Th5.64U0.36-Me2BPDC-8

direct synthesis
direct synthesis
direct synthesis
direct synthesis
transmetalation

Th6U4-Me2BPDC-10

metal-node
extension
metal-node
extension
capping linker
installation
capping linker
installation
capping linker
installation

UCl4, H2Me2BPDC
ThCl4, H2Me2BPDC
ThCl4, H2TPDC-NH2
ZrCl4, H2Me2BPDC
U6-Me2BPDC-8,
ThCl4
Th6-Me2BPDC-10,
UO2(CH3COO)2∙2H2O
Zr6-Me2BPDC-8,
UO2(CH3COO)2∙2H2O
Th6-Me2BPDC-10,
H2TPDC-NH2
Th5.64U0.36-Me2BPDC8, H2SDC
Zr6U0.87-Me2BPDC-8,
H2SDC

Zr6U0.87-Me2BPDC-8
Th6-Me2BPDC(TPDCNH2)-12
Th5.64U0.36Me2BPDC(SDC)-10
Zr6U0.87Me2BPDC(SDC)-10

Synthetic
Conditions
Temp. (°C),
Time (h)
120, 7
120, 9
120, 72
120, 72
RT, 72
75, 72
75, 72
75, 24
75, 24
75, 24

A novel saturated An-based MOF Th6O4(OH)4(TPDC-NH2)6 (Th6-TPDC-NH2-12;
TPDC-NH2‐ = 2′-amino-terphenyl-4,4′′-dicarboxylate) was also synthesized for
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comparative studies (Figures 1.2, 1.8, 1.10, and 1.12). The solvothermal synthetic details
and conditions of all the systems are given in Table 1.1 and in the experimental section.

Figure 1.2. (left) Crystal structures and corresponding metal nodes of frameworks of
the An- and Zr-based unsaturated precursor systems and the organic linker utilized for
their synthesis (from left to right): Th6-Me2BPDC-10, U6-Me2BPDC-8, Zr6Me2BPDC-8, and H2Me2BPDC. (right) Crystal structure and corresponding metal node
of the saturated MOF system and the organic linker utilized for the MOF synthesis
(from right to left): Th6-TPDC-NH2-12 and H2TPDC-NH2. The teal, dark-purple, and
sky-blue spheres represent the An (Th, U) and Zr atoms of the unsaturated system,
while the brown sphere represents the Th atoms for the saturated system. The gray,
dark-red, purple, blue spheres represent C, O, F, and N atoms, respectively. Hydrogen
atoms and solvents molecules were omitted for clarity.
1.2.2. Post-Synthetic Incorporation of Actinides via Metal-Node Extension
Following the solvothermal synthesis of the An- and Zr-based MOFs, we
explored the possibility of incorporating a high percentage of actinide content into the
prepared MOF precursors by taking advantage of the modularity property of the
unsaturated frameworks. The Zhou group previously reported the incorporation of
transition metals such as nickel and cobalt into an unsaturated Zr-based framework
through a process referred to as metal-node extension.55 Metal-node extension is a
concept that defines the coordination of additional metal ions to the metal node of the
MOF as a result of the presence of unsaturated sites (defined vide supra as a metal node
that is coordinated to less than the maximum number of 12 organic linkers) in the MOF.
Broadening this strategy to the actinide-containing systems, we investigated the
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possibility of extending the unsaturated metal-nodes of the Th- and Zr- MOFs,
specifically Zr6-Me2BPDC-8 (metal node deficit of 4 ligands) and Th6-Me2BPDC-10

Figure 1.3. (top) Crystal structures and metal nodes of Zr6Me2BPDC-8 and Zr6U0.87-Me2BPDC-8 showing topology and
crystallinity retainment after the metal-node extension process. Insets
show photographs of Zr6-Me2BPDC-8 and Zr6U0.87-Me2BPDC-8
crystallites. The sky-blue, orange, gray, and dark-red spheres
represent Zr, U, C, and O atoms respectively. Hydrogen atoms and
solvents molecules were omitted for clarity. (middle left) FTIR
spectra of Zr6-Me2BPDC-8 (red) and Zr6U0.87-Me2BPDC-8 (blue).
(middle right) XPS data for Zr6U0.87-Me2BPDC-8 showing the Zr
(3d) and U (4f) regions. (bottom left) FTIR spectra of Th6Me2BPDC-10 (red) and Th6U4-Me2BPDC-8 (blue). (bottom right)
Crystal structure and metal node of Th6U4-Me2BPDC-8, inset shows
a photograph of Th6U4-Me2BPDC-8 crystallites. The teal, orange,
gray, and dark-red spheres represent Th, U, C, and O atoms
respectively. Hydrogen atoms and solvents molecules were omitted
for clarity.
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(metal node deficit of 2 ligands), with more metal ions. For this post-synthetic process,
uranyl ion (UO22+) was selected due to being one of the most environmentally abundant
actinide ions.56 We envisioned that success in this process would provide insights for
further development and potential use of these MOFs as effective absorbents for
radioactive waste.
To achieve our goal, single crystals of MOFs Th6-Me2BPDC-10 and Zr6Me2BPDC-8 were heated in separate vials in a solution of UO2(CH3COO)2∙2H2O in DMF
at 75 °C for 3 days (Table 1.1). Interestingly, the crystallinity as well as the topology of
the parent MOFs were preserved in both cases as shown by the single crystal and powder
X-ray diffraction data (Figures 1.3, 1.14, and 1.17). However, the metal node of the Thand Zr- MOFs underwent structural modification resulting in the formation of Th6U4Me2BPDC-10 and Zr6U0.87-Me2BPDC-8 respectively. As shown in Figure 1.3, the metal
nodes of Th6U4-Me2BPDC-10 and Zr6U0.87-Me2BPDC-8 MOFs contain uranyl groups
coordinated to the unsaturated sites (more crystallographic details are given in the
experimental section). Furthermore, the presence of the U=O stretches at 913 and 866
cm−1 in the FTIR spectra (Figures 1.3 and 1.18) of the MOFs confirms the coordination of
the uranyl unit to the metal node. Additionally, XPS studies of the prepared Th6U4Me2BPDC-10 and Zr6U0.87-Me2BPDC-8 bimetallic systems also affirm the existence of
thorium and zirconium in the +4 oxidation states and uranium in the +6 state (Figures 1.3
and 1.16). Thus, these bimetallic actinide-containing systems are the first reported
examples of single-crystal-to-single-crystal transformations towards the successful
actinide integration utilizing the metal-node extension post-synthetic strategy.
Interestingly, the Zr−U and Th−U systems enabled the exploration and direct comparison
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of actinide (Th) versus Zr behavior within the MOF where we observed the extent of
flexibility within each framework that was necessary for structural modulation. The
results suggest more flexibility in the Th-based MOFs.
To verify the dependence of the metal-node extension process on the nature of
saturation of the MOF, the saturated Th6-TPDC-NH2-12 MOF was subjected to the same
treatment as described above. Crystals of Th6-TPDC-NH2-12 were heated in a DMF
solution of UO2(CH3COO)2∙2H2O at 75 °C for 3 d. As predicted, the detailed
crystallographic data (Table 1.3, Figure 1.20, and experimental section) showed no
structural modifications at the metal node of the MOF. Furthermore, the U=O stretches at
913 and 866 cm−1 of the uranyl unit where absent in the FTIR spectrum of the MOF
(Figure 1.21). This control experiment re-affirmed the need for an unsaturated system for
metal node structural modifications of the An-MOF series.
1.2.3. Post-Synthetic Incorporation of Actinides via Transmetalation
Further exploration of MOF modularity as well as inspiration from a previously
reported example of transmetalation or cation exchange process in a molecular Zrcontaining planar 15-membered macrocycle57 prompted us to probe An-integration in our
prepared

MOF

precursors

through

transmetalation

or

cation

exchange.

The

transmetalation procedure involves the substitution of one metal ion for another at the
metal node of the MOF. The reported procedure by the Eisen-group demonstrated a
successful Zr-to-Th cation exchange achieved upon heating the Zr-containing macrocycle
in a THF solution of ThCl4 at 70 °C for three days. Modifying this procedure, we
attempted a transmetalation process by heating the Zr6-Me2BPDC-8 MOF in a DMF
solution of ThCl4 at 75 °C for an extended period of 14 d. This resulted in no detectable
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structural changes from the parent MOF Zr6-Me2BPDC-8 as shown by the
crystallographic data (Table 1.4). This observed non-structural change using the Zr-based
MOF could be a result of the more flexible coordination environment within the
macrocycle in contrast to the extended Zr-MOF structure.57
Further theoretical investigation of the obtained result between the molecular
species versus the MOF extended framework was done, specifically, the calculations of
energy of formation of the MOF system. Utilizing a truncated model (Zr6(HCO2)8O8) as
shown in Figure 1.4, density functional theory (DFT) calculations (methods and basis set
given in experimental section) revealed a non-favorable zirconium-to-actinide exchange
based on the estimated energies of formation (Ef) (Figure 1.4). For the substitution of one
zirconium or six zirconium atoms with thorium in the Zr-MOF metal node, the estimated
energies of formation were found to be 9.70 and 62.78 eV respectively.

Figure 1.4. (left) Relaxed structure of Zr6(HCO2)8O8 cluster. Sites 1 and 2 are
equivalent and sites 3, 4, 5, and 6 are equivalent. The black sphere, gray, pink, and
white sticks represent Zr, C, O, and H atoms respectively. (right) Energy of
formation for one-atom (Zr-to-An) and for six-atom (Zr-to-An) substitution
reactions, Ef {1} and Ef {6}, respectively a.
On the other hand, substitution of one zirconium or six zirconium atoms with thorium in
the Zr-MOF metal node, the estimated energies of formation were found to be 9.70 and
62.78 eV respectively. On the other hand, substitution of one zirconium or six zirconium
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atoms with uranium had values of 7.21 and 45.12 eV, respectively (Figure 1.4). The DFT
calculations therefore suggested an energetically unfavorable substitution for Zr-to-An
(An = Th, U) in MOF extended structures compared to the transmetalation reports of the
highlighted molecular complex. A more comprehensive DFT study of the transmetalation
or cation exchange process with Zr- and An-based MOFs involving other radionuclides
beyond U and Th (e.g., Tc, Am, and Cm) was reported by the Philipot group.58 Their
studies explored the feasibility of the different transmetalation processes in aqueous
medium providing a useful insight for the development of effective radionuclide
extraction using MOFs.
Interestingly, a sharp contrast to the Zr-to-An (An = Th, U) transmetalation result
was observed using U6-Me2BPDC-8 as the precursor MOF. By soaking U6-Me2BPDC-8,
which possesses the same topology as Zr6-Me2BPDC-8, in a ThCl4 DMF solution at room
temperature for 3 d, an almost complete transmetalation of U-to-Th was observed.

Figure 1.5. Crystal structures and metal nodes of U6Me2BPDC-8 and Th5.64U0.36-Me2BPDC-8 showing topology
and crystallinity retainment after the transmetalation process.
Insets show photographs of U6-Me2BPDC-8 and Th5.64U0.36Me2BPDC-8 single crystals. The dark-purple, teal, gray, and
dark-red spheres represent U, Th, C, and O atoms respectively.
Hydrogen atoms and solvents molecules were omitted for
clarity.
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This procedure resulted in the first example of a successful actinide-to-actinide cation
exchange in MOFs (Figure 1.5 and Table 1.1). Further investigation showed that this
exchange was not feasible under inert environment. Thus, an explanation to the possible
driving force for the U-to-Th transmetalation procedure may be the oxidation of U4+ to
U6+. U6+ existing as the uranyl unit (UO22+) goes into solution, resulting in Th4+
substitution at the metal node. This hypothesis is still under investigation.
This single-crystal-to-single crystal U-to-Th substitution afforded the bimetallic
An-based Th5.64U0.36-Me2BPDC-8 and was accompanied by a color change from the
green U6-Me2BPDC-8 crystals to white Th5.64U0.36-Me2BPDC-8 crystals (Figure 1.5). In
addition to visually monitoring this change, the crystals were analyzed by ICP-MS to
determine the extent of metal substitution. The data obtained showed a 94% U-to-Th
exchange. Furthermore, the crystallographic data (Table 1.4) showed no detectable
topological changes in the MOF structure. Attempts at achieving a converse effect in Thto-U substitution using both Th6-Me2BPDC-10 and Th6-TPDC-NH2-12 MOFs soaked
and/or heated in a UCl4 DMF solution (0.25 M) were not successful. A follow-up
investigation to understand the reason behind the irreversibility of the U-to-Th exchange
process was done.51 The results point suggestively at the nature of the uranium metal (i.e.,
possible variable oxidation states) in the MOF on exposure to air, which may
consequently affect metal node stability and metal substitution.51
1.2.4. Capping Linker Installation – MOF Sealing Technique
Having demonstrated the effectiveness of An-integration into a MOF through the
transmetalation and metal-node extension processes, we explored the possibility of
increasing the actinide content in a MOF to its maximum capacity by: i) An-guest
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inclusion within the MOF pores, ii) post-synthetic capping linker installation of the Anguest-loaded MOF, and iii) strategic combination of all post-synthetic techniques (i.e.,
transmetalation/metal-node extension, An guest inclusion, and capping linker installation)
within one MOF, resulting in the structural hierarchy in the An-based MOF systems
proposed vide supra. Post-synthetic capping linker installation, a concept which
highlights the capability of an already synthesized unsaturated MOF to covalently bind to
more linkers at the unsaturated sites,52,59−60 was employed as a “MOF sealing technique”
(Figure 1.6). For the purpose of this work, this technique is aimed at developing a secure
and effective method for radionuclide encapsulation within the MOF.
The first capping linker installation example was probed using Th6-Me2BPDC-10
which possesses the necessary criterion (i.e., unsaturated metal nodes) for post-synthetic
modification. The single crystal structure and crystallographic data of Th6-Me2BPDC-10
(Figure 1.7 and Table 1.2) showed that it crystallizes in the tetragonal P42/mmc space
group (a = b = 23.8409(11) Å and c = 19.7162(10) Å) and has a “pocket” 15.1 Å in size
(a distance between the terminal oxygen atoms of the terminal carboxyl groups, Figure
1.7) which is a vacant site suitable for capping linker installation. The choice of capping
linkers to be installed was based on the size of the “pocket” in the Th6-Me2BPDC-10
framework.59 As an ideal seal for this installation process within Th6-Me2BPDC-10, the
capping linker H2TPDC-NH2 (length = 15.3 Å) was chosen to cap the MOF cylindrical
pores with the 16 Å × 16 Å channels (Figure 1.7). The procedure involved heating
crystals of Th6-Me2BPDC-10 in a DMF solution of H2TPDC-NH2 (0.015 M) for 24 h at
75 °C (Table 1.1) resulting in the sealed Th6-Me2BPDC(TPDC-NH2)-12 MOF. 1H NMR
spectroscopic analysis of the Th6-Me2BPDC(TPDC-NH2)-12 MOF showed an 80%
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installation of the TPDC-NH22−capping linker (Figure 1.26), demonstrating the first
example of a successful post-synthetic capping linker installation in an actinidecontaining MOF. This process further re-affirms the similar versatility of the An-based
MOFs in comparison with the well-known Zr-based analogs.52,60−62

Figure 1.6. Schematic representation of the
capping linker installation as a “MOF sealing
technique” for radionuclides incorporated into
the MOF.
Having established the success of the sealing technique, i.e., capping linker
installation, we employed both An-guest inclusion and capping linker installation
processes simultaneously in the MOF. This procedure was done by heating crystals of
Th6-Me2BPDC-10 in the presence of ThCl4 (guest) and H2TPDC-NH2 (capping linker).
This simultaneous strategy resulted in the incorporation and retainment of actinide
species inside the framework, leading to the preparation of a material with 52 wt% Th
according to ICP-MS data. The Th content analyzed was calculated to be 62 mg/kg of
material (calculated based on the Th content in a MOF) higher than the parent MOF (i.e.,
in comparison to the “empty” MOF scaffold). This strategy therefore results in a material
with the desired high actinide content with minimal density.
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Figure 1.7. (left) Single crystal structure of Th6-Me2BPDC-10 showing the available
pocket for capping Linker installation. (middle) H2TPDC-NH2 linker chosen for the
installation process through coordination to “unsaturated” metal nodes leading to
formation of (right) Th6-Me2BPDC(TPDC-NH2)-12. The teal, gray, and dark-red
spheres represent Th, C, and O atoms, respectively. Hydrogen and solvent atoms are
omitted for clarity.
To further probe the sealing technique using the stable bi-actinide MOFs, the
Th5.64U0.36-Me2BPDC-8 MOF was heated for 24 h at 75 °C in the presence of H2SDC
(SDC2− = 4,4′-stilbenedicarboxylate, length = 14 Å), to cap cylindrical pores with 12 Å ×
16 Å channels. This procedure resulted in the formation of Th5.64U0.36-Me2BPDC(SDC)10 which, based on 1H NMR spectroscopic analysis, had a successful 76% SDC2− linker
installation (Figure 1.28). The PXRD studies (Figure 1.27) further confirm the successful
installation process as the patterns show an 8-to-10 linker coordination transformation
indicative of linker installation at the unsaturated site (Figure 1.27). This combined
strategy of transmetalation and installation led to, to the best of our knowledge, the first
example of a bimetallic solely An-containing system utilized for successful capping
linker installation.
As in the case of Th6-Me2BPDC(TPDC-NH2)-12, the simultaneous An-guest
inclusion and linker installation procedure was also attempted with Th5.64U0.36Me2BPDC-8. Heating of Th5.64U0.36-Me2BPDC-8 in the presence of both H2SDC
(capping linker) and ThCl4 (guest) at 75 °C for 24 h resulted in preparation of a material
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with an overall actinide content of 67 wt%. Therefore, simultaneous incorporation of
guest species (Th4+) and capping linker installation inside transmetalated Th5.64U0.36Me2BPDC-8 resulted in preparation of a novel bi-actinide Th-based system. This rational
strategic approach was efficient in An-integration as compared to the first step (direct
synthesis) in which a 40−50 wt% of actinide in frameworks was achieved. A high value
of 67 wt% was further obtained through transmetalation and guest inclusion using the
parent MOFs as precursors. We therefore rationally increased the structural complexity of
the An-based MOFs by successfully combining three different synthetic approaches:
capping linker installation, transmetalation, and guest inclusion.
Following the success of the bi-actinide system, we further explored the same
combined strategy using the actinide-containing bimetallic Zr6U0.87-Me2BPDC-8 as the
MOF precursor. Considering that the bimetallic Zr6U0.87-Me2BPDC-8 possesses
“unsaturated” metal nodes necessary for this procedure, simultaneous capping linker
installation and An-guest inclusion processes were performed. The choice of H2SDC as a
capping linker to cap the cylindrical pores (17 Å × 19 Å) of Zr6U0.87-Me2BPDC-8 was
also made in this case as it possesses the appropriate length. Crystals of Zr6U0.87Me2BPDC-8 were heated in the presence of the H2SDC linker and UO2(CH3COO)2∙2H2O
salt, which resulted in the formation of Zr6U0.87-Me2BPDC(SDC)-10 with a 50% SDC2−
linker installation as determined by 1H NMR spectroscopic analysis (Figure 1.30).
Furthermore, based on the ICP-MS data, the overall actinide content was found to be 19
wt%, a value found to be almost twice as high as the parent framework. Therefore,
utilizing both bi-actinide and bimetallic systems, a successful combination of three
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different synthetic approaches resulted in systematic improvements in the structural
complexity of the An-based systems.
1.3. CONCLUSION
In summary, we demonstrated the unique framework modularity and versatility in
An-based systems by utilizing a sequential multistep approach consisting of different
strategic synthetic designs to achieve: (i) the first examples of unsaturated An-based
MOFs which generated a pathway for maximum radionuclide incorporation into the
framework by the combination of pre- and post-synthetic modifications, ii) the
preparation of a Th-based framework possessing one of the largest pore apertures and one
of the highest measured surface areas, iii) the first example of a heterometallic An-based
MOF prepared through metal-node extension by single crystal-to-single-crystal
transformations, which demonstrated of a drastic difference in the chemical behavior
between molecular species versus extended structures, (iv) the first post-synthetic
capping linker installation on An-integrated systems, and (v) the simultaneous capping
linker installation and An-containing guest inclusion of bimetallic and monometallic
frameworks. The presented reports were possible as a result of the synthesis of the first
examples of An-containing frameworks with “unsaturated” metal nodes used as
precursors in the subsequent approaches.
Overall, the unprecedented behavior of the reported hybrid frameworks
encouraged the construction of An-MOFs, creating an interesting pathway through which
the development of new An-containing structural motifs can be studied. This pathway
provides fundamental knowledge and innovative insights as to potential effective nuclear
waste management.
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1.4. EXPERIMENTAL SECTION
Materials.
UCl4 (>95%, International Bio-Analytical Industries Inc.), ThCl4 (>95%,
International Bio-Analytical Industries Inc.), UO2(NO3)2·6H2O (98%, International BioAnalytical Industries Inc.), UO2(CH3COO)2·2H2O (98%, International Bio-Analytical
Industries Inc.), ZrCl4 (99.5%, Alfa Aesar), CsF (99%, Oakwood Chemical), KOH (ACS
grade, Fisher Chemical), K2CO3 (lab grade, Ward’s Science), 2,5-dibromoaniline (97%,
Oakwood

Chemical),

4-methoxycarbonyl

phenylboronic

acid

(>97%,

Boronic

Molecular), 2,6- naphthalene-dicarboxylic acid (>98%, TCI America), stilbene-4,4′dicarboxylic

acid

(98%,

AK

Scientific),

Pd(OAc)2

(>95%,

Ox-Chem),

triphenylphosphine (99%, Sigma-Aldrich), methyl-4-iodo-3-methylbenzoate (98%,
BeanTown Chemical), 4,4,4′,4′,5,5,5′,5′-octamethyl-2,2′-bi-(1,3,2-dioxaborolane) (>98%,
Ark Pharm), PdCl2(PPh3)2 (96%, Oakwood Chemical), trifluoroacetic acid (99%, SigmaAldrich), tetrahydrofuran (ACS grade, Macron Fine Chemicals), dichloromethane (ACS
grade, Oakwood Chemical), methanol (ACS grade, Fisher Scientific), diethyl ether (ACS
grade, J. T. Baker Chemicals), dimethyl sulfoxide (ACS grade, Fisher Scientific), N,Ndimethylformamide (ACS grade, BDH), chloroform-d (Cambridge Isotope Laboratories,
Inc.), and DMSO-d6 (Cambridge Isotope Laboratories, Inc.) were used as received.
Physical Measurements.
FTIR spectra were obtained on a PerkinElmer Spectrum 100. NMR spectra were
collected on Bruker Avance III-HD 300 and Bruker Avance III 400 MHz NMR
spectrometers. The 1H and
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C NMR spectra were referenced to natural abundance

13

C

signals and residual 1H signals of deuterated solvents, respectively. Powder X-ray
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diffraction patterns were recorded on a Rigaku Miniflex II diffractometer with
accelerating voltage and current of 30 kV and 15 mA, respectively. Thermogravimetric
analysis was performed on an SDT Q600 Thermogravimetric Analyzer using an alumina
boat as a sample holder at a heating rate of 5 °C/min. ICP-MS analysis was conducted
using a Finnigan ELEMENT XR double focusing magnetic sector field inductively
coupled plasma-mass spectrometer (SF-ICP-MS) with Ir or Rh or both as internal
standards. A Micromist U-series nebulizer (0.2 mL/min, GE, Australia), quartz torch, and
injector (Thermo Fisher Scientific, USA) were used for sample introduction. Sample gas
flow was 1.08 mL/min, and the forwarding power was 1250 W. The samples were
digested in Teflon vessels with nitric and hydrochloric acids and then heated at 180 °C
for 4 h. Gas sorption measurements were conducted on a Micromeritics ASAP 2020
system. Oven-dried sample tubes equipped with a TranSeal (Micrometrics) were
evacuated and tared. Samples were transferred to the sample tube, which were then
capped by a TranSeal. Samples were heated to the appropriate temperatures as
determined by TGA. The evacuated sample tubes were weighed again, and the sample
mass was determined by subtracting the mass of the previously tared tube. N2 isotherms
were measured using a liquid nitrogen bath (77 K). Ultrahigh purity grade (99.999%
purity) N2 and He, oil-free valves, and gas regulators were used for all free space
corrections and measurements. X-ray photoelectron spectroscopy measurements (XPS)
were performed using a Kratos AXIS Ultra DLD XPS system with a monochromatic Al
Kα source operated at 15 keV and 150 W and a hemispherical energy analyzer. Samples
were placed in small powder pockets on the holder, and analysis was performed at a
pressure below 1 × 10−9 mbar. High-resolution core level spectra were measured with a
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pass energy of 40 eV, and analysis of the data was carried out using XPSPEAK41
software. The XPS experiments were performed while using an electron gun directed on
the sample for charge neutralization.
Theoretical Calculations.
Calculations were performed using the VASP software63,64 with plane wave basis
sets. Projector-augmented- wave (PAW) pseudopotentials65,66 of Zr, Th, U, C, O, and H
were employed in which the number of electrons treated as valence is 12, 12, 14, 4, 6,
and 1, respectively. The PAW potentials were taken from the VASP library. Calculations
were performed with a plane wave energy cutoff of 520 eV and Γ-only k-point. Structure
optimization was performed until the norm of the atomic forces is less than 0.025 eV/Å.
Two different levels of theory were explored. One was within a pure density-functionaltheory with the Perdew-Burke-Erzernhof exchange-correlation functional67 and with a
van der Waals dispersion correction (denoted as PBE-D3). The other was within a hybrid
Hartree−Fock/DFT with the B3LYP hybrid functional68 and also with a dispersion
correction (denoted as B3LYP-D3). The van der Waals interactions were taken into
account using the dispersion formula of Grimme et al.69 with Becke−Johnson damping.70
In addition, in the PBE-D3 set, an on-site Coulomb interaction was added to the uranium
f-electrons to improve the electronic structure of these localized electrons within the
DFT+U formalism.71 Based on previous studies,72-78 a U−J = 4.0 eV was used.
The Zr6(HCO2)8O8 structure was first optimized (Figure 1.4 shows the relaxed
structure obtained with B3LYP-D3) the structure obtained with PBE-D3 is nearly
identical. Then a Th or U atom was substituted for one of the Zr atoms. For this one-atom
substitution, there are two unique sites, position 1 (1) and position 3 (3) as shown in
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Figure 1.4. The formation energy for this one-atom substitution (Ef{1}) is calculated
from the following total energies (eq 1.1):
Ef{1} = Et{MZr5(HCO2)8O8} + Et{Zr4+} − Et{ Zr6(HCO2)8O8} − Et{M4+}

(eq 1.1)

where Et{M4+} is the total energy of an isolated positive ion (M = Th or U). The image
charge correction due to periodic boundaries has been taken into account by using the
static dielectric constant of DMF at room temperature, ε = 37.65.79 Furthermore,
substitution of all the Zr atoms with Th atoms or U atoms was also investigated. Similarly
to eq 1.1, the formation energy for this six-atom substitution (Ef{6}) is calculated from:
Ef{6} = Et{M6(HCO2)8O8} + 6Et{ Zr4+} − Et{Zr6(HCO2)8O8} − 6E{ M4+}

(eq 1.2)

Figure 1.4 summarizes the formation energies. The results show that substitutions with
Th or U are not energetically favored.
Synthesis.
The compounds 2,2′-dimethylbiphenyl-4,4′-dicarboxylic acid (H2Me2BPDC),80
2′-amino-[1,1′:4′,1′′-terphenyl]-4,4′′-dicarboxylic

acid

(H2TPDC-NH2),81

and

Zr6-

Me2BPDC -852 were prepared according to the reported procedures.
Direct Synthesis of An-based MOFs.
Synthesis of and Characterization of U6-Me2BPDC-8.
A mixture of UCl4 (12 mg, 32 μmol), H2Me2BPDC (4.3 mg, 16 μmol),
trifluoroacetic acid (25 μL), and DMF (0.29 mL) were mixed in a 1/2-dram vial. The
mixture was heated at 120 °C on a hot plate for 7 h. After cooling to room temperature,
green crystals of U6-Me2BPDC-8 (7.0 mg, 2.4 μmol, yield 61%) were retained in the
mother liquor. IR (neat, cm−1): 2930, 2862, 1574, 1498, 1409, 1378, 1253, 1195, 1090,
1062, 1006, 916, 865, 780, 673, and 657 (Figure 1.9). The green crystals obtained were
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suitable for single-crystal X-ray analysis. The metal node and packing of U6-Me2BPDC-8
crystals are shown in Figure 1.2. A detailed description of the data collection and
refinement is given below. Table 1.2 contains the crystallographic refinement data. The
PXRD pattern of U6-Me2BPDC-8 as shown in Figure 1.8, matches the simulated pattern
from single-crystal X-ray data. PXRD studies were also used to confirm crystallinity of
the bulk material. Thermal stability of U6-Me2BPDC-8 was studied by thermogravimetric
analysis (Figure 1.8), which demonstrated a rapid weight loss (∼38 wt%) occurring in the
25-300 °C temperature range.

Figure 1.8. (left) PXRD patterns of U6-Me2BPDC-8: simulated (red) and experimental
(black). (right) TGA plot of U6-Me2BPDC-8.

Figure 1.9. FTIR spectrum of U6-Me2BPDC-8.
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Synthesis and Characterization of Th6-Me2BPDC-10.
A mixture of ThCl4 (24 mg, 65 μmol), H2Me2BPDC (4.3 mg, 16 μmol),
trifluoroacetic acid (25 μL), and DMF (0.75 mL) were mixed in a 1-dram vial. The
mixture was heated at 120 °C on a hot plate for 9 h. After cooling to room temperature,
colorless crystals of Th6-Me2BPDC-10 (6.0 mg, 2.1 μmol, yield: 65%) were collected by
filtration and washed with DMF (3 × 10 mL). IR (neat, cm−1): 2920, 2853, 1665, 1593,
1546, 1408, 1382, 1255, 1206, 1090, 1006, 910, 863, 777, 732, and 658 (Figure 1.11).
The metal node and packing of Th6-Me2BPDC-10 crystals are shown in Figure 1.2. A
detailed description of the data collection and refinement details is given below, and
Table 1.2 contains the crystallographic refinement data. The PXRD pattern of Th6Me2BPDC-10 as shown in Figure 1.10, matches the simulated pattern from single-crystal
X-ray data. Moreover, PXRD studies were used to confirm crystallinity of the bulk
material (Figure 1.10). The thermal stability of Th6-Me2BPDC-10 was studied by
thermogravimetric analysis, which demonstrated the rapid loss of solvent molecules at
the 25−125 °C temperature range (Figure 1.10). The observed weight loss (∼32 wt%) at
this temperature range can be attributed to removal of the non-coordinated solvent
mixture of DMF and H2O, which is in good correlation with the residual electron density
calculated from the single-crystal X-ray data. Furthermore, the samples were
characterized by FTIR spectroscopy and gas sorption analysis as shown in Figure 1.11.
Before gas sorption analysis, the as-synthesized MOF was washed with DMF and
evacuated at 160 °C for 24 h. Fitting the N2 adsorption isotherm to the Brunauer-EmmettTeller (BET) equation resulted in a surface area of 741 m2/g (Figure 1.11).
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Figure 1.10. (left) PXRD patterns of Th6-Me2BPDC-10: simulated (red) and
experimental (black). (right) TGA plot of Th6-Me2BPDC-10.

Figure 1.11. (left) FTIR spectrum of Th6-Me2BPDC-10. (right) N2 adsorption
isotherm of Th6-Me2BPDC-10.
Synthesis and Characterization of Th6-TPDC-NH2-12.
A mixture of ThCl4 (32 mg, 86 μmol), H2TPDC-NH2 (20 mg, 60 μmol), acetic
acid (100 μL), and DMF (4 mL) was added in a 2-dram vial. The mixture was heated at
120 °C in an oven for 72 h. After cooling, crystals of Th6-TPDC-NH2-12 (25 mg, 6.9
μmol, yield: 69%) were collected by filtration and washed with DMF (3 × 10 mL). IR
(neat, cm−1): 3342, 2928, 1659, 1597, 1549, 1386, 1253, 1180, 1089, 864, 838, 780, 709,
and 658 (Figure 1.13). The metal node and packing of Th6-TPDC-NH2-12 are shown in
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Figure 1.2. A detailed description of the data collection and refinement is given below,
and Table 1.2 contains the crystallographic refinement data. The PXRD pattern of Th6TPDC-NH2-12 as shown in Figure 1.12, matches the simulated pattern based on singlecrystal X-ray analysis. PXRD studies were used to confirm the crystallinity of bulk
material (Figure 1.12).

Figure 1.12. (left) PXRD patterns of Th6-TPDC-NH2-12: simulated (red) and
experimental (black). (right) TGA plot of Th6-TPDC-NH2-12.
Thermal stability of Th6-TPDC-NH2-12 was studied by TGA (Figure 1.12) and the
observed weight loss (∼42 wt%) could be attributed to removal of the non-coordinated
solvent mixture of DMF and H2O used for MOF synthesis, which is in good correlation
with the residual electron density calculated from single-crystal X-ray data. Furthermore,
the samples were characterized by FTIR and gas sorption analysis as shown in Figure
1.13. Before gas sorption analysis, the as-synthesized MOF was washed with DMF and
evacuated at 200 °C for 10 h. Fitting the N2 adsorption isotherm to the BET equation
resulted in a surface area of 880 m2/g (Figure 1.13), which was one of the highest surface
areas of Th-based MOFs as at the time the MOF was synthesized.
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Figure 1.13. (left) FTIR spectrum of Th6-TPDC-NH2-12. (right) N2 adsorption
isotherm of Th6-TPDC-NH2-12.
X-ray crystal structure determination.
U6-Me2BPDC-8 (C70H62N2O34U6).
X-ray intensity data from a green tablet crystal were collected at 223(2) K using a
Bruker D8 QUEST diffractometer equipped with a PHOTON-100 CMOS area detector
and an Incoatec microfocus source (Mo Kα radiation, λ = 0.71073 Å). At lower
temperatures, the diffraction pattern showed significantly fewer high-angle reflections.
The raw area detector data frames were reduced and corrected for absorption effects
using the Bruker APEX3, SAINT+ and SADABS programs.82,83 Data were truncated at
2θmax = 45.2°, above which value no appreciable diffraction intensity was observed. Final
unit cell parameters were determined by least-squares refinement of 9930 reflections
taken from the data set. The structure was solved with SHELXT.84,85 Subsequent
difference Fourier calculations and full-matrix least-squares refinement against F2 were
performed with SHELXL-201684,85 using OLEX2.86
The compound crystallizes in the tetragonal system. The pattern of systematic
absences in the intensity data was consistent with the space groups P42/mmc, P-42c, and
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P42mc. The centrosymmetric group P42/mmc (No. 131) was identified by SHELXT and
confirmed by structure solution. The asymmetric unit consists of two crystallographically
unique uranium atoms, two unique μ3-bridging O atoms (O1 and O2), two unique
terminal oxygen atoms (O5 and O6), half of one unique C16H12O42- ligand, half of one
DMF molecule coordinated to U2 (O7) and a large region of disordered solvent species.
The U6 cluster has crystallographic mmm (D2h) point symmetry. Most individual species
lie on positions of special crystallographic symmetry. U1, O1, O2, O5, and O6 are
located on mirror planes. U2 and DMF oxygen O7 lie on two mirror planes and a twofold axis (m2m. site symmetry). The DMF lies in a mirror plane and is further disordered
about a two-fold axis. It was refined with half-occupancy. The DMF atoms could not be
refined freely; all C–N and C–O 1,2- and all 1,3-distances were restrained to appropriate
values using SHELX DFIX and DANG restraints, and the DMF C and N atoms were
assigned a fixed isotropic displacement parameter of 0.15 Å2. This was necessary to
prevent unacceptably large Uiso parameters and is likely because the DMF is slightly
displaced from and disordered across from the mirror plane, though efforts to model this
were unsuccessful. Ligand O3/O4/C1-C8 is located on a two-fold axis and only half is
present per asymmetric unit. The ligand carbon atoms were restrained to lie in a plane
(FLAT). The uranium atoms, all oxygen atoms and atoms of ligand O3/O4/C1–C8 were
refined with anisotropic displacement parameters. A global enhanced rigid-bond restraint
(RIGU) was applied to the anisotropic displacement parameters (adps) of all non-DMF
atoms. The adps were further restrained to approximate a spherical form with an ISOR
restraint. Hydrogen atoms bonded to carbon were placed in geometrically idealized
positions and included as riding atoms with appropriate occupancies. No hydrogen atoms
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could be located, and none were calculated for the μ3-bridging or terminal oxygen atoms.
These are presumably a mixture of oxo, hydroxy or aquo ligands appropriate to satisfy
crystal electroneutrality. However, efforts to model the solvent disorder were
unsuccessful. The Squeeze program in PLATON was used to account for these
species.87,88 The solvent-accessible volume was calculated to be 6582 Å3 per unit cell (66
% of the total cell volume), containing the equivalent of 1381 electrons per unit cell. The
scattering contribution of these diffusely scattering species was added to the structure
factors computed from the modeled part of the structure during refinement. For
comparison, the residual factors were R1/wR2 = 0.0718/0.224 for the best disorder model,
and R1/wR2 = 0.0530/0.1525 after applying the SQUEEZE procedure. The reported
crystal density and F.W. are calculated from the known part of the structure only. The
largest residual electron density peak and hole in the final difference map are +1.46 and –
1.37 e/Å3, located 1.14 and 1.96 Å from U2 and O1, respectively.
Th6-Me2BPDC-10 (Th6C84H60F6O38).
X-ray intensity data from a colorless rod-like crystal were collected at 100(2) K
using a Bruker D8 QUEST diffractometer equipped with a PHOTON-100 CMOS area
detector and an Incoatec microfocus source (Mo Kα radiation, λ = 0.71073 Å). The
crystals decompose and lose crystallinity after ca. 1 h under paratone-N oil. The raw area
detector data frames were reduced and corrected for absorption effects using the Bruker
APEX3, SAINT+ and SADABS programs.82,83 Final unit cell parameters were
determined by least-squares refinement of 9438 reflections taken from the data set. The
structure was solved with SHELXT.84,85 Subsequent difference Fourier calculations and
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full-matrix least-squares refinement against F2 were performed with SHELXL-201684,85
using OLEX2.86
The compound crystallizes in the tetragonal system. The pattern of systematic
absences in the intensity data was consistent with the space groups P42/mmc, P-42c, and
P42mc. The centrosymmetric group P42/mmc (No. 131) was confirmed by structure
solution. The asymmetric unit consists of two crystallographically unique thorium atoms,
two unique μ3-bridging O atoms (O1, O2), two unique terminal oxygen atoms (O6 and
O7), a bridging trifluoroacetate (TFA) anion, two unique C16H12O42– ligands and a large
region of disordered solvent species. The entire Th6 cluster has mmm (D2h) point
symmetry. Most individual species lie on positions of special crystallographic symmetry.
Th1, O1, O2 and O7 are located on a mirror plane. Th2 and O6 lie on two mirror planes
and a two-fold axis (m2m. site symmetry). The TFA anion is simultaneously disordered
across two mirror planes and a two-fold axis (m2m/C2v symmetry) and is represented in
the asymmetric unit by one oxygen atom (O8), two carbon atoms and two half-occupied
fluorine atoms. Ligand O3/O4/C1–C8 is located on a two-fold axis and only half is
present per asymmetric unit. This ligand is full ordered. Ligand O5/C9-C14 is extensively
disordered about a site of high symmetry (mmm/D2h). Only ¼ of this ligand is
independent by symmetry. The six-membered rings (C10–C13) are disordered across
mirror planes. The methyl group of this ligand (atom C14) has four equally likely
positions of attachment to the six-membered ring (C12 and its three symmetryequivalents) and is apparently disordered over these four sites. C14 was therefore refined
with ¼-occupancy. The thorium atoms, all oxygen atoms and atoms of the ordered ligand
O3/O4/C1–C8 were refined with anisotropic displacement parameters. Disordered atoms
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were refined isotropically, some (F1, F2, C14, C15) with arbitrarily fixed displacement
parameters to prevent abnormally large values. The anisotropic displacement parameters
of ligand O3/O4/C1-C8 and of oxygen O8 were restrained to adopt a spherical shape with
an ISOR instruction. C–C distance restraints and a FLAT instruction were applied to
atoms of ligand C9–C14. Hydrogen atoms bonded to carbon were placed in geometrically
idealized positions and included as riding atoms with appropriate occupancies. No
hydrogen atoms could be located, and none were calculated for the μ3-bridging or
terminal oxygen atoms. These are presumably a mixture of oxo, hydroxy or aquo ligands
appropriate to satisfy crystal electroneutrality. Efforts to model the solvent disorder were
unsuccessful. The SQUEEZE program in PLATON was used to account for these
species.87,88 The solvent-accessible volume was calculated to be 7314 Å3 per unit cell
(65% of the total cell volume), containing the equivalent of 1547 electrons per unit cell.
The scattering contribution of this electron density was added to the structure factors
computed from the modeled part of the structure during refinement. For comparison, the
residual factors were R1/wR2 = 0.0497/0.152 for the best disorder model, and R1/wR2 =
0.0350/0.0942 after applying Squeeze. The reported crystal density and F.W. are
calculated from the known part of the structure only. The largest residual electron density
peak and hole in the final difference map are +1.49 and –1.60 e/Å3, located 0.71 and 0.89
Å from Th1, respectively.
Th6-TPDC-NH2-12 (C120H90N6O38Th6).
X-ray intensity data from a colorless polyhedral crystal were collected at 302(2) K
using a Bruker D8 QUEST diffractometer equipped with a PHOTON-100 CMOS area
detector and an Incoatec microfocus source (Mo Kα radiation, λ = 0.71073 Å). The raw
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area detector data frames were reduced and corrected for absorption effects using the
Bruker APEX3, SAINT+ and SADABS programs.82,83 Final unit cell parameters were
determined by least-squares refinement of 9179 reflections taken from the data set. The
structure was solved with SHELXT.84,85 Subsequent difference Fourier calculations and
full-matrix least-squares refinement against F2 were performed with SHELXL-201684,85
using OLEX2.86
The compound crystallizes in the cubic system. The pattern of systematic
absences in the intensity data was consistent with face-centering; no other absences were
observed. The space group Fm-3m was identified from structure solution using the dualspace method XT and confirmed by successful refinement of the initial model. The
asymmetric unit consists of 1/48 of one formula unit. The Th6(µ3-OHy)8(OHy)6 (y = 0, 1
or 2) cluster core is situated about a site of m-3m (Oh) point symmetry. One unique
thorium atom (Th1, site 24e, 4m.m site symmetry), one µ3-O oxygen atom (O2, site 32f,
.3m site symmetry), one terminal oxygen atom (O3, site 96k, site symmetry ..m) and 1/8
of one linking ligand (C1-C7, N1, O1) are present in the asymmetric unit. The ligand is
located at the confluence of two mirror planes and a two-fold axis (ligand centroid at site
48i, site symmetry m.m2). The central ring of the ligand (atoms C7 and N1) is disordered
by symmetry across site 48i. Location of the nitrogen atom of the NH2 substituent bonded
to C7 proved difficult. A difference electron density peak of magnitude 0.25 e/Å3 was
observed near C7 and was modeled as the amino group nitrogen N1. It is disordered over
eight symmetry-equivalent positions and was therefore refined with 1/8 occupancy. The
N1–C7 distance was restrained to 1.4 Å and N1 was restrained to lie in the C7 ring plane.
C7 and N1 were each given fixed isotropic displacement parameters of 0.15 Å2. The
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occupancy of H7 bonded to C7 was likewise fixed at 7/8. The amino hydrogen atoms
could not be located and were not calculated. Terminal oxygen atom O3 is disordered
about a four-fold axis and was refined with ¼ occupancy. Freely refined, its anisotropic
displacement parameter became large compared to that of thorium because of disorder
and it was therefore fixed at 0.10 Å2. All non-hydrogen atoms were refined with
anisotropic displacement parameters (adps). The adps of atoms C2-C6 were restrained to
be approximately spherical with a SHELX ISOR restraint to prevent prolate ellipsoids,
suggesting some disorder. In total 46 restraints were used in modeling disorder and
restraining parameters. Hydrogen atoms bonded to carbon placed in geometrically
idealized positions and included as riding atoms with d(C–H) = 0.93 Å and Uiso(H) =
1.2Ueq(C). Hydroxyl or water hydrogen atoms bonded to µ3-bridging O2 and terminal O3
atoms could not be reliably located and were not calculated. These oxygens are
presumably a disordered mixture of aquo, hydroxy or oxo species suitable to satisfy
crystal electroneutrality. There are large pores between the metal-organic framework, in
which several highly disordered electron density peaks were observed. Attempts to
achieve a reasonable disorder model failed. They are likely a mixture of solvent species
such as DMF and water. They were accounted for with the SQUEEZE technique
implemented in PLATON.87,88 The solvent-accessible volume is 28833 Å3 (73% of the
total unit cell volume) and contains the scattering equivalent of 2735 electrons per unit
cell. The diffraction contribution of these diffusely scattering species was added to the
structure factors computed from the modeled part of the structure during refinement. The
reported formula, formula weight and crystal density refer to modeled species only. The
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largest residual electron density peak in the final difference map is 0.74 e/Å3, located
0.59 Å from O2.
Table 1.2. X-ray structure refinement data for U6-Me2BPDC-8a, Th6-Me2BPDC10a, and Th6-TPDC-NH2-12.a
compound
formula
FW
T, K
crystal system
space group
Z
a, Å
b, Å
c, Å
α, °
β, °
γ, °
V, Å3
dcalc, g/cm3
μ, mm-1
F(000)
crystal size,
mm3
theta range
index ranges

U6-Me2BPDC-8
C70H62N2O34U6
2903.39
223(2)
tetragonal
P42/mmc
2
24.9768(18)
24.9768(18)
15.9864(12)
90
90
90
9973.0(16)
0.967
4.889
2640.0

Th6-Me2BPDC-10
C84H60F6O38Th6
3183.56
100(2)
tetragonal
P42/mmc
2
23.8409(11)
23.8409(11)
19.7162(10)
90
90
90
11206.5(12)
0.943
4.007
2924.0

Th6-TPDC-NH2-12
C120H90N6O38Th6
3616.21
302(2)
cubic
Fm-3m
4
34.0484(16)
34.0484(16)
34.0484(16)
90
90
90
39472(6)
0.609
2.278
6784.0

0.06×0.04×0.04

0.36×0.06×0.04

0.08×0.08×0.08

4.448 to 45.164
-26 ≤ h ≤ 23
-26 ≤ k ≤ 26
-17 ≤ l ≤ 17
79330

4.344 to 56.73
-31 ≤ h ≤ 31
-31 ≤ k ≤ 31
-26 ≤ l ≤ 26
273809

5.216 to 50.072
-39 ≤ h ≤ 40
-34 ≤ k ≤ 40
-39 ≤ l ≤ 40
79586

refl. collected
data/restraints/
3612/272/138
7531/69/157
1779/46/49
parameters
GOF on F2
1.022
1.048
1.085
Largest peak/
1.46/–1.36
1.49/–1.60
0.74/–0.83
hole, e/Å3
R1/wR2,
0.0530/0.1298
0.0350/0.0942
0.0352/0.0868
[I ≥2sigma(I)]b
a
Mo-Kα (λ = 0.71073Å) radiation
b
R1 = Σ||Fo| - |Fc||/ Σ |Fo|, wR2 = {Σ [w(F0-Fc2)2]/S[w(F02)2]}1/2
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Post-synthetic Modification of An- and Zr-based MOFs via Metal-node Extension.
Synthesis and Characterization of Th6U4-Me2BPDC-8.
In order to achieve metal-node extension, 25 mg of Th6-Me2BPDC-10 crystals
was soaked in 1.0 mL of 0.25 M uranyl acetate dihydrate solution in DMF and kept in a
preheated oven at 75 °C for 3 d. The yellow crystals obtained were collected by filtration,
washed thoroughly with DMF, and subjected to single- crystal X-ray analysis (Figure
1.2). Table 1.3 contains the crystallographic refinement data. The PXRD pattern of
Th6U4-Me2BPDC-8 as shown in Figure 1.14, matches the simulated pattern from singlecrystal X-ray data, and shows preservation of MOF integrity after the metal-node
extension process (Figure 1.14). The Th-to-U ratio was determined based on the ICP-MS
analysis, after the prepared sample was thoroughly washed using a Soxhlet extractor for 3
d to remove residual metal salts.

Figure 1.14. (left) PXRD patterns of Th6U4-Me2BPDC-8: simulated (red) and
experimental (black). (right) TGA plot of Th6U4-Me2BPDC-8.
Thermogravimetric analysis was used to study thermal stability of the samples (Figure
1.14), which demonstrated a rapid weight loss up to 300 °C. XPS studies confirmed
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presence of U6+ and Th4+ in the sample, which is consistent with the Th-node extension
determined based on single-crystal X-ray analysis (Figure 1.16).

Figure 1.15. Photographs of Th6-Me2BPDC10 (left) and Th6U4-Me2BPDC-8 (right)
crystallites.

Figure 1.16. (top) XPS survey scan for Th6U4-Me2BPDC-8. (bottom) XPS
data for (left) U(4f) and (right)Th(4f) regions for Th6U4-Me2BPDC-8.
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Synthesis and Characterization Zr6U0.87-Me2BPDC-8.
25 mg of Zr6-Me2BPDC-8 (PCN-700) crystals52 was soaked in 1.0 mL of the 0.25
M uranyl acetate dihydrate solution in DMF and then kept in a preheated oven at 75 °C
for 3 d. Yellow crystals of Zr6U0.87-Me2BPDC-8 were collected by filtration and washed
thoroughly with DMF. The metal node and crystal structure of Zr6U0.87-Me2BPDC-8 are
shown in Figure 1.3. A detailed description of the data collection and refinement details
is given below, and Table 1.3 contains the crystallographic refinement data. The PXRD
patterns of Zr6U0.87-Me2BPDC-8 as shown in Figure 1.17, matches the simulated pattern
from the single-crystal X-ray data. This demonstrates the preservation of framework
integrity after the metal-node extension process (Figure 1.18). Before ICP-MS analysis,
the prepared sample was thoroughly washed using a Soxhlet extractor for 3 d to remove
any possible residual salt. The Zr-to-U metal ratio was determined based on the ICP-MS
analysis. FTIR spectroscopy was employed to confirm the presence of the uranyl unit due
to the presence of the U=O stretches at 913 and 866 cm−1 (Figure 1.18). Thermal stability
of Zr6U0.87-Me2BPDC-8

Figure 1.17. (left) PXRD patterns of Zr6U0.87-Me2BPDC-8: simulated (red) and
experimental (black). (right) TGA plot of Zr6U0.87-Me2BPDC-8.
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was studied using thermogravimetric analysis (Figure 1.17), which demonstrated a rapid
weight loss occurring up to 320 °C. XPS studies demonstrate the presence of Zr4+ and U6+
in the sample, which is consistent with the single-crystal X-ray studies and FTIR
spectroscopic data (Figures 1.3 and 1.18).

Figure 1.18. FTIR spectra of Zr6-Me2BPDC-8 (blue), Zr6U0.87Me2BPDC-8 before washing using a Soxhlet extractor (red), and
Zr6U0.87-Me2BPDC-8 after the 3-day washing procedure using a
Soxhlet extractor (black). Inset shows the presence of the –U=O
stretch in the Zr6U0.87Me2BPDC spectrum after washing using a
Soxhlet extractor and its absence in the spectrum of parent Zr6Me2BPDC-8, confirming coordination of the uranyl unit to the
zirconium metal node.
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Figure 1.19. (top) XPS survey scan for Zr6U0.87-Me2BPDC-8; (bottom) XPS
data for (left) U(4f) and (right) Zr(3d) regions for Zr6U0.87-Me2BPDC-8.
Th/U metal-node extension attempt using the saturated Th6-TPDC-NH2-12.
Following the same metal-node extension procedure performed on the zirconium8 and thorium-10 unsaturated MOF systems, Th/U metal-node extension was attempted
for Th6-TPDC-NH2-12.
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Figure 1.20. (left) The X-ray crystal structure of Th6-TPDC-NH2-12 and (right) Xray crystal structure of Th6(U)-TPDC-NH2-12 showing no structural modification
(extension) of the metal node. The brown, grey, red, and blue spheres represent Th,
C, O, and N, atoms, respectively. The hydrogen atoms and solvent molecules were
omitted for clarity.

Figure 1.21. FTIR spectra of Th6-TPDC-NH2-12 (blue),
Th6(U)-TPDC-NH2-12 after a 3-day washing procedure using a
Soxhlet extractor to remove any residual uranyl salt,
UO2(CH3COO)2·2H2O (red), and UO2(CH3COO)2·2H2O
(black). The spectra show the absence of the uranyl unit (–U=O
stretch present in UO2(CH3COO)2·2H2O at 933 cm-1) in
Th6(U)-TPDC-NH2-12 after the rigorous washing procedure,
confirming no coordination of the uranyl unit to the metal
node.

41

Crystals of Th6-TPDC-NH2-12 (25 mg, 6.9 μmol) were heated in 1.0 mL of 0.25 M
uranyl acetate dihydrate solution in DMF and kept in a preheated oven at 75 °C for 3 d.
The obtained sample Th6(U)-TPDC-NH2-12 was characterized by single-crystal X-ray
diffraction (Table 1.3 and Figure 1.20) and spectroscopic studies (Figure 1.21), both of
which did not reveal the presence of any uranyl ion moiety attached to the thorium metal
node. This further confirmed that the success of the metal-node extension process is
dependent on the saturation of the MOF system
X-ray crystal structure determination.
Th6U4-Me2BPDC-8 (Th6U4C71.56H48O54.17).
X-ray intensity data from a pale-yellow needle crystal were collected at 100(2) K
using a Bruker D8 QUEST diffractometer equipped with a PHOTON-100 CMOS area
detector and an Incoatec microfocus source (Mo Ka radiation, l = 0.71073 Å). The raw
area detector data frames were reduced and corrected for absorption effects using the
Bruker APEX3, SAINT+ and SADABS programs.82,83 Final unit cell parameters were
determined by least-squares refinement of 9217 reflections taken from the data set. The
structure was solved with SHELXT.84,85 Subsequent difference Fourier calculations and
full-matrix least-squares refinement against F2 were performed with SHELXL-201684,85
using OLEX2.86
The compound crystallizes in the tetragonal system. The pattern of systematic
absences in the intensity data was consistent with the space groups P42/mmc, P-42c, and
P42mc. The centrosymmetric group P42/mmc (No. 131) was confirmed by structure
solution. Refinements in lower space groups did not resolve the observed disorder
(below) and were unstable. The structure is a derivative of {structure code H17}. The
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asymmetric unit in P42/mmc is similar to that compound, consisting of two
crystallographically unique thorium atoms, two unique μ3-bridging O atoms (O1, O2),
two unique terminal oxygen atoms (O6 and O7), half of one unique C16H12O42- ligand
and a large region of disordered solvent species. Additionally, two acetate groups bonded
to the Th6 cluster could be modeled (O5A/O5A, C9, C10 and O8, C15, C16), both of
which bridge two Th1 atoms. O5A-C10 is disordered across a mirror plane and was
refined with half-occupancy. O8/C15/C16 is bisected by a mirror plane; only half appears
in the asymmetric unit. Lying in the ac and bc planes along the c axis, in which a
C16H12O42- ligand existed in the unexchanged crystal ({H17}), extensive disorder
obscuring most features was observed. This connecting C16H12O42- ligand parallel to the
‘c’ axis has apparently been replaced. No clear model for the atoms in this region could
be derived because of the disorder. The electron density in this region includes peaks of
very large magnitude which cannot be reasonably assigned as C, O or F. This density is
located in the mirror planes perpendicular to a and b. Six peaks were located whose
occupancies refined to much greater than 100% of an oxygen atom (e.g. > 250% O for
the U1 site). From the synthetic conditions, no atoms heavier than oxygen should
reasonably be present, therefore these peaks must represent partially occupied uranium
atoms from the uranyl acetate reagent. Further support for this comes from the residual
electron density map, especially near the three largest “U” peaks, U1-U3. Two
symmetry-equivalent (mirror-related) peaks at ca. 1.80 Å from U1-U3 were located and
reasonably refined. These atoms form a typical uranyl UO22+ group which would be
expected to persist through the crystal exchange process. Similar peaks near U4-U6 were
also refined as uranyl oxygen atoms. All U–O bonds were restrained to have a similar
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length, and a common occupancy was refined for each U–O pair. U occupancies refined
to: U1, 0.294(4); U2, 0.191(4); U3, 0.143(4); U4, 0.187(4); U5, 0.087(4); U6, 0.109(5).
Only uranyl groups could be modeled; the full uranium coordination environment is
unknown. U6 is too close to acetate group carbon atoms O8/C15/C16 to be present
together in the same asymmetric unit. The carbon atoms of this acetate were therefore
refined with their occupancy values set at 1-occupancy(U6) (0.891(5)). The acetate
oxygen atoms refined full occupancy. A total of 124 restraints were used in modeling
disorder. The carbon atoms of the C16H12O42- ligand were restrained to lie in a plane
(FLAT), and their Uij displacement parameter values were restrained with RIGU and
ISOR instructions. C-C and C-O distances of acetate groups were restrained to
appropriate values (DFIX, SADI). Some uranium atom anisotropic displacement
parameters were restrained to a spherical shape with ISOR. Part of the disordered
interstitial solvent species were accounted for using Squeeze.87,88 A solvent-accessible
void volume of 6505 Å3 was calculated, containing the equivalent of 1554 electrons per
unit cell. The scattering contribution of this electron density was added to the structure
factors computed from the modeled part of the structure during refinement. However,
Squeeze was not used for atoms near the putative uranium atoms in the ab and ac planes.
Doing so would also remove the uranium electron density because the lighter density is in
close proximity to the U peaks. This additional lighter-atom electron density was
therefore modeled as partially occupied O atoms (O71-O75), with occupancies ranging
from 0.32–0.54. The reported crystal density and F.W. are calculated from the known part
of the structure only. All non-hydrogen atoms were refined with anisotropic displacement
parameters except for disordered carbon, oxygen and U5 and U6 atoms (isotropic).
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Hydrogen atoms of the C16H12O42– ligand were placed in geometrically idealized
positions and included as riding atoms with d(C–H) = 0.95 Å and Uiso(H) = 1.2Ueq(C) for
aromatic hydrogen atoms and d(C–H) = 0.98 Å and Uiso(H) = 1.5Ueq(C) for methyl
hydrogen atoms. The methyl hydrogen atoms were allowed to rotate as a rigid group to
the orientation of maximum observed electron density. No hydrogen atoms could be
located, and none were calculated for the acetate ligands the μ3-bridging or terminal
oxygen atoms or any interstitial oxygen atoms. These are presumably a mixture of oxo,
hydroxy or aquo species appropriate to satisfy crystal electroneutrality. The largest
residual electron density peak in the final difference map is 3.64 e/Å3, located 0.96 Å
from Th2.
Zr6U0.87-Me2BPDC-8 (Zr6U0.88C64H48O40.09).
X-ray intensity data from a yellow polyhedral crystal were collected at 100(2) K
using a Bruker D8 QUEST diffractometer equipped with a PHOTON-100 CMOS area
detector and an Incoatec microfocus source (Mo Ka radiation, l = 0.71073 Å). The raw
area detector data frames were reduced and corrected for absorption effects using the
Bruker APEX3, SAINT+ and SADABS programs.82,83 Final unit cell parameters were
determined by least-squares refinement of 9910 reflections taken from the data set. The
structure was solved with SHELXT.84,85 Subsequent difference Fourier calculations and
full-matrix least-squares refinement against F2 were performed with SHELXL-201684,85
using OLEX2.86
The compound crystallizes in the tetragonal system. The pattern of systematic
absences in the intensity data was consistent with the space group P42/mmc, and this
space group was also determined by the intrinsic phasing structure solution method
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(SHELXT). The compound is structurally similar to MOF PCN-700.52 The well-defined
part of the asymmetric unit consists of two crystallographically independent Zr atoms,
two crystallographically independent µ3-O atoms (O1 and O2), two unique terminal O
atoms (O5 and O6) and half of one unique Me2BPDC ligand, and many highly disordered
interstitial electron density peaks. After location and modeling of the Zr6(µ3-OHx)8(OHy)8
framework atoms, two large residual electron density peaks were observed in the
difference map, at 2.2 and 2.4 Å from terminal OH-/H2O atom O5 in the asymmetric unit.
These peaks are disordered about two mirror planes, generating four partially occupied
atoms on each side of the Zr6 cluster, or eight total sites per Zr6 cluster. Refinement as
interstitial water oxygen atoms caused negative displacement parameters or occupancy
factors much greater than one. Both observations suggest these peaks arise from an atom
heavier than oxygen. The distances to cluster oxygen atoms, which are reasonable U–O
distances, and the large occupancy values suggest uranium. Refining the peaks as
uranium atoms U1 and U2 gave occupancies of U1 = 0.160(3) and U2 = 0.060(2), or 0.87
U per Zr6 cluster. The electron density map around these peaks is highly disordered and
difficult to interpret. Four peaks located ca. 1.8 Å from the U atoms and which form a
linear “UO2” may represent uranyl oxygen atoms (O11/O12 and O21/O22). Only these
oxygen atoms could be reasonably modeled with restraints. The complete coordination
environments around the uranium atoms could not be reliably defined because of disorder
and low occupancies. Instead of brute-force over interpretation of the electron density
map, only the two uranyl oxygen atoms were modeled. The occupancies of the uranyl
oxygen atoms as reported are not consistent with those of the U atoms because they likely
reflect contributions from disordered interstitial water oxygens as well as from the uranyl
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O atoms. Fixing uranyl O atom occupancies equal to those of their parent U atoms gave
unstable refinements with poor atomic parameters. Though the model is clearly
incomplete, the presence of the two very large electron density concentrations is strong
crystallographic support for the incorporation of uranium into the structure. The
zirconium and uranium atoms, oxygen atoms O1-O6 and atoms of ligand O3/O4/C1-C8
were refined with anisotropic displacement parameters. The uranyl oxygen atoms were
refined with fixed isotropic displacement parameters of 0.15 Å2. A global enhanced rigidbond restraint (RIGU) was applied to the anisotropic displacement parameters (adps) of
the ligand atoms. The adps were further restrained to approximate a spherical form with
an ISOR restraint. Uranyl U–O distance restraints of 1.77(2) Å were applied. Hydrogen
atoms bonded to carbon were placed in geometrically idealized positions and included as
riding atoms with appropriate occupancies. No hydrogen atoms could be located, and
none were calculated for the μ3-bridging or terminal oxygen atoms. These are presumably
a mixture of oxo, hydroxy or aquo ligands appropriate to satisfy crystal electroneutrality.
Efforts to model the solvent disorder were unsuccessful. The Squeeze program in
PLATON was used to account for these species.87,88 The solvent-accessible volume was
calculated to be 5562 Å3 per unit cell (61.2 % of the total cell volume), containing the
equivalent of 1097 electrons per unit cell. The scattering contribution of these diffusely
scattering species was added to the structure factors computed from the modeled part of
the structure during refinement. For comparison, the residual factors were R1/wR2 =
0.100/0.358 for the best disorder model, and R1/wR2 = 0.059/0.205 after applying
Squeeze. The reported crystal density and F.W. are calculated from the known part of the
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structure only. The largest residual electron density peak and hole in the final difference
map are +1.01 and -0.54 e/Å3, located 2.06 and 0.50 Å from O12.
Th6(U)-TPDC-NH2-12 (C120H90N5O38Th6).
X-ray intensity data from a light-yellow octahedral crystal were collected at
302(2) K using a Bruker D8 QUEST diffractometer equipped with a PHOTON-100
CMOS area detector and an Incoatec microfocus source (Mo Ka radiation, l = 0.71073
Å). The raw area detector data frames were reduced and corrected for absorption effects
using the Bruker APEX3, SAINT+ and SADABS programs.82,83 Final unit cell
parameters were determined by least-squares refinement of 9994 reflections taken from
the data set. The structure was solved with SHELXT.84 Subsequent difference Fourier
calculations and full-matrix least-squares refinement against F2 were performed with
SHELXL-201684 using OLEX2.85
The compound crystallizes in the cubic system. The pattern of systematic
absences in the intensity data was consistent with face-centering; no other absences were
observed. The space group Fm-3m was identified from structure solution using the dualspace method SHELXT and confirmed by successful refinement of the initial model. The
asymmetric unit consists of 1/48 of one formula unit. The Th6(µ3-OHy)8(OHy)6 (y = 0, 1
or 2) cluster core is situated about a site of m-3m (Oh) point symmetry. One unique
thorium atom (Th1, site 24e, 4m.m site symmetry), one µ3-O oxygen atom (O2, site 32f,
.3m site symmetry), one terminal oxygen atom (O3, site 96k, site symmetry ..m) and 1/8
of one linking ligand (C1-C7, N1, O1) are present in the asymmetric unit. The ligand is
located at the confluence of two mirror planes and a two-fold axis (ligand centroid at site
48i, site symmetry m.m2). The central ring of the ligand (atoms C7 and N1) is disordered
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by symmetry across site 48i. Location of the nitrogen atom of the NH2 substituent bonded
to C7 proved difficult. A difference electron density peak of magnitude ca. 0.3 e-/Å3 was
observed near C7 and was modeled as the amino group nitrogen N1. It is disordered over
eight symmetry-equivalent positions and was therefore refined with 1/8 occupancy. The
N1-C7 distance was restrained to 1.4 Å and N1 was restrained to lie in the C7 ring plane.
C7 and N1 were each given a fixed isotropic displacement parameter of 0.15 Å2. The
occupancy of H7 bonded to C7 was likewise fixed at 7/8. The amino hydrogen atoms
could not be located and were not calculated. Terminal oxygen atom O3 is disordered
about a four-fold axis and was refined with ¼ occupancy. Freely refined, its anisotropic
displacement parameter became large compared to that of thorium because of disorder
and it was therefore fixed at 0.10 Å2. All non-hydrogen atoms were refined with
anisotropic displacement parameters (adps). The adps of atoms C2-C6 were restrained to
be approximately spherical with a SHELX ISOR restraint to prevent prolate ellipsoids,
suggesting some disorder. In total 46 restraints were used in modeling disorder and
restraining parameters. Hydrogen atoms bonded to carbon placed in geometrically
idealized positions and included as riding atoms with d(C–H) = 0.93 Å and Uiso(H) =
1.2Ueq(C). Hydroxyl or water hydrogen atoms bonded to µ3-bridging O2 and terminal O3
atoms could not be reliably located and were not calculated. These oxygens are
presumably a disordered mixture of aquo, hydroxy or oxo species suitable to satisfy
crystal electroneutrality. There are large pores between the metal-organic framework in
which several highly disordered electron density peaks were observed. Attempts to
achieve a reasonable disorder model failed. They are likely a mixture of solvent species
such as DMF and water. They were accounted for with the Squeeze technique
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implemented in PLATON.86 The solvent-accessible volume is 28692 Å3 (73% of the total
unit cell volume) and contains the scattering equivalent of 4785 electrons per unit cell.
The diffraction contribution of these diffusely scattering species was added to the
structure factors computed from the modeled part of the structure during refinement. The
reported formula, formula weight and crystal density refer to modeled species only. The
largest residual electron density peak in the final difference map is 1.21 e-/Å3, located
0.55 Å from O2.
Table 1.3. X-ray structure refinement data for Th6U4-Me2BPDC-8a, Zr6U0.87-Me2BPDC8a, and Th6(U)-TPDC-NH2-12 a.
Compound

Th6U4-Me2BPDC-8

formula
C71.5H48O54.1Th6U4.04
FW
4129.75
T, K
100(2)
crystal system
tetragonal
space group
P42/mmc
Z
2
a, Å
24.1119(14)
b, Å
24.1119(14)
c, Å
19.0718(11)
α, °
90
β, °
90
γ, °
90
3
V, Å
11088.0(14)
3
dcalc, g/cm
1.237
-1
μ, mm
6.992
F(000)
3646.0
crystal size,
0.16×0.06×0.06
mm3
theta range
4.272 to 52.814
-30 ≤ h ≤ 30
index ranges
-30 ≤ k ≤ 30
-23 ≤ l ≤ 23
refl. collected
218890
data/restraints
6167/124/212
/ parameters
GOF on F2
1.217

C64H48O40.09U0.88Zr6
2213.98
100(2)
tetragonal
P42/mmc
2
24.0528(9)
24.0528(9)
15.7060(7)
90
90
90
9086.5(8)
0.809
1.148
2146.0

Th6(U)-TPDCNH2-12
C120H90N5O38Th6
3616.21
302(2)
Cubic
Fm-3m
4
34.0106(11)
34.0106(11)
34.0106(11)
90
90
90
39341(4)
0.611
2.286
6784.0

0.06×0.04×0.04

0.08 × 0.06 × 0.04

4.266 to 50.176
–28 ≤ h ≤ 28
–28 ≤ k ≤ 28
–18 ≤ l ≤ 18
83728

4.79 to 52.692
-29 ≤ h ≤ 42
-41 ≤ k ≤ 42
-42 ≤ l ≤ 42
50765

4425/135/154

2026/46/48

1.048

1.099

Zr6U0.87-Me2BPDC-8
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Largest peak/
3.64/-3.57
hole, e/Å3
R1/wR2,
[I
0.0980/0.2063
≥2sigma(I)]b
a
Mo-Kα (λ = 0.71073Å) radiation
b

1.01/–0.54

1.21/-1.96

0.0586/0.1820

0.0392/0.1067

R1 = Σ||Fo| - |Fc||/ Σ |Fo|, wR2 = {Σ [w(F0-Fc2)2]/S[w(F02)2]}1/2

Post-Synthetic Modification of An- and Zr-based MOFs via Transmetalation.
Synthesis and Characterization of Th5.64U0.36-Me2BPDC-8.
The synthesis of Th5.64U0.36-Me2BPDC-8 was performed via the transmetalation
procedure. Green crystals of U6-Me2BPDC-8 were washed once with DMF and soaked in
a 0.20 mL solution of 0.17 M ThCl4 in DMF for 3 d at room temperature. After 3 d, the
resulting colorless crystals of Th5.64U0.36-Me2BPDC-8 were collected by centrifugation
and washed thoroughly three times with DMF. The obtained colorless crystals were
suitable for single-crystal X-ray analysis (Figure 1.5). Table 1.4 contains the
crystallographic refinement data. As shown in Figure 1.22, the PXRD pattern of
Th5.64U0.36-Me2BPDC-8 matches the simulated pattern from the single-crystal X-ray data.
PXRD studies were used to confirm crystallinity of the bulk material (Figure 1.22).

Figure 1.22. (left) PXRD patterns of simulated Th6-Me2BPDC-8 (red) and
experimental Th5.64U0.36-Me2BPDC-8 (black). (right) TGA plot of Th5.64U0.36Me2BPDC-8.
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The Th-to-U ratio was determined based on the ICP-MS analysis. Thermal stability of
Th5.64U0.36-Me2BPDC-8 was studied using thermogravimetric analysis (Figure 1.22). The
FTIR spectrum of Th5.64U0.36-Me2BPDC-8 is shown in Figure 1.23.

Figure 1.23. FTIR spectrum of Th5.64U0.36Me2BPDC-8.
Zr-to-Th transmetalation attempt using Zr6-Me2BPDC-8.
Following the same transmetalation procedure performed on the uranium-8 MOF
system, an attempt at Zr-to-Th transmetalation was made using Zr6-Me2BPDC-8. The
colorless crystals of Zr6-Me2BPDC-8 (20 mg, 11 μmol) were heated in 2.0 mL of ThCl4
solution (67 mM) in DMF at 75 °C for an extended period of 14 d. The obtained sample
Zr6(Th)-Me2BPDC-8 was characterized by single-crystal X-ray diffraction and
spectroscopic studies, both of which did not reveal the presence of thorium in the MOF
framework and is in line with our estimated energy of formation (Figure 1.4).
X-ray crystal structure determination.
Th5.64U0.36-Me2BPDC-8 (Th6C64H48O34).
X-ray intensity data from a colorless tablet were collected at 223(2) K using a
Bruker D8 QUEST diffractometer equipped with a PHOTON-100 CMOS area detector
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and an Incoatec microfocus source (Mo Ka radiation, l = 0.71073 Å). At lower
temperatures, the diffraction pattern showed significantly fewer high-angle reflections.
The crystals were not stable at room temperature. The raw area detector data frames were
reduced and corrected for absorption effects using the Bruker APEX3, SAINT+ and
SADABS programs.82,83 Final unit cell parameters were determined by least-squares
refinement of 9750 reflections taken from the data set. The structure was solved with
SHELXT.84,85 Subsequent difference Fourier calculations and full-matrix least-squares
refinement against F2 were performed with SHELXL-201684,85 using OLEX2.86
The compound crystallizes in the tetragonal system. The pattern of systematic
absences in the intensity data was consistent with the space groups P42/mmc, P-42c and
P42mc. The centrosymmetric group P42/mmc (No. 131) was identified by SHELXT and
confirmed by structure solution. The asymmetric unit consists of two crystallographically
unique thorium atoms, two unique μ3-bridging O atoms (O1 and O2), three unique
terminal oxygen atoms (O5, O6 and O7), half of one unique C16H12O42- ligand and a large
region of disordered solvent species. The Th6 cluster has crystallographic mmm (D2h)
point symmetry. Most individual species lie on positions of special crystallographic
symmetry. Th1, O1, O2, O5, and O6 are located on mirror planes. The Th2 and O7 atoms
lie on two mirror planes and a two-fold axis (m2m. site symmetry). The C16H12O42- ligand
(O3/O4/C1-C8) is located on a two-fold axis and only half is present per asymmetric unit.
The ligand carbon atoms were restrained to lie in a plane (SHELX FLAT instruction). All
non-hydrogen atoms were refined with anisotropic displacement parameters. A total of
188 restraints were necessary for a physically reasonable refinement. A global enhanced
rigid-bond restraint (RIGU) was applied to the anisotropic displacement parameters
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(adps) of all atoms. The adps of O5, O6, and C8 atoms were further restrained to
approximate a spherical form with an ISOR restraint. Hydrogen atoms bonded to carbon
were located in Fourier difference maps before being placed in geometrically idealized
positions and included as riding atoms with d(C–H) = 0.95 Å and Uiso(H) = 1.2Ueq(C) for
aromatic hydrogen atoms and d(C–H) = 0.98 Å and Uiso(H) = 1.5Ueq(C) for methyl
hydrogens. The methyl hydrogens were allowed to rotate as a rigid group to the
orientation of maximum observed electron density. No hydrogen atoms could be located,
and none were calculated for the μ3-bridging or terminal oxygen atoms. These are
presumably a mixture of oxo, hydroxyl, or aquo ligands appropriate to satisfy crystal
electroneutrality. Efforts to model the solvent disorder were unsuccessful. The
SQUEEZE program in PLATON was used to account for these species.87,88 The solventaccessible volume was calculated to be 7926 Å3 per unit cell (73% of the total cell
volume), containing the equivalent of 1286 electrons per unit cell. The scattering
contribution of these diffusely scattering species was added to the structure factors
computed from the modeled part of the structure during refinement. For comparison, the
residual factors were R1/wR2 = 0.054/0.190 for the best disorder model, and R1/wR2 =
0.034/0.096 after applying Squeeze. The reported crystal density and F.W. are calculated
from the known part of the structure only. The largest residual electron density peak in
the final difference map is 1.54 e/Å3, located 2.16 Å from O5.
Zr6(Th)-Me2BPDC-8 (Zr6C64H48O32).
X-ray intensity data from a colorless block were collected at 100(2) K using a
Bruker D8 QUEST diffractometer equipped with a PHOTON-100 CMOS area detector
and an Incoatec microfocus source (Mo Ka radiation, l = 0.71073 Å). The raw area
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detector data frames were reduced and corrected for absorption effects using the Bruker
APEX3, SAINT+ and SADABS programs.82,83 Final unit cell parameters were
determined by least-squares refinement of 6909 reflections taken from the data set. The
structure was solved with SHELXT.84,85 Subsequent difference Fourier calculations and
full-matrix least-squares refinement against F2 were performed with SHELXL-201684,85
using OLEX2.86
The compound crystallizes in the tetragonal system. The pattern of systematic
absences in the intensity data was consistent with the space groups P42/mmc, P-42c, and
P42mc. The centrosymmetric group P42/mmc (No. 131) was identified by SHELXT and
confirmed by structure solution. The asymmetric unit consists of two crystallographically
unique zirconium atoms, two unique μ3-bridging O atoms (O1 and O2), two unique
terminal oxygen atoms (O5 and O6), half of one unique C16H12O42– ligand and a large
region of disordered solvent species. The Zr6 cluster has crystallographic mmm (D2h)
point symmetry. The site occupancy values of both unique Zr atoms refined to 100% Zr
within experimental error, i.e., no thorium is mixed onto the metal sites. Most individual
species lie on positions of special crystallographic symmetry. Zr1, O1, O2, O5, O6 are
located on mirror planes. Zr2 lies on two mirror planes and a two-fold axis (m2m. site
symmetry). Ligand O3/O4/C1-C8 is located on a two-fold axis and only half is present
per asymmetric unit. The zirconium atoms, all oxygen atoms and atoms of ligand
O3/O4/C1-C8 were refined with anisotropic displacement parameters. A global enhanced
rigid-bond restraint (RIGU) was applied to the anisotropic displacement parameters
(adps) of the ligand atoms. The ligand adps were further restrained to approximate a
spherical form with an ISOR restraint. Hydrogen atoms bonded to carbon were placed in
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geometrically idealized positions and included as riding atoms with appropriate
occupancies. No hydrogen atoms could be located, and none were calculated for the μ3bridging or terminal oxygen atoms. These are presumably a mixture of oxo, hydroxy or
aquo ligands appropriate to satisfy crystal electroneutrality. Efforts to model the solvent
disorder were unsuccessful. There is no strong crystallographic support for the existence
of heavy atoms (i.e., thorium) in the cavities, as all observed electron density peaks are
small and refine to an occupancy value of ca. <50% oxygen. The Squeeze program in
PLATON was used to account for the disordered species.88 The solvent-accessible
volume was calculated to be 5953 Å3 per unit cell (69% of the total cell volume),
containing the equivalent of 1193 electrons per unit cell. The scattering contribution of
these diffusely scattering species was added to the structure factors computed from the
modeled part of the structure during refinement. The reported crystal density and F.W.
are calculated from the known part of the structure only. The largest residual electron
density peak and hole in the final difference map are +0.66 and –0.95 e-/Å3, located 1.18
and 2.12 Å from O6 and O1, respectively.
Table 1.4. X-ray structure refinement data for Th5.64U0.36Me2BPDC-8a and Zr6(Th)-Me2BPDC-8.a
compound
formula
FW
T, K
crystal system
space group
Z
a, Å
b, Å
c, Å
α, °
β, °

Th6-Me2BPDC-8
C64H48O34Th6
2753.26
232(2)
tetragonal
P42/mmc
2
24.8785(8)
24.8785(8)
17.5034(6)
90
90
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Zr6(Th)-Me2BPDC-8
C64H48O32Zr6
1876.34
100(2)
tetragonal
P42/mmc
2
24.4443(11)
24.4443(11)
14.3985(6)
90
90

γ, °
V, Å3
dcalc, g/cm3
μ, mm-1
F(000)
crystal size,
mm3
theta range
index ranges

90
10833.5(8)
0.844
4.133
2488.0

90
8603.4(9)
0.724
0.386
1856.0

0.2×0.1×0.04

0.06×0.04×0.04

4.338 to 52.788
-31 ≤ h ≤ 31
-31 ≤ k ≤ 31
-21 ≤ l ≤ 21
132853

4.372 to 50.096
–29 ≤ h ≤ 26
–28 ≤ k ≤ 29
–16 ≤ l ≤ 16
44828

refl. collected
data/restraints/
5997/188/130
parameters
GOF on F2
1.037
Largest peak/
1.54/-0.92
hole, e/Å3
R1/wR2,
0.0335/0.0872
[I ≥2sigma(I)]b
a
Mo-Kα (λ = 0.71073Å) radiation
b

4165/130/126
1.072
0.66/–0.95
0.0530/0.1489

R1 = Σ||Fo| - |Fc||/ Σ |Fo|, wR2 = {Σ [w(F0-Fc2)2]/S[w(F02)2]}1/2

Capping Linker Installation – MOF Sealing Technique
General Procedure of Capping Linker Installation.
Compounds

Th5.64U0.36-Me2BPDC-8(SDC)-10

(SDC2−

=

4,4′-

stilbenecarboxylate), Zr6U0.87-Me2BPDC(SDC)-10, Th6-Me2BPDC(TPDC-NH2)-12 were
synthesized by the capping linker installation in the parent Th5.64U0.36-Me2BPDC-8,
Zr6U0.87-Me2BPDC-8, Th6-Me2BPDC-10, and Zr6-Me2BPDC-8 MOFs respectively,
based on a modified literature procedure.52 Crystals of the parent MOFs were heated in a
DMF solution of the corresponding capping linker at 75 °C for 24 h (Table 1.1). The
obtained crystals were collected by filtration. The modified MOFs were thoroughly with
hot DMF to remove any residual capping linker. Simultaneous incorporation of both
actinides as guests and capping linker installation process was performed by heating
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UO2(CH3COO)2∙2H2O or ThCl4, the parent MOF, and the organic linker of interest in
DMF at 75 °C for 24 h.
Digestion Procedure.
To study and confirm the composition of the installed linkers in the parent MOFs,
the prepared MOFs were analyzed by 1H NMR spectroscopy. A solution of 500 μL of
DMSO-d6 and 3 μL of concentrated HCl was added to 5 mg of the material, followed by
sonication until complete sample dissolution. The percent of capping linker installation
was calculated based on linker ratios found in the 1H NMR spectra of the digested
samples. The amount of capping linker can be calculated from geometrical analysis of
parent MOF structure and length of capping linker as shown by Zhou and co-workers.60
Synthesis and Characterization of Th6-Me2BPDC(TPDC-NH2)-12.
The

Th6-Me2BPDC(TPDC-NH2)-12

framework

was

synthesized

through

installation of the capping linker, H2TPDC-NH2, into parent MOF Th6-Me2BPDC-10.

Figure 1.24. PXRD patterns of simulated
Th6-Me2BPDC-10 (red) and experimental
Th6-Me2BPDC(TPDC-NH2)-12 (black).
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The colorless crystals of Th6-Me2BPDC-10 (20.0 mg, 6.28 μmol) were heated in a
4 mL solution of 15.0 mM H2TPDC-NH2 in DMF at 75 °C in a preheated oven for 24 h.
The as-synthesized Th6-Me2BPDC(TPDC-NH2)-12 was thoroughly washed with hot
DMF (X mL) to remove any residual capping linker. Based on 1H NMR spectroscopic
analysis of

Figure 1.25. FTIR spectra of Th6-Me2BPDC-10 (blue), H2TPDCNH2 (red), and Th6-Me2BPDC (TPDC-NH2)-12 (black). Insets a and
b show –NH and –CN stretches, respectively, present in H2TPDCNH2 and Th6-Me2BPDC(TPDC-NH2) spectra and absent in the Th6Me2BPDC-10 spectrum confirming installation of the TPDC-NH22–
capping linker.
the digested sample (Figure 1.26), we found that 80% of the capping linker TPDC-NH22−
was installed. The installation of TPDC-NH22− was also confirmed by the presence of
−NH and −CN stretches (3331 and 1175 cm-1) in the FTIR spectrum of Th6Me2BPDC(TPDC-NH2)-12 (Figure 1.25). PXRD studies were used to confirm
preservation of framework integrity after capping linker installation (Figure 1.24).
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Figure 1.26. 1H NMR spectrum of digested Th6-Me2BPDC(TPDC-NH2)-12.
Resonances corresponding to H2Me2BPDC and H2TPDC-NH2, which were chosen for
calculations of capping linker installation, are highlighted in grey. The TPDC-NH22–
installation was found to be 80%.
Synthesis and Characterization of Th5.64U0.36-Me2BPDC(SDC)-10.
The

Th5.64U0.36-Me2BPDC(SDC)-10

framework

was

synthesized

through

installation of a capping linker, H2SDC, into parent MOF Th5.64U0.36-Me2BPDC-8. In a
20 mL vial, the crystals of Th5.64U0.36-Me2BPDC-8 (7.00 mg, 2.54 μmol) were soaked in
a DMF solution of H2SDC (8.00 mM, 4 mL) at 75 °C for 24 h. The as-synthesized
Th5.64U0.36-Me2BPDC(SDC)-10 was collected by centrifugation and washed thoroughly
with hot DMF (X mL). Based on 1H NMR spectroscopic analysis of the digested sample,
SDC2− installation was found to be 76% (Figure 1.28). PXRD analysis confirmed
preservation of MOF integrity after capping linker installation. As expected, due to
additional coordination of the capping linker, SDC2−, the PXRD pattern of Th5.64U0.36Me2BPDC(SDC)-10 matches that of Th6-Me2BPDC-10 (Figure 1.27).
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Figure 1.27. (left) PXRD patterns of simulated Th6-Me2BPDC-8 (red), experimental
Th5.76U0.24-Me2BPDC-8 (black), experimental Th5.64U0.36-Me2BPDC(SDC)-10 (blue),
and simulated Th6-Me2BPDC-10 (green). (right) PXRD patterns of simulated Th6Me2BPDC-10 (green) and experimental Th5.64U0.36-Me2BPDC(SDC)-10 (blue).

Figure 1.28. 1H NMR spectrum of digested Th5.64U0.36-Me2BPDC(SDC)-10.
Resonances corresponding to H2Me2BPDC and H2SDC, which were chosen for
calculations of capping linker installation, are highlighted in grey. Installation of the
SDC2– capping linker was found to be 76%.
Synthesis
).
and Characterization of Zr6U0.87-Me2BPDC(SDC)-10.
The Zr6U0.87-Me2BPDC(SDC)-10 framework was synthesized through the
installation of the capping linker, H2SDC, into parent MOF Zr6U0.87-Me2BPDC-8. In a 20
mL vial, yellow crystals of Zr6U0.87-Me2BPDC-8 (25.0 mg, 11.3 μmol) were heated in a
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Figure 1.29. The simulated PXRD pattern of Zr6Me2BPDC(NDC)-1060 (NDC2− = naphthalene-2,6dicarboxylate) (red) and experimental PXRD pattern
of Zr6U0.87-Me2BPDC(SDC)-10 (black).

Figure 1.30. 1H NMR spectrum of digested Zr6U0.87-Me2BPDC(SDC)-10.
Resonances corresponding to H2Me2BPDC and H2SDC, which were chosen
for calculations of the capping linker installation, are highlighted in grey.
Installation of the SDC2– capping linker was found to be 50%.
10 mL solution of 8.0 mM H2SDC in DMF at 75 °C for 24 h. The as-synthesized
Zr6U0.87-Me2BPDC(SDC)-10 was collected by centrifugation and washed thoroughly
with hot DMF. Based on the 1H NMR spectroscopic analysis of the digested sample
(Figure 1.30), the SDC2− capping linker installation was found to be 50%. PXRD studies
were used to confirm MOF integrity after capping linker installation (Figure 1.29).
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CHAPTER 2
THERMODYNAMICS AND ELECTRONIC PROPERTIES OF
HETEROMETALLIC MULTINUCLEAR ACTINIDE-CONTAINING
METAL-ORGANIC FRAMEWORKS WITH “STRUCTURAL
MEMORY”

Ejegbavwo, O. A.; Martin, C. R.; Olorunfemi, O. A.; Leith, G. A.; Ly, R. T.; Rice, A.
M.; Dolgopolova, E. A.; Smith, M. D.; Karakalos, S. G.; Birkner, N.; Powell, B. A.;
Pandey, S.; Koch, R. J.; Misture, S. T.; zur Loye, H. -C.; Phillpot, S. R.; Brinkman, K. S.;
and Shustova, N. B. J. Am. Chem. Soc. 2019 141, 11628-11640
Reprinted here with permission of publisher.

72

This chapter discusses the thermodynamic studies of actinide-containing
metal−organic frameworks (An-MOFs), reported herein for the first time, as a step
toward addressing challenges related to effective nuclear waste administration. In
addition to An-MOF thermochemistry, enthalpies of formation were determined for the
organic linkers, 2,2′-dimethylbiphenyl-4,4′-dicarboxylic acid (H2Me2BPDC) and
biphenyl-4,4′-dicarboxylic acid (H2BPDC), which are commonly used building blocks
for MOF preparation. The electronic structure of the first example of an An-MOF with
mixed-metal AnAn′-nodes was influenced through coordination of transition metals as
shown by the density of states near the Fermi edge, changes in the Tauc plot,
conductivity measurements, and theoretical calculations. The “structural memory” effect
(i.e., solvent-directed crystalline−amorphous−crystalline structural dynamism) was
demonstrated as a function of node coordination degree, which is the number of organic
linkers per metal node. Remarkable three-month water-stability was reported for the Thcontaining frameworks, and the mechanism was also considered for improvement of the
behavior of a U-based framework in water. Mechanistic aspects of capping linker
installation

were

highlighted

through

crystallographic

characterization

of

the

intermediate. Additionally, theoretical calculations of free energies of formation (ΔGf) for
U- and Th-MOFs with 10- and 12-coordinated secondary building units (SBUs) were
performed to elucidate experimentally observed transformations during the installation
processes. Overall, these results are the first thermochemical, electronic, and mechanistic
insights for the relatively young class of actinide-containing frameworks.
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2.1. INTRODUCTION
The stability of actinide-containing architectures and their chemical interactions
with the environment have been increasingly studied over the past decades because of
their applications in nuclear waste administration.1-4 Due to their modularity, structural
versatility, high porosity, and high tunability, metal−organic frameworks (MOFs)5-9 have
been studied as a platform for nuclear waste sequestration10 and actinide
immobilization,11 resulting in the development of materials12 with a high actinide content
and possessing minimal structural density.13-21 However, the field of actinide-based
MOFs,22 especially in comparison with non-actinide-containing frameworks,23-27 suffers
from the fact that fundamental properties including thermodynamics, electronics, or
detailed photophysics have not been investigated. Herein, we report (i) the first
thermochemical studies of An-based MOFs including several examples of the common
organic linkers, (ii) the first example of heterometallic multinuclear An-MOF nodes with
a coordinated transition metal and the first electronic structure studies using density of
states (DOS) and conductivity measurements, (iii) demonstration of over three-month
water stability of a Th-MOF, (iv) structural “crystalline−amorphous−crystalline” cycling
of An-MOFs as a function of metal node geometry, and (v) theoretical studies
establishing the dependence of An-MOF stability on the nature of linker connectivity to
the secondary building unit (SBU, Scheme 2.1). In addition, novel actinide-containing
frameworks, M-Linker-n, (M = a metal (Th, U) in the node, Linker = an organic linker,
and n = number of carboxylic groups attached to a metal node) such as
Th6O4(OH)4(NO3)2(Me2BPDC)5

(Th6-Me2BPDC-NO3-10;

Me2BPDC2−

=

2,2′-

dimethylbiphenyl-4,4′-dicarboxylate), Th6O4(OH)8(Me2BPDC)4 (Th6-Me2BPDC-8), and
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U6O4(OH)4(TFA)2(Me2BPDC)5 (U6-Me2BPDC-TFA-10, TFA = trifluoroacetate, Figures
1.1 and 2.11), were prepared.

Scheme 2.1. Overview of the Presented
Results:
Thermodynamics,
Electronic
Structure, and “Structural Memory” Effect
of An-MOFs.
The discussion in this paper will be organized in the following order: synthetic
details and chemical stability of the An-MOFs, their thermochemical studies including
the measurements for organic linkers, analysis of the electronic structure of the
heterometallic An-MOFs, “structural memory” effect of An-MOFs (i.e., solvent-directed
crystalline−amorphous−crystalline cycling as a function of metal node geometry), and
mechanistic insights on the capping linker installation process (i.e., post-synthetic linker
coordination to framework metal nodes). The comprehensive analysis of An-MOFs
includes single-crystal and powder X-ray diffraction (PXRD), inductively coupled
plasma mass spectrometry (ICP-MS), conductivity, solution calorimetric measurements,
thermogravimetric analysis, nuclear magnetic resonance (NMR), Fourier transform
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infrared (FTIR), and X-ray photoelectron spectroscopies (XPS), as well as theoretical
modeling.
2.2. RESULTS AND DISCUSSION
2.2.1. Synthetic Details and Chemical Stability
Preparation

of

Th6O4(OH)4(NO3)2(Me2BPDC)5

(Th6-Me2BPDC-NO3-10),

consisting of Th-metal nodes (Figures 2.1 and 2.11), has been performed solvothermally
by heating Th(NO3)4·H2O and H2Me2BPDC in N,N-dimethylformamide (DMF) at 120
°C for 24 h (Figure 2.11), more experimental details can be found in the Experimental
Section below). The presence of labile nitrate groups coordinated to the equatorial
position of metal nodes allowed us to perform post-synthetic linker installation as
described below (Figure 2.6). The Th6O4(OH)4(BPDC)6(DMF)6 MOF (Th6-BPDC-12;
BPDC2− = biphenyl-4,4′-dicarboxylate) was prepared by heating Th(NO3)4·H2O and
H2BPDC in DMF at 120 °C for 72 h.
Modification of the synthetic conditions by increasing the molar ratio of metal salt
to linker used for Th6-Me2BPDC-NO3-10 preparation, allowed us to reduce the “metalnode- saturation degree” resulting in the synthesis of Th6-Me2BPDC-8 with eight linkers
per metal node versus ten Me2BPDC2− observed for Th6-Me2BPDC-NO3-10. Unsaturated
nodes (i.e., with a number of linkers <12) can affect framework chemical stability28 as
discussed below. We were able to isolate two different phases of Th6-Me2BPDC-8: Th6Me2BPDC-8a and Th6-Me2BPDC-8b. The Th6-Me2BPDC-8b MOF crystallizes in the
tetragonal P42/mmc space group (a = b = 25.5223(17) Å and c = 14.6275(11) Å), while
Th6-Me2BPDC-8a is isostructural to previously reported U6-Me2BPDC-8,3 (P42/ mmc
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space group) possessing a = b = 24.9768(18) Å and c = 15.9864(12) Å unit cell
parameters.

Figure 2.1. (top) Two views of secondary
building units: 8-coordinated (top), 10coordinated (middle), and 12-coordinated
metal nodes (bottom). (bottom, left) PXRD
patterns of U6-Me2BPDC-8 (simulated),3
Th6-Me2BPDC-8a (experimental), Th6Me2BPDC-8b (simulated), and Th6Me2BPDC-8a in water (experimental).
(bottom, right) X-ray crystal structure of
Th6-Me2BPDC-8b. The teal, red, and gray
spheres represent Th, O, and C atoms,
respectively. Hydrogen atoms and solvents
molecules were omitted for clarity.
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A phase transition from Th6-Me2BPDC-8a to Th6-Me2BPDC-8b was observed after
soaking of Th6-Me2BPDC-8a in water, and then the reverse transformation from Th6Me2BPDC-8b to Th6-Me2BPDC-8a was detected through re-immersion of Th6Me2BPDC-8b into DMF (Figure 2.12). Since Th6-Me2BPDC-8a was isolated as the major
pure phase, it has been chosen for further comprehensive analysis described below, and it
will be referred to as “Th6-Me2BPDC-8” (without “a”) in the rest of the manuscript for
simplicity.
As a first step to study the thermochemistry and electronic structure of An-MOFs,
we explored their chemical stability. For instance, we observed significantly different
behavior of Th-MOFs (Th6-Me2BPDC-8 or Th6-Me2BPDC-NO3-10) versus U6Me2BPDC-8, which could be partially explained by a wide range of accessible oxidation
states in the latter case. Crystals of Th6-Me2BPDC-8 were immersed in water, and
changes in crystallinity were monitored by PXRD. We found that Th6-Me2BPDC-8
remained stable in water for three months, the longest time reported for any An-MOFs,
rendering Th6-Me2BPDC-8 as one of the most water stable An-MOFs reported to date
(Figure 2.2). Following this result, the stability of U6-Me2BPDC-8 was also explored.
Crystals of U6-Me2BPDC-8 were soaked in water for a week under a nitrogen
atmosphere. The uranium-based MOF retained its crystallinity under prolonged
immersion in water, preserving uranium in the +4-oxidation state, a unique feature which
was only achieved due to the fact that the framework was kept under an inert atmosphere.
In air, U4+ transforms to U6+ based on XPS studies leading to framework degradation. In
contrast, Th6-Me2BPDC-8 (Th has only one stable oxidation state, +4) does not require
this specific precaution, and as expected, Th4+ was preserved in air. Under a nitrogen
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atmosphere, U6-Me2BPDC- 8 not only retains its crystallinity, but the single crystals were
still suitable for single-crystal X-ray diffraction analysis (Figure 2.2).

Figure 2.2. (top) X-ray crystal structures of U6Me2BPDC-8: as- synthesized, after 1 day in
water, and after 4 days in water. (bottom, left)
PXRD patterns of U6-Me2BPDC-8: simulated,
after 1 day in water, after 4 days in water, and
after 7 days in water. (bottom, middle) PXRD
patterns of Th6-Me2BPDC-8: simulated, after 7
days in water, after 14 days in water, and after
three months in water. (bottom, right) PXRD
patterns of Th6Me2BPDC-NO3-10 after 3, 7,
and 11 days in water.
A crystallographic comparison between as-synthesized U6-Me2BPDC-8 and the same
sample after immersion in water for 4 days revealed that the framework structure
compressed along the c-axis (Δ = 0.87 Å) and exhibited a slight elongation along the a
and b axes (Δ = 0.17 Å) resulting in an overall unit cell volume shrinkage (Δ = 417 Å3)
from 9972 Å3 to 9555 Å3.
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Prompted by the successful water stability experiments with the An-MOF-8, we
proceeded to analyze the stability of An- MOFs with 10-coordinated SBUs, specifically
Th6-Me2BPDC- NO3-10. The same unexpected result was observed for Th6-Me2BPDCNO3-10, which was found to be stable in water for 11 days (Figure 2.2). The FTIR
spectroscopic studies of the water-treated An-MOFs (Figures 2.16 and 2.17) confirmed
the replacement of DMF with water in the MOFs through monitoring the gradual increase
of the broad band corresponding to the ν(O−H) (3400 cm−1) stretching mode of water, as
well as the decrease of stretching modes corresponding to DMF molecules (2927 cm−1,
1254 cm−1, 1137 cm−1, and 1090 cm−1). To summarize, we demonstrated that An-MOFs,
in particular, Th-containing frameworks can substantially surpass the previously reported
limited stability and, in fact, can retain their structural integrity in aqueous environments
for significant lengths of time.
The effect of a saturated metal node on An-MOFs was evaluated using a Th-based
MOF with 12-coordinated SBUs (Th6-BPDC-12).29 This MOF, which is analogous to the
very stable Zr-based MOF (UiO-67, UiO = University of Oslo),30 was observed to also be
extremely stable in water for at least one month (Figure 2.35). However, no reversible
structural transformations were detected in this system, implying that MOF structural
dynamism is a function of a metal-node saturation degree.28
After the water stability tests, we investigated the stability of the robust Th6Me2BPDC-8 in air. The structural degradation and subsequent restoration of the
crystallinity of the 8-coordinate Th-MOF in different solution environments were
monitored by PXRD. When the Th6-Me2BPDC-8 is exposed to air, we observed
significant framework degradation as shown in Figure 2.3.
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Figure 2.3. (left) PXRD patterns of Th6Me2BPDC-8: as-synthesized (red), in air for 1
day (gray), in air for 7 days (gray), and restored
in DMF for 1 h after prolonged exposure to air
(red). (right) XPS data for the valence band
region for U1.23Th4.77Co3-Me2BPDC-8 (U/ThCo-8) (green) and U1.23Th4.77-Me2BPDC-8
(U/Th-8) (purple).
2.2.2. Thermochemical Studies.
Intrigued by the exceptional water stability of the An-MOFs, we delved into
thermochemical studies to acquire fundamental knowledge that is not currently available
for any actinide-based frameworks. However, this information is a cornerstone for future
MOF phase development and possibly could shed light on the energetics of host−guest
interactions inside such frameworks.35-37 Specifically, we determined the enthalpies of
dissolution (ΔHs) and formation (ΔHf) for two different linkers, H2MeBPDC and
H2BPDC, commonly used in the field of MOFs to ensure that such information can be
used for further thermochemical MOF studies. Due to the high stability described above,
the Th6-Me2BPDC-8 framework was chosen for room temperature solution calorimetry
measurements to determine the standard enthalpy of formation (ΔHf°, Tables 2.1, 2.2,
and 2.3). To perform this study, the sample was placed in a controlled atmosphere
glovebox (0.2 ppm of O2 and H2O) loaded into glass ampules and subsequently sealed.

81

The ampule was then transferred to a TAM III (TA Instruments) room temperature
solution microcalorimeter and immersed in a 2:1 (v:v) 5 M HCl/DMF solvent system
while recording changes in temperature onset values.38 Thermochemical cycle reaction
equations were employed to calculate the reaction dissolution enthalpy, and
experimentally measured and related thermodynamic values were used to calculate the
enthalpy of formation for Th6-Me2BPDC-8.
Table 2.1. Enthalpies of Formation of Th6-Me2BPDC-8 Evacuated and Non-evacuated,
H2Me2BPDC, and H2BPDC Computed from Experimental Thermodynamic Dataa
ΔHs kJ/mol
ΔHf,298 K, kJ/mol
b
c
Th6-Me2BPDC-8
−383.73 ± 7.75
−14317.45 ± 8.6d
Th6-Me2BPDC-8 (evacuated) −312.21b ± 6.53c
−9387.08 ± 7.72e
ThO2 (Thorianite)
311.65 ± 1.8e, 40
−1226.4 ± 3.5041
H2MeBPDC
4.48 ± 0.06
−715.2239
H2BPDC
13.25 ± 0.06
−651.0039
DMF
−9.45 ± 0.01
−239.4 ± 1.2042
H2 O
0.0738
−285.8 ± 0.1041
a
ΔHs (left) and ΔHf (right) are the enthalpies of dissolution and formation, respectively.
b
Average of the measurements.
c
The standard error of the average value.
d
Computed as the square root of the sum of squares of reported errors.
e
Computed for the solvent (2:1 v:v 5 M HCl/DMF, dissolution at pH = 3.3)
Standard enthalpies of formation from the elements, ΔHf° (298 K), for the ThMOF sample were calculated using the appropriate standard enthalpies of formation of
the reaction components multiplied by their reaction stoichiometric coefficients and
including the dissolution reaction formation enthalpy of the sample. The data and
computed results are reported in Tables 2.1, 2.2, and 2.3 as an average of the
measurements with uncertainties reported as the standard error of the experimental
average.39−42 The average measured dissolution enthalpy for Th6-Me2BPDC-8 (as
synthesized) was found to be −383.73 ± 7.75 kJ/mol per formula unit (see Table 2.1 and
the Experimental Section for more details). The calculated enthalpy from solution
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components for Th6-Me2BPDC-8 is 2030.47 ± 7.96 kJ/mol of formula, which
corresponds to 338.32 ± 1.33 kJ/mol enthalpy per mole of Th (more information on the
equations is given in the Experimental Section). To shed more light on An-MOFs
stability, we further estimated the stabilizing effect of the solvent (DMF) occupying the
MOF pores.45 To effectively perform this study, we carried out solution calorimetry on
the evacuated sample of Th6-Me2BPDC-8. We found the measured dissolution enthalpy
to be −312.21 ± 6.53 kJ/mol of formula unit. The calculated enthalpy from solution
components for evacuated Th6-Me2BPDC-8 is 2148.90 ± 7.96 kJ/mol of formula, which
corresponds to 360.10 ± 1.13 kJ/mol enthalpy per mole of Th, implying that the DMF
solvent stabilizes Th6-Me2BPDC-8 by −21.78 ± 1.33 kJ/mol per mole of Th. These
observations show that DMF solvent is more stabilizing in the Th-MOF in comparison
with the stabilization effects of solvent reported for MOF-5 (−4.8 kJ/mol of Zn)43 and
ZIF-4 (−3.0 kJ/mol of Zn).46 The standard heat of formation of the evacuated Th- MOF
from its components in their standard state was also computed to be −9387.08 ± 7.72
kJ/mol (Table 2.1). The results obtained from our studies show that the solvent molecules
contribute to the stabilization of the Th6-Me2BPDC- 8 MOF, suggesting a strong
interaction of the solvent with the MOF. This solvent−framework interaction is therefore
suggested as a key to the observed “structural memory” effect exhibited by the Th-MOF.
Following this experiment, the standard heat of formation of the Th-MOF from its
components in their standard state was also computed. The obtained value for Th6Me2BPDC-8 (Table 2.1) was found to be −14317.45 ± 8.60 kJ/mol. Thus, according to
the determined values, MOF formation is a favorable process which is in line with the
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previous observations made for Cu3(BTC)2 (BTC3− = benzenetricarboxylate), Zn3(BTC)2,
and MOF-5.38,43,44
2.2.3. Electronic Structure of Heterometallic An-MOFs
The tunability of the electronic properties of An-MOFs is an unexplored
challenge but, at the same time, a fascinating opportunity to compare the effect of felectrons and unusual oxidation states on the electronic structure of a framework. In this
manuscript, we compare the electronic properties of the parent An-MOFs with the
properties of heterometallic AnAn′- MOF and AnAn′M-MOF (M = transition metal). As
a method to synthesize AnAn′-MOFs, we have chosen post-synthetic cation exchange, in
which U6-Me2BPDC-8 crystals were soaked in a solution of ThCl4, resulting in the
formation of U1.23Th4.77-Me2BPDC-8. The ratio of uranium to thorium was determined by
ICP-MS. As a result of this transformation, the dark green powder converts to an almost
white sample. Interestingly, such transmetalation did not occur under a nitrogen
atmosphere but only when performed in air. The U6-Me2BPDC-8 framework remained
intact, and reaction progress was only notable after exposure of the reaction mixture to
air. This fact could be explained if the driving force for transmetalation relies on the
formation of a UO22+ fragment accompanied by changes in the oxidation state of uranium
from +4 to +6. This fact is in line with our findings, which demonstrate that U-MOFs are
not stable in air (only under a nitrogen atmosphere) in contrast to very robust Th analogs.
One of the requirements for coordination of a transition metal to An-metal nodes is the
presence of unsaturated metal nodes. Therefore, we have chosen the stable U1.23Th4.77Me2BPDC-8 possessing vacant sites for transition metal coordination (Figure 2.4). The
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Figure 2.4. (left) Total and partial density of
states (DOS) and (right) truncated models
calculated using the GGA-PBE level of theory
and DFT+U corrections on U (f-electrons) and
Co (d-electrons): (top) U1.23Th4.77-Me2BPDC-8
and (bottom) U1.23Th4.77Co3-Me2BPDC-8. The
green, lilac, red, gray, and dark blue spheres
represent Th, U, O, C, and Co atoms,
respectively.
U1.23Th4.77-Me2BPDC-8 framework was heated in a 0.25 M Co(NO3)2 solution at 75 °C
for 48 h, resulting in U1.23Th4.77Co3-Me2BPDC-8. Cobalt was chosen as a transition metal
due to the intriguing behavior previously observed for other cobalt-containing
heterometallic MOFs.47,48 Attempts at incorporation of Co(II) directly into the U6Me2BPDC-8 MOF were unsuccessful due to instability of the U-MOF. Initially, we
employed XPS analysis of U1.23Th4.77-Me2BPDC-8 and U1.23Th4.77Co3-Me2BPDC-8
MOFs to monitor changes in the DOS near the Fermi edge (EF) upon incorporation of the
cobalt ion (Figure 2.3). Through comparison of the band gap values estimated from Tauc
plots (Figure 2.21), we observed a decrease of the band gap from 3.3 eV (Th6-Me2BPDC8) to 2.5 eV (U1.23Th4.77-Me2BPDC-8) in the case of An-MOF comprised of both uranium
and thorium. The integration of cobalt into U1.23Th4.77-Me2BPDC-8 led to further band
gap reduction to 1.9 eV.
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To rationalize such changes in the electronic structures of heterometallic AnMOFs, we carried out theoretical studies on the truncated model of the U1.23Th4.77Me2BPDC-8 (U/Th-8, Figure 2.4) and U1.23Th4.77Co3-Me2BPDC-8 (U/Th-Co-8, Figure
2.4) MOFs. The density functional theory (DFT) calculations revealed that the Co node
extension in U1.23Th4.77-Me2BPDC-8 (Figure 2.4) resulted in changes of the electronic
structure near EF. The band gap values for U1.23Th4.77-Me2BPDC-8 and U1.23Th4.77Co3Me2BPDC-8 were found to be 3.0 and 1.9 eV, respectively. The partial DOS shown in
Figure 2.4 were obtained by adding the atomic projected DOS over different groups of
elements such as C, H, O, Th, U, and Co. Although these plots include contribution from
all orbitals, the orbital-projected DOS suggest that DOS of U1.23Th4.77-Me2BPDC-8 near
EF originate mainly from the uranium 5f-orbitals, whereas the DOS above EF (conduction
band) are primarily composed of U and Th 5f-orbitals (Figure 2.4). When the metal nodes
are extended by cobalt, the DOS near EF are dominated by contributions from the Co 3dorbitals and oxygen 2p-orbitals (Figure 2.4), and the band gap is reduced to 1.9 eV. As
expected, the decrease of the band gap resulted in changes of the electronic properties of
heterometallic MOFs. Indeed, the conductivity (σ) of U1.23Th4.77-Me2BPDC-8 was found
to be 7.0 × 10−10 S·cm−1, and it was enhanced by 3 orders of magnitude in the case of
cobalt incorporation to 1.4 × 10−7 S·cm−1 (for U1.23Th4.77Co3-Me2BPDC-8). Our current
studies represent the initial steps for achieving improved understanding of the behavior of
heterometallic systems containing two or more atoms and can possibly lead to the ability
to tune the electronic structure of An-MOFs.
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2.2.4. “Structural Memory” Effect of An-MOF
There are a number of studies revealing the unprecedented stability of Zr-based
frameworks.28,49,50 For instance, it was reported that the Zr-based MOF (UiO-67)30 with
12-coordinated SBUs is stable in a wide range of solvents for an extended period of time
without detectable structural changes.51 Indeed, our studies of Zr6-Me2BPDC-852 in a
range of solvents, including methanol (MeOH), ethanol (EtOH), acetonitrile (ACN),
hexanes,

dichloromethane

(DCM),

chloroform,

ethyl

acetate

(EtOAc),

and

tetrahydrofuran (THF), demonstrate that the structural integrity was preserved, and in
addition, there were no or only minimal structural transformations observed as shown in
Figures 2.5 and 2.33. In contrast, our study of the relatively robust Th6-Me2BPDC-8
framework, possessing the same metal node arrangement as its Zr-analog,52 revealed
structural dynamism (i.e., breaking a long-range structural order resulting in a significant
loss of MOF crystallinity and its restoration as a function of exposure to solvent (Figures
2.5 and 2.29−2.33).
We studied structural dynamism in Th6-Me2BPDC-8 and Th6-Me2BPDC-NO3-10
MOFs using 11 different solvents (ranging from polar protic and polar aprotic to
nonpolar solvents). Exposure of Th6-Me2BPDC-8 to solvents such as MeOH and ACN
resulted in significant loss of crystallinity (Figures 2.5 and 2.30). However, MOF
crystallinity was fully restored by soaking the relatively amorphous samples in DMF,
N,N-diethylformamide, or N,N-dimethylacetamide (Figure 2.28). In other polar protic
solvents such as EtOH or aprotic solvents such as THF, EtOAc, acetone, or ACN, the
PXRD revealed similar crystallinity loss except for Th6-Me2BPDC-NO3-10 in MeOH.
This fact allowed us to closely look into the transformation of Th6-Me2BPDC-NO3-10 in
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methanol using single-crystal X-ray diffraction since the crystals were preserved upon
solvent exchange.
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Figure 2.5. (top) Schematic representation of
the crystallinity loss observed for Th6Me2BPDC-NO3-10 in the listed solvents and
the restoration of the framework in DMF. (a)
PXRD patterns of Th6-Me2BPDC-8: assynthesized, in methanol, and in DMF. (b)
PXRD patterns of Th6-Me2BPDC-NO3-10: assynthesized, in acetonitrile, and in DMF.
“Crystalline−amorphous−crystalline” cycling
was performed as a function of changes in a
full width at half-maximum (FWHM) measured
for the (110) reflection peak. (c) PXRD patterns
of Zr6-Me2BPDC-8: as synthesized, in
methanol, and in DMF.
Despite the fact that the data collection was performed on Th6-Me2BPDC-NO3-10
crystals sealed in a capillary under solvent (Figure 2.26), the structural analysis revealed
changes in the unit cell parameters from a = b = 23.7918(8) Å and c = 19.6923(7) Å for
pristine Th6-Me2BPDC-NO3-10 (see the Experimental Section) to a = b = 24.0205(8) Å
and c = 19.7574(6) Å observed for the Th-MOF immersed into methanol. As shown in a
recent comprehensive literature analysis,53 these structural crystalline-to-amorphous-tocrystalline changes are relatively rare even for MOFs constructed from transition
metals,53 and there have been no reports for any type of An-containing framework. In
addition to studying the solvation effect on structural reorganization, we probed the
possibility of “structural cycling” (i.e., a series of crystalline−amorphous−crystalline
transformations using alternation of “good” (DMF) and “bad” (MeOH or ACN)
solvents). Figures 2.5 and 2.27 demonstrate that Th6-Me2BPDC-8 can undergo more than
three cycles of crystallinity restoration in contrast to Th6-Me2BPDC-NO3-10, for which
only two such cycles were possible. As a control experiment, we performed similar
studies using the stable Zr-analog (Zr6-Me2BPDC-8, PCN-700).52 As expected, there was
no evidence of structural dynamism, and PCN-700 did not undergo any structural
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transformations as shown in Figures 2.5 and 2.33. It is important to highlight that it is not
a “breathing” behavior, a commonly known process for MOFs occurring during their
evacuation, but rather a different concept: a “structural memory” effect (i.e., solventdirected crystalline−amorphous−crystalline cycling as a function of metal node
geometry), which is reported for the first time for actinide-containing frameworks.
2.2.5. Mechanistic Insights on Capping Linker Installation in An-MOFs
Reports by Yaghi and co-workers, Zhou and co- workers, and a number of other
research groups have demonstrated the possibility of the functionalization of MOFs by
post-synthetic installation of more than one capping linker.52,54−59 Herein we report not
only access to structures through sequential linker installation in Th-based MOFs, which
could not be prepared by direct synthesis, but more importantly, through single-crystal Xray studies, we elucidate a possible mechanism involved in the installation process. As in
the case of transition metal coordination (described above), the main requirement for
capping linker installation is the presence of unsaturated metal nodes. The Th6Me2BPDC-NO3-10 MOF meets the structural criteria (Figures 2.1 and 2.11) through the
presence of unsaturated metal nodes, and the pocket B of 15.1 Å size (a distance between
the centroids of the oxygen atoms of the terminal nitrate groups, Figure 2.6) is suitable
for capping linker installation. This pocket size is in line with the 15.3 Å length of the
linker 2,2′′-dimethylterphenyl-4,4′′-dicarboxylic acid (H2Me2TPDC, Figure 2.6). To
perform installation, the crystals of Th6-Me2BPDC-NO3-10 were heated in a DMF
solution of H2Me2TPDC. The single-crystal X-ray diffraction analysis surprisingly
revealed that instead of capping linker installation, heating of Th6-Me2BPDC-NO3-10 for
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24 h in a solution of H2Me2TPDC linker resulted in the formation of Th6-Me2BPDC-8,
implying the detachment of two equatorial linkers, Me2BPDC2−, as shown in Figure 2.6.
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Figure 2.6. (top) Schematic representation of the
synthetic
route
for
preparation
of
Th6Me2BPDC(Me2TPDC)-12 based on sequential linker
installation using Th6-Me2BPDC-NO3-10 as a precursor.
(middle) Single-crystal X-ray structures of the 10coordinate Th6- Me2BPDC-10 (left) and 12-coordinate
Th6-BPDC-12 (right) obtained via direct synthesis,
highlighting the structural difference between the adjacent
metal nodes of both MOFs. The teal and purple spheres
were chosen for Th atoms for MOFs with 10- and 12coordinated SBUs, respectively, while gray and red
spheres represent C and O atoms. (bottom) Table of
calculated energy of formation of the truncated 10- and
12-coordinated SBUs from the truncated model with the
8-coordinated SBU.
In the intermediate with eight-coordinated SBUs, the linker removal resulted in
the formation of a second pocket A with a size of 10.7 Å (a distance between the two
centroids of the terminal oxygen atoms, Figure 2.6). Based on this data, it is plausible to
suggest that linker installation could result in structural deformation of the MOF with 10coordinated metal nodes to match the differences of the size of the Me2BPDC linker and
pocket A (Δd = 0.4 Å).
For that transformation, the size of the other pocket B should be compressed,
which is accompanied by the formation of the intermediate with vacant A and B pockets
(Figure 2.6). Focusing on the Th-MOF with the 8-coordinated SBUs as a possible
intermediate in the installation process, we continued to explore the flexibility of the
framework by attempting to reinstall the detached Me2BPDC2− linker. For that, the
intermediate MOF was heated in a DMF solution of H2Me2BPDC and H2Me2TPDC for 2
days at 75 °C. The single-crystal X-ray data demonstrated installation of both linkers in A
and B pockets resulting in the formation of 12- coordinated metal nodes. As shown in
Figure 2.6, the size of pocket B expanded from 15.1 to 15.3 Å in order to accommodate
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the 15.3 Å-long Me2TPDC2− linker. To provide further mechanistic insights on capping
linker installation occurring in An-containing frameworks, we explored installation of a
linker with one phenyl ring (H2BDC = 1,4- benzenedicarboxylic acid; length (l) = 6.9 Å),
two phenyl rings (H2Me2BPDC; l = 11.1 Å), and four phenyl rings (H2QPDC =
1,1′,4′,1′,4′′,1′′′-quarterphenyl-4,4′′′-dicarboxylic acid; l = 19.9 Å). The installation of the
H2BDC linker resulted in a change in the PXRD powder pattern (Figure 2.38) similar to
observations by the Zhou group involving coordination of the same H2BDC to a MOF
with 8-coordinated Zr-nodes.52 Figure 2.38 shows similarity in the PXRD pattern
between the Th- and Zr-BDC-installed MOFs, indicative of successful installation of the
BDC2− linker into the Th6-Me2BPDC-NO3-10 MOF. 1H NMR spectroscopic studies of
the digested MOF samples were further used to confirm installation of the BDC2− linker
into the MOF (Figure 2.42). Table 2.10 summarizes all installation attempts and the
degree of capping linker integration. The installation processes of H2Me2BPDC and
H2QPDC into Th6-Me2BPDC-NO3-10 were monitored via single-crystal X-ray diffraction
and NMR/FTIR spectroscopy. In both cases, our attempts to facilitate the conversion
from 10-to-12-coordinated metal nodes were unsuccessful. PXRD and single-crystal Xray studies did not reveal any structural changes even after several days of heating of the
parent framework in a solution of the corresponding linker. It is plausible to suggest that
the linker with four phenyl rings (QPDC2−) cannot fit due to its size (19.9 Å). However,
the length of the Me2BPDC2− linker is more likely to fit into pocket B (l = 11.1 Å). To
elucidate the possible reason impeding Th6-Me2BPDC-NO3-10 to Th6-Me2BPDC-12
transformation, we attempted a 10-to-12 transformation using a nonmethylated H2BPDC
linker. Instead of a 10-to-12 transformation, the BPDC2− replaced Me2BPDC2− as
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confirmed by single-crystal X-ray studies (Figure 2.7) resulting in a 10-coordinate Th6BPDC-10 MOF, which cannot be synthesized via direct synthesis. Furthermore, we
prepared Th6-BPDC-12 via direct synthesis. As shown in Figure 2.6, the orientation of
adjacent metal nodes in Th6-Me2BPDC-10 does not allow for capping linker installation
with the H2Me2BPDC linker (Figure 2.40) and is drastically different from that in Th6BPDC-12.

Figure 2.7. (top) Single-crystal-to-single-crystal
linker replacement of Me2BPDC2− with BPDC2− in
Th6-Me2BPDC-NO3-10. The Th6-BPDC-10 MOF
with the 10-coordinated SBUs cannot be achieved
via direct synthesis. The teal, gray, red, and blue
spheres represent Th, C, O, and N atoms,
respectively. The H atoms were omitted for clarity.
The dihedral angle in the Me2BPDC2− with
BPDC2− linkers are highlighted in pink and blue,
respectively. (bottom) 1H NMR spectrum of
digested Th6-BPDC-10 crystals. Resonances
corresponding to H2Me2BPDC and H2BPDC,
which were chosen for calculations of linker
installation, are highlighted in gray.
To elucidate the experimentally observed flexibility of the An-MOF systems, we
carried out theoretical calculations to support the observed transformations during the
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installation processes.60 Free energies of formation (ΔGf) for the U- and Th-MOFs with
10-coordinated and 12-coordinated SBUs were calculated using their respective MOFs
with 8-coordinated SBUs as reference structures. For such calculations, we employed the
truncated cluster models, in which two formic acid linkers attached to a M-8 cluster
resulting in a M-10 cluster and addition of four linkers results in a M-12 cluster (Figure
2.9). The ΔGf values were calculated using equations (2.1) and (2.2) for M-10 and M-12,
respectively.
ΔGf {M‐10} = GM−10 – (GM−8 + 2GHCOOH)

(2.1)

ΔGf {M‐12} = GM−12 − (GM−8 + 4GHCOOH)

(2.2)

We found that ΔGf values for both M-10 and M-12 compounds are negative
(Figure 2.6), thus confirming the experimental feasibility of the formation of MOFs with
10- coordinated and 12-coordinated SBUs from their analogs with 8-coordinated metal
nodes.
2.3. CONCLUSION
The first studies of thermochemistry and electronic structure shed light on the
properties of monometallic and heterometallic An-containing frameworks including the
first examples of actinide-containing MOFs with incorporated transition metals. The
thermochemical values reported for frameworks and organic linkers render the presented
studies valuable for the future prediction of thermodynamic stability of frameworks. The
An-MOFs with mixed-metal nodes allowed us to probe the effect of f-electrons on the
electronic structure including the evaluation of the contribution from the transition metal.
In combination with theoretical modeling, the electronic properties of An-MOFs were
studied spectroscopically (i.e., DOS near the EF and Tauc plots) and through conductivity
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measurements. The three-month water stability of An-MOFs provides an opportunity for
their detailed studies even in aqueous media. The “structural memory” effect makes the
considered framework containing a metal in the +4 oxidation state distinct from the
widely used Zr(IV) analogs. We experimentally observed structural flexibility and
dynamism

of

the

Th-MOFs

involving

crystalline-to-amorphous-to-crystalline

transformations upon solvent treatments.61,62 Through single-crystal X-ray diffraction, we
demonstrated that capping linker installation went through a unique intermediate, which
has never been detected for any framework to date. In light of the extreme importance of
proper radioactive waste administration, we envision that our studies are the first steps in
attaining insights for utilizing An-based MOFs as a unique platform where chemical
interactions between actinide-containing species can be fundamentally understood and
expanded upon.
2.4. EXPERIMENTAL SECTION
Materials.
UCl4 (>95%, International Bio-Analytical Industries Inc.), ThCl4 (>95%,
International Bio-Analytical Industries Inc.), Th(NO3)4·H2O (99.8%, Strem Chemicals
Inc.), ZrCl4 (99.5%, Alfa Aesar), Co(NO3)2·6H2O (99%, Strem Chemicals Inc.),
potassium acetate (lab grade, Ward’s Science), K2CO3 (lab grade, Ward’s Science), 1,4dibromobenzene (98%, Sigma-Aldrich), 4-methoxycarbonylphenylboronic acid (>97%,
Boronic Molecular), 1,4-benzenedi- carboxylic acid (99%, TCI chemicals), biphenyl4,4′-dicarboxylic acid (97%, Oakwood Chemical), Pd(PPh3)4 (96%, Matrix Scientific),
methyl-(4-iodo-3)-methylbenzoate (98%, BeanTown Chemical), 4,4′- diiodobiphenyl
(98%, Matrix Scientific), 4,4,4′,4′,5,5,5′,5′-octameth- yl-2,2′-bi-(1,3,2-dioxaborolane)
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(>98%, Ark Pharm), PdCl2(PPh3)2 (96%, Oakwood Chemical), CsF (99%, Oakwood
Chemical), KOH (ACS grade, Fisher Chemical), 2,5-dibromoaniline (97%, Oakwood
Chemical), Pd(OAc)2 (>95%, Ox-Chem), trifluoroacetic acid (99%, Sigma-Aldrich),
nitric acid (70%, Sigma-Aldrich), tetrahydrofuran (ACS grade, Macron Fine Chemicals),
dichloromethane (ACS grade, Oakwood Chemical), methanol (ACS grade, Fischer
Scientific), ethanol (200 proof, Decon Laboratories, Inc.), hexanes (ACS grade, VWR
Chemicals), dimethyl sulfoxide (ACS grade, Fisher Scientific), acetone (ACS grade,
VWR Chemicals), acetonitrile (ACS grade, Fischer Scientific), chloroform (ACS grade,
BDH), ethyl acetate (ACS grade, Fisher Scientific), N,N-dimethylacetamide (99%, Alfa
Aesar), N,N-diethylformamide (99%, TCI chemicals), N,N-dimethyl- formamide (ACS
grade, BDH), chloroform-d (Cambridge Isotope Laboratories, Inc.), and DMSO-d6
(Cambridge Isotope Laboratories, Inc.) were used as received.
Synthesis.
The

compounds

1,4-benzenedicarboxylic

acid

(H2BDC)

and

4,4′-

biphenyldicarboxylic acid (H2BPDC) were commercially available while 2,2′dimethylbiphenyl-4,4′-dicarboxylic acid (H2Me2BPDC),63 2,2′′-dimethylterphenyl-4,4′′dicarboxylic acid (H2Me2TPDC),64 quaterphenyl-4,4′′′-dicarboxylic acid

65,52

(H2QPDC),

Zr6-Me2BPDC-8, and U6-Me2BPDC-83 were prepared according to the reported
procedures.
Synthesis and Characterization of Th6-Me2BPDC-NO3-10.
A mixture of Th(NO3)4·H2O (9.6 mg, 20 μmol), H2Me2BPDC (4.3 mg, 16 μmol),
concentrated nitric acid (35 μL), and DMF (0.79 mL) was put in a 1-dram vial and heated
in an isothermal oven at 120 °C for 24 h. After cooling to room temperature, the colorless
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crystals of Th6-Me2BPDC-NO3-10 (7.2 mg, 2.3 μmol, yield: 73%) were collected by
filtration and washed three times with DMF. FTIR (neat, cm−1): 3438, 2927, 2864, 1656,
1593, 1537, 1408, 1383, 1255, 1207, 1093, 1062, 1007, 910, 863, 777, and 732 (Figure
2.13). The obtained crystals were suitable for single-crystal X-ray analysis. A detailed
description of the data collection and refinement details is given in the below. Table 2.4
contains the crystallographic refinement data. As shown in Figure 2.13, the PXRD
pattern of as-synthesized Th6- Me2BPDC-NO3-10 matches the simulated pattern from the
single-crystal X-ray data. PXRD studies were also used to confirm the crystallinity of the
bulk material (Figure 2.13). The thermal stability of Th6-Me2BPDC-NO3-10 was studied
by thermogravimetric analysis, which demonstrated rapid loss of solvent molecules at the
25−200 °C temperature range (Figure 2.19). The observed weight loss (∼40 wt %) at this
temperature range can be attributed to removal of the non-coordinated solvent mixture of
DMF and H2O.
Synthesis and Characterization of Th6-Me2BPDC-8.
A mixture of Th(NO3)4·H2O (31 mg, 64 μmol), H2Me2BPDC (4.3 mg, 16 μmol),
nitric acid (25 μL), and DMF (0.75 mL) was put in a 1-dram vial and heated in an
isothermal oven at 120 °C for 24 h. After cooling to room temperature, the colorless
crystals of Th6-Me2BPDC-8a (8.1 mg, 2.9 μmol, yield: 74%) were collected by filtration
and washed three times with DMF. IR (neat, cm−1): 3418, 2930, 2860, 1650, 1587, 1543,
1466, 1408, 1382, 1297, 1254, 1207, 1137, 1094, 1062, 1032 1007, 912, 863, 815, 778,
734, and 660 (Figure 2.14). A prolonged 72 h heating of the mixture resulted in Th6Me2BPDC-8b (minor phase) crystals which were suitable for single-crystal X-ray
analysis. A detailed description of the data collection and refinement details is given in
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the below. Table 2.4 contains the crystallographic refinement data. As shown in Figure
2.14, the PXRD pattern of as synthesized Th6-Me2BPDC-8a matches the simulated
pattern from the single-crystal X-ray data for U6-Me2BPDC-8. PXRD studies were also
used to confirm the crystallinity of the bulk material (Figure 2.14). The thermal stability
of Th6-Me2BPDC-8a was studied by thermogravimetric analysis, which demonstrated
rapid loss of solvent molecules at the 25−175 °C temperature range (Figure 2.18). The
observed weight loss (∼37 wt%) at this temperature range can be attributed to removal of
the non-coordinated solvent mixture of DMF and H2O.
Synthesis and Characterization of Th6-BPDC-12.
A mixture of Th(NO3)4·H2O (12 mg, 26 μmol), H2BPDC (1.6 mg, 6.4 μmol),
trifluoroacetic acid (25 μL), and DMF (0.56 mL) was put in a 1-dram vial and heated in
an isothermal oven at 120 °C for 72 h. After cooling to room temperature, the colorless
crystals of Th6-BPDC-12 (2.5 mg, 0.70 μmol, yield: 69%) were collected by filtration
and washed three times with DMF. IR (neat, cm−1): 3339, 2932, 1651, 1591, 1535, 1497,
1388, 1254, 1201, 1178, 1145, 1098, 1062, 1020, 1006, 855, 838, 796, 769, 702, 672, and
662 (Figure 2.35). The obtained crystals were suitable for single-crystal X-ray analysis.
The single-crystal structure (Figure 2.34) and a detailed description of the data collection
and refinement details is given below. As shown in Figure 2.35, the PXRD pattern of assynthesized Th6-BPDC-12 matches the simulated pattern from the single-crystal X-ray
data. PXRD studies were also used to confirm the crystallinity of the bulk material
(Figure

2.35).

The

thermal

stability

of

thermogravimetric analysis (Figure 2.19).
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Th6-BPDC-12

was

determined

via

Preparation of U6-Me2BPDC-8-H2O-1d and U6Me2BPDC-8- H2O-4d.
The green crystals of U6-Me2BPDC-8 were washed once with DMF and soaked in
water for 1 or 4 days at room temperature under an inert atmosphere. Detailed description
of the data collection and refinement details is given below. Table 2.4 contains the
crystallographic refinement data.
Synthesis and Characterization of U1.23Th4.77-Me2BPDC-8.
The green crystals of U6-Me2BPDC-8 (42 mg) were washed once with DMF and
soaked in a 1.0 mL solution of 0.17 M ThCl4 in DMF for 72 h at room temperature. After
72 h, the resulting crystals of U1.23Th4.77-Me2BPDC-8 (U/Th-8) were collected by
centrifugation and washed thoroughly three times with DMF. The PXRD pattern of
U1.23Th4.77-Me2BPDC-8 matches the simulated pattern. PXRD studies were used to
confirm the crystallinity of the bulk material (Figure 2.21). IR (neat, cm−1): 3389, 2930,
1648, 1587, 1543, 1497, 1409, 1383, 1254, 1206, 1140, 1093, 1062, 1007, 916, 863, 838,
777, 731, 721, and 659 (Figure 2.24). The XPS spectra are shown in Figures 2.3 and 2.20.
The Tauc plot is shown in Figure 2.21b, and the estimated band gap for the prepared
heterometallic MOF was found to be 2.5 eV.
Synthesis and Characterization of U1.23Th4.77-Co3Me2BPDC-8.
The prepared U1.23Th4.77-Me2BPDC-8 MOF (42.0 mg) was heated in a 0.25 M
DMF solution (1.0 mL) of Co(NO3)2·6H2O for 48 h in a preheated oven at 75 °C. As a
result of such treatment, the sample changed color from gray to dark yellow green. After
the synthesis of U1.23Th4.77-Me2BPDC-8, we employed a combination of PXRD to
monitor the changes to the unit cell dimensions over 48 h, as well as XPS and Raman
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spectroscopies to determine the form of cobalt incorporated (Figures 2.21−2.24). IR
(neat, cm−1): 3424, 2930, 1649, 1586, 1542, 1482, 1409, 1296, 1253, 1207, 1093, 1062,
1020, 1032, 1007, 912, 863, 815, 778, 734, and 659 (Figure 2.24). PXRD patterns were
measured every 6 h over 48 h to probe changes in unit cell parameters as a function of
time, as well as to monitor the incorporation process (Figure 2.21a). A single peak was
observed (6.4°, 2θ) with a decrease in intensity as the metal-node extension proceeded,
while another peak (5.1°, 2θ) shifted to higher angles. We modeled this change and
calculated the diffraction intensity changes as a function of the occupancy of the cobalt
ion. Indeed, our simulated diffraction pattern shows a decrease in peak intensity as a
function of the amount of cobalt ion incorporated, a result comparable to that obtained
experimentally (Figure 2.21c). To determine that the cobalt ion was incorporated as a
metal-node extension and not included as a guest in the form of either Co(II) or Co(III)
oxides, we performed Raman and XPS measurements. In the Raman spectra, there was
no detection of the presence of either Co(II) or Co(III) oxides (Figure 2.24). Furthermore,
XPS data of the Co(2p) region supported the Raman data (Figure 2.22). The PXRD
studies did not reveal the presence of crystalline cobalt oxides. Conductivity
measurements of the heterometallic MOFs were performed in a home-built in situ
pressed-pellet device. The metal ratio in the sample, thoroughly washed for 1 week using
the Soxhlet washing procedure to ensure removal of any residual metal salts, was
determined by ICP-MS analysis technique.
General Procedure to Study Structural Dynamism.
The Th6-Me2BPDC-NO3-10 and Th6-Me2BPDC-8 MOFs were soaked in 11
different solvents for 72 h during which the solvents were refreshed twice a day. Crystals
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suitable for single-crystal X-ray studies such as Th6-Me2BPDC-10-MeOH were analyzed.
Detailed description of the data collection and refinement details of Th6-Me2BPDC-10MeOH is given below. Table 2.6 contains the crystallographic refinement data of Th6Me2BPDC-10-MeOH. PXRD studies were used to monitor sample crystallinity (Figures
2.26, 2.29−2.33).
General Linker Installation Procedure.
Crystals of Th6-Me2-BPDC-NO3-10 or Th6-Me2BPDC-8 MOFs were soaked in
0.5 mL of the corresponding linker solution in DMF and heated at 75 °C in a preheated
isothermal oven. The obtained crystals were collected by filtration and thoroughly
washed with DMF using the Soxhlet extraction procedure. The samples were analyzed by
single-crystal or powder X-ray diffraction. The linker installation was confirmed by 1H
NMR spectroscopy as described below.
Digestion Procedure.
To study the linker composition of the synthesized MOFs by

1

H NMR

spectroscopy, a mixture of 500 μL of DMSO-d6 and 3 μL of concentrated HCl was added
to 5 mg of thoroughly washed material (washing was done in DMF using the Soxhlet
extraction method), followed by mild heating of the mixture to ensure complete
dissolution of sample. The percent of linker installed was calculated based on linker
ratios found in the 1H NMR spectra of the digested samples. The amount of linker
installed can be calculated from geometrical analysis of the parent MOF structure and
length of the corresponding linker as shown by Zhou and co- workers.52
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Synthesis and Characterization of Th6-Me2BPDC(Me2TPDC)-12.
Crystals of Th6-Me2BPDC-NO3-10 (5.0 mg, 1.6 μmol) were heated in 0.5 mL of
15 mM H2Me2TPDC solution in DMF at 75 °C in a preheated isothermal oven for 24 h.
This procedure resulted in the Th6-Me2BPDC-8 intermediate MOF as confirmed by
single- crystal X-ray crystallography. The crystals of the Th6-Me2BPDC-8 intermediate
were then heated for an additional 48 h in the presence of 0.5 mL of a 0.16 M
H2Me2BPDC DMF solution. After that, the formed Th6-Me2BPDC(Me2TPDC)-12
crystals were thoroughly washed with DMF to remove any residual linker. The crystals
were suitable for single-crystal X-ray studies. A detailed description of the data collection
and refinement details is given below. Table 2.7 contains the crystallographic refinement
data of the Th6-Me2BPDC-8 intermediate and Th6-Me2BPDC(Me2TPDC)-12 crystals.
PXRD studies were used to confirm the preserved framework integrity of the MOFs at
every stage of the installation process (Figure 2.38). Based on 1H NMR studies, the
percentage of the installed linker is given in Table 2.10. The 1H NMR spectrum is shown
in Figure 2.41.
Attempts of H2Me2BPDC and H2QPDC Installation into Th6-Me2BPDC-NO3-10.
Crystals of Th6-Me2BPDC-NO3-10 (5.0 mg, 1.6 μmol) were heated in 0.5 mL of
0.16 M H2Me2BPDC solution in DMF at 75 °C in a preheated isothermal oven for 72 h.
After that, crystals were thoroughly washed with DMF to remove any residual linker.
Single-crystal X-ray studies of the crystals revealed no structural changes in the Th6Me2BPDC-NO3-10 structure. Based on the different orientation of adjacent metal nodes,
the 12-coordinated MOF cannot be prepared through the installation of the H2Me2BPDC
linker in the Th6Me2BPDC-10 structure. A detailed description of the data collection and
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refinement details is given below. Table 2.8 contains the crystallographic refinement
data.
Crystals of Th6Me2BPDC-NO3-10 (5.0 mg, 1.6 μmol) were heated in 0.5 mL of
15 mM H2QPDC solution in DMF at 75 °C in a preheated isothermal oven for 72 h. After
heating, crystals were thoroughly washed with DMF to remove any residual linker.
Single- crystal X-ray studies of the residual crystals revealed no structural changes in the
Th6-Me2BPDC-NO3-10 structure. A detailed description of the data collection and
refinement details is given below. Table 2.8 contains the crystallographic refinement
data.
Synthesis and Characterization of Th6-Me2BPDC(BDC)-10.
Crystals of Th6-Me2BPDC-NO3-10 (5.0 mg, 1.6 μmol) were heated in 0.5 mL of
0.16 M H2BDC solution in DMF at 75 °C in a preheated isothermal oven for 24 h. After
the installation process, the MOF was thoroughly washed with DMF to remove any
residual linker. The crystals were unsuitable for single-crystal X-ray studies; however,
PXRD studies were used to confirm the preserved framework integrity (Figure 2.38).
Based on 1H NMR studies, the percentage of the installed linker is given in Table 2.10,
and the 1H NMR spectrum is shown in Figure 2.42.
Synthesis and Characterization of Th6-BPDC-10.
Crystals of Th6-Me2BPDC-NO3-10 (5.0 mg, 1.6 μmol) were heated in 0.5 mL of
16 mM H2BPDC solution in DMF at 75 °C in a preheated isothermal oven for 48 h. After
heating, crystals were thoroughly washed with DMF to remove any residual linker.
Single-crystal X-ray studies of the obtained crystals demonstrate the Me2BPDC2−-toBPDC2− linker replacement. Detailed description of the data collection and refinement
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details is given below. Table 2.9 contains the crystallographic refinement data. PXRD
studies were used to confirm the preserved framework integrity (Figure 2.39).
Synthesis and Characterization of Th6-Me2BPDC(Me2TPDC)- 10.
Th6-Me2BPDC-8 (5.0 mg, 1.8 μmol) was heated in 0.5 mL of 15 mM
H2Me2TPDC solution in DMF at 75 °C in a preheated isothermal oven for 72 h. After the
installation process, the Th6- Me2BPDC(Me2TPDC)-10 MOF was thoroughly washed
with DMF to remove any residual linker. PXRD studies were used to confirm the
preserved framework integrity of the MOFs at every stage of the installation process, as
well as ensure the phase purity of the bulk sample (Figure 2.37). Based on 1H NMR
studies, the percentage of the installed linker is given in Table 2.10 and the spectrum is
shown in Figure 2.44.
Synthesis and Characterization of Th6-Me2BPDC(Me2BPDC)- 10.
Th6-Me2BPDC-8 (5.0 mg, 1.8 μmol) was heated in 0.5 mL of 0.16 M
H2Me2BPDC solution in DMF at 75 °C in a preheated isothermal oven for 72 h. After the
installation process, the Th6- Me2BPDC(Me2BPDC)-10 MOF was thoroughly washed
with DMF to remove any residual linker. PXRD studies were used to confirm the
preserved framework integrity of the MOFs at every stage of the installation process, as
well as ensure the phase purity of the bulk sample (Figure 2.37).
Synthesis and Characterization of Th6-Me2BPDC(BDC)-10.
Th6-Me2BPDC-8 (5.0 mg, 1.8 μmol) was heated in 0.5 mL of 0.16 M H2BDC
solution in DMF at 75 °C in a preheated isothermal oven for 24 h. After the installation
process, the Th6-Me2BPDC(BDC)-10 MOF was thoroughly washed with DMF to remove
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any residual linker. PXRD studies were used to confirm the preserved framework
integrity as well as ensure the phase purity of the bulk MOF sample (Figure 2.38). Based
on 1H NMR studies, the percentage of the installed linker is given in Table 2.10. The 1H
NMR spectrum is shown in Figure 2.45.
Attempts of H2QPDC Installation into Th6-Me2BPDC-8.
Th6- Me2BPDC-8 (5.0 mg, 1.8 μmol) was heated in 0.5 mL of 15 mM H2QPDC
solution in DMF at 75 °C in a preheated isothermal oven for 72 h. After the installation
process, the MOF was thoroughly washed with DMF to remove any residual linker.
PXRD and spectroscopic studies did not indicate successful linker installation (Figure
2.38).
Physical Measurements.
Single-crystal X-ray diffraction data were collected using a Bruker D8 QUEST
diffractometer equipped with a PHOTON-100 CMOS area detector and an Incoatec
microfocus source (Mo Kα radiation, λ = 0.71073 Å). Powder X- ray diffraction patterns
were recorded on a Rigaku Miniflex II diffractometer with accelerating voltage and
current of 30 kV and 15 mA, respectively. FTIR spectra were obtained on a PerkinElmer
Spectrum 100. Raman spectra were measured using a Horiba XploraPLUS Raman
spectrometer with diode laser (638 nm) and solid-state laser (473 nm) using a TE Air
cooled CCD detector. NMR spectra were collected on Bruker Avance III-HD 300 and
Bruker Avance III 400 MHz NMR spectrometers. The 1H and
referenced to natural abundance

13

13

C NMR spectra were

C signals and residual 1H signals of deuterated

solvents, respectively. Thermogravimetric analysis was performed on a SDT Q600
thermogravimetric analyzer using an alumina boat as a sample holder at a heating rate of
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5 °C/ min. ICP-MS analysis was conducted using a Finnigan ELEMENT XR double
focusing magnetic sector field inductively coupled plasma- mass spectrometer (SF-ICPMS) with Ir, Rh, or both as internal standards. A Micromist U-series nebulizer (0.2
mL/min, GE, Australia), quartz torch, and injector (Thermo Fisher Scientific, USA) were
used for sample introduction. Sample gas flow was 1.08 mL/min, and the forwarding
power was 1250 W. The samples were digested in Teflon vessels with nitric and
hydrochloric acids and then heated at 180 °C for 4 h. X-ray photoelectron spectroscopy
measurements were performed using a Kratos AXIS Ultra DLD XPS system with a
monochromatic Al Kα source operated at 15 keV and 150 W and a hemispherical energy
analyzer. Samples were placed in small powder pockets on the holder, and analysis was
performed at a pressure below 1 × 10−9 mbar. High-resolution core level spectra were
measured with a pass energy of 40 eV, and analysis of the data was carried out using
XPSPEAK41 software. DR spectra were collected on an Ocean Optics JAZ spectrometer.
An Ocean Optics ISP-REF integrating sphere was connected to the spectrometer using a
450 μm SMA fiber optic cable. Samples were loaded in an 8.0 mm quartz sample cell,
which was referenced to an Ocean Optics WS-1 Spectralon standard. The conductivity
measurements on MOF pressed pellets was performed using a source meter (Keithley
Instruments GmbH, Germering, Germany, model 263) and an electrometer (Keithley
Instruments GmbH, Germering, Germany, model 617).
Theoretical Calculations Methods.
The DFT calculations were performed using the Vienna ab initio simulation
package (VASP)66,67 with plane wave basis sets. Projector-augmented wave (PAW)68,69
pseudopotentials were employed, with the C 2s22p2, H 1s, O 2s22p4, Th 6s27s26p66d15f1,
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U 6s27s26p66d25f2, and Co 3d84s1 treated explicitly. The geometries were optimized using
the GGA-PBE70 exchange correlation functionals. The van der Waals interactions were
taken into account using the dispersion correction formula in the PBE-D3 functionals by
Grimme et al.71 with Becke−Johnson damping. In addition, an on-site Coulomb
interaction was added to the uranium f-electrons and cobalt d-electrons within the
DFT+U formalism72 to attenuate the electron delocalization due to the self- interaction of
electrons. Based on previous studies73,74 a U-J = 4 eV was used for uranium. Although a
U-J = 3 eV has been used for cobalt in previous literature,75-77 this value underestimates
the experimental band gap of Co containing systems in this work. Thus, a U-J = 4 eV was
determined for Co to closely predict the conductivity measure- ments in this work. No
DFT+U corrections are needed for Th, based on previous works78,79 and also confirmed
in this work. The plane- wave energy cutoff was set to 520 eV, and spin-polarized
calculations were performed at the Γ-only k-point. Structural optimization was performed
until the forces on each ion were less than 25 meV/Å, using 0.0001 eV as the energy
tolerance criteria for the electronic step. Gaussian smearing with a width of 0.05 eV was
applied to all optimizations. A conjugate-gradient algorithm80,81 was used to relax all the
ions. The calculations were performed on SBUs isolated in a cubic box of size 30 Å. The
total and partial DOS were calculated by Single point calculations following the
geometry optimizations.
Synthesis and Characterization of U6-Me2BPDC-TFA-10.
A mixture of UCl4 (12 mg, 32 μmol), H2Me2BPDC (4.3 mg, 16 μmol),
trifluoroacetic acid (25 μL), and DMF (0.56 mL) was put in a 1/2-dram vial and heated in
an isothermal oven at 120 °C for 72 h. After cooling to room temperature, the green
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crystals of U6-Me2BPDC-TFA-10 (7.2 mg, 2.3 μmol, yield 72%) were retained in the
mother liquor and stored under inert environment to prevent the oxidation of uranium to
the +6 state. IR (neat, cm−1): 2932, 1639, 1583, 1532, 1410, 1374, 1251, 1194, 1140,
1116, 1062, 1007, 923, 842, 805, 777, 721, and 670 (Figure 2.15). The obtained crystals
were suitable for single-crystal XRD studies; a detailed description of the data collection
and refinement details is given below. Table 2.4 contains the crystallographic refinement
data. As shown in Figure 2.15, the PXRD pattern of the as-synthesized U6-Me2BPDCTFA-10 matches the simulated pattern from the single-crystal X-ray data. PXRD studies
were also used to confirm the crystallinity of bulk material (Figure 2.15).
Thermodynamic Studies.
In the experimental data presented in Table 2.2 below, the standard reaction
enthalpy for the dissolution of one mole of ThO2(s) for ΔH2 was computed based on
already reported data82 and using the standard formation enthalpy values of the dense
components in their standard state for the general relationship:
ΔHsoln(rxn) = ∑aΔH°f (products) – ∑bΔH°f (reactants) [where a and b are the
stoichiometric reaction coefficients].43 More specifically, this reaction is given as:
ΔHsoln(ThO2) = ΔH°f (Th4+(aq)) + [2 ´ ΔH°f (H2O(l))] – ΔH°f (ThO2(s)). [under strongly
acidic conditions, the oxides of thorium dissolve into the tetravalent ion].83,84
The enthalpy of formation reaction from solution components:
ΔHf,soln = ΔH1 + ΔH2 + ΔH3 + ΔH4 + ΔH5, is computed using the relationship:
6ThO2(s) + 4H2Me2BPDC(cr) + XDMF(l)

[Th6O4(OH)8(Me2BPDC)4]×XDMF(cr)
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(where X = 25.6 and 5.5 for Th6-Me2BPDC-8 and Th6-Me2BPDC-8 evacuated,
respectively). Enthalpy measurement values (ΔHs) can be found in Table 2.3.
Table 2.2 Thermochemical cycle used to compute the enthalpies of formation of ThMOF with respect to its components (ThO2, H2Me2BPDC, DMF) as measured in 2:1 (v/v) 5 M
HCl and DMF.

Thermochemical Scheme
6 Th4+(aq) + 4 Me2BPDC2-(aq) + 25.6 DMF(aq) + 12 H2O(aq)
[Th6O4(OH)8(Me2BPDC)4]×25.6DMF(cr) + 16 H+(aq)
6 × [ThO2(s) + 4 H+(aq)
Th4+(aq) + 2 H2O(aq)]
(Me2BPDC)2- (aq) + 2 H+(aq)]

4 × [H2Me2BPDC(cr)
25.6 × [DMF(l)
12 × [H2O(aq)

DMF(aq)]
H2O(l)]

6 ThO2(s) + 4 H2Me2BPDC(cr) + 25.6 DMF(l)
[Th6O4(OH)8(Me2BPDC)4]25.6DMF(cr)

Enthalpy
Measurement
ΔH1 = -ΔHs(Th-MOF)
ΔH2 = 6 × ΔHs(ThO2)
ΔH3 = 4 ×
ΔHs(H2Me2BPDC)
ΔH4 = 25.6 ×
ΔHs(DMF)
ΔH5 = 12 ×
ΔHdil(H2O)
ΔHf = ΔH1 + ΔH2 +
ΔH3 + ΔH4 + ΔH5

ΔHs = enthalpy of solution; ΔHf = enthalpy of formation from reaction solution components; and
ΔH(f,298K) = standard enthalpy of formation from the components in their standard state. The
standard enthalpy of formation from the elements of one mole of Th-MOF is computed using the
standard formation enthalpy of reaction components in their standard states and includes the

enthalpy of formation from solution components for that formation reaction.
This is computed using the relationship:
ΔHf,298K[Th6O4(OH)8(Me2BPDC)4]×25.6DMF(cr) = 6ΔHf,298KThO2(s) +
4ΔHf,298KH2Me2BPDC(cr) + 25.6ΔHf,298KDMF(l) +
ΔHf,solnTh6O4(OH)8(Me2BPDC)4]25.6DMF(cr).
For Th6-Me2BPDC-8 evacuated:
ΔHf,298K[Th6O4(OH)8(Me2BPDC)4]×5.5DMF(cr)
4ΔHf,298KH2Me2BPDC(cr)

+

=

6ΔHf,298KThO2(s)

5.5ΔHf,298KDMF(l)

ΔHf,solnTh6O4(OH)8(Me2BPDC)4]×5.5DMF(cr).
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Table 2.3. Experimental thermodynamics data applied to the thermodynamic cycle to
compute enthalpies of formation of Th-MOF.
Compound

ΔHs kJ/mol
formula

ΔHf,soln kJ/mol
Formula

ΔHf,soln kJ/mol
Thorium

Th6-Me2BPDC8
Th6-Me2BPDC8 evacuated
ThO2, Thorianite

−383.73a ±
7.75b (2)c
−312.21a ±
6.53b (2)c
311.65 ± 1.8 e,1

2,030.47 ±
7.96d
2,148.90 ±
7.96d
N/A

338.32 ± 1.33d

H2Me2BPDC
H2BPDC
DMF

4.48 ± 0.06
13.25 ± 0.08
−9.45 ± 0.01

N/A
N/A
N/A

N/A
N/A
N/A

H2 O

0.0738

N/A

N/A

360.10 ± 1.13
N/A

ΔH(f,298K)
kJ/mol
of formula
−14317.45 ±
8.6d
−9387.08 ±
7.72d
−1226.4 ±
3.541
−715.2239
−651.0039
−239.4 ±
1.242
−285.8 ±
0.141

a

average of the measurements
the standard error of the average value
c
number of measurements
d
computed as the square root of the sum of the squares of reported errors
e
computed for the solvent (2:1 v/v 5M HCl:DMF) dissolution at pH = 3.33
b

Theoretical Studies.
Density of states (DOS) calculations were further carried out to explore the change in
electronic structure of the U1.23Th4.77-Me2BPDC-8 MOF as a function of the position of
the substituted uranium atom in the MOF structure. The orbital-projected DOS suggest
that with U substituted at the position 3 the calculated band gap was found to be 3.0 eV,
while the U-substitution at the position 1 resulted in a band gap of 3.2 eV (Figure 2.8).
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Figure 2.8. Total and partial DOS computed using the GGAPBE level of theory and DFT+U corrections on Co (d
electrons). The optimized structures of (top) U1.23Th4.77Me2BPDC-8 (band gap = 3.0 eV, U substitution at position 3;
(bottom) U1.23Th4.77-Me2BPDC-8 (band gap = 3.2 eV, U
substitution at position 1). The teal, lilac, red, grey, and light
pink spheres represent Th, U, O, C, and H atoms, respectively.

Figure 2.9. Truncated cluster models with formic acid linkers: (left) 8-coordinated
metal node, (middle) 10-coordinated metal node, and (right) 12-coordinated metal
node. The green, red, black, and pink spheres represent M (M = Th, U), O, C, and H
atoms, respectively.
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X-ray crystal structure determination.
Th6-Me2BPDC-NO3-10 (C80H60N2O40Th6). X-ray intensity data from a colorless rod-like
crystal were collected at 100(2) K using a Bruker D8 QUEST diffractometer equipped
with a PHOTON-100 CMOS area detector and an Incoatec microfocus source (Mo Kα
radiation, λ = 0.71073 Å). The raw area detector data frames were reduced and corrected
for absorption effects using the Bruker APEX3, SAINT+ and SADABS programs.85,86
Final unit cell parameters were determined by least-squares refinement of 9966
reflections taken from the data set. The structure was solved with SHELXT.83 Subsequent
difference Fourier calculations and full-matrix least-squares refinement against F2 were
performed with SHELXL-201887,88 using OLEX2.89
The compound crystallizes in the tetragonal system. The pattern of systematic
absences in the intensity data was consistent with the space groups P42/mmc, P-42c, and
P42mc. The centrosymmetric group P42/mmc (No. 131) was confirmed by structure
solution. The asymmetric unit consists of two crystallographically unique thorium atoms,
two unique μ3-bridging oxygen atoms (O1 and O2), two unique terminal oxygen atoms
(O6 and O7A/B), a bridging nitrate anion (N1 and O8A-C), two unique C16H12O42–
ligands and a large region of interstitial disordered solvent species. The entire Th6 cluster
has mmm (D2h) point symmetry. Most individual species lie on positions of special
crystallographic symmetry. The Th1, O1, O2, and O7 atoms are located on a mirror
plane. The Th2 and O6 atoms lie on two mirror planes and a two-fold axis (m2m. site
symmetry). The nitrate anion is simultaneously disordered across two mirror planes and a
two-fold axis (m2m/C2v symmetry) and is represented in the asymmetric unit by three
half-occupied oxygen atoms (O8A-C) and one half-occupied nitrogen (N1). Oxygen O7
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atom is disordered equally over two sites A/B. Ligand O3/O4/C1–C8 is located on a twofold axis and only half is present per asymmetric unit. This ligand is full ordered. Ligand
O5/C9–C14 is extensively disordered about a site of high symmetry (mmm/D2h). Only ¼
of this ligand is independent by symmetry. The six-membered rings (C10–C13) are
disordered across mirror planes. The methyl group of this ligand (atom C14) has four
equally likely positions of attachment to the six-membered ring (C12 and its three
symmetry-equivalents) and is apparently disordered over these four sites. The C14 atom
was therefore refined with ¼-occupancy. The thorium atoms, all oxygen atoms and atoms
of the ordered ligand O3/O4/C1–C8 were refined with anisotropic displacement
parameters. Most disordered atoms were refined isotropically. Separate common
displacement parameters were used for atoms C9–C13 and N1/O8A–C. The anisotropic
displacement parameters of ligand O3/O4/C1–C8 and of oxygen O8 were restrained to
adopt a spherical shape with an ISOR instruction. The C–C distance restraints and a
FLAT instruction were applied to atoms of ligand C9–C14. The N–O and O–O distance
restraints were applied to the nitrate atoms. Hydrogen atoms bonded to carbon were
placed in geometrically idealized positions and included as riding atoms with appropriate
occupancies. No hydrogen atoms could be located, and none were calculated for the μ3bridging or terminal oxygen atoms. These are presumably a mixture of oxo, hydroxyl,
aquo or hydronium ligands appropriate to satisfy crystal electroneutrality. Efforts to
model the interstitial solvent disorder were unsuccessful. The Squeeze program in
PLATON was used to account for these species.90,91 The solvent-accessible volume was
calculated to be 7403 Å3 per unit cell (66% of the total cell volume), containing the
equivalent of 1359 electrons per unit cell. The scattering contribution of this electron
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density was added to the structure factors computed from the modeled part of the
structure during refinement. For comparison, the residual factors were R1/wR2 =
0.055/0.176 for the best disorder model, and R1/wR2 = 0.044/0.113 after applying
Squeeze. The reported crystal density and F.W. were calculated from the known part of
the structure only. The largest residual electron density peak and hole in the final
difference map are +2.08 and –2.60 e/Å3, located 0.57 and 0.97 Å from Th1, respectively.
Th6-Me2BPDC-8b (C64H48O34Th6). Single crystals of Th6-Me2BPDC-8b formed as
colorless tablets. A suitable crystal was selected and mounted on a Bruker D8 Quest
diffractometer equipped with a PHOTON-100 CMOS area detector and an Incoatec
microfocus source (Mo Kα radiation, λ = 0.71073 Å). The crystal was kept at 100(2) K
during data collection. The raw area detector data frames were reduced and corrected for
absorption effects using the Bruker APEX3, SAINT+ and SADABS programs.85,86 Final
unit cell parameters were determined by least-squares refinement of 9677 reflections
taken from the data set. Using OLEX2,88 the structure was solved with the SHELXT
structure solution program using Intrinsic Phasing and refined with the XL refinement
package using least-squares minimization.87,92
The compound crystallizes in the space group P42/mmc of the tetragonal system.
The asymmetric unit consists of formally 1/8 of one Th6O4(OH)8(C16H12O4)4 cluster
which is located at the intersection of three mutually perpendicular mirror planes (site
symmetry of the cluster centroid is mmm.). All located atoms except for those of the
ligand reside on at least one mirror plane. There are two unique thorium atoms, two
unique μ3-bridging oxygen atoms (O1 and O2), and three unique terminal oxygen atoms
(O5-O7). The ligand is located on a two-fold axis of rotation and only half is
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crystallographically unique. It was refined with the aid of 11 restraints: a rigid sixmembered ring (C2–C7, AFIX 66), FLAT, DFIX for C–C single bonds). Ligand hydrogen
atoms were placed in idealized positions and included as standard riding atoms. No
hydrogen atoms were located or calculated for the bridging and terminal oxygen atoms of
the cluster. Their identity as water, hydroxo, or oxo ligands is unknown. All nonhydrogen atoms were refined with anisotropic displacement parameters; those of the
carbon and oxygen atoms were restrained from becoming abnormally elongated using a
spherical approximation restraint (SHELX ISOR). The structure contains a large volume
of disordered and unidentifiable solvent species, likely water and DMF, which were
accounted for with Squeeze technique (6670 Å3 solvent-accessible volume, 1480
electrons per unit cell).90,91 The largest peak in the final residual difference electron
density map is 2.26 e/Å3, located 1.32 Å from Th1.
U6-Me2BPDC-TFA-10 (C84H60F6O34U6). X-ray intensity data from a green rod-like
crystal were collected at 100(2) K using a Bruker D8 QUEST diffractometer equipped
with a PHOTON-100 CMOS area detector and an Incoatec microfocus source (Mo Kα
radiation, λ = 0.71073 Å). The raw area detector data frames were reduced and corrected
for absorption effects using the Bruker APEX3, SAINT+ and SADABS programs.85,86
Final unit cell parameters were determined by least-squares refinement of 9438
reflections taken from the data set. The structure was solved with SHELXT.3 Subsequent
difference Fourier calculations and full-matrix least-squares refinement against F2 were
performed with SHELXL-201887,88 using OLEX2.89
The compound crystallizes in the tetragonal system. The pattern of systematic
absences in the intensity data was consistent with the space groups P42/mmc, P-42c and
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P42mc. The centrosymmetric group P42/mmc (No. 131) was confirmed by structure
solution. The asymmetric unit consists of two crystallographically unique uranium atoms,
two unique μ3-bridging oxygen atoms (O1 and O2), one unique terminal oxygen atom
(O6), a bridging trifluoroacetate (TFA) anion, two unique C16H12O42– ligands and a large
region of disordered solvent species. The entire U6 cluster has mmm (D2h) point
symmetry. Most individual species lie on positions of special crystallographic symmetry.
Th1, O1 and O2 are located on a mirror plane. Th2 and O6 lie on two mirror planes and a
two-fold axis (m2m. site symmetry). The TFA anion is simultaneously disordered across
two mirror planes and a two-fold axis (m2m/C2v symmetry) and is represented in the
asymmetric unit by one oxygen atom (O8), two carbon atoms and three ¼-occupied
fluorine atoms. Crystal symmetry generates 12 fluorine positions, for a total of 3 F per
ligand taking into account the ¼-occupancy. Ligand O3/O4/C1–C8 is located on a twofold axis and only half is present per asymmetric unit. This ligand is full ordered. Ligand
O5/C9–C14 is extensively disordered about a site of high symmetry (mmm/D2h). Only ¼
of this ligand is independent by symmetry. The six-membered rings (C10–C13) are
disordered across mirror planes. The methyl group of this ligand (atom C14) has four
equally likely positions of attachment to the six-membered ring (C12 and its three
symmetry-equivalents) and is apparently disordered over these four sites. The C14 atom
was therefore refined with ¼-occupancy. The uranium atoms, all oxygen atoms and atoms
of the ordered ligand O3/O4/C1-C8 were refined with anisotropic displacement
parameters. Disordered atoms were refined isotropically, some (F16A/B/C and C15) with
arbitrarily fixed displacement parameters to prevent abnormally large values. Atomic
coordinates of the F atoms were also fixed once reasonable positions had been obtained.
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The anisotropic displacement parameters of ligand O3/O4/C1–C8 and of oxygen O8 were
restrained to adopt a spherical shape with an ISOR instruction. The C–C distance
restraints and a FLAT instruction were applied to atoms of ligand C9-C14. Hydrogen
atoms bonded to carbon were placed in geometrically idealized positions and included as
riding atoms with appropriate occupancies. No hydrogen atoms could be located, and
none were calculated for the μ3-bridging or terminal oxygen atoms. These are presumably
a mixture of oxo, hydroxy, or aquo ligands appropriate to satisfy crystal electroneutrality.
Efforts to model the solvent disorder were unsuccessful. The Squeeze program in
PLATON was used to account for these species.90,91 The solvent-accessible volume was
calculated to be 7127 Å3 per unit cell (65.9% of the total cell volume), containing the
equivalent of 1826 electrons per unit cell. The scattering contribution of this electron
density was added to the structure factors computed from the modeled part of the
structure during refinement. The reported crystal density and F.W. are calculated from the
known part of the structure only. The largest residual electron density peak and hole in
the final difference map are +1.55 and –1.80 e/Å,3 located 0.85 Å from O8 and 0.02 Å
from C16, respectively.
U6-Me2BPDC-8-H2O-1d (C64H48O34U6). Single crystals of C64H48O34U6 formed as pale
green polyhedra. Diffraction quality of the available crystals was low, with broad
diffraction profiles and weak intensities. Data were truncated at 2θ(max) = 35.1°, above
this value no significant diffraction intensities were observed. The crystal was selected
and mounted on a Bruker D8 Quest diffractometer. The crystal was kept at 100(2) K
during data collection. Using OLEX289, the structure was solved with the SHELXT87
structure solution program using Intrinsic Phasing and refined with the XL88 refinement

118

package using least-squares minimization. The space group P42/mmc was found by XT
and was confirmed by structure solution and refinement.
The asymmetric unit consists of formally 1/8 of one U6O4(OH)8(C14H12O4)4
cluster which is located at the intersection of three mutually perpendicular mirror planes
(the site symmetry of the cluster centroid is mmm.). All located atoms except for those of
the ligand reside on at least one mirror plane. The ligand is located on a two-fold axis of
rotation and only half is crystallographically unique. It was refined with the aid of 11
restraints: a rigid six-membered ring (C2–C7, AFIX 66), FLAT, DFIX and SADI for C–
C and C–O single bonds, and all ligand atoms refined with a common isotropic
displacement parameter. Ligand hydrogen atoms were idealized. No hydrogen atoms
were located or calculated for the bridging and terminal oxygen atoms of the cluster.
Their identity as water, hydroxo, or oxo ligands is unknown. Only the two unique
uranium atoms were refined anisotropically; all other atoms were refined with isotropic
displacement parameters. The structure contains a large volume of disordered and
unidentifiable solvent species which were accounted for with Squeeze (6734 Å3 solventaccessible volume, 1133 electrons per unit cell). The best disorder model, involving
several randomly distributed and partially occupied oxygen atoms, converged at R1 =
0.154. Because of the low crystal quality, the structure data should be considered of
limited reliability except for general connectivity features.
U6-Me2BPDC-8-H2O-4d (C64H48O34U6). Single crystals of C64H48O34U6 formed as pale
green tablets. A suitable crystal was selected and mounted on a Bruker D8 Quest
diffractometer. The crystal was kept at 100(2) K during data collection. Using OLEX289,
the structure was solved with the SHELXT87 structure solution program using intrinsic

119

phasing and refined with the XL88 refinement package using least-squares minimization.
The asymmetric unit consists of formally 1/8 of one U6O4(OH)8(C16H12O4)4 cluster which
is located at the intersection of three mutually perpendicular mirror planes (site symmetry
of the cluster centroid is mmm).
All located atoms except for those of the ligand reside on at least one mirror
plane. The ligand is located on a two-fold axis of rotation and only half is
crystallographically unique. It was refined with the aid of 12 restraints: a rigid sixmembered ring (C2–C7, AFIX 66), FLAT and DFIX for C–C single bonds, and all
carbon atoms were given a common isotropic displacement parameter. Ligand hydrogen
atoms were idealized. No hydrogen atoms were located or calculated for the bridging and
terminal oxygen atoms of the cluster. Their identity as water, hydroxo, or oxo ligands is
unknown. The unique terminal oxygen O7 is disordered across a mirror plane and was
refined with half-occupancy. The structure contains a large volume of disordered and
unidentifiable solvent species, likely water, which were accounted for with Squeeze
(6643 Å3 solvent-accessible volume, 1119 electrons per unit cell). The best disorder
model, involving several randomly distributed and partially occupied oxygen atoms,
converged at R1 = 0.080.
Th6-Me2BPDC-10-MeOH (C80H60O37Th6). Crystals of the compound decompose to a
white powder essentially instantaneously after removing from the crystallization solvent,
even when rapidly immersed in paratone-N oil. A crystal could not be extracted from the
mother liquor and transferred to the diffractometer cold stream before decomposition. For
data collection, a colorless rod crystal was mounted inside a glass capillary tube in the
presence of the mother liquor. The capillary was then flame-sealed at both ends. X-ray
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intensity data were collected at 301(2) K using a Bruker D8 QUEST diffractometer
equipped with a PHOTON-100 CMOS area detector and an Incoatec microfocus source
(Mo Kα radiation, λ = 0.71073 Å). The raw area detector data frames were reduced and
corrected for absorption effects using the Bruker APEX3, SAINT+, and SADABS
programs.85,86 Final unit cell parameters were determined by least-squares refinement of
9900 reflections taken from the data set. The structure was solved with SHELXT.87,88
Subsequent difference Fourier calculations and full-matrix least-squares refinement
against F2 were performed with SHELXL-201887,88 using OLEX2.89
The compound crystallizes in the space group P42/mmc of the tetragonal system.
The asymmetric unit consists of two crystallographically unique thorium atoms, two
unique μ3-bridging oxygen atoms (O1 and O2), one unique terminal oxygen atom (O6),
another disordered terminal oxygen atom (O7A-C), part of two unique C16H12O42- ligands
and a large region of disordered solvent species. The entire Th6 cluster has mmm (D2h)
point symmetry. Most individual species lie on positions of special crystallographic
symmetry. Th1, O1, O2 and O7A-C are located on mirror planes. The Th2 and O6 atoms
lie on two mirror planes and a two-fold axis (m2m. site symmetry). Ligand O3/O4/C1–C8
is located on a two-fold axis and only half is present per asymmetric unit. The methyl
group (C8) is disordered over two sites and was refined with half-occupancy. Ligand
O5/C9–C14 is extensively disordered about a site of high symmetry (mmm/D2h). Only ¼
of this ligand is independent by symmetry. The six-membered rings (C10–C13) are
disordered across mirror planes. The methyl group of this ligand (atom C14) has four
equally likely positions of attachment to the six-membered ring (C12 and its three
symmetry-equivalents) and is apparently disordered over these four sites. The C14 atom
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was therefore refined with ¼-occupancy. The oxygen O7 atom is disordered over three
sites (A-C) bonded to Th1 in the asymmetric unit. Interpretation of the electron density
map in this region was difficult because of the presence of many small peaks clustered
together, none of which refined to full occupancy. They do not correspond to the
carboxylic group of another ligand. The final disorder model used three oxygen atoms
whose occupancies were fixed at values giving sensible displacement parameters. The
model implies Th1 atoms have either two (O7A/B) or one (O7C) O7 ligands at this site.
The thorium atoms, oxygen atoms O1-O7B and atoms of the ordered ligand O3/O4/C1–
C8 were refined with anisotropic displacement parameters. Carbon atoms of disordered
ligand O5/C9–C14 were refined isotropically. The anisotropic displacement parameters
of atoms C1–C8 and of oxygens O1 and O2 were restrained to adopt a spherical shape
with ISOR instructions. The C–C distance restraints and a FLAT instruction were applied
to atoms of ligand C9–C14. Hydrogen atoms bonded to carbon were placed in
geometrically idealized positions and included as riding atoms with appropriate
occupancies. No hydrogen atoms could be located, and none were calculated for the μ3bridging or terminal oxygen atoms. These are presumably a mixture of oxo, hydroxy, or
aquo ligands appropriate to satisfy crystal electroneutrality. Efforts to model the solvent
disorder were unsuccessful. The Squeeze program in PLATON was used to account for
these species.90,91 The solvent-accessible volume was calculated to be 7475 Å3 per unit
cell (65.6% of the total cell volume), containing the equivalent of 1088 electrons per unit
cell. The scattering contribution of this electron density was added to the structure factors
computed from the modeled part of the structure during refinement. For comparison, the
residual factors were R1/wR2 = 0.0386/0.106 for the best disorder model, and R1/wR2 =
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0.0316/0.0860 after applying Squeeze. The reported crystal density and F.W. are
calculated from the known part of the structure only. The largest residual electron density
peak and hole in the final difference map are +1.31 and –1.27 e/Å3, located 0.63 Å from
O2 and 0.74 Å from C10, respectively.
Th6-Me2BPDC(Me2TPDC)-12 (C102H76O38Th6). X-ray intensity data from a colorless
rod-like crystal were collected at 100(2) K using a Bruker D8 QUEST diffractometer
equipped with a PHOTON-100 CMOS area detector and an Incoatec microfocus source
(Mo Kα radiation, λ = 0.71073 Å). The raw area detector data frames were reduced and
corrected for absorption effects using the Bruker APEX3, SAINT+ and SADABS
programs.85,86 Final unit cell parameters were determined by least-squares refinement of
9860 reflections taken from the data set. The structure was solved with SHELXT.87,88
Subsequent difference Fourier calculations and full-matrix least-squares refinement
against F2 were performed with SHELXL-201887,88 using OLEX2.89
The compound crystallizes in the tetragonal system. The pattern of systematic
absences in the intensity data was consistent with the space groups P42/mmc, P-42c and
P42mc. The centrosymmetric group P42/mmc (No. 131) was confirmed by structure
solution. The asymmetric unit consists of two crystallographically unique thorium atoms,
two unique μ3-bridging oxygen atoms (O1 and O2), two unique terminal oxygen atoms
(O6 and O7), two unique C16H12O42– (Me2BPDC) ligands, one unique C22H16O42–
(Me2TPDC) ligand and a large region of interstitial disordered solvent species. The entire
Th6 cluster has mmm (D2h) point symmetry. Most individual species lie on positions of
special crystallographic symmetry. The Th1, O1, O2, and O7 atoms are located on a
mirror plane. The Th2 and O6 atoms lie on two mirror planes and a two-fold axis (m2m.
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site symmetry). Me2BPDC ligand O3/O4/C1–C8 is located on a two-fold axis and only
half is present per asymmetric unit. This ligand is not disordered. The Me2BPDC ligand
O5/C9–C14 and the Me2TPDC ligand (O8/C15–C22) are both disordered about sites of
high symmetry (mmm/D2h). Only ¼ of each of these ligands is independent by symmetry.
The methyl-substituted six-membered rings of the Me2BPDC ligand (C10–C14) are
disordered across mirror planes. The methyl group (atom C14) has four equally probable
positions of attachment to the six-membered ring (C12 and its three symmetryequivalents) and is disordered over these four sites. The C14 atom was therefore refined
with ¼-occupancy. The two methyl-substituted six-membered rings of the Me2TPDC
ligand (C16–C19, C22) were modeled as lying in the mirror plane. The methyl carbon
(C22) therefore has two possible equally probable positions of attachment per ring (C18
and symmetry-equivalent) and was therefore refined as half-occupied. The central phenyl
ring is generated from two atoms C20/C21. The C21 atom is disordered over two
positions across a mirror plane and was refined as half-occupied. The thorium atoms, all
oxygen atoms and atoms of the ordered ligand O3/O4/C1–C8 were refined with
anisotropic displacement parameters. Most disordered atoms were refined isotropically.
Carbon atom Uiso parameters of the Me2BPDC ligand were refined freely. Those of atoms
C17–C22 of the Me2TPDC ligand were assigned a fixed Uiso value of 0.175 Å2. The
anisotropic displacement parameters of ligand O3/O4/C1–C8 were restrained to adopt a
spherical shape with an ISOR instruction. Appropriate C–C distance restraints were
applied to atoms of ligands O5/C9–C14 and O8/C15–C22. A FLAT instruction was
applied to atoms C9–C14. Distances to methyl carbons were restrained to 1.54(1) Å.
Hydrogen atoms bonded to carbon were placed in geometrically idealized positions and
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included as riding atoms with appropriate occupancies. No hydrogen atoms could be
located, and none were calculated for the μ3-bridging or terminal oxygen atoms. These
are presumably a mixture of oxo, hydroxyl, aquo or hydronium ligands appropriate to
satisfy crystal electroneutrality. Efforts to model the interstitial solvent disorder were
unsuccessful. The Squeeze program in PLATON was used to account for these species.91
The solvent-accessible volume was calculated to be 6990 Å3 per unit cell (62% of the
total cell volume), containing the equivalent of 1457 electrons per unit cell. The
scattering contribution of this electron density was added to the structure factors
computed from the modeled part of the structure during refinement. For comparison, the
residual factors were R1/wR2 = 0.039/0.128 for the best disorder model, and R1/wR2 =
0.029/0.081 after applying Squeeze. The reported crystal density and F.W. are calculated
from the known part of the structure only. The largest residual electron density peak and
hole in the final difference map are +1.05 and –1.41 e/Å3, located 0.48 Å and 0.28 Å
from O2 and C20, respectively.
Th6-Me2BPDC-8-intermediate (C64H48O38Th6). X-ray intensity data from a colorless
rod-like crystal were collected at 100(2) K using a Bruker D8 QUEST diffractometer
equipped with a PHOTON-100 CMOS area detector and an Incoatec microfocus source
(Mo Kα radiation, λ = 0.71073 Å). The raw area detector data frames were reduced and
corrected for absorption effects using the Bruker APEX3, SAINT+ and SADABS
programs.85,86 The structures were solved with SHELXT.87,88 Subsequent difference
Fourier calculations and full-matrix least-squares refinement against F2 were performed
with SHELXL-201887,88 using OLEX2.89
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The compound crystallizes in the tetragonal system. The pattern of systematic
absences in the intensity data was consistent with the space groups P42/mmc, P-42c and
P42mc. The centrosymmetric group P42/mmc (No. 131) was confirmed by structure
solution. The asymmetric unit consists of two crystallographically unique thorium atoms,
half of one unique C16H12O42- (Me2BPDC) ligand, two unique μ3-bridging oxygen atoms
(O1 and O2), two unique terminal oxygen atoms (O6 and O7), a constellation of
disordered and unidentified species bridging the equator of the Th6 cluster (Th1 and its
three symmetry-equivalents), and a large region of interstitial disordered solvent species.
The entire Th6 cluster has mmm (D2h) point symmetry. Most individual species lie on
positions of special crystallographic symmetry. Th1, O1, O2 and O7 are located on a
mirror plane. Th2 lies on two mirror planes and a two-fold axis (m2m. site symmetry). O6
is disordered over four symmetry-equivalent sites and was refined with ¼-occupancy.
Ligand O3/O4/C1-C8 is located on a two-fold axis and only half is present per
asymmetric unit. O5 and O8 are located in the mirror plane containing Th1 and its
equivalents. Except for atoms directly bonded to Th1 (O5, O7, and O8) the observed
electron density around the Th1/Th1* equator of the cluster is uninterpretable but could
be modeled sensibly. The observed density near these atoms is not consistent with
another Me2BPDC ligand, even a partial, disordered one. Several trial models were
unsuccessful. O5 and O8 both generate symmetry equivalent atoms separated by ca. 2.2
Å across mirror planes, suggesting a carboxylato or nitrate species. Further away, the
next closest peaks are found at long distances (> 1.7 Å) and are not arranged in a
chemically sensible pattern. Occupancies of the other peaks in this region refine to low
values and could not be modeled reasonably. These species remain unknown because of
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the disorder. There may be a mixture of ligands scrambled over these sites. All atoms
except O6 and O7 were refined with anisotropic displacement parameters; O6 was given
a fixed Uiso value of 0.125 Å2. O7 is disordered over two closely separated sites with
fixed occupancies of O7A/O7B = 0.3/0.7. The anisotropic displacement parameters of the
Me2BPDC ligand were restrained to adopt a spherical shape with ISOR instructions. C-C
distance restraints and a DELU displacement parameter restraint were applied to atoms
C4 and C8. Hydrogen atoms bonded to carbon were placed in geometrically idealized
positions and included as riding atoms. No hydrogen atoms could be located, and none
were calculated for the μ3-bridging or terminal oxygen atoms. These are presumably a
mixture of oxo, hydroxyl, aquo or hydronium ligands appropriate to satisfy crystal
electroneutrality. The disordered interstitial solvent could not be modeled successfully
and was accounted for using the Squeeze program in PLATON.90,91 The solventaccessible volume was calculated to be 8203 Å3 per unit cell (73.6% of the total cell
volume). The scattering contribution of the disordered electron density was added to the
structure factors computed from the modeled part of the structure during refinement. The
reported crystal density and F.W. are calculated from the known part of the structure
only. The largest residual electron density peak and hole in the final difference map are
+2.06 and –4.14 e/Å3, located 1.16 Å from O1 and 1.02 Å from Th1, respectively.
Th6-Me2BPDC(“QPDC”)-10 (C80H60O38Th6). X-ray intensity data from a colorless rodlike crystal were collected at 100(2) K using a Bruker D8 QUEST diffractometer
equipped with a PHOTON-100 CMOS area detector and an Incoatec microfocus source
(Mo Kα radiation, λ = 0.71073 Å). The raw area detector data frames were reduced and
corrected for absorption effects using the Bruker APEX3, SAINT+ and SADABS
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programs.85,86 The structures were solved with SHELXT.87,88 Subsequent difference
Fourier calculations and full-matrix least-squares refinement against F2 were performed
with SHELXL-201887,88 using OLEX2.89
The compound crystallizes in the tetragonal system. The pattern of systematic
absences in the intensity data was consistent with the space groups P42/mmc, P-42c and
P42mc. The centrosymmetric group P42/mmc (No. 131) was confirmed by structure
solution. The asymmetric unit consists of two crystallographically unique thorium atoms,
two unique μ3-bridging oxygen atoms (O1 and O2), two unique terminal oxygen atoms
(O6 and O7A/B), a disordered and unidentified species bridging two symmetryequivalent Th atoms (Th1/Th1*) at coordination sites 11 and 12, two unique C16H12O42–
(Me2BPDC) ligands and a large region of interstitial disordered solvent species. The
entire Th6 cluster has mmm (D2h) point symmetry. Most individual species lie on
positions of special crystallographic symmetry. Th1, O1, O2 and O7 are located on a
mirror plane. Th2 and O6 lie on two mirror planes and a two-fold axis (m2m. site
symmetry). The unknown bridging species is simultaneously disordered across two
mirror planes and a two-fold axis (m2m/C2v symmetry) and is represented in the
asymmetric unit by one oxygen atom (O8). Within the constraints that no trifluoroacetate
or formate anions are present in the crystals, the observed electron density bridging
Th1/Th1* at potential coordination sites 11 and 12 is uninterpretable and cannot be
modeled sensibly. The observed density near these atoms is certainly not consistent with
another Me2BPDC ligand, even a partial, disordered one. There are two oxygen atoms
O8/O8*, separated by ca. 2.3 Å across a mirror plane. A central atom, where a
carboxylate carbon would be, is also observed at ca. 1.3 Å from the O8 atoms (i.e.
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resembling a formate group). These observations suggest a short carboxylato species (e.g.
formate, acetate, or trifluoroacetate), which are unlikely to be present in the crystal based
on the synthesis route. Further away, the next closest peaks are found at distances > 1.6 Å
and are not arranged in a chemically sensible pattern. Occupancies of the other peaks in
this region refine to very low values (e.g. < 25% of a carbon) and could not be modeled
reasonably. This species remains unknown because of the disorder. There may be a
mixture of ligands scrambled over these sites. Oxygen O7 is disordered equally over two
sites A/B. Ligand O3/O4/C1–C8 is located on a two-fold axis and only half is present per
asymmetric unit. 1,2- and 1,4-C–C “same-distance” restraints were necessary to maintain
a regular geometry for this ligand. Ligand O5/C9-C14 is extensively disordered about a
site of high symmetry (mmm/D2h). Only ¼ of this ligand is independent by symmetry.
The six-membered rings (C10-C13) are disordered across mirror planes. The methyl
group of this ligand (atom C14) has four equally likely positions of attachment to the sixmembered ring (C12 and its three symmetry-equivalents) and is apparently disordered
over these four sites. C14 was therefore refined with ¼-occupancy. The thorium atoms,
all oxygen atoms and atoms of the ordered ligand O3/O4/C1-C8 were refined with
anisotropic displacement parameters. Most disordered atoms were refined isotropically.
The anisotropic displacement parameters of ligand atoms O3/O4/C1–C8 were restrained
to adopt a spherical shape with an ISOR instruction. The C–C distance restraints and a
FLAT instruction were applied to atoms of ligand C9–C14. Hydrogen atoms bonded to
carbon were placed in geometrically idealized positions and included as riding atoms
with appropriate occupancies. No hydrogen atoms could be located, and none were
calculated for the μ3-bridging or terminal oxygen atoms. These are presumably a mixture
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of oxo, hydroxyl, aquo or hydronium ligands appropriate to satisfy crystal
electroneutrality. Efforts to model the interstitial solvent disorder were unsuccessful. The
Squeeze program in PLATON was used to account for these species.90,91 The solventaccessible volume was calculated to be, typically, 7512 Å3 per unit cell (68% of the total
cell volume). The scattering contribution of the disordered electron density was added to
the structure factors computed from the modeled part of the structure during refinement.
The reported crystal density and F.W. are calculated from the known part of the structure
only. The largest residual electron density peak and hole in the final difference map are
+2.11 and –1.74 e/Å3, located 0.62 and 1.22 Å from Th1 and O2, respectively.
Th6-Me2BPDC(“Me2BPDC”)-10 (C80H60O38Th6). X-ray intensity data from a colorless
rod-like crystal were collected at 100(2) K using a Bruker D8 QUEST diffractometer
equipped with a PHOTON-100 CMOS area detector and an Incoatec microfocus source
(Mo Kα radiation, λ = 0.71073 Å). The raw area detector data frames were reduced and
corrected for absorption effects using the Bruker APEX3, SAINT+ and SADABS
programs.85,86 The structures were solved with SHELXT.87,88 Subsequent difference
Fourier calculations and full-matrix least-squares refinement against F2 were performed
with SHELXL-201887,88 using OLEX2.89
The compound crystallizes in the tetragonal system. The pattern of systematic
absences in the intensity data was consistent with the space groups P42/mmc, P-42c and
P42mc. The centrosymmetric group P42/mmc (No. 131) was confirmed by structure
solution. The asymmetric unit consists of two crystallographically unique thorium atoms,
two unique μ3-bridging oxygen atoms (O1 and O2), two unique terminal oxygen atoms
(O6 and O7A/B), a disordered and unidentified species bridging two symmetry-
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equivalent Th atoms (Th1/Th1*) at coordination sites 11 and 12, two unique C16H12O42–
(Me2BPDC) ligands and a large region of interstitial disordered solvent species. The
entire Th6 cluster has mmm (D2h) point symmetry. Most individual species lie on
positions of special crystallographic symmetry. Th1, O1, O2 and O7 are located on a
mirror plane. Th2 and O6 lie on two mirror planes and a two-fold axis (m2m. site
symmetry). The unknown bridging species is simultaneously disordered across two
mirror planes and a two-fold axis (m2m/C2v symmetry) and is represented in the
asymmetric unit by one oxygen atom (O8). Within the constraints that no trifluoroacetate
or formate anions are present in the crystals, the observed electron density bridging
Th1/Th1* at potential coordination sites 11 and 12 is uninterpretable and cannot be
modeled sensibly. The observed density near these atoms is certainly not consistent with
another Me2BPDC ligand, even a partial, disordered one. There are two oxygen atoms
O8/O8*, separated by ca. 2.2 Å across a mirror plane. A central atom, where a
carboxylate carbon would be, is also observed at ca. 1.3 Å (i.e., a formate group). These
observations suggest a short carboxylato species (e.g. formate, acetate, or
trifluoroacetate), which are unlikely to be present in the crystal based on the synthesis
route. Further away, the next closest peaks are found at distances > 1.7 Å and are not
arranged in a chemically sensible pattern. Occupancies of the other peaks in this region
refine to very low values (e.g. < 25% of a carbon) and could not be modeled reasonably.
This species remains unknown because of the disorder. There may be a mixture of ligands
scrambled over these sites. The O7 atom is disordered equally over two sites A/B. Ligand
O3/O4/C1–C8 is located on a two-fold axis and only half is present per asymmetric unit.
This ligand is full ordered. Ligand O5/C9–C14 is extensively disordered about a site of
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high symmetry (mmm/D2h). Only ¼ of this ligand is independent by symmetry. The sixmembered rings (C10–C13) are disordered across mirror planes. The methyl group of this
ligand (atom C14) has four equally likely positions of attachment to the six-membered
ring (C12 and its three symmetry-equivalents) and is apparently disordered over these
four sites. C14 was therefore refined with ¼-occupancy. The thorium atoms, all oxygen
atoms and atoms of the ordered ligand O3/O4/C1–C8 were refined with anisotropic
displacement parameters. Most disordered atoms were refined isotropically. The
anisotropic displacement parameters of ligand O3/O4/C1–C8 and of oxygen O8 were
restrained to adopt a spherical shape with an ISOR instruction. The O6 atom was given a
fixed Uiso value of 0.10 Å2. The C–C distance restraints and a FLAT instruction were
applied to atoms of ligand C9–C14. Hydrogen atoms bonded to carbon were placed in
geometrically idealized positions and included as riding atoms with appropriate
occupancies. No hydrogen atoms could be located, and none were calculated for the μ3bridging or terminal oxygen atoms. These are presumably a mixture of oxo, hydroxyl,
aquo or hydronium ligands appropriate to satisfy crystal electroneutrality. Efforts to
model the interstitial solvent disorder were unsuccessful. The Squeeze program in
PLATON was used to account for these species.90,91 The solvent-accessible volume was
calculated to be typically, 7608 Å3 per unit cell (68% of the total cell volume). The
scattering contribution of the disordered electron density was added to the structure
factors computed from the modeled part of the structure during refinement. The reported
crystal density and F.W. are calculated from the known part of the structure only. The
largest residual electron density peak and hole in the final difference map are +1.29 and –
1.74 e/Å3, located 0.72 and 0.12 Å from Th1 and O6, respectively.
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Th6-BPDC-10 (C70H40O38Th6).
X-ray intensity data from a colorless rod-like crystal were collected at 100(2) K
using a Bruker D8 QUEST diffractometer equipped with a PHOTON-100 CMOS area
detector and an Incoatec microfocus source (Mo Kα radiation, λ = 0.71073 Å). The raw
area detector data frames were reduced and corrected for absorption effects using the
Bruker APEX3, SAINT+ and SADABS programs.85,86 The structures were solved with
SHELXT.87,88 Subsequent difference Fourier calculations and full-matrix least-squares
refinement against F2 were performed with SHELXL-201887,88 using OLEX2.89
The compound crystallizes in the tetragonal system. The pattern of systematic
absences in the intensity data was consistent with the space groups P42/mmc, P-42c and
P42mc. The centrosymmetric group P42/mmc (No. 131) was confirmed by structure
solution. The asymmetric unit consists of two crystallographically unique thorium atoms,
two unique μ3-bridging oxygen atoms (O1 and O2), two unique terminal oxygen atoms
(O6 and O7), a disordered and unidentified species bridging two symmetry-equivalent
thorium atoms (Th1/Th1*), two unique C14H8O42- (BPDC) ligands and a large region of
interstitial disordered solvent species. The entire Th6 cluster has mmm (D2h) point
symmetry. Most individual species lie on positions of special crystallographic symmetry.
The Th1, O1, O2, and O7 atoms are located on a mirror plane. The Th2 atom lies on two
mirror planes and a two-fold axis (m2m. site symmetry). O6 is disordered over four
symmetry-equivalent sites and was refined with ¼-occupancy. The unknown bridging
species is simultaneously disordered across two mirror planes and a two-fold axis
(m2m/C2v symmetry) and is represented in the asymmetric unit by one oxygen atom
(O8). The observed electron density bridging Th1/Th1* is uninterpretable and cannot be
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modeled sensibly. The observed density near these atoms is certainly not consistent with
another BPDC ligand, even a partial, disordered one. There are two oxygen atoms
O8/O8*, separated by ca. 2.26 Å across a mirror plane. A central atom, where a
carboxylate carbon would be, is also observed at ca. 1.3 Å (i.e. like a formate group).
These observations suggest a short carboxylato species (e.g. formate, acetate, or
trifluoroacetate), which are unlikely to be present in the crystal based on the synthesis
route. Further away, the next closest peaks are found at distances > 1.7 Å and are not
arranged in a chemically sensible pattern. Occupancies of the other peaks in this region
refine to very low values (e.g. < 25% of a carbon) and could not be modeled reasonably.
This species remains unknown because of the disorder. There may be a mixture of ligands
scrambled over these sites. Ligand O3/O4/C1–C7 is located on a two-fold axis and only
half is present per asymmetric unit. The phenyl rings of ligand O5/C9-C13 are disordered
across mirror planes; the affected atoms C11 and C12 were refined with half-occupancy.
All atoms except O6 were refined with anisotropic displacement parameters; O6 was
given a fixed Uiso value of 0.125 Å2. The anisotropic displacement parameters of both
BPDC ligands were restrained to adopt a spherical shape with ISOR instructions. C-C
distance restraints and a FLAT instruction were applied to atoms of ligand O5/C9–C13.
Hydrogen atoms bonded to carbon were placed in geometrically idealized positions and
included as riding atoms with appropriate occupancies. No hydrogen atoms could be
located, and none were calculated for the μ3-bridging or terminal oxygen atoms. These
are presumably a mixture of oxo, hydroxyl, aquo or hydronium ligands appropriate to
satisfy crystal electroneutrality. The disordered interstitial solvent could not be modeled
successfully and was accounted for using the Squeeze program in PLATON.90,91 The
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solvent-accessible volume was calculated to be 8206 Å3 per unit cell (73% of the total
cell volume). The scattering contribution of the disordered electron density was added to
the structure factors computed from the modeled part of the structure during refinement.
The reported crystal density and F.W. are calculated from the known part of the structure
only. The largest residual electron density peak and hole in the final difference map are
+0.97 and –1.01 e/Å3, located 0.84 and 1.14 Å from Th1 and O1, respectively.
Th6-BPDC-12 (C102H90N6O38Th6).
X-ray intensity data from a colorless octahedron crystal were collected at 100(2)
K using a Bruker D8 QUEST diffractometer equipped with a PHOTON-100 CMOS area
detector and an Incoatec microfocus source (Mo Kα radiation, λ = 0.71073 Å). While
stable indefinitely at low temperature, the crystals were observed to decompose over a
period of hours at room temperature despite being immersed in oil. The raw area detector
data frames were reduced and corrected for absorption effects using the Bruker APEX3,
SAINT+ and SADABS programs.85,86 The structure was solved with SHELXT.87,88
Subsequent difference Fourier calculations and full-matrix least-squares refinement
against F2were performed with SHELXL-201887,88 using OLEX2.89
The compound crystallizes in the space group Fm-3m of the cubic system. The
asymmetric unit consists of one crystallographically unique thorium atom, one unique µ3bridging oxygen atom (O2A/B), ¼ of one C14H8O42- (BPDC) ligand, one unique terminal
DMF ligand and a large volume of disordered solvent species. Each Th6 cluster node is
centered on a position of Oh (m-3m) point symmetry. Most individual species lie on
positions of special crystallographic symmetry. The BPDC ligand lies on two
perpendicular mirror planes and one two-fold axis. The phenyl rings are disordered
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across one mirror plane and the affected atoms (C3 and C4) were refined with halfoccupancy. The µ3-bridging oxygen atom is disordered over two sites (O2A/O2B) with
occupancies fixed at 0.5. The two sites likely represent oxo (O2A, d(Th-O) = 2.319(1) Å)
and hydroxo (O2B, d(Th–O) = 2.490(3) Å) species. The terminally coordinated DMF is
disordered over four symmetry-equivalent sites across two mirror planes. DMF atoms
were refined with ¼-occupancies. Strict geometric restraints were necessary to maintain a
reasonable DMF molecular geometry. All non-hydrogen atoms were refined with
anisotropic displacement parameters except for the disordered DMF carbon and nitrogen
atoms, which were given a fixed isotropic displacement parameter of 0.10 Å2. The DMF
oxygen atom was refined isotropically. The anisotropic displacement parameters of the
BPDC ligand atoms were restrained to conform to a spherical shape with ISOR
instructions. FLAT instructions and 1,2- and 1,3- C–C, C–N, and C–O distance restraints
were applied to atoms of the BPDC ligand and the DMF ligand. Hydrogen atoms bonded
to carbon were placed in geometrically idealized positions and included as riding atoms
with d(C–H) = 0.95 Å and Uiso(H) = 1.2Ueq(C) for aromatic hydrogen atoms and d(C-H)
= 0.98 Å and Uiso(H) = 1.5Ueq(C) for methyl hydrogen. No hydrogen atoms could be
located, and none were calculated for the disordered μ3-bridging oxygen atoms. The
disordered interstitial solvent could not be modeled successfully and was accounted for
using the Squeeze program in PLATON.90,91 The solvent-accessible volume was
calculated to be 11109 Å3 per unit cell (51.3% of the total cell volume). The scattering
contribution of the disordered electron density was added to the structure factors
computed from the modeled part of the structure during refinement. The reported crystal
density and F.W. were calculated from the known part of the structure only. The largest
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residual electron density peak and hole in the final difference map are +0.53 and –0.78
e/Å3, located 1.26 and 0.82 Å from O2A and C7, respectively.
Table 2.4. X-ray structure refinement data for Th6-Me2BPDC-NO3-10,a Th6-Me2BPDC8b,a and U6-Me2BPDC-TFA-10.a
compound

Th6-Me2BPDC-NO3-10

Th6-Me2BPDC-8b

formula
FW
T, K
crystal system
space group
Z
a, Å
b, Å
c, Å
α, °
β, °
γ, °
V, Å3

C80H60N2O40Th6
3081.54
100(2)
tetragonal
P42/mmc
2
23.7918(8)
23.7918(8)
19.6923(7)
90
90
90
11146.8(8)
0.918

C64H48O34Th6
2753.26
100(2)
tetragonal
P42/mmc
2
25.5223(17)
25.5223(17)
14.6275(11)
90
90
90
9528.2(15)
0.960

4.024
2828.0

4.699
2488.0

0.2 × 0.06 × 0.06

0.14 × 0.08 × 0.06

4.352 to 55.18
−29 ≤ h ≤ 30
−30 ≤ k ≤ 31
−25 ≤ l ≤ 25
486156

4.236 to 50.334
−30 ≤ h ≤ 28
−28 ≤ k ≤ 30
−17 ≤ l ≤ 17
182288

6950/73/154

4669/101/63

1.042

1.049

ρcalcg/cm3
μ, mm−1
F(000)
crystal size,
mm3
theta range
index ranges
refl. collected
data/restraints/
parameters
GOF on F2
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U6-Me2BPDC-TFA10
C84H60F6O34U6
3155.50
100(2)
tetragonal
P42/mmc
2
23.6374(10)
23.6374(10)
19.3363(9)
90
90
90
10803.7(10)
0.970
4.521
2884.0
0.18 × 0.1 × 0.08
4.392 to 44.986
−25 ≤ h ≤ 25
−25 ≤ k ≤ 25
−20 ≤ l ≤ 20
71450
3860/124/143
1.035

R1/wR2,
0.0438/0.1131
0.0895/0.2378
[I ≥ 2σ(I)]b
a
Mo-Kα (λ = 0.71073Å) radiation
b
R1 = Σ||Fo|−|Fc||/ Σ |Fo|, wR2 = {Σ [w(Fo2−Fc2)2]/ Σ [w(Fo2)2]}1/2

0.0480/0.1233

Table 2.5. X-ray structure refinement data for U6-Me2BPDC-8-H2O-1da and
U6-Me2BPDC-8-H2O-4d.a
compound
formula
FW
T, K
crystal system
space group
Z
a, Å
b, Å
c, Å
α, °
β, °
γ, °
V, Å3
ρcalcg/cm3
μ, mm−1
F(000)
crystal size, mm3
theta range
index ranges
refl. collected
data/restraints/
parameters
GOF on F2
Largest diff. peak/hole /
eÅ−3

U6-Me2BPDC-8-H2O-1d U6-Me2BPDC-8-H2O-4d
C64H48O34U6
C64H48O34U6
2789.20
2789.20
100(2)
100(2)
Tetragonal
Tetragonal
P42/mmc
P42/mmc
2
2
25.114(3)
25.1420(15)
25.114(3)
25.1420(15)
15.2262(16)
15.1163(9)
90
90
90
90
90
90
9603(2)
9555.3(13)
0.965
0.969
5.075
2512.02
0.12 × 0.1 × 0.08
4.506 to 35.05
−19 ≤ h ≤ 21
−21 ≤ k ≤ 21
−12 ≤ l ≤ 12
37244

5.100
2512.0
0.14 × 0.08 × 0.06
4.214 to 44.424
−32 ≤ h ≤ 26
−29 ≤ k ≤ 32
−31 ≤ l ≤ 32
145182

1732/11/44

3325/12/72

1.304

1.035

3.26/−1.60

0.77/−0.82
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R1/wR2,
0.1030/0.2896
0.0559/0.1479
[I ≥ 2σ(I)]b
a
Mo-Kα (λ = 0.71073Å) radiation
b
R1 = Σ||Fo|−|Fc||/ Σ |Fo|, wR2 = {Σ [w(Fo2−Fc2)2]/ Σ [w(Fo2)2]}1/2
Table 2.6. X-ray structure refinement data for
Th6-Me2BPDC-10(MeOH).a
compound
formula
FW
T, K
crystal system
space group
Z
a, Å
b, Å
c, Å
α, °
β, °
γ, °
V, Å3
ρcalcg/cm3
μ, mm−1
F(000)
crystal size, mm3
theta range
index ranges
refl. collected
data/restraints/
parameters
GOF on F2
Largest peak/
hole, eÅ−3

Th6-Me2BPDC-10(MeOH)
C80H60O37Th6
3005.52
301(2)
Tetragonal
P42/mmc
2
24.0205(8)
24.0205(8)
19.7574(6)
90
90
90
11399.(8)
0.876
3.933
2752.0
0.16 × 0.04 × 0.04
4.316 to 52.82
−29 ≤ h ≤ 27
−30 ≤ k ≤ 30
−21 ≤ l ≤ 24
116021
6309/109/160
1.082
1.31/–1.27
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R1/wR2,
0.0316/0.0802
[I ≥ 2σ(I)]b
a
Mo-Kα (λ = 0.71073Å) radiation
b
R1 = Σ||Fo|−|Fc||/ Σ |Fo|, wR2 = {Σ [w(Fo2−Fc2)2]
/ Σ [w(Fo2)2]}1/2
Table 2.7. X-ray structure refinement data for Th6-Me2BPDC(Me2TPDC)-12a
and Th6-Me2BPDC-8 (an intermediate).a
compound

Th6-Me2BPDC(Me2TPDC)-12

formula
FW
T, K
crystal system
space group
Z
a, Å
b, Å
c, Å
α, °
β, °
γ, °
V, Å3
dcalc, g/cm3
μ, mm-1
F(000)
crystal size,
mm3
theta range

C102H76O38Th6
3301.86
100(2)
tetragonal
P42/mmc
2
23.8841(16)
23.8841(16)
19.6378(14)
90
90
90
11202.4(17)
0.979
4.007
3064.0

Th6-Me2BPDC-8
(intermediate)
C64H48O38Th6
2817.26
100(2)
tetragonal
P42/mmc
2
23.9422(10)
23.9422(10)
19.4231(10)
90
90
90
11133.9(11)
0.840
4.024
2552.0

0.24 × 0.08 × 0.07

0.14 × 0.08 × 0.06

3.992 to 55.3
−31 ≤ h ≤ 31
−31 ≤ k ≤ 31
−25 ≤ l ≤ 25
376298

1.7 to 52.864
−29 ≤ h ≤ 29
−29 ≤ k ≤ 29
−24 ≤ l ≤ 23
243676

index ranges

refl. collected
data/restraints/
7010/85/172
6193/56/136
parameters
GOF on F2
1.058
1.047
Largest peak/
1.05/–1.41
2.06/–4.14
hole, eÅ−3
R1/wR2,
0.0290/0.0764
0.0581/0.1469
[I ≥2σ(I)]b
a
Mo-Kα (λ = 0.71073Å) radiation
b
R1 = Σ||Fo| - |Fc||/ Σ |Fo|, wR2 = {Σ [w(F0-Fc2)2]/S[w(F02)2]}1/2
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Table 2.8. X-ray structure refinement data for Th6-Me2BPDC(“Me2BPDC”)-10a and Th6Me2BPDC(“QPDC”)-10a.
compound
formula
FW
T, K
crystal system
space group
Z
a, Å
b, Å
c, Å
α, °
β, °
γ, °
V, Å3
ρcalcg/cm3
μ, mm-1
F(000)
crystal size, mm3
theta range
index ranges

Th6-Me2BPDC(“Me2BPDC”)-10
C80H60O38Th6
3021.52
100(2)
Tetragonal
P42/mmc
2
23.8374(9)
23.8374(9)
19.6890(9)
90
90
90
11187.7(10)
0.897

Th6-Me2BPDC(“QPDC”)-10
C80H60O38Th6
3021
100(2)
Tetragonal
P42/mmc
2
23.668(2)
23.668(2)
19.6202(19)
90
90
90
10991.0(2)
0.913

4.008
2768.0
0.16 × 0.06 × 0.05
1.708 to 54.038
−30 ≤ h ≤ 30
−30 ≤ k ≤ 30
−24 ≤ l ≤ 25
269756

4.080
2768.0
0.18 × 0.06 × 0.04
1.72 to 53.13
−29 ≤ h ≤ 29
−29 ≤ k ≤ 29
−24 ≤ l ≤ 23
171972

refl. collected
data/restraints/
6596/66/152
6149/103/149
parameters
GOF on F2
1.044
1.100
Largest peak/
1.29/–1.74
2.12/–1.74
hole, eÅ−3
R1/wR2,
0.0330/0.0858
0.0653/0.1674
[I ≥ 2σ(I)]b
a
Mo-Kα (λ = 0.71073Å) radiation
b
R1 = Σ||Fo|−|Fc||/ Σ |Fo|, wR2 = {Σ [w(Fo2−Fc2)2]/ Σ [w(Fo2)2]}1/2
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Table 2.9. X-ray structure refinement data for Th6-BPDC-10a
and Th6-BPDC-12.a
compound
formula
FW
T, K
crystal system
space group
Z
a, Å
b, Å
c, Å
α, °
β, °
γ, °
V, Å3
ρcalcg/cm3
μ, mm−1
F(000)
crystal size, mm3
theta range
index ranges

Th6-BPDC-10
C70H40O38Th6
2881.26
100(2)
Tetragonal
P42/mmc
2
23.8341(16)
23.8341(16)
19.7558(14)
90
90
90
11222.6(17)
0.853

Th6-BPDC-12
C102H90N6O38Th6
3400.03
100(2)
cubic
Fm-3m
4
27.8788(10)
27.8788(10)
27.8788(10)
90
90
90
21668(2)
1.042

3.993
2608.0
0.16 × 0.04 × 0.04
3.992 to 54.104
−30 ≤ h ≤ 30
−30 ≤ k ≤ 30
−25 ≤ l ≤ 25
160135

4.146
6352.0
0.08 × 0.06 × 0.04
4.846 to 56.526
−37 ≤ h ≤ 37
−37 ≤ k ≤ 36
−37 ≤ l ≤ 37
115893

refl. collected
data/restraints/
6633/91/156
1395/51/54
parameters
GOF on F2
1.050
1.166
Largest peak/
0.97/–1.01
0.53/–0.78
hole, eÅ−3
R1/wR2,
0.0290/0.0788
0.0226/0.0586
[I ≥ 2σ(I)]b
a
Mo-Kα (λ = 0.71073Å) radiation
b
R1 = Σ||Fo|−|Fc||/ Σ |Fo|, wR2 = {Σ [w(Fo2−Fc2)2]/ Σ [w(Fo2)2]}1/2
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Figure 2.10. Photograph of the U6Me2BPDC-8 single crystals.

Figure 2.11. X-ray crystal structures and secondary building units of:
(left) U6-Me2BPDC-TFA-10 and (right) Th6-Me2BPDC-NO3-10. The
teal, purple, red, gray, blue, and lemon spheres represent Th, U, O, C,
N, and F atoms, respectively. Hydrogen atoms and solvents
molecules were omitted for clarity.
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Figure 2.12. Reversible phase transition from Th6-Me2BPDC-8a (left) to Th6Me2BPDC-8b (right) by immersing the former in water and then the latter in
DMF at room temperature. The difference between the two phases is that
Th6-Me2BPDC-8b crystallizes in the tetragonal P42/mmc space group (a = b =
25.5223(17) Å and c = 14.6275(11) Å) while Th6-Me2BPDC-8a is
isostructural to U6-Me2BPDC-8,3 which crystallizes in the tetragonal
P42/mmc space group (a = b = 24.9768(18) Å and c = 15.9864(12) Å). The
teal, red, gray, and blue spheres represent Th, O, C, and N atoms,
respectively. Hydrogen atoms and solvents molecules were omitted for
clarity.

Figure 2.13. (left) PXRD patterns of Th6-Me2BPDC-NO3-10:
simulated (red) and as-synthesized (black). (right) FTIR spectrum
of Th6-Me2BPDC-NO3-10.

Figure 2.14 (left) PXRD patterns of U6-Me2BPDC-8 simulated
(red)3 and Th6-Me2BPDC-8a as-synthesized (black). (right) FTIR
spectrum of Th6-Me2BPDC-8a.
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Figure 2.15 (left) PXRD patterns of U6-Me2BPDC-TFA-10:
simulated (red) and as-synthesized (black). (right) FTIR spectrum
of U6-Me2BPDC-TFA-10.

Figure 2.16. (left) FTIR spectra of U6-Me2BPDC-8 after exposure to water for seven
days (purple), after exposure to water for four days (blue), after exposure to water for
16 hours (black), and as-synthesized (green). The black and red dashed lines show the
increasing intensities of the n(O-H) band at 3400 cm−1 corresponding to water, and
the decreasing intensities of bands 2927 cm−1, 1254 cm−1, 1137 cm−1, and 1090 cm−1
corresponding to the DMF respectively. (right) FTIR spectra of U6-Me2BPDC-8 after
exposure to water for seven days (purple), H2Me2BPDC linker (red), and U6Me2BPDC-8 as-synthesized (green).
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Figure 2.17. (left) FTIR spectra of Th6-Me2BPDC-8 after exposure to water for three
months (purple), after exposure to water for one hour (blue), and as-synthesized
(green). (right) FTIR spectra of Th6-Me2BPDC-NO3-10 after exposure to water for 11
days (purple), after exposure to water for one day (blue), and as-synthesized (green).
The black and red dashed lines show the increasing intensities of the n(O-H) band at
3400 cm−1 corresponding to water, and the decreasing intensities of bands 2927 cm−1,
1254 cm−1, 1137 cm−1, and 1090 cm−1 corresponding to the DMF respectively.

Figure 2.18. TGA plots of (left) Th6-Me2BPDC-8 and (right) Th6-Me2BPDC-8water.

Figure 2.19. TGA plots of Th6-Me2BPDC-NO3-10 (left) and Th6-BPDC-12 (right).
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Figure 2.20. XPS survey scan of (left) Th4.77U1.23-Me2BPDC-8 (U/Th-8) and (right)
Th4.77U1.23Co3-Me2BPDC-8 (U/Th-8-Co).
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Figure 2.21. (top) Photographs of single crystals of U6Me2BPDC-8, U1.23Th4.77-Me2BPDC-8 (U/Th-8), and
U1.23Th4.77Co3-Me2BPDC-8 (U/Th-Co). (a) PXRD
patterns demonstrating the transformation of U1.23Th4.77Me2BPDC-8 (U/Th-8) to U1.23Th4.77Co3-Me2BPDC-8
(U/Th-Co-8) as a function of time. (b) Tauc plots of Th6Me2BPDC-8 (brown), Th4.77U1.23-Me2BPDC-8 (green)
and Th4.77U1.23Co3-Me2BPDC-8 (blue). (c) PXRD
patterns of U/Th-8 to U/Th-Co-8 after 24 hours (red),
after 30 hours (green) and after 42 hours (blue). Inset
shows a part of the calculated PXRD patterns of Th6Me2BPDC-8 (0% cobalt occupancy (red), 25% cobalt
occupancy (green), and 50% cobalt occupancy SBU
(blue)).

Figure 2.22. XPS data showing the Co(2p) region for
(left) Th4.77U1.23Co3-Me2BPDC-8 (green), Co3O4 (red),
CoO (purple), and Co(OH)2 (black). (right) The Co(2p)
region for Th4.77U1.23Co3-Me2BPDC-8 (green) and CoO
(purple) emphasizing the difference in the XPS spectra of
coordinated Co2+ versus cobalt in different oxides and
hydroxide.
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Figure 2.23. XPS data showing the O(1s) region for
(left) Th4.77U1.23-Me2BPDC-8 (U/Th-8) (pink),
Th4.77U1.23Co3-Me2BPDC-8 (U/Th-8-Co) (green),
Co3O4 (red), CoO (purple), and Co(OH)2 (black).
(right) The O(1s) region for U/Th-8 (pink), U/Th-8Co (green), and CoO (purple).

Figure 2.24. (left) Raman spectra of Th6-Me2BPDC-8 (red), Th4.77U1.23Me2BPDC-8 (black), Th4.77U1.23Co3-Me2BPDC-8 (purple), and Co3O4
(dark yellow). (right) FTIR spectra of Th4.77U1.23-Me2BPDC-8 (green)
and Th4.77U1.23Co3-Me2BPDC-8 (black).
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Figure 2.25. (left) PXRD patterns of Th6-Me2BPDC-8a: as-synthesized (brown),
after being in water for one week (purple), and simulated Th6-Me2BPDC-8b (blue).
(middle) PXRD patterns of Th6-Me2BPDC-8: as-synthesized (brown), after being in
water for one week (purple), and after re-immersion in DMF after water treatment
(brown). (right) PXRD patterns of Th6-Me2BPDC-NO3-10: as-synthesized (black),
after being in water for one week (purple), and re-immersed in DMF after water
treatment (black).
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Figure 2.26. (top, left) Photograph of a Th6-Me2BPDC-NO3-10
crystal in methanol (MeOH) mounted in a capillary tube. (top,
right) Single-crystal X-ray structure of Th6-Me2BPDC-NO3-10 in
MeOH. The green, brown, and gray spheres represent the Th, O,
and C atoms, respectively. The hydrogen atoms were omitted for
clarity. (bottom, left) PXRD patterns of Th6-Me2BPDC-NO3-10 assynthesized (black), Th6-Me2BPDC-NO3-10-MeOH simulated
(green), Th6-Me2BPDC-NO3-10-MeOH as-synthesized (purple),
and Th6-Me2BPDC-8b simulated (blue). (bottom, right) PXRD
patterns of Th6-Me2BPDC-NO3-10: as-synthesized (black), after
exposure to MeOH (purple), and after re-immersion in DMF
(green).

Figure 2.27. PXRD patterns of Th6Me2BPDC-8 during five structural cycles:
as-synthesized (brown), after 72 h
exposure to MeOH (purple), and after reimmersion in DMF (green).
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Figure 2.28. PXRD patterns of: Th6Me2BPDC-8 as-synthesized (brown),
Th6-Me2BPDC-8
after
one-week
exposure to dimethylacetamide (DMA)
(purple), and after one-week exposure to
diethylformamide (DEF) (green).
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Figure 2.29. (top, left) PXRD patterns of Th6-Me2BPDC-8: assynthesized (brown), after dichloromethane for 72 h (purple), after
chloroform for 72 h (green), and after hexanes for 72 h (blue). (top,
right) PXRD patterns of Th6-Me2BPDC-8: as-synthesized (brown), reimmersed in DMF after 24 h exposure to dichloromethane (purple),
chloroform (green), and hexanes (blue). (bottom, left) PXRD patterns
of
Th6-Me2BPDC-NO3-10:
as-synthesized
(black),
after
dichloromethane for 72 h (purple), after chloroform for 72 h (green),
and after hexanes for 72 h (black). (bottom, right) PXRD patterns of
Th6-Me2BPDC-NO3-10: as-synthesized (black), re-immersed in DMF
after 24 h exposure to dichloromethane (purple), chloroform (green),
and hexanes (blue).
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Figure 2.30. (top, left) PXRD patterns of Th6-Me2BPDC-8: assynthesized (brown), after exposure to acetonitrile (purple),
tetrahydrofuran (green), ethanol (blue), and methanol (deep yellow).
The Th6-Me2BPDC-8 MOF was exposed to solvents for 72 h. (top,
right) PXRD patterns of Th6-Me2BPDC-8: as-synthesized (brown), reimmersed in DMF after 24 h exposure to acetonitrile (purple), after 24
h exposure to tetrahydrofuran (green), after 24 h exposure to ethanol
(blue), and after 24 h exposure to methanol (deep yellow). (bottom,
left) PXRD patterns of Th6-Me2BPDC-NO3-10: as-synthesized (black),
after exposure to ethanol (purple), tetrahydrofuran (green), and
acetonitrile (blue). The Th6-Me2BPDC-NO3-10 was exposed to
solvents for 72 h. (bottom, right) PXRD patterns of Th6-Me2BPDCNO3-10: as-synthesized (black), re-immersed in DMF after 24 h
exposure to ethanol (purple), after 24 h exposure to tetrahydrofuran
(green), and after 24 h exposure to acetonitrile (blue).
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Figure 2.31. (left) PXRD patterns of Th6-Me2BPDC-8: as-synthesized
(brown), after 72 h exposure to acetone (purple), and re-immersed in
DMF (green). (right) PXRD patterns of Th6-Me2BPDC-NO3-10: assynthesized (black), after 72 h exposure to acetone (purple), and reimmersed in DMF (green).

Figure 2.32. (left) PXRD patterns of Th6-Me2BPDC-8: as-synthesized
(brown), after 72 h exposure to ethyl acetate (purple), and re-immersed in
DMF (green). (right) PXRD patterns of Th6-Me2BPDC-NO3-10: assynthesized (black), after 72 h exposure to ethyl acetate (purple), and reimmersed in DMF (green).
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Figure 2.33. (left) PXRD patterns of Zr6-Me2BPDC-8:52
simulated (red), as-synthesized (black), and in solvents including
ethyl acetate (dark red), dichloromethane (green), chloroform
(blue), methanol (brown), ethanol (teal), acetonitrile (light
green), acetone (pink), hexane (dark yellow), and tetrahydrofuran
(purple) for 72 h. (right) PXRD patterns of Th6-Me2BPDC-8:
simulated (red), as-synthesized (black), and in different solvents
including ethyl acetate (dark red), dichloromethane (green),
chloroform (blue), methanol (brown), ethanol (teal), acetonitrile
(light green), acetone (pink), hexane (dark yellow), and
tetrahydrofuran (purple) for 72 h.
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Figure 2.34. Single-crystal X-ray structure of Th6BPDC-12. The secondary building unit is shown in the
inset. The teal, red, gray, and blue spheres represent
the Th, O, C, and N atoms, respectively. Hydrogen
atoms and non-coordinated solvent molecules were
omitted for clarity.
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Figure 2.35. (left) PXRD patterns of Th6-BPDC-12: simulated (red), assynthesized (black) and after exposed to water for one month (purple). (right)
FTIR spectrum of Th6-BPDC-12.

Figure 2.36. (left) PXRD patterns of Zr6-BPDC-12 (UiO67):93 simulated (red), as-synthesized (black), and in different
solvents including ethyl acetate (dark red), dichloromethane
(green), chloroform (blue), ethanol (teal), acetonitrile (brown),
and acetone (dark yellow). (right) PXRD patterns of Th6BPDC-12: simulated (red), as-synthesized (black), and in
different solvents including ethyl acetate (dark red),
dichloromethane (green), chloroform (blue), ethanol (teal),
acetonitrile (brown), and acetone (dark yellow).
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Figure 2.37. (left) PXRD patterns of as-synthesized Th6Me2BPDC-8
(black),
as-synthesized
Th6Me2BPDC(Me2BPDC)-10 (purple), as-synthesized Th6Me2BPDC(Me2TPDC)-10 (green), and as-synthesized Th6Me2BPDC(“QPDC”)-8 (red) [Listed MOFs prepared from
Th6-Me2BPDC-8]. (right) PXRD patterns of as-synthesized
Th6-Me2BPDC-NO3-10
(black),
as-synthesized
Th6Me2BPDC(“Me2BPDC”)-10 (purple), as-synthesized Th6Me2BPDC(Me2TPDC)-12 (green), and as-synthesized Th6Me2BPDC(“QPDC”)-10 (red) [Listed MOFs prepared from
Th6-Me2BPDC-NO3-10].
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Figure 2.38. (left) PXRD patterns of Zr6-Me2BPDC(BDC)-1052 simulated (black), Th6Me2BPDC(BDC)-10 as-synthesized from Th6-Me2BPDC-8 (purple), and as-synthesized
from Th6-Me2BPDC-NO3-10 parent MOF (green). (middle) Th6-Me2BPDC-NO3-10
simulated (black), Th6-Me2BPDC(Me2TPDC)-12 simulated (purple), and Th6Me2BPDC(Me2TPDC)-12 as-synthesized (green). (right) Th6-Me2BPDC-NO3-10 assynthesized (black), Th6-Me2BPDC-8 intermediate MOF as-synthesized (purple), and
Th6-Me2BPDC(Me2TPDC)-12 as-synthesized (green).

Figure 2.39. PXRD patterns of
simulated Th6-Me2BPDC-NO3-10
(black), simulated Th6-BPDC-10
(purple), and as-synthesized Th6BPDC-10 (green).
.
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Figure 2.40. Schematic representation of the linker
installation. The crystal structures were determined
using single-crystal X-ray diffraction. The teal,
gray, red, and blue spheres represent Th, C, O, and
N atoms, respectively. The hydrogen atoms were
omitted for clarity.
.
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Figure 2.41. 1H NMR spectrum of digested Th6-Me2BPDC(Me2TPDC)-12. Resonances
corresponding to H2Me2BPDC and H2Me2TPDC, which were chosen for calculations of
linker installation, are highlighted in gray.

Figure 2.42. 1H NMR spectrum of digested Th6-Me2BPDC(BDC)-10. Resonances
corresponding to H2Me2BPDC and H2BDC, which were chosen for calculations of linker
installation, are highlighted in gray.

Figure 2.43. 1H NMR spectrum of digested Th6-BPDC-10. Resonances corresponding to
H2Me2BPDC and H2BPDC, which were chosen for calculations of linker installation, are
highlighted in gray.
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Figure 2.44. 1H NMR spectrum of digested Th6-Me2BPDC(Me2TPDC)-10. Resonances
corresponding to H2Me2BPDC and H2Me2TPDC, which were chosen for calculations of
capping linker installation, are highlighted in gray.

Figure 2.45. 1H NMR spectrum of digested Th6-Me2BPDC(BDC)-10. Resonances
corresponding to H2Me2BPDC and H2BDC, which were chosen for calculations of linker
installation, are highlighted in gray.
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Table 2.10. Percentage of linker
calculated from 1H NMR studies.

installations

Installed
Percent
Linker
Installation
Th6-Me2BPDC-NO3-10
H2QPDC
n/a
Th6-Me2BPDC-NO3-10
H2Me2TPDC
**99
Th6-Me2BPDC-NO3-10
H2Me2BPDC
n/a
Th6-Me2BPDC-NO3-10
H2BPDC
84
Th6-Me2BPDC-NO3-10
H2BDC
*88
Th6-Me2BPDC-8
H2QPDC
n/a
Th6-Me2BPDC-8
H2Me2TPDC
100
Th6-Me2BPDC-8
H2BDC
*92
*Installation percentage considering all possible
available sites.
**The structure was determined by single-crystal X-ray
diffraction.
Parent MOF
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CHAPTER 3
HETEROMETALLIC MULTINUCLEAR NODES: DIRECTING MOF
ELECTRONIC BEHAVIOR
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This chapter discusses the effective incorporation of more than one metal into
three distinct MOFs with varying nuclearity, and the effects of the incorporated metals on
the electronic properties of the heterometallic MOF systems. The incorporation of these
different metals was done through metal node engineering; a technique that retains the
intrinsic porosity of the MOF. The multinuclear heterometallic MOFs: (i)
M3−XM’X(HHTP)2 (M’ = Mn, Co, Ni, and Rh, M = Cu (mononuclear - with one metal
sites per secondary building); HHTP3– = triphenylene-2,3,6,7,10,11-hexaone), (ii)
M3−XM’X(BTC)2 (M’ = Mn, Fe, Co, Ni, and Zn, M = Cu (binuclear - two metal sites per
secondary building unit) BTC3– = 1,3,5-benzenetricarboxylate), and (iii) M5−XM’X(NIP)4
(M’ = Mn, Fe, and Rh; M = Cu (pentanuclear – five metal sites per secondary building
unit) NIP5– = 5-nitroisophthalate) where extensively investigated to study the change in
electronic structure of the MOFs as a function of the incorporated second metal (M’). The
results obtained from the experimental techniques employed for this investigation such
as, X-ray Photoelectron (XPS) and diffuse reflectance (DR) spectroscopies, conductivity
measurements, and crystallographic studies, affirmed the change in the electronic
structure of the MOFs (from insulating to potential semiconducting materials) especially
from the incorporation of cobalt into the MOF scaffold. In the binuclear system, Zn was
evaluated to have the least electronic effect on the MOF. The established trend in this
study, Co < Ni < Mn < Fe < Zn with cobalt possessing the smallest band gaps (Eg) was
found to correlate with the very well-studied doped oxides. Additionally, density
functional theory (DFT) calculations was used to corroborate the findings in this study.
These studies present the structure-property relationship of these systems, as well as
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valuable insights into the potential extension of MOF applications into the field of
electronics.
3.1. INTRODUCTION
The persistent advancement in technology over the years has resulted in the
continuous evolvement in materials design, for the development and significant
improvement of energy-efficient electronic devices and sensors. On this basis, research
works in this field have focused on exploring different strategies tailored towards the
emergence of new materials with enhanced electrical conductivity.1 Recently, metalorganic frameworks (MOFs), a class of hybrid crystalline and porous materials, have
received favorable attention in potential electronic device applications owing to their
unique innate mutability properties.2,3 A few reports have shown the tunability of
electronic properties of MOFs through the incorporation of molecules proficient in
charge transfer as guests in their pores.4,5 Furthermore, conductivity in MOFs has also
been shown to be enhanced by modifying the organic and/or inorganic components of
their structure.6–9
In this context, Shustova and coworkers very recently demonstrated that
electronic properties of MOFs can be effectively tuned by metal node engineering, a
strategy that stands out as it distinctively preserves MOF porosity and crystallinity while
improving their electrical conductivity properties. Using a wide range of characterization
techniques, we showed that by incorporating a second metal Mʹ into a monometallic
MOF framework in three different unique ways, we could effectively improve the
conductive properties of the resulting heterometallic MOFs. Interestingly, some other
recent reports have suggested enhanced utility in applications such as sensing, gas
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adsorption, catalysis, and energy storage, as a result of the bimetallic properties of some
MOFs.10–12 The Dinca group in 2017 attempted to answer major questions of the effect of
factors such as type of secondary building unit (SBU), nature of incorporated metals,
solvent systems, on the synthesis of bimetallic MOFs.13 However, no studies to the best
of our knowledge, have been done so far that purposefully investigates the effect of the
SBU type as well as the number of metals present in the SBU, on the electronic
properties of bimetallic MOFs.

Scheme 3.1. Schematic representation of the studied
heterometallic MOF systems. (top) mononuclear
M3−XMʹX(HHTP)2,
(middle)
binuclear
ʹ
M3−XM X(BTC)2,
and
(bottom)
pentanuclear
M5−XMʹX(NIP)4 systems.
Herein, the Shustova group investigates novel heterometallic multinuclear MOF
systems, probing the change in electronic properties of the selected MOF systems
through the effective tunability of various key parameters such as: i) topology and
dimensionality of the MOF framework, ii) the ensemble size of the metal node or SBU,
iii) nature of metal(s) interaction within the MOF, and iv) presence of unsaturated metal
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sites in the MOF. Combining both experimental and theoretical investigative techniques,
an extensive number of heterometallic systems were studied across three representative
MOFs; mononuclear, binuclear, and pentanuclear heterometallic MOF systems (Scheme
3.1).
The results reveal an interesting trend Co < Ni < Mn < Fe < Zn across all the
systems, where Co possesses the smallest band gap, establishing an unprecedented
relationship between the studied heterometallic MOF systems and traditional
semiconductors.
3.2. RESULTS AND DISCUSSION
Topology, size of the secondary building block, nature of the metal, and presence
of unsaturated metal sites are key variables in tailoring the electronic properties of
heterometallic frameworks. To elucidate the effect of the parameters listed above, we
probed changes in the electronic structure as a function of the metal ensemble size (i.e.,
number of metal ions in the metal node), metal nature, and metal ratio (on the example of
three series). We have chosen the frameworks with distinct nuclearity that can
accommodate different pairs of metals in their scaffolds. Thus, we studied
M3−XM’X(HHTP)2 (M’ = Mn, Co, Ni, and Rh, M = Cu; HHTP3– = triphenylene2,3,6,7,10,11-hexaone

or

2,3,6,7,10,11-hexahydroxytriphenylenesemiquinonate)

containing mononuclear metal nodes, M3−XM’X(BTC)2 (M’ = Mn, Fe, Co, Ni, and Zn, M
= Cu; BTC3– = 1,3,5-benzenetricarboxylate) with two metal sites per secondary building
unit, and M5−XM’X(NIP)4 (M’ = Mn, Fe, and Rh; M = Cu; NIP5– = 5-nitroisophthalate,
Scheme 3.1 and Figure 3.1). Comprehensive analysis of the samples was performed using
single-crystal and powder X-ray diffraction, X-ray photoelectron spectroscopy (XPS),
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Figure 3.1. (top) Schematic crystallographic
description
of:
(left)
mononuclear
heterometallic Co0.5Cu2.5-HHTP MOF and
(right)
pentanuclear
heterometallic
Cu4.8Mn0.2NIP.
(bottom)
Crystallographic
description of the single-to-single crystal
transformation of the binuclear monometallic
Cu3(BTC)2 to heterometallic Cu3−XMX-(BTC)2
(where M = Mn, Fe, Co). Insets show the
photographs of the single crystals of the MOFs.
inductively coupled mass spectrometry (ICP-MS), conductivity measurements, diffuse
reflectance (DR) spectroscopy, thermogravimetric analysis, and density functional theory
(DFT) studies. All heterometallic MOFs were analyzed by powder X-ray diffraction to
ensure crystallinity before and after transmetalation. The metal ratio was verified by ICP184

MS analysis. The ICP-MS studies were performed on samples that underwent an
extensive washing (at least one-week) procedure using the Soxhlet apparatus to remove
the residual M’-salts utilized for the second metal integration. The observed trends,
demonstrating the M–M’ cooperative effect and corresponding electronic behavior as a
function of the metal node nuclearity and metal ratio, are discussed below. The
discussion in this paper will be organized in the following order: preparation and
characterization of the monometallic and corresponding heterometallic MOFs, then
comprehensive analysis performed based on XPS, DR spectroscopy, and conductivity
measurements with the support of theoretical modeling. The main emphasis was to reveal
the possible correlations between the observed experimental and theoretical values as a
function of the metal-related properties, i.e., establishing a trend among the incorporated
M’ metals.
3.2.1. Preparation of Monometallic and Heterometallic Systems
Mononuclear heterometallic M3−XMʹX(HHTP)2 frameworks. f
First, we studied the monometallic M-MOFs for integration of the second metal
(M’) through solid-state metathesis. For preparation of heterometallic mononuclear
Co0.5Cu2.5-HHTP, the monometallic parent scaffold, Co9(HHTP)4, was used; while
Cu3(HHTP)2 was used as a precursor for the synthesis of Cu2.0Mn1.0-HHTP, Cu1.5Ni1.5HHTP, and Cu2.6Rh0.4-HHTP MOFs (Table 3.1, see Experimental Section below). The
choice of the scaffold as a precursor was determined by feasibility of transmetalation (see
more details below), preservation of framework integrity, and rates of cation exchange.
The selected experimental conditions are given in Table 3.1. The M-HHTP frameworks
with bnn topology (Figure 3.1) consist of two-dimensional layers whose stacking pattern
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can be changed as a function of the incorporated metal.

14,15

Cu3(HHTP)2 possesses

AAAA stacking while layers in Co9(HHTP)4 structure alternates in the ABAB
sequence.14 These distinct structural changes can be detected by use of PXRD during
transmetalation processes. For instance, the PXRD pattern of Co9(HHTP)4 shows
prominent peaks at 2θ = 4.5°, 9.2°, and 13.9° (corresponding to the [100], [200], and
[300] reflections, respectively) indicating the long-range order within the ab plane
(Figure 3.16).15 In the case of Cu3(HHTP)2, the peak at 2θ = 13.9° (characteristic of
Co9(HHTP)4) is absent in the PXRD pattern while the peaks at 12.4° (characteristic of
Cu3(HHTP)2) is present. (Figure 3.17). In the case of heterometallic Co3−XCuX-HHTP
MOF, the peak at 2θ = 13.9° in the PXRD pattern (indicative for the presence of the
monometallic cobalt-containing MOF) was absent, and the novel peaks at 2θ = 12.4° and
16.4°, characteristic for monometallic copper-based analogue were observed (Figure
3.16). These distinct differences in the PXRD patterns are in line with the ICP-MS data
that demonstrate integration of 83% of copper in the parent Co9(HHTP)4 matrix. Notably,
all heterometallic samples underwent an extensive washing procedure using the Soxhlet
apparatus prior ICP-MS analysis for metal ratio determination. All MOF samples were
analyzed by powder X-ray diffraction to ensure crystallinity before and after
transmetalation. Thermostability of the M3−XM’X(HHTP)2 samples were studies by
thermogravimetric analysis, and the corresponding thermogravimetric plots are shown in
Figure 3.24.
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Binuclear heterometallic M3−XMʹX(BTC)2 frameworks.
The Cu3(BTC)2 framework, possessing tbo topology and containing binuclear
paddlewheel SBU16 (Scheme 3.1, Figure 3.45), was used as a template for the synthesis
of heterometallic MOFs containing Cu/Fe, Cu/Mn, and Cu/Co pair of metals. As a result,
the following compositions: CumFen-BTC, (m = 2.7, n = 0.3; m = 2.6, n = 0.4; m = 2.2, n
= 0.8), CumMnn-BTC, (m = 2.8, n = 0.2; m = 2.6, n = 0.4; m = 2.4; n = 0.6), CumCon-BTC,
(m = 2.9, n = 0.1; m = 2.82, n = 0.18; m = 2.79, n = 0.21), and CumNin-BTC (m = 2.7, n =
0.3) were achieved. Despite the fact that typically solid-state metathesis procedure results
in polycrystalline samples, we were able to preserve single crystals for BTC-based
frameworks containing Cu/Fe, Cu/Mn, and Cu/Co pairs. The crystal structures (Figure
3.1), crystallographic data (Tables 3.3 and 3.4), and PXRD data (Figure 3.2) for the
heterometallic

Cu2.5Fe0.5-BTC,

Cu1.8Fe1.2-BTC,

Cu2.5Mn0.5-BTC,

Cu2.3Mn0.7-BTC,

Cu1.9Co1.1-BTC, and Cu1.9Co1.1-BTC MOFs, highlight the isoreticular nature of
monometallic and heterometallic analogs. For the synthesis of the zinc-containing
Cu3−XZnX(BTC)2 system, a different parent scaffold, Zn3(BTC)2, was chosen due to
unsuccessful attempts to integrate zinc in the copper-containing monometallic
framework, Cu3(BTC)2. Thus, to prepare ZnmCun-BTC, (m = 1.4, n = 1.6), we soaked
Zn3(BTC)2 in a 1.01 M ethanol solution of Cu(NO3) 2.5H2O at room temperature for 24
h.
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Figure 3.2. (left) PXRD patterns of: Cu3(BTC)2 (black),
Cu2.4Mn0.6-BTC (red), Cu2.2Fe0.8-BTC (orange), Cu2.8Co0.2-BTC
(dark blue), Cu2.7Ni0.3-BTC (light green), and Zn1.4Cu1.6-BTC (dark
pink). (top right) XPS data showing the valence band regions for:
Cu3(BTC)2 and Cu3−XMʹX(BTC)2 (where Mʹ = Mn, Fe, Co, Ni, and
Zn) following the same color coding as the PXRD patterns. (bottom
right) Tauc plots for: Cu3(BTC)2 and Cu3−XMʹX(BTC)2 (where Mʹ =
Mn, Fe, Co, Ni, and Zn) following the same color coding as the
PXRD patterns.
Pentanuclear heterometallic M5−XMʹX(NIP)4 frameworks.
The Cu5(NIP)4 framework17 was used as a precursor for the synthesis of
corresponding heterometallic M5−XM’X(NIP)4 systems under conditions shown in
Table 3.1. Specifically, heterometallic MOFs Cu5−XMʹX(NIP)4 (M’ = Mn, Fe, Rh)
were prepared by heating of Cu5(NIP)4 in DMF solutions of the corresponding
chloride M’-salts (more details described in the Experimental Section below).
Transmetalation resulted in preparation of novel Cu4.8Mn0.2-NIP, Cu4.4Fe0.6-NIP,
and Cu4.8Rh0.2-NIP systems according to the ICP-MS analysis. Incorporation of
12% of iron cation inside the Cu5(NIP)4 lattice occurred rapidly within in an hour
even at room temperature. However, beyond one-hour continued transmetalation
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resulted in the loss of framework integrity. A similar loss of crystallinity was
observed for manganese cation integration after 3.5 h at room temperature. In the
case of rhodium transmetalation, Cu5(NIP)4 maintained its integrity after the 5 h
soaking procedure with heating and gentle stirring at a mild temperature (Table
3.1).
Table 3.1. Synthesis and evacuation procedures for heterometallic MOFs
Heterometallic MOFs
Cu2.8Mn0.2-BTC
Cu2.6Mn0.4-BTC
Cu2.4Mn0.6-BTC
Cu2.7Fe0.3-BTC
Cu2.6Fe0.4-BTC
Cu2.2Fe0.8-BTC
Cu2.9Co0.1-BTC
Cu2.82Co0.18-BTC
Cu2.79Co0.21-BTC
Cu2.7Ni0.3-BTC
Zn1.4Cu1.6-BTC
Cu4.8Mn0.2-NIP
Cu4.4Fe0.6-NIP
Cu4.8Rh0.2-NIP
Co0.5Cu2.5-HHTP
Cu2.0Mn1.0-HHTP
Cu1.5Ni1.5-HHTP
Cu2.6Rh0.4-HHTP

Synthesis
T(°C)/time(h)
90/24
90/48
90/72
90/24
90/48
90/72
90/12
90/42
90/72
90/74
rt/3
rt/h
rt/h
60/5
85/16
85/16
85/16
85/16

Evacuation T(°C)/time(h)
160/24
160/24
160/24
160/24
160/24
160/24
160/24
160/24
160/24
160/24
160/24
85/12
85/12
85/12
85/6
85/6
85/6
85/6

3.2.2. Density of State, Valence Band Structure, Metal Oxidation State,
Conductivity Measurements, Optical Data, and Theoretical Modelling.
To evaluate a large number of monometallic and heterometallic systems, we
employed XPS as a powerful and non-destructive tool for rapid pre-screening via
monitoring changes in the valence band (VB) region. We simultaneously
monitored the density of states (DOS) near the Fermi level (EF, binding energy = 0
eV) and changes in the oxidation states of metals integrated into the MOF lattice.
Prior to the experimental analysis by XPS, all MOF samples were evacuated
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(solvent removal from MOF pores with heating under vacuum) using the
procedures (Table 3.1) selected according to the results of thermogravimetric
analysis of corresponding frameworks. The results acquired from XPS studies
were compared with those obtained from the diffuse reflectance analysis,
conductivity measurements, and theoretical modeling, to observe any correlation in
data

among

all

the

techniques.

Extensive

characterization

using

the

aforementioned techniques was first carried out on the M3−XMʹX(BTC)2 MOFs due
to the wider compositional range and diversity of metals available for integration
inside the lattice without degradation of the parent framework.
Binuclear heterometallic M 3−XMʹX(BTC)2 frameworks.
The valence band spectra of the evacuated heterometallic Cu3-XMʹX(BTC)2
(where M = Mn, Fe, Co, Ni, and Zn) MOFs are shown in Figures 3.2 and 3.25.
Based on these data, we have evaluated the VB onset as the binding energy at the
intersection of a line at near zero intensity, provided by modelling the baseline
signal, and a tangent line along the maximum rapid change in intensity (Figure
3.26). Figure 3.3 demonstrates the dependence of (E’*–E’)/% as a function of the
metal (E’ and E’* = valence band onsets calculated for Cu3−XMʹX(BTC)2 and
Cu3(BTC)2, respectively; % = mol fraction of incorporated M’). As clearly shown,
(E’*–E’)/% monotonically decreases in a row, consisting of the first transition
metals: M’ = Co > Ni > Mn > Fe > Zn.
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Figure 3.3. (a) A binuclear paddle-wheel metal node and graphical illustration of the
results of conductivity measurements obtained for Cu3−XMʹX(BTC)2 (Mʹ = Mn, Fe,
Co) as a function of M’ percentage. (b) Changes in conductivity (∆σ, dark blue
triangles), experimentally-measured band gaps (∆Eg(exp), red circles), calculated band
gaps (∆Eg(calc1, light blue circles; ∆Eg(calc2), orange pentagons), estimated valence onset
values from the XPS data (∆E’, black squares), and calculated (zCu × %Cu) values
(green squares) as a function of M' performed for M3−XMʹX(BTC)2 (M' = Co, Ni, Mn,
Fe, Zn). The ∆Eg, ∆E’, and ∆σ values have been normalized on mol fraction of M'
(%). (c) Crystal structure of parent Cu3(BTC)2 possessing the tbo topology (shown in
inset). The red, gray, and dark blue spheres represent O, C, and Cu atoms,
respectively. H atoms were omitted for clarity.
The found (E’*–E’)/% values could be considered as an estimation of DOS near
EF, and therefore, framework electronic properties. For instance, if DOS equals to
zero (characteristic of insulating material behaviour17), then E’ would be a
relatively large number, and therefore, ∆E’ = E’*–E’ would be a small number that
is, after normalization to mol fraction of integrated MOF electronic properties. We
anticipated that the ∆E’/% values may correlate with experimental conductivity
and optical properties. To test this hypothesis, we analyzed the heterometallic
samples using diffuse reflectance spectroscopy. The optical band gaps (Eg) of the
evacuated BTC-systems were estimated based on the Tauc plot analysis that is
shown in Figures 3.2 and 3.35. The same dependence of (Eg*–Eg)/% from the
nature of metal was built (Eg* and Eg = the estimated band gaps for Cu3(BTC)2 and
Cu3−XMʹX(BTC)2; respectively; % = mol fraction of incorporated M’, Figure 3). As
expected, both ∆E’/% and ∆Eg/% values follow the exact same trend, i.e., larger
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values of estimated ∆E’, characteristic of insulating behaviour, correlate with
larger band gap values of ∆Eg.
Prompted by the interesting results, we further evaluated the possible
changes in conductivity of these samples. We performed pressed-pellet
conductivity measurements using a home-built two-probe device. The list of
measured values and sample preparation are presented in Table 3.7 and the
Experimental Section, respectively. The measured conductivity values for
Cu3−XMʹX(BTC)2 demonstrated relatively small changes in conductivity. In our
studies, however, we do not focus on each separate measured value (that could be
affected by many parameters) but rather investigate the possibility of the same
established trend similar to the ones discussed for optical and VB data (vide
supra). Indeed, (σ–σ*)/% demonstrate the exactly same tendency as that observed
for both band gap, ∆Eg/%, and VB onset, ∆E’/%, values (Figure 3.3; σ* and σ = the
conductivity values for Cu3(BTC)2 and Cu3−XMʹX(BTC)2; respectively; % = mol
fraction of incorporated M’).
Table 3.2. The (zCu × %Cu) and (zM’ × %M’) values estimated for Cu3-XM’X(BTC)2
and Cu3-XM’X(HHTP)2.
M’=
zCu × %Cu
(Cu3−XMʹX(BTC)2)
zM’ × %
M’(Cu3−XMʹX(BTC)2)
zCu × %Cu
(Cu3−XMʹX(HHTP)2)
zM’ × %M’
(Cu3−XMʹX(HHTP)2)

Co

Ni

Mn

Fe

Zn

1.44

1.35

1.17

1.10

0.758

0.251

0.335

0.521

0.586

0.932

1.19

0.773

1.01

–

–

0.334

0.752

0.514

–

–

To summarize, all three M’-function correlations, ∆Eg/%, ∆E’/%, and ∆σ/%
follow the same trend (Figure 3.3). Based on all three of the investigative techniques,
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consisting of experimentally acquired data, we can conclude that integration of, for
instance, cobalt as M’ inside Cu3−XMʹX(BTC)2 resulted in the decrease of the optical band
gap, appearance of the more pronounced DOS near EF, and enhancement of relative
conductivity values per cobalt atoms; while presence of zinc in the Cu3−XMʹX(BTC)2
lattice led to band gap increase and promoting insulating behaviour. Both of those
statements are supported by the theoretical calculations as shown below in Figure 3.4.
The XPS studies not only allowed us to estimate (E’*–E’)/% values but also shed
light on the oxidation states of the incorporated metals (M’). As previously shown for the
monometallic Cu3(BTC)2 system, the Cu(2p3/2) region of the XPS spectrum consists of
two peaks at 934.8 and 933.0 eV assigned to Cu+1 and Cu+2, respectively.17 For the
heterometallic Cu3−XMʹX(BTC)2 MOFs the similar trend was observed, and the presence
of Cu1+ and Cu2+ peaks also detected (Figure 3.27). The analysis of the corresponding
XPS regions for incorporated M’ allowed us to conclude that M’ inside the parent MOF
Cu-BTC possesses the following oxidation states: +2 (Co); +2 (Ni); +2 (Mn); +2 and +3
(Fe); and +2 (Zn) (Figures 3.28-3.31). Based on the XPS data, we attempted to estimate
zCu × %Cu and zM’ × %M’ changes as a function of M’ (where zM’ and zCu = charge on M’
and Cu; %M’ and %Cu = mol fraction of M’ and Cu respectively), with the assumption that
zM’ × %M’ + zCu × %Cu = constant (Eq. 3.1).
The zCu value is evaluated from the XPS data due to the presence of Cu+1 and
Cu+2 [i.e., if the ratio Cu+1 to Cu+2 is 0.5 to 0.5 then zCu =0.5 × (+1) + 0.5 × (+2) = +1.5].
The mol fractions of %M’ and %Cu are estimated from the ICP-MS data. The constant
from Eq.3.1 was found to be 1.69 from the XPS spectrum of the monometallic
Cu3(BTC)2 sample [i.e., zCu × %Cu + zM’ × %M’ = zCu × 1 + zM’ × 0 = zCu]. Finally, the zM’
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Figure 3.4. Total and partial density of states (DOS) of the studied heterometallic
binuclear M3−XMʹX(BTC)2 systems calculated using a truncated cluster model
Cu2(H2BTC)4 and the GGA-PBE level of theory with DFT+U corrections on Mʹ (3delectrons): (a) Cu2(H2BTC)4 (b) CuCo(H2BTC)4, (c) CuMn(H2BTC)4, (d)
CuNi(H2BTC)4, (e) CuFe(H2BTC)4, and (f) CuZn(H2BTC)4.
value was also calculated based on Eq. 3.1. The corresponding values of (zCu × %Cu)/(zM’
× %M’) for incorporated Co, Ni, Mn, Fe, and Zn were found to be 1.44/0.251, 1.35/0.335,
1.17/0.521, 1.10/0.586, and 0.758/0.932, respectively (Table 3.2). We there observed that
the zCu × %Cu data follows the trends established for the experimental XPS, optical and
conductivity values (Figure 3.2). Thus, increase in the copper charge and its mol fraction
correlates with the corresponding optical band gap decrease.
To support the observed experimental trends, we performed calculations
using the Vienna ab initio simulation package (VASP)18,19 with the plane wave
basis set. The total and partial DOS were calculated by single point calculations
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using the hybrid B3LYP method20 following the geometry optimization (see the
Experimental Section). The results revealed that substitution of one out of two
metals in the metal node of the MOF truncated model, Cu2(H2BTC)4, resulted in
the increase of the band gap in the order Co < Ni < Mn < Fe < Zn that is in
agreement with the Eg values estimated from the Tauc plot analysis (Figure 3.2).
Calculated ∆Eg(calc1)/% also follows the experimental trend shown in Figure 3.35.
Indeed, the Eg(calc1) values were found to be 3.20 eV (Co), 3.25 eV (Ni), 3.4 eV
(Mn), 3.45 eV (Fe), and 3.8 eV (Zn). Noteworthy is the fact that the obtained
Eg(calc1) values were achieved based on the inclusion of an on-site Coulomb
interaction added to the Co-, Ni-, Mn-, Fe-, and Cu-d electrons, so as to better
describe the strong correlation of these electrons, within the DFT + U formalism,21
as reported by previous studies on doping in Cu2O were a U-J value of 4.0 eV was
used.22 Alternatively, for a more extensive theoretical analysis, DFT calculations
were also performed using structurally optimized geometries using the GGA-PBE
exchange correlation functionals.23 The Van der Waals interactions were also taken
into account using the dispersion correction formula in PBE-D3 functionals.24 This
method resulted in Eg(calc2) values 1.0 eV (Co), 2.5 eV (Ni), 2.6 eV (Mn), 2.6 eV
(Fe), and 3.8 eV (Zn), which further confirmed the established trend (more details
are presented in the Experimental Section below). The partial-DOS analysis
suggests that the decrease in the band gap is associated with changes in the
electronic structure near the Fermi level. In the case of M’ = Co, Mn, and Fe, the
highest occupied molecular orbital (HOMO) is dominated by M’-3d-orbitals after
substitution in contrast to parent monometallic Cu2(H2BTC)4 where HOMO is still
occupied by the O-2p-orbitals (Figures 3.4 and 3.46). At the same time, the lowest

195

unoccupied molecular orbital (LUMO) is dominated by the Cu-3d-orbitals in the
case of monometallic and heterometallic clusters.
However, we see an exception in the Ni-substituted model, where the
HOMO bands are still dominated by the ligand group and the LUMO bands are
dominated by Ni-3d orbitals. Integration of zinc inside the copper paddle-wheel
node according to theoretical calculations does not significantly alter the electronic
structure, and the band gap edges remain the same. The Zn-3d orbitals lie deep
inside the occupied bands, and the band edges are still dominated by O-2p and Cu3d orbitals. These results indicate that cobalt substitution decreases the band gap of
Cu-MOF the most, followed by band gaps for Ni < Mn < Fe; while zinc integration
has almost no effect on the band gap.
The results of the performed Bader charge analysis and estimated atomic
dipole-corrected-Hishfeld-atomic charge, electrostatic, natural, and Mulliken
charges based on the B3LYP-D3/m6-31G* and wB97X-V/6-31G* methods using
the optimal geometry for the CuM’(H2BTC)4 cluster are given in Table 3.2 for Cu
and second metal M’ (M’ = Co, Ni, Mn, Fe, Zn).
For the next step in our analysis, we attempted to correlate the observed trends for
heterometallic MOFs with those of known oxide systems whose tunability of electronic
properties were extensively studied for several decades. The challenge in the literature
search was mainly associated with the narrow range of metals typically used as dopants
for one set of studies. However, we found that Deepak and co-workers reported tuning of
electronic properties of ZnO (a wurtzite-type structure) by doping with 3d divalent metals
such as M’ = Co, Ni, and Mn.25 It was found that an increase in dopant concentration
caused a decrease in the ZnO band gap values. Indeed, the reported Eg values of zinc
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oxide doped with Co, Ni, and Mn were found to be 2.95, 3.24, and 3.28 eV, respectively,
for the substitution percentage of M’ at 5%. Analysis of electronic properties revealed
that the decrease in the bandgap in the case of the Co dopant is the highest among three
systems, followed by Ni and Mn samples (Figure 3.5). Such a behavior was attributed to
the sp–d exchange interactions between electrons in conduction and valence bands
(which are mostly s and p electrons) and dopant localized d electrons.25 In line with this
trend), Lin and co-workers reported a theoretical study of the doped anatase phase of
TiO2 with the same transition metals M’ = Mn, Co, and Ni.26
Ab initio band calculations based on the density functional theory (DFT) with the
planewave basis set were performed on the supercell of anatase structure with the
substitution percentage of M’ at 12.5%. The trend for Co, Ni, and Mn metals obtained in
this study is the following: Eg(1.78 eV; Co:TiO2) < Eg(2.23 eV; Ni:TiO2) < Eg(2.32 eV;
Mn:TiO2, Figure 3.5). It has been demonstrated that the dopant energy levels occur in the
middle of the band gap (an “intermediate level”), leading to band gap narrowing. While
for TiO2 valence and conduction bands are dominated by O-2p and Ti-3d states,
respectively, valence and conduction bands are still formed by O-2p and Ti-3d states
modified by dopant metal. On the example of these two transition-metal doped oxides,
we demonstrate that the trend established for ∆Eg(literature)/% are in line with the trends
found in our studies for experimental and calculated ∆Eg(Cu3−XMʹX(BTC)2)/% (M’ = Co,
Ni, and Mn, Figure 3.5).
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Figure 3.5. Band gaps: measured ∆Eg(exp) (red
circles), calculated ∆Eg(calc1) (light blue
hexagons) and ∆Eg(calcl2) (orange pentagons)
for Cu3−XMʹX(BTC)2 MOFs in comparison
with the in the literature data: measured
values, ∆Eg(lit1), for M’5%:ZnO (dark blue
triangle) and computed ∆Eg(lit2) for
M’12.5%:TiO2 (black squares). ∆Eg values have
been normalized to M’ metal mol fraction (M’
= Co, Ni, Mn).
The unique opportunity for access to crystallographic data of heterometallic
MOFs, Cu3−XMʹX(BTC)2 (Mʹ = Co, Fe, Mn), allowed us to evaluate the dependence of a
unit cell parameter, a, of Cu3−XMʹX(BTC)2 belonging to the Fm-3m space group, and
therefore, possible structural distortion as a function of a metal. Maximum deviation in
the unit cell parameter, a, in comparison with that of Cu3(BTC)2 was found to be 0.09%
for Cu2.2Fe0.8-BTC while for the rest of the BTC-systems ∆a/a* varies in the range from
0.007% to 0.06% (Tables 3.5 and 3.6). Notably, the distance comparison was performed
on the crystal structures with several M/M’ pairs (M = Cu M’ = Co; M = Cu M’ = Fe,
and M = Cu Mʹ = Mn), collected at the same temperature, 100 K. The evaluation of
possible changes in Cu···M’ metal distances demonstrated that the largest change
(1.02%) was observed for Cu2.4Mn0.6-BTC. The largest changes in distances between
metal nodes (0.09%) was observed for Cu2.2Fe0.8-BTC (Table 3.6). We also evaluate
structural changes by calculating ∆a/% values. Since we have two crystal structures per
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metal composition, we estimated ∆a = [(a*–a1)/%1+ (a*–a2)/%2] × 0.5. (a1, a2 = unit cell
parameters of two heterometallic structures; a* = the unit cell parameter of the
Cu3(BTC)2 structure; %1, %2 = mol fraction of incorporated M’ in particular structure; for
more details see Supporting Information). In summary, there is no significant structural
deviations to establish the correlation between Cu···M’ metal distances, metal nodes
distances or unit cell parameters, and the estimated ∆a/% values do not follow the trend
established based on conductivity, XPS and optical data of Cu3−XMʹX(BTC)2 MOFs as
shown in Figure 3.
As a part of our studies, we tried to evaluate the electronic structure changes in
heterometallic MM’-MOFs with the same M and M’ but with the different M to M’ ratio.
The choice of the metal ratios was a balance between incorporation of the highest
percentage of the second metal, M’, and at the same time, preservation of framework
integrity. The largest difference in electronic properties within the same composition was
observed for Cu3−XCoX(BTC)2 systems. Indeed, changes from 2% to 7% of incorporated
cobalt resulted in five-time-conductivity enhancement (Figure 3.3). The calculated off-set
values estimated from the VB regions were different only by 0.01 eV: 0.46 eV for
Cu2.9Co0.1-BTC and 0.45 eV for Cu2.79Co0.21-BTC. In the other heterometallic systems
with the same M/M’ pairs, the experimentally observed changes as a function of the Mto-M’ ratio are not that pronounced. For instance, changes in composition from 7 to 20%
and from 9 to 25% for Cu3−XMnX(BTC)2 and Cu3−XFeX(BTC)2, respectively, do not lead
to significant changes of electronic properties as shown by the measurements of the
corresponding VB onset (E’) and conductivity values (Figure 3.3).
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Mononuclear heterometallic M3−XMʹX(HHTP)2 frameworks.
In

contrast

to

the

three-dimensional

BTC-systems,

monometallic

Cu3(HHTP)2 and Co9(HHTP)4 MOFs are two-dimensional frameworks with
relatively high intrinsic conductivity.15 Since metal nodes are mononuclear in
M3−XMʹX(HHTP)2, each M or M’ are separated from each other by the organic
linker. However, presence of the second metal, M’ = Co, Ni, Mn, and Rh, in the
Cu3−XMʹX(HHTP)2 lattice still affects the material electronic profile. Similar to
Cu3−XM’X(BTC)2,

the

main

changes

in

the

electronic

structure

of

Cu3−XMʹX(HHTP)2 appeared after cobalt incorporation. However, in contrast to
BTC-frameworks, heterometallic conductivity of HHTP-MOFs decreases upon
incorporation of the second metal in comparison with that of their monometallic
analogs. We estimated the conductivity values as 2.1 ± 0.030 × 10−5 S/cm for
Co0.5Cu2.5-HHTP, 8.8 ± 0.20 × 10–6 S/cm for Cu2.0Mn1.0-HHTP, and 9.9 ± 0.14 ×
10–8 S/cm for Cu1.5Ni1.5-HHTP, and the lowest value was found to be 8.6 × ± 0.036
10–9 S/cm for the Cu2.6Rh0.4-HHTP framework (Figure 3.6); while the conductivity
measured under the same conditions for Cu3(HHTP)2 was found to be 4.90 ± 0.036
× 10−4 S/cm. Previous literature reports for the similar 2D frameworks are in line
with our studies.14,27
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Figure 3.6. (a) A mononuclear metal node and graphical illustration of the results of
conductivity measurements obtained for Cu3−XMʹX(HHTP)2 as a function of M’ = Co,
Mn, Ni, Rh. (b) Resistivity (𝜌, dark blue triangles), experimentally-measured band
gaps (Eg, red ovals), and estimated valence onset values from the XPS data (∆E’, black
squares) as a function of M' performed for Cu3−XMʹX(HHTP)2 (M' = Co, Mn, Ni, Rh).
The ∆Eg, ∆E’, and 𝜌 values have been normalized on mol fraction of M' (%). (c)
Crystal structure of the Co-containing HHTP system possessing the bnn topology
(shown in inset). The red, gray, and dark blue spheres represent O, C, and Co atoms,
respectively. H atoms were omitted for clarity.
Thus, it was shown through theoretical modeling that the nickel-to-copper
transmetalation

procedure

in

M-(HITP)

systems

(HITP3–

=

2,3,6,7,10,11-

hexaaminotriphenylenesemiquinonate) possessing the same AAAA packing motif can
result in changes of the framework electronic behavior from semiconducting to metallic
due to different coordination environments adopted by nickel versus copper that probably
leads to packing distortion. As we previously mentioned, for instance, Cu3(HHTP)2
possesses AAAA packing while layers of Co9(HHTP)4 alternate in the ABAB sequence.14
While A layer in both framework consists of M3(HHTP)2 two-dimensional honeycomb
structure, B layer in case of Co9(HHTP)4 is formed by discrete Co3(HTTP) units resulting
in Co6(HHTP)2 layer. Therefore, changes in electronic behavior of heterometallic HHTPsystems may speculatively be indicative of a structural distortion of the 2D sheets due to
distinct coordination environment adapted by M and M’.
The optical data followed the trend observed for conductivity values. Therefore,
the smallest band gap among all heterometallic HHTP-systems was detected after
integration of Co (0.93 eV), and the following increase of the Eg values correlates with
the trend M’ = Mn (1.06 eV) < Ni (1.09 eV) < Rh (1.14 eV). The oxidation states for
incorporated M' = Mn, Ni, and Co inside the HTTP-systems coincide with the values
observed for the BTC-systems. Indeed, analysis of the Mn(2p), Ni(2p), and Co(2p)
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regions of both systems reveal the following oxidation states +2 (Mn), +2 (Ni), and
+2(Co) (Figures 3.28-3.30). Furthermore, analysis of the Rh(3d) region indicate presence
of rhodium in the +3-oxidation state (310 eV, Figure 3.33) for the HHTP system.
According to XPS studies, the highest DOS near EF were detected for Cu3−XCoX(HHTP)2
and Cu3−XMnX(HHTP)2 according to the estimated E’ values. For other HHTP-systems
where M’ = Ni (E’ = 1.38 eV for Cu3−XNiX(HHTP)2, Figure 3.40) and Rh (E’ = 1.51 eV
for Cu3−XRhX(HHTP)2, Figure 3.40), DOS near the Fermi edge are less pronounced
(Figures 3.38 and 3.40). Overall, for the Cu3−XMʹX(HHTP) system after incorporation of
the first-row transition metals, VB onset values are varied in the range from 1.10–1.38
(eV) while for BTC frameworks E’ changes from 1.57 eV (Zn) to 1.74 eV with exception
of Co-sample (E’ = 0.45 eV). The larger E’ values are consistent with the conductivity
trend (Figure 3.6) which demonstrates that HHTP-frameworks in general are more
conductive than the BTC-systems. Similar to BTC-frameworks, we estimated (zM’ × %M’
and zCu × %Cu) changes as a function of M’ (where zM’(zCu) = charge on the metal
(copper); %M’(%Cu) = mol fraction of M’ (Cu)). The constant from Eq.1 was estimated to
be 1.53 from the XPS spectrum of the monometallic Cu3(HHTP)2 sample. The
corresponding values of (zCu × %Cu /zM’ × %M’) for incorporated Co, Mn, and Ni were
found to be 1.19/0.334, 1.01/0.514, and 0.773/0.752, respectively (Table 3.2), following
the trend of the experimental for optical and conductivity values for the first-row
transition metals.
Pentanuclear heterometallic M5−XMʹX(NIP)4 frameworks.
The choice of M5(NIP)4 framework for our studies was based on the several facts
that it possesses the larger metal node ensemble size with nuclearity = 5, and thus, a
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possibility of a higher metal-metal interaction and possible electron coupling. However,
pentanuclear metal cluster resulted in a significant complication for the second metal
incorporation. Thus, the main challenge in the case of pentanuclear heterometallic
Cu5−XMʹX(NIP)4 systems was preservation of framework integrity after M’ integration.

Figure 3.7. (a) A pentanuclear metal node
and graphical illustration of the results of
conductivity measurements obtained for
Cu5−XMʹX(NIP)4 as a function of M’ = Rh,
Fe, Mn. (b) Crystal structure of parent
Cu5(NIP)4, possessing the tfz-d MOF
topology. The red, gray, blue, and dark blue
spheres represent O, C, N, and Cu atoms,
respectively. H atoms were omitted for
clarity.
We were able to successfully incorporate Mn, Fe, and Rh inside the Cu5−XMʹX(NIP)4
framework, that possess +2 (Mn), +3 (Fe), and +3 (Rh) oxidation states, respectively,
according to the XPS analysis (Figures 3.32 and 3.33). However, despite the source of the
cobalt (e.g., Co(NO3)2∙6H2O, CoCl2∙6H2O, or Co(OAc)2∙4H2O) and a number of
synthetic conditions, our attempts to integrate it inside the Cu5(NIP)4 lattice resulted in
amorphous powders that significantly distinguish the NIP-systems from previously
discussed BTC- and HHTP-frameworks. The measured conductivity values are 4.30 ±
0.04 × 10−6 S/cm (Cu4.8Mn0.2-NIP), 1.20 ± 0.01 × 10−7 S/cm (Cu4.40Fe0.60-NIP), and 1.3 ±
0.097 × 10−8 S/cm (Cu4.8Rh0.2-NIP). The estimated bandgap values from the Tauc plot
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analysis was found to be 2.75 eV (Cu4.8Mn0.2-NIP), 2.87 eV (Cu4.4Fe0.6-NIP), and 3.51
eV (Cu4.8Rh0.2-NIP). Due to a small number of data points, that reflect synthetic
challenges, and system complexity, we were not be able to establish property-metal
trends similar to those as discussed for BTC-MOFs (Figure X). To overcome challenges
in structure-property correlations, the novel synthetic pathways for access and
characterization of heterometallic frameworks with a different composition should be
developed first.
3.3. CONCLUSION
A comprehensive investigation, combining both experimental and theoretical
techniques, of novel heterometallic MOF systems; mononuclear M3−XM’X(HHTP)2 (M’ =
Mn, Co, Ni, and Rh, M = Cu); binuclear M3−XM’X(BTC)2 (M’ = Mn, Co, Fe, Ni, and Zn,
M = Cu); and pentanuclear M5−XM’X(NIP)4 (M’ = Mn, Fe, and Rh, M = Cu), afforded an
elaborate study of the electronic structural change of the systems as a function of the
incorporated M’ metal. The results presented in this work highlight the possible effects of
MOF topology, ensemble size of a secondary building block, nature of the metal, and
presence of unsaturated metal sites, on the electronic property of the MOFs. Notably, the
XPS, optical data, and conductivity measurements studies performed on the selected
MOF systems, establish an effective trend that correlates with well studies oxide systems.
The trend (Co < Ni < Mn < Fe < Zn) for optical band gap values from the studied
systems, presents Co as the incorporated second metal (M’) with the most electronic
influence on the MOF’s scaffold. The incorporation of Co results in the smallest band
gap and the highest conductivity values for the heterometallic system. DFT calculations
done on the binuclear M3−XM’X(BTC)2 system further corroborates the established trend
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as the cobalt containing MOF had the lowest calculated Eg value. Therefore, effectively
combining both experimental and theoretical investigative techniques, we were able to
successfully study the electronic effects of different metals on selected MOFs with
distinct nuclearity, metal ensemble size, and MOF topology. This study sheds more light
on the possibility of tuning the electronic structures of a wide range of MOFs, presenting
valuable insights into the improvement and expansion of MOF applications.
3.4. EXPERIMENTAL SECTION
Materials.
Cu(NO3)2·2.5H2O (98.3%, Mallinckrodt AR), Cu(OAc)2·H2O (>95%, TCI
America), CoCl2·6H2O (>98.0%, TCI America), Co(OAc)2·4H2O (98%, Alfa
Aesar), Mn(OAc)2×4H2O (99.9%, Alfa Aesar), MnCl2·4H2O (98%, Alfa Aesar),
FeCl2·4H2O (reagent grade, Ward’s Science), Ni(OAc)2×4H2O (98+%, Alfa Aesar),
NiCl2×6H2O (98%, Alfa Aesar), Zn(NO3)2·6H2O (technical grade, Ward’s
Science), RhCl3·H2O (99.98%, Engelhard Chemicals), 1,3,5-benzenetricarboxylic
acid (98%, Alfa Aesar), 5-nitroisophthalic acid (98%, BeanTown Chemical),
2,3,6,7,10,11-hexahydroxytriphenylene

(95%,

Acros

Chemical),

N,N′-

dimethylformamide (DMF) (ACS grade, BDH), methanol (>99.8%, HPLC grade,
Fisher Scientific), nitric acid (98%, Alfa Aesar), hydrochloric acid (ACS grade,
Oakwood Chemical), acetone (ACS grade, BDH), and ethanol (200 proof, Decon
Laboratories, Inc.), were used as received. Synthesis of monometallic MOFs,
Cu3(BTC)2,

Zn3(BTC)2,

Cu5(NIP)4,

Co9(HHTP)4,

and

Cu3(HHTP)2

were

performed based on the reported procedures.14,16-17,28 The corresponding material
characterization

using

PXRD,

thermogravimetric

analysis,

and

infrared

spectroscopy are shown in Figures 3.8, 3.14, 3.23–3.24, and 3.47–3.49. For the
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single crystal preparation, Cu(NO3)2×2.5H2O (89.8 mg, 0.387 mmol), H3BTC (49.2
mg, 0.234 mmol), FeCl2×4H2O (19.0 mg, 0.0970 mmol), and DMF:H2O:EtOH
(1:1:1; total volume = 6.00 mL) solvent mixture were sonicated in a 20 mL vial for
about 5 min. The mixture was heated at 75 °C in an oven for 24 h. After cooling to
room temperature, the blue crystals of Cu3(BTC)2 (96% yield) were collected by
filtration and washed thoroughly three times with DMF (3 × 20 mL). PXRD
studies confirmed the crystallinity of the bulk material (Figure 3.8). FTIR (neat,
cm−1): 3281, 2932, 2324, 2192, 2050, 1980, 1636, 1591, 1498, 1446, 1420, 1368,
1252, 1104, 1061, 939, 760, 726, and 663 (Figure 3.47).
Synthesis of heterometallic MOFs.
Cu3−XMnX(BTC)2.
For the preparation of heterometallic MOFs Cu2.8Mn0.2-BTC, Cu2.6Mn0.4BTC, and Cu2.4Mn0.6-BTC, crystals of Cu3(BTC)2 (450 mg, 0.744 mmol) were
heated in a 20 mL vial containing 0.25 M DMF solution (10.0 mL) of MnCl2×4H2O
for 24, 48, and 72 h, respectively, at 90 °C in a preheated oven. Before further
characterization of prepared green crystals (81, 79, and 77% yields respectively),
the solvent exchange procedure was performed. The heterometallic samples were
immersed in ethanol for three days, and ethanol was refreshed twice each day. The
prepared crystals of heterometallic CuMn-MOFs were suitable for single-crystal
X-ray studies. The detailed description of the data collection and refinement details
are given below. Tables 3.3 and 3.4 contain the crystallographic refinement data of
Cu2.8Mn0.2-BTC and Cu2.4Mn0.6-BTC MOFs. PXRD studies were used to confirm
crystallinity

preservation

of

heterometallic
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samples

(Figure

3.9).

Thermogravimetric analysis was used to evaluate stability of the obtained
frameworks, and the corresponding TGA plots are shown in Figure 3.18. The FTIR
spectra are shown in Figure 3.47. The composition of the prepared samples was
estimated based on ICP-MS data; prior to this analysis the samples underwent an
extensive washing procedure using the Soxhlet apparatus for 7 days.
Cu3−XFeX(BTC)2.
The heterometallic MOFs Cu2.7Fe0.3-BTC, Cu2.6Fe0.4-BTC, and Cu2.2Fe0.8BTC were prepared by heating crystals of Cu3(BTC)2 (450 mg, 0.744 mmol) in a
20 mL vial containing 0.067 M DMF solution (10.0 mL) of FeCl2×4H2O for 24, 48,
and 72 h, respectively, at 90 °C in a preheated oven. The yields for Cu2.7Fe0.3-BTC,
Cu2.6Fe0.4-BTC, and Cu2.2Fe0.8-BTC were found to be 79%, 71%, and 65%,
respectively. Before further characterization of prepared green crystals, the solvent
exchange procedure was performed. The heterometallic samples were immersed in
ethanol for three days, and ethanol was refreshed twice each day. The prepared
crystals of heterometallic CuFe-MOFs were suitable for single-crystal X-ray
studies. The detailed description of the data collection and refinement details are
given below. Tables 3.3 and 3.4 contain the crystallographic refinement data of
Cu2.7Fe0.3-BTC and Cu2.2Fe0.8-BTC MOFs. PXRD studies were used to confirm
crystallinity

preservation

of

heterometallic

samples

(Figure

3.10).

Thermogravimetric analysis was used to evaluate stability of the obtained
frameworks, and the corresponding TGA plots are shown in Figure 3.18. The FTIR
spectra are shown in Figure 3.47. The composition of the prepared samples was
estimated based on ICP-MS data; prior to this analysis the samples underwent an
extensive washing procedure using the Soxhlet apparatus for 7 days.
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Cu3−XCoX(BTC)2.
The

heterometallic

MOFs

Cu2.9Co0.1-BTC,

Cu2.82Co0.18-BTC,

and

Cu2.79Co0.21-BTC were prepared by heating crystals of Cu3(BTC)2 (150 mg, 0.248
mmol) in a 20 mL vial containing 0.10 M DMF solution (5.0 mL) of
Co(NO3)2×6H2O for 12, 42, and 72 h, respectively, at 90 °C in a preheated
incubator. The yields for Cu2.9Co0.1-BTC, Cu2.82Co0.18-BTC, and Cu2.79Co0.21-BTC
were found to be 80%, 77%, and 75%, respectively. Before further characterization
of prepared green crystals, the solvent exchange procedure was performed. The
heterometallic samples were immersed in ethanol for three days, and ethanol was
refreshed twice each day. The prepared crystals of heterometallic CuCo-MOFs
were suitable for single-crystal X-ray studies. The detailed description of the data
collection and refinement details are given below. Tables 3.3 and 3.4 contain the
crystallographic refinement data of Cu2.82Co0.18-BTC, and Cu2.79Co0.21-BTC
MOFs. PXRD studies were used to confirm crystallinity preservation of
heterometallic samples (Figure 3.11). Thermogravimetric analysis was used to
evaluate stability of the obtained frameworks, and the corresponding TGA plots
are shown in Figure 3.19. The FTIR spectra are shown in Figure 3.47. The
composition of the prepared samples was estimated based on ICP-MS data; prior
to this analysis the samples underwent an extensive washing procedure using the
Soxhlet apparatus for 7 days.
Cu2.7Ni0.3-BTC.
In a 20 mL vial, crystals of Cu3(BTC)2 (300 mg, 0.496 mmol) were heated
in 0.19 M DMF solution (5.0 mL) of NiCl2×6H2O for 74 h at 90 °C in a preheated
incubator. The yield of bluish-green crystal was found to be for 85%. Before
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further characterization of prepared crystals, the solvent exchange procedure was
performed. The heterometallic MOF was immersed in ethanol for three days, and
ethanol was refreshed twice each day. PXRD studies were used to confirm
crystallinity

preservation

of

the

heterometallic

MOF

(Figure

3.12).

Thermogravimetric analysis was used to evaluate stability of the obtained
frameworks, and the corresponding TGA plot is shown in Figure 3.19. The FTIR
spectrum is shown in Figure 3.47. The composition of the prepared sample was
estimated based on ICP-MS data; prior to this analysis the samples underwent an
extensive washing procedure using the Soxhlet apparatus for 7 days.
Zn1.4Cu1.6-BTC.
In a 20 mL vial, crystals of Zn3(BTC)2 (380 mg, 2.03 mmol) were soaked in
1.01 M ethanol solution (5.0 mL) of Cu(NO3)2×2.5H2O for 24 h at room
temperature. The yield of Zn1.4Cu1.6-BTC blue crystals was found to be for 80%.
Before further characterization of prepared crystals, the solvent exchange
procedure was performed. The heterometallic MOF was immersed in ethanol for
three days, and ethanol was refreshed twice each day. PXRD studies were used to
confirm crystallinity preservation of the heterometallic MOF (Figure 3.13).
Thermogravimetric analysis was used to evaluate stability of the obtained
frameworks, and the corresponding TGA plot is shown in Figure 3.20. The FTIR
spectrum is shown in Figure 3.47. The composition of the prepared sample was
estimated based on ICP-MS data; prior to this analysis the sample underwent an
extensive washing procedure using the Soxhlet apparatus for 7 days.
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Cu4.4Fe0.6-NIP.
In a 20 mL vial, Cu5(NIP)4 (399 mg, 0.291 mmol) was soaked in a 0.067 M
DMF solution of FeCl2×4H2O (3.00 mL) for 1 h at room temperature. The yield of
the green powder was found to be for 88%. Before further characterization of
prepared crystals, the solvent exchange procedure was performed. The
heterometallic MOF was immersed in methanol for three days, and methanol was
refreshed twice each day. PXRD studies were used to confirm crystallinity
preservation of the heterometallic MOF (Figure 3.15). Thermogravimetric analysis
was used to evaluate stability of the obtained frameworks, and the corresponding
TGA plot is shown in Figure 3.22. The FTIR spectrum is shown in Figure 3.48.
The composition of the prepared sample was estimated based on ICP-MS data;
prior to this analysis the sample underwent an extensive washing procedure using
the Soxhlet apparatus for 7 days.
Cu4.8Mn0.2-NIP.
In a 20 mL vial, Cu5(NIP)4 (399 mg, 0.291 mmol) was soaked in a 0.25 M
DMF solution of MnCl2×4H2O (1.50 mL) for 3 h at room temperature. The yield of
the green powder was found to be for 88%. Before further characterization of
prepared crystals, the solvent exchange procedure was performed. The
heterometallic MOF was immersed in methanol for three days, and methanol was
refreshed twice each day. PXRD studies were used to confirm crystallinity
preservation of the heterometallic MOF (Figure 3.15). Thermogravimetric analysis
was used to evaluate stability of the obtained frameworks, and the corresponding
TGA plot is shown in Figure 3.22. The FTIR spectrum is shown in Figure 3.48.
The composition of the prepared sample was estimated based on ICP-MS data;
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prior to this analysis the sample underwent an extensive washing procedure using
the Soxhlet apparatus for 7 days.
Cu4.8Rh0.2-NIP.
In a 20 mL vial, Cu5(NIP)4 (377 mg, 0.275 mmol) was gently stirred in a
0.039 M DMF solution (3.00 mL) of RhCl3×H2O for 5 h at 60 °C on a hotplate. The
yield of green powder was found to be for 75%. Before further characterization of
prepared crystals, the solvent exchange procedure was performed. The
heterometallic MOF was immersed in methanol for three days, and methanol was
refreshed twice each day. PXRD studies were used to confirm crystallinity
preservation of the heterometallic MOF (Figure 3.15). Thermogravimetric analysis
was used to evaluate stability of the obtained frameworks, and the corresponding
TGA plot is shown in Figure 3.23. The FTIR spectrum is shown in Figure 3.48.
The composition of the prepared sample was estimated based on ICP-MS data;
prior to this analysis the sample underwent an extensive washing procedure using
the Soxhlet apparatus for 7 days.
Co0.5Cu2.5-HHTP.
A mixture of 20.0 mg of Co9(HHTP)4 powder was stirred in a 0.069 M
aqueous solution of Cu(OAc)2×H2O (3.20 mL), in a 20 mL vial overnight at 85 °C
on a hotplate. The dark powder, obtained in 88% yield, was collected by filtration
and washed thoroughly with water (2 × 20 mL) and then thrice with acetone (3 ×
20 mL). PXRD studies were used to confirm crystallinity of bulk material after
transmetalation (Figure 3.16). Thermogravimetric analysis was used to evaluate
stability of the obtained frameworks, and the corresponding TGA plot is shown in
Figure 3.24. The FTIR spectrum is shown in Figure 3.49. The composition of the
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prepared sample was estimated based on ICP-MS data; prior to this analysis the
samples underwent an extensive washing procedure using the Soxhlet apparatus
for 7 days.
Cu2.0Mn1.0-HHTP.
The Cu3(HHTP)2 MOF (50.0 mg) was stirred in a 0.11 M aqueous solution
of Mn(OAc)2×4H2O (2.00 mL) in a 20 mL vial overnight at 85 °C on a hotplate.
The very dark blue powder, obtained in 70% yield, was collected by filtration and
washed thoroughly with deionized water (2 × 20 mL) and then thrice with acetone
(3 × 20 mL). PXRD studies were used to confirm crystallinity of bulk material
after transmetalation (Figure 3.17). The FTIR spectrum is shown in Figure 3.49.
The composition of the prepared sample was estimated based on ICP-MS data;
prior to this analysis the sample underwent an extensive washing procedure using
the Soxhlet apparatus for 7 days.
Cu0.5Ni1.5-HHTP.
The Cu3(HHTP)2 MOF (50.0 mg) was stirred in a 0.11 M aqueous solution
of Ni(OAc)2×4H2O (2.00 mL), in a 20 mL vial overnight at 85 °C on a hotplate.
The dark blue powder, obtained in 78% yield, was collected by filtration and
washed thoroughly with deionized water (2 × 20 mL) and then with acetone (3 ×
20 mL). PXRD studies were used to confirm crystallinity of bulk material after
transmetalation (Figure 3.17). The FTIR spectrum is shown in Figure 3.49. The
composition of the prepared sample was estimated based on ICP-MS data; prior to
this analysis the sample underwent an extensive washing procedure using the
Soxhlet apparatus for 7 days.
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Cu0.6Rh0.4-HHTP.
The Cu3(HHTP)2 MOF (50.0 mg) was stirred in a 0.038 M aqueous solution
of RhCl3×H2O (2.00 mL), in a 20 mL vial overnight at 85 °C on a hotplate. The
dark powder, obtained in 58% yield, was collected by filtration and washed
thoroughly with deionized water (2 × 20 mL) ant then acetone (3 × 20 mL). PXRD
studies were used to confirm crystallinity of bulk material after transmetalation
(Figure 3.17). The FTIR spectrum is shown in Figure 3.49. The composition of the
prepared sample was estimated based on ICP-MS data; prior to this analysis the
sample underwent an extensive washing procedure using the Soxhlet apparatus for
7 days.
Physical measurements.
Single-crystal X-ray diffraction studies of the MOF samples were done on a
Bruker AXS D8 Advance diffractometer using a Cu Kα (λ = 1.5406 Å) radiation
operating at a voltage of 40 kV and a current of 40 mA. Powder X-ray diffraction
patterns were recorded on a Rigaku Miniflex II diffractometer with accelerating
voltage and current of 30 kV and 15 mA, respectively. Thermogravimetric analysis
was performed on an SDT Q600 Thermogravimetric Analyzer using an alumina
boat as a sample holder at a heating rate of 5 °C/min. ICP-MS analysis was
conducted using a Finnigan ELEMENT XR double focusing magnetic sector field
inductively coupled plasma-mass spectrometer with Ir and/or Rh as internal
standards. A Micromist U-series nebulizer (0.2 ml/min, GE, Australia), quartz
torch, and injector (Thermo Fisher Scientific, USA) were used for sample
introduction. Sample gas flow was 1.08 mL/min, and the forwarding power was
1250 W. The samples were digested in Teflon vessels with nitric and hydrochloric
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acids and then heated at 180 °C for 4 h. X-ray photoelectron spectroscopy
measurements were performed using a Kratos AXIS Ultra DLD XPS system with
a monochromatic Al Ka source operated at 15 keV and 150W and a hemispherical
energy analyzer. Samples were placed in small powder pockets on the holder and
analysis was performed at a pressure below 1 × 10–9 mbar. High-resolution core
level spectra were measured with a pass energy of 40 eV, and analysis of the data
was carried out using XPSPEAK41 software. The XPS experiments were
performed while using an electron gun directed on the sample, for charge
neutralization. Diffuse reflectance spectra were collected on an Ocean Optics JAZ
spectrometer or a PerkinElmer Lambda 850. For the JAZ spectrometer, an Ocean
Optics ISP-REF integrating sphere was connected to the spectrometer using a 450
μm SMA fiber optic cable. Samples were loaded in an 8.0 mm quartz sample cell
or pressed between quartz microscope slides, which was referenced to a Spectralon
standard. The Tauc analysis was performed using diffuse reflectance data with an
assumption of direct band-gap transitions.29 The conductivity measurements on
MOF pressed pellets were performed using a two-probe home-built in-situ pressed
pellet device30 connected to a source meter (Keithley Instruments GmbH,
Germering, Germany, model 263A). For sample preparation, MOF was initially
activated to remove solvent molecules (Table 3.1) followed by refilling with
nitrogen. The MOF powder (10 mg) was then quickly transferred using a spatula to
a quartz tube resting on one of the stainless-steel rods of the home-build device.
Next, the second stainless steel rod was quickly placed on top of the powder and
the pellet was pressed between the rods. The diameter of the resulting pellet is the
same as the inner diameter of the quartz tube (d = 2 mm). The thickness of the
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pellets was kept consistent (l = 1 mm) by using the same amount of material. After
forming a small pellet, the stainless-steel rods were connected to the source meter
using alligator clips to perform conductivity measurements. For all measurements,
the number of power line cycles (NPLC) was set to 5 with a delay of 1 ms.
Theoretical Calculations Methods.
The density functional theory (DFT) calculations were performed on a
truncated MOF model Cu2(H2BTC)4 containing 82 atoms formed from a Cu2+
paddle-wheel node and our BTC3− units neutralized through hydrogen
coordination to carboxylate groups, using the Vienna ab initio simulation package
(VASP)18,19 with plane wave basis sets. Projector-augmented wave (PAW)31,32
pseudopotentials were employed, with the C 2s22p2, H 1s, O 2s22p4, Cu
3p63d104s1, Co 3d8 4s1, Fe 3p63d74s1 and Zn 3d104s2 treated explicitly. The
geometries

were

optimized

using

the

GGA-PBE23

exchange

correlation

functionals. The van der Waals interactions were taken into account using the
dispersion correction formula in the PBE-D3 functionals24 with Becke-Johnson
Damping. The plane-wave energy cutoff was set to 520 eV and spin-polarized
calculations were performed at the G-only k-point. Structural optimization was
performed until the forces on each ion was less than 25 meV/Å, using 0.0001 eV
as the energy tolerance criteria for the electronic step. Gaussian smearing with a
width of 0.05 eV was applied to all optimizations. A conjugate-gradient
algorithm33,34 was used to relax all the ions. The calculations were performed on
secondary building units (SBUs) isolated in a cubic box of size 30 Å. The total and
partial density of states (DOS) were calculated by single point calculations using
the hybrid B3LYP method20 following the geometry optimizations. The alternative
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method was performed using the same geometries optimized GGA-PBE23
exchange correlation functionals with the exclusion of DFT + U corrections results
in distorted geometries, because of self-interactions of the delocalized d-electrons
in the transition metals. Thus, single point electronic structure calculations
performed using hybrid exchange-correlation functionals on these distorted
structures, significantly underestimate the band gaps. This underestimation is a
consequence of insufficient splitting of d orbitals near the Fermi level, which is
remedied by the addition of onsite Coulomb interaction within the DFT + U
formalism.
X-ray crystal structure determination.
Cu2.5Mn0.5-BTC,

Cu2.4Fe0.6-BTC,

and

Cu1.9Co1.1-BTC

[BTC3−

=

benzenetricarboxylate].
X-ray intensity data from blue green octahedra were collected at 100(2) K
using a Bruker D8 QUEST diffractometer equipped with a PHOTON-100 CMOS
area detector and an Incoatec microfocus source (Mo K𝛂 radiation, λ = 0.71073 Å).
The raw area detector data frames were reduced and corrected for absorption
effects using the Bruker APEX3, SAINT+ and SADABS programs.35,36 Final unit
cell parameters were determined by least-squares refinement of large sets of
reflections taken from each data set. The structures were solved with SHELXT.37,38
Subsequent

difference

Fourier

calculations

and

full-matrix

least-squares

refinement against F2 were performed with SHELXL-201637,38 using OLEX2.39
The compounds are isostructural and crystallize in the cubic system. The
pattern of systematic absences in the intensity data was consistent with the space
group Fm-3m, which was verified by structure solutions and refinements. The
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asymmetric unit of the structures consist of one unique metal site, one axial site
modelled as a water oxygen, and 1/6 of one BTC3− ligand with C3v point symmetry.
The axial site is disordered over two symmetry-equivalent positions. Metal atom
mixing was diagnosed by first setting the unique metal site as 100% copper and
then refining the site occupancy factor (sof). In all three cases the sof(Cu)
decreases slightly below 1.0 (0.963(5) for the Mn crystal, 0.974(6) for Fe, and
0.964(5) for Co). Subsequently the site was refined as a mixed Cu/Mn, Cu/Fe or
Cu/Co site with the total site occupancy constrained to sum to one. The site mixing
ratios refined to: Cu/Mn = 0.82(3)/0.18(3), Cu/Fe = 0.81(4)/0.19(4), Cu/Co =
0.64(5)/0.36(5). Though a small change from full Cu occupancy, these observed
sof(Cu) deviations from 1.00 are consistent with some site admixture of a lighter
atom onto the site. All non-hydrogen atoms were refined with anisotropic
displacement parameters. The unique hydrogen atom H3 bonded to carbon C3 was
located by Fourier difference synthesis before being placed in a geometrically
idealized position and included as a riding atom with d(C-H) = 0.95 Å and Uiso(H)
= 1.2Ueq(C). No hydrogen atom could be located, and none were calculated for
the axial water hydrogen atoms. Observed electron density near this split water site
suggests

some

minor

substitution

by

another

solvent,

likely

N,N-

dimethylformamide (DMF), but a reasonable disorder model could not be
achieved. The structures contain large cavities filled with heavily disordered
solvent species which could not be clearly identified or modeled. Trial modeling
efforts suggest mostly water. These species were accounted for with Squeeze.40
Solvent-accessible volumes (S.A.V.) of 11931 Å3 (Cu/Mn), 11982 Å3 (Cu/Fe) and
11938 (Cu/Co) were calculated, containing the equivalent of 588 (Cu/Mn), 477
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(Cu/Fe), and 703 (Cu/Co) electrons per unit cell. The scattering contribution of
this electron density was added to the structure factors computed from the modeled
part of the structure during refinement. The reported crystal density and F.W. are
calculated from the known part of the structure only.
Cu2.3Mn0.7-BTC, Cu1.8Fe1.2-BTC and Cu1.1Co1.9-BTC.
These crystals were isostructural to those described above. Solution and
refinement of these compounds were identical as was the identification and
treatment of the metal site mixing and cavity guest disorder. Relevant information:
Site mixing ratios and S.A.V.: Cu/Mn: 0.76(3)/0.24(3), 11413 Å3; Cu/Fe:
0.606(16)/0.394(16), 11414 Å3, and Cu/Co: 0.64(3)/0.36(3), 12057 Å3.
Table 3.3. X-ray structure refinement data for Cu2.5Mn0.5-BTC, Cu2.4Fe0.6-BTC, and
Cu1.9Co1.1-BTC.a
compound
Cu2.5Mn0.5-BTC
Cu2.4Fe0.6-BTC
Cu1.9Co1.1-BTC
formula
C36H12Cu4.89Mn1.11O30 C36H12Cu4.89Fe1.11O30 C36H12Cu3.85Co2.15O30
FW
1296.17
1297.14
1295.68
T, K
100(2)
100(2)
100(2)
crystal system
cubic
cubic
cubic
space group
Fm-3m
Fm-3m
Fm-3m
Z
8
8
8
a, Å
26.3140(11)
26.2988(9)
26.2987(11)
b, Å
26.3140(11)
26.2988(9)
26.2987(11)
c, Å
26.3140(11)
26.2988(9)
26.2987(11)
α, °
90
90
90
β, °
90
90
90
γ, °
90
90
90
V, Å3
18221(2)
18189.0(19)
18189.0(2)
3
0.945
0.947
0.946
dcalc, g/cm
μ, mm−1
F(000)
crystal size,
mm3
theta range

1.321
5101.0

1.346
5109.0

1.318
5102.0

0.18 × 0.14 × 0.12

0.22 × 0.2 × 0.14

0.2 × 0.14 × 0.1

4.378 to 56.59

4.38 to 55.008

2.682 to 59.972
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index ranges

−35 ≤ h ≤ 35
−35 ≤ k ≤ 35
−35 ≤ l ≤ 35
159093

−34 ≤ h ≤ 26
−25 ≤ k ≤ 34
−27 ≤ l ≤ 32
29719

refl. collected
data/restraints/
1179/0/40
1096/0/40
parameters
GOF on F2
1.185
1.234
Largest diff.
peak/hole /
0.44/−0.98
0.46/−0.86
eÅ−3
R1/wR2,
0.0404/0.1332
0.0429/0.1487
[I ≥ 2σ(I)]b
a
Mo-Kα (λ = 0.71073Å) radiation
b
R1 = Σ||Fo|−|Fc||/ Σ |Fo|, wR2 = {Σ [w(Fo2−Fc2)2]/ Σ [w(Fo2)2]}1/2

−36 ≤ h ≤ 35
−36 ≤ k ≤ 35
−36 ≤ l ≤ 36
52661
1361/0/40
1.197
0.46/−0.53
0.0418/0.1424

Table 3.4. X-ray structure refinement data for Cu2.3Mn0.7-BTC, Cu1.8Fe1.2-BTC, and
Cu1.1Co1.9-BTC.a
compound
Cu2.3Mn0.7-BTC
Cu1.8Fe1.2-BTC
Cu1.1Co1.9-BTC
formula
C36H12Cu4.57Mn1.43O30 C36H12Cu3.64Fe2.36O30 C36H12Cu2.19Co3.81O30
FW
1293.26
1287.43
1295.51
T, K
100(2)
100(2)
100(2)
crystal system
cubic
cubic
cubic
space group
Fm-3m
Fm-3m
Fm-3m
Z
8.00064
8.00064
8.00064
a, Å
26.2845(9)
26.2777(9)
26.3116(5)
b, Å
26.2845(9)
26.2777(9)
26.3116(5)
c, Å
26.2845(9)
26.2777(9)
26.3116(5)
α, °
90
90
90
β, °
90
90
90
γ, °
90
90
90
3
V, Å
18159.3(19)
18145.2(19)
18215.5(10)
0.946
0.947
0.945
dcalc, g/cm3
μ, mm−1
F(000)
crystal size,
mm3
theta range
index ranges

1.294
5090.0

1.256
5079.0

1.314
5101.0

0.1 × 0.08 × 0.06

0.22 × 0.18 × 0.06

0.18 × 0.15 × 0.08

4.384 to 52.654
−32 ≤ h ≤ 32

4.384 to 52.668
−32 ≤ h ≤ 28,

2.68 to 54.978
−34 ≤ h ≤ 34
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−30 ≤ k ≤ 28
−29 ≤ l ≤ 32
30641

−29 ≤ k ≤ 32
−31 ≤ l ≤ 32
32934

refl. collected
data/restraints/
988/0/39
988/0/39
parameters
GOF on F2
1.040
1.094
Largest diff.
0.60/−0.48
0.31/−0.21
peak/hole / eÅ−3
R1/wR2,
0.0399/00.1005
0.0224/0.0597
[I ≥ 2σ(I)]b
a
Mo-Kα (λ = 0.71073Å) radiation
b
R1 = Σ||Fo|−|Fc||/ Σ |Fo|, wR2 = {Σ [w(Fo2−Fc2)2]/ Σ [w(Fo2)2]}1/2

−34 ≤ k ≤ 34
−34 ≤ l ≤ 34
64604
1094/0/40
1.221
0.40/−0.50
0.0427/0.1376

Table 3.5. X-ray structure bond distances data for Cu3(BTC)2, Cu2.5Mn0.5-BTC,
Cu2.4Fe0.6-BTC, and Cu1.9Co1.1-BTC.
compoun
d
a, Å
d (Cu1–
Cu1), Å
d(Cu1–
O1), Å
d(Cu1–
O3), Å
d(O1–
C1), Å
d(C1–C2),
Å
d(C2–C3),
Å

Cu3(BTC)2

Cu2.5Mn0.5-BTC

Cu2.4Fe0.6-BTC

26.3008(9)
2.6593(11)

26.3140(11)
2.6580(9)

26.2988(9)
2.6597(12)

Cu1.9Co1.1BTC
26.2987(11)
2.6579(8)

1.956(2)

1.9584(17)

1.957(2)

1.9591(16)

2.134(5)

2.138(5)

2.140(6)

2.147(4)

1.256(3)

1.255(2)

1.257(3)

1.253(2)

1.511(6)

1.508(4)

1.508(6)

1.504(4)

1.390(3)

1.389(2)

1.391(3)

1.394(2)

Table 3.6. X-ray structure bond distances data for Cu3 (BTC)2, Cu2.3Mn0.7-BTC,
Cu1.8Fe1.2-BTC, and Cu1.1Co1.9-BTC.
compound Cu3(BTC)2

Cu2.3Mn0.7-BTC

Cu1.8Fe1.2-BTC

a, Å
d (Cu1–
Cu1), Å
d(Cu1–
O1), Å
d(Cu1–
O3), Å

26.3008(9)
2.6593(11)

26.2845(9)
2.6320(12)

26.2777(9)
2.6381(6)

Cu1.1Co1.9BTC
26.3116(5)
2.6588(12)

1.956(2)

1.948(2)

1.9505(10)

1.958(2)

2.134(5)

2.183(6)

2.179(3)

2.145(6)
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d(O1–
1.256(3)
C1), Å
d(C1–C2), 1.511(6)
Å
d(C2–C3), 1.390(3)
Å

1.268(3)

1.2636(13)

1.257(3)

1.478(5)

1.483(3)

1.505(5)

1.390(3)

1.3897(13)

1.391(3)

Table 3.7. Conductivity Measurement Results for the Heterometallic MOFs.
Heterometallic
MOFs
Cu2.8Mn0.2-BTC
Cu2.6Mn0.4-BTC
Cu2.4Mn0.6-BTC
Cu2.7Fe0.3-BTC
Cu2.6Fe0.4-BTC
Cu2.2Fe0.8-BTC
Cu2.94Co0.06-BTC
Cu2.82Co0.18-BTC
Cu2.79Co0.21-BTC
Cu2.7Ni0.3-BTC
Zn1.4Cu1.6-BTC
Cu4.8Mn0.2-NIP
Cu4.4Fe0.6-NIP
Cu4.8Rh0.2-NIP
Co0.5Cu2.5-HHTP
Cu2.0Mn1.0-HHTP
Cu1.5Ni1.5-HHTP
Cu2.6Rh0.4-HHTP

Conductivity Value
(S/cm)
3.30 × 10−10
3.84 × 10−10
6.24 × 10−10
3.28 × 10−10
3.29 × 10−10
3.63 × 10−10
8.92 × 10−10
1.42 × 10−9
3.96 × 10−9
1.01 × 10−9
3.15 × 10−10
4.25 × 10−6
1.17 × 10−7
1.32 × 10−8
2.05 × 10−5
8.77 × 10-6
9.91 × 10-8
8.62 × 10-9
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Standard Deviation
1.08 × 10−11
2.51 × 10−12
1.84 × 10−12
3.96 × 10−12
2.73 × 10−12
6.15 × 10−13
7.66 × 10−12
1.03 × 10−11
4.15 × 10−12
1.12× 10−12
1.78 × 10−13
4.26 × 10−8
1.12 × 10−9
9.71 × 10−10
3.03 × 10−7
1.96 × 10−7
1.40 × 10−9
3.57 × 10−11

Figure 3.8. PXRD
Cu3(BTC)2
simulated
experimental (violet).

patterns of
(red)
and

Figure 3.9. PXRD patterns of
Cu2.8Mn0.2-BTC: simulated (red) and
experimental (green), Cu2.6Mn0.4-BTC
experimental (blue), and Cu2.4Mn0.6BTC experimental (purple).
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Figure 3.10. PXRD patterns of
Cu2.7Fe0.3-BTC: simulated (red) and
experimental (green), Cu2.6Fe0.4-BTC
experimental (blue), and Cu2.2Fe0.8-BTC
experimental (purple).

Figure 3.11. PXRD patterns of
Cu2.82Co0.18-BTC: simulated (red) and
experimental (green), Cu2.9Co0.1-BTC
experimental (blue), and Cu2.79Co0.21BTC experimental (purple).
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Figure 3.12 PXRD patterns of
Cu3(BTC)2: simulated (red) and
experimental (green), and Cu2.7Ni0.3BTC experimental (purple).

Figure 3.13 PXRD patterns of
Zn3(BTC)2:
experimental
(red),
experimental (green), and Zn1.4Cu1.6BTC experimental (purple).
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Figure 3.14 PXRD patterns of
Cu5(NIP)4 simulated (red) and
experimental (light blue). (NIP5− = 5nitroisophthalate).

Figure 3.15. PXRD patterns of Cu5(NIP)4
simulated
(red),
Cu4.8Mn0.2-NIP
experimental (green), Cu4.4Fe0.6-NIP
experimental (blue), and Cu4.8Rh0.2-NIP
experimental (pink).
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Figure 3.16. PXRD patterns of
Co3(HHTP)2
simulated
(red),
experimental (green), Co0.5Cu2.5-HHTP
experimental (blue), and Cu3(HHTP)2
experimental (purple). (HHTP3− =
2,3,6,7,10,11-hexahydroxytriphenylene).

Figure 3.17. PXRD patterns of
Cu3(HHTP)2
experimental
(red),
Cu2.0Mn1.0-HHTP experimental (green),
Cu1.5Ni1.5-HHTP experimental (blue), and
Cu2.6Rh0.4-HHTP experimental (purple).
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Thermogravimetric analysis of the heterometallic MOF systems
The thermal stability of the Cu3−XMX(BTC)2 MOF systems (where M = Mn, Fe,
Co, and Ni) (Figures 3.18 and 3.19) and Zn3−XMXBTC (where M = Cu) (Figure 3.20) was
studied by thermogravimetric analysis (TGA). The TGA plots demonstrate the rapid loss
of solvent molecules at the 28−100 °C or 28−150 °C temperature ranges, indicative of the
loss of solvents (DMF, ethanol, and/or water) contained in the pores. The observed
weight loss (≤ 40 wt %) in the various Cu3−XMX(BTC)2 systems at the 28−100 °C
temperature range can be attributed to removal of the above listed non-coordinated
solvent mixtures, which is in good correlation with the residual electron density
calculated from the single-crystal X-ray data. Furthermore, we studied the stability of the
Cu3−XMX(BTC)2 systems as a function of increasing concentrations of the second metal.
Figure 3.21 shows that the Cu3−XMX(BTC)2 systems retain their stability with increasing
concentrations of the second metal.
The studies of thermal stability of the pentanuclear Cu5-XMX(NIP)4 systems
(where M = Mn, Fe, and Rh) demonstrate the loss of solvent molecules at the 28−100 °C
temperature range (Figures 3.22 and 3.23). The weight loss for the Cu5−XMX(NIP)4
systems was observed to be ≤ 15 wt %, which is comparably less than that of the
Cu3−XMX(BTC)2 systems as a result of the smaller pores and surface area.28 The MOFs
maintain thermal stability until about 250 °C. The Cu3−XMX(HHTP)2 systems on the other
hand show increasing stability with the incorporation of the second metal. The gradual
weight loss across the temperature range (28−100 °C) demonstrate the loss of solvent
molecules as well as gradual decomposition of MOF (Figure 3.24).
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Figure 3.18. TGA plots of (left) Cu2.4Mn0.6-BTC and (right) Cu2.2Fe0.8-BTC.

Figure 3.19. TGA plots of (left) Cu2.79Co0.21-BTC and (right) Cu2.7Ni0.3-BTC.
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Figure 3.20. TGA plot of Zn1.4Cu1.6-BTC.

Figure 3.21. TGA plots of: (left) evacuated Cu2.7Fe0.3-BTC (green), Cu2.6Fe0.4-BTC
(blue), and Cu2.2Fe0.8-BTC)2 (orange); (right) evacuated Cu2.8Mn0.2-BTC (green),
Cu2.6Mn0.4-BTC (blue), and Cu2.4Mn0.6-BTC (red), showing stability of
heterometallic MOFs as a function of the incorporated second metal.
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Figure 3.22. TGA plots of (left) Cu4.8Mn0.2-NIP and (right) Cu4.4Fe0.6-NIP.

Figure 3.23. TGA plots of (left) Cu5(NIP)4 and (right) Cu4.8Rh0.2-NIP.
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Figure 3.24. TGA plots of Co3(HHTP)2 (blue),
Cu3(HHTP)2 (black), and Co0.5Cu2.5-HHTP
(dark blue).

XPS studies of the heterometallic MOFs.
The X-ray Photoelectron spectroscopic (XPS) studies were employed to
investigate the oxidation state of the metals incorporated into the studied heterometallic
MOF structures. Furthermore, the XPS technique also provides a non-destructive
analytical route through which the electronic properties of the MOFs can be studied by
monitoring the population of the density of states (DOS) near the Fermi energy level.17
Accounting for the significant contribution from the adventitious carbon the binding
energies, all MOF samples were calibrated according to the position of the 284.8 eV
peak.41,42 To establish the purity of the samples, survey scans were collected for each
sample followed by the relevant regions, which include C(1s), O(1s), Cu(2p), Cu(LMM),
second metal (Mn(2p), Fe(2p), Co(2p), Ni(2p), and Rh(3d)] as applicable for each
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sample. The prepared mononuclear Cu3−XMʹX(HHTP)2 MOFs in powder form were
evacuated under appropriate conditions (Table 3.1) under the Schlenk line to remove
residual solvent in the pores. Immediately after heating, samples were transported to the
XPS facility in closed vials to minimize contact with moisture in the atmosphere. The
samples were then loaded into vacuum chamber and evacuated overnight to ensure
removal of residual water absorbed during the transfer process. Figure 3.37 shows the
XPS data for the Cu(2p) region of the monometallic Cu3(HHTP)2 with two distinct peaks
at 934.8 and 933.0 eV, which are assigned to Cu2+ and Cu1+, respectively.17 Copper in the
+1 and +2-oxidation states were also observed for the heterometallic Cu3−XMʹX(HHTP)2,
Further analysis of the different ratios of the Cu3−XMʹX(HHTP)2 MOFs, reveal a pattern:
Ni < Mn < Co, which correlates with the effect of the incorporated Mʹ metals, with Co
having the greatest electronic structural influence on the MOF framework and the lowest
Cu2+: Cu1+ ratio (Figure 3.37). Furthermore, to ensure the absence of any reduced form of
Cu (metallic Cu) in the synthesized MOFs, the Cu(LMM) regions were investigated. The
Cu(LMM) Auger peak shape has been reported to be a reliably distinguishing factor
between metallic and Cu1+,43 given that the Cu(2p3/2) binding energies for both species
are nearly identical.44 Figure 3.38 shows a broad Cu(LMM) peak for all
Cu3−XMʹX(HHTP)2 heterometallic MOFs that corresponds to ionized Cu at about 572 eV
rather than the sharp peak at 567.5 eV characteristic of metallic Cu.17,45,46 Following the
same pattern, varying Cu2+: Cu1+ ratios are also observed in the Cu3−XMX(BTC)2
heterometallic MOFs. In this system, the Cu2+: Cu1+ ratio increases across the table of
incorporated first row transition metals (Figure 3.27). In contrast, the Cu(2p3/2) region of
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the Cu5−XMX(NIP)4 systems (Figure 3.42) show a dominance of Cu in its +2-oxidation
state.
Furthermore, the XPS results of the Rh-containing MOFs across the studied MOF
systems (Figure 3.33), show the existence a peak at 310.0 eV in the Rh(3d5/2) region,
which corresponds to Rh in its +3-oxidation state. The assignment of Rh3+in the
mononuclear Cu2.6Rh0.4-HHTP and pentanuclear Cu4.8Rh0.2-NIP MOFs systems is
consistent with literature reports of Rh3+ in RhCl3 metal salt and other Rh (III)
complexes.47,48

Figure 3.25. XPS data for VB region for:
Cu2.8Mn0.2-BTC (lilac), Cu2.4Mn0.6-BTC (red),
Cu2.7Fe0.3-BTC (dark brown), Cu2.2Fe0.8-BTC
(Orange),
Cu2.9Co0.1-BTC
(yellow)
Cu2.79Co0.21-BTC (dark blue), Cu2.7Ni0.3-BTC
(light green), and Zn1.4Cu1.6-BTC (dark pink).
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Figure 3.26. Mathematical analysis of the XPS data for the valence
band regions of: (a) Cu3(BTC)2, (b) Cu2.7Ni0.3-BTC, (c) Cu2.2Fe0.8-BTC,
(d) Cu2.79Co0.21-BTC, (e) Cu2.4Mn0.6-BTC, and (f) Zn1.4Cu1.6BTC. The
XPS onset value for each system was calculated from the intersected
dark red dotted lines on each spectrum.
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Figure 3.27. (left) Cu2+/Cu1+ ratios of the heterometallic Cu3-XMʹX(BTC)2 MOFs.
(right) XPS data of the Cu(2p) region of Cu3(BTC)2 showing the Cu2+and Cu1+
peaks.

Figure 3.28. XPS data of the Co(2p) region of: (left) Cu2.79Co0.21-BTC and
(right) Co0.5Cu2.5-HHTP showing the presence of Co in the +2-oxidation state
(780.1 eV) in both binuclear and mononuclear heterometallic systems.
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Figure 3.29. XPS data of the Ni(2p) region of: (left) Cu2.7Ni0.3-BTC and (right)
Cu1.5Ni1.5-HHTP showing the presence of Ni in the +2-oxidation state (856.4 eV)
in both binuclear and mononuclear heterometallic systems.

Figure 3.30. XPS data of the Mn(2p) region of: (left) Cu2.4Mn0.6-BTC and (right)
Cu2.0Mn1.0-HHTP showing the presence of Co in the +2-oxidation state (641.9 eV) in
both binuclear and mononuclear heterometallic systems.
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Figure 3.31. XPS data showing the regions: (left) Zn(2p) of Zn1.4Cu1.6-BTC showing
the presence of Zn in the +2-oxidation state at (1022.3 eV) and (right) Fe(2p) of
Cu2.2Fe0.8-BTC showing the presence of Fe in +3-oxidation state (710.9 eV).

Figure 3.32. XPS data showing the regions: (left) Mn(2p) region of Cu4.8Mn0.2-NIP
showing the presence of Mn in +2-oxidation state (641.9 eV) and (right) Fe(2p) of
Cu4.4Fe0.6-NIP, Fe in +3-oxidation state (710.9 eV).
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Figure 3.33. (left) XPS data for the Rh(3d) region of: (left) Cu2.62Rh0.38-HHTP and
(right) Cu4.82Rh0.18-NIP MOFs showing the peak of 310.0 eV indicative of Rh in the
+3-oxidation state.

Figure 3.34. Normalized Kubelka-Munk function
of heterometallic Cu3-XMʹX(BTC)2 MOFs:
Cu2.4Mn0.6-BTC (red), Cu2.2Fe0.8-BTC (Orange),
Cu2.79Co0.21-BTC (dark blue), Cu2.7Ni0.3-BTC
(light green), and Zn1.4Cu1.6-BTC (dark pink).
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Figure 3.35. Mathematical analysis of the Tauc plots of: (a) Cu3(BTC)2, (b)
Cu2.7Ni0.3-BTC, (c) Cu2.2Fe0.8-BTC (d) Cu2.79Co0.21(BTC)2, (e) Cu2.4Mn0.6BTC, and (f) Zn1.4Cu1.6-BTC. The optical band values for each system was
estimated from the dark red dotted lines on each plot.
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Figure 3.36. (left) XPS survey scan of Cu2.0Mn1.0-HHTP (red) and
Cu1.5Ni1.5HHTP (light green). (middle) structure of redox active HHTP
linker. (right) XPS survey scans of Co0.5Cu2.5-HHTP (dark blue) and
Cu2.6Rh0.4-HHTP (purple).

Figure 3.37. (left) Cu2+/Cu1+ ratios of the heterometallic Cu3-XMʹX(HHTP)2
MOFs. (right) XPS data showing the Cu(2p) regions for Cu3(HHTP)2
(black), Cu2.0Mn1.0-HHTP (red), Co0.5Cu2.5-HHTP (dark blue), Cu15Ni1.5HHTP. (light green), and Cu2.6Rh0.4-HHTP (purple), showing the assigned
distinct peaks of Cu2+ at 934.8 and Cu1+ at 933.0 eV.
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Figure 3.38. (left) XPS data for VB region for: Cu3(HHTP)2 (black),
Co3(HHTP)2 (blue) Cu2.0Mn1.0-HHTP (red), Co0.5Cu2.5-HHTP (dark blue),
Cu1.5Ni1.5-HHTP. (light green), and Cu2.6Rh0.4-HHTP (purple). (right)
Cu(LMM) regions for all the Cu3-XMʹX(HHTP)2 MOFs (color coding as
presented in the left figure), showing the broad peak indicative of oxidized Cu
ions rather than metallic Cu.

Figure 3.39. Normalized Kubelka-Munk function of: (left) Cu5(NIP)4 (black),
Cu4.8Mn0.2-NIP (red), Cu4.4Fe0.6-NIP (orange), and Cu4.8Rh0.2-NIP (purple). (right)
Cu3(HHTP)2 (black), Co3(HHTP)2 (blue), Cu2.0Mn1.0-HHTP (red), Co0.5Cu2.5-HHTP
(dark blue), Cu1.5Ni1.5-HHTP (light green), and Cu2.6Rh0.4-HHTP (purple).
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Figure 3.40. Mathematical analysis of the XPS data for the valence band
regions of: (a) Cu3(HHTP)2, (b) Co0.5Cu2.5-HHTP, (c) Cu1.5Ni1.5-HHTP, (d)
Co3(HHTP)2, (e) Cu2.0Mn1.0-HHTP, and (f) Cu2.6Rh0.4-HHTP. The XPS onset
value for each system was calculated from the intersected dark red dotted lines
on each spectrum.
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Figure 3.41. Mathematical analysis of the Tauc plots of: (a) Cu3(HHTP)2,
(b) Co0.5Cu2.5-HHTP, (c) Cu1.5Ni1.5-HHTP, (d) Co3(HHTP)2, (e) Cu2.0Mn1.0HHTP, and (f) Cu2.6Rh0.4-HHTP.
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Figure 3.42. XPS data showing: (left) the valence band regions for Cu5(NIP)4
(black), Cu4.8Mn0.2-NIP (red), Cu4.4Fe0.6-NIP (orange), and Cu4.8Rh0.2-NIP
(purple). (right) the Cu(2p) regions for Cu5(NIP)4 (black), Cu4.8Mn0.2-NIP
(red), Cu4.4Fe0.6-NIP (orange), Cu4.8Rh0.2-NIP (purple). showing the presence
of Cu primarily in the +2-oxidation state.

Figure 3.43. Mathematical analysis of the XPS data for the valence
band regions of: (a) Cu5(NIP)4, (b) Cu4.4Fe0.6-NIP, (c) Cu4.8Mn0.2NIP, and (d) Cu4.8Rh0.2-NIP.
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Figure 3.44. Mathematical analysis of the Tauc plots of: (a) Cu5(NIP)4,
(b) Cu4.4Fe0.6-NIP, (c) Cu4.8Mn0.2-NIP, and (d) Cu4.8Rh0.2-NIP.

Figure 3.45. Optimized truncated models of the binuclear MOF system
utilized for theoretical DFT calculations: (left) Cu2(H2BTC)4 and (right)
CuMʹ(H2BTC)4 (where Mʹ (second metal) = Mn, Fe, Co, Ni, and Zn) The
dark blue, pink, gray, red, and light pink spheres represent Cu, Mʹ, C, O, and
H atoms, respectively.
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Figure 3.46. Total and partial density of states (DOS) of the studied heterometallic
binuclear M3−XMʹX(BTC)2 systems calculated using a truncated cluster model
Cu2(H2BTC)4 and the GGA-PBE level of theory without DFT+U corrections on Mʹ
(3d-electrons): (a) Cu2(H2BTC)4 (b) CuCo(H2BTC)4, (c) CuMn(H2BTC)4, (d)
CuNi(H2BTC)4, (e) CuFe(H2BTC)4, and (f) CuZn(H2BTC)4.
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Figure 3.47. FTIR spectra of:
Cu3(BTC)2 (black), Cu2.4Mn0.6-BTC
(red), Cu2.3Fe0.7-BTC (orange),
Cu2.79Co0.21-BTC
(dark
blue),
Cu2.7Ni0.3-BTC (light green), and
Zn1.4Cu1.6-BTC (pink).
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Figure 3.48. FTIR spectra of Cu5(NIP)4
(black),
Cu4.8Mn0.2-NIP
(red),
Cu4.4Fe0.6-NIP (orange), and Cu4.8Rh0.2NIP (purple).
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Figure 3.49. FTIR spectra of:
Cu3(HHTP)2 (black), Co9(HHTP)4
(blue), and Co0.5Cu2.5-HHTP (dark
blue),
Cu2.0Mn1.0-HHTP
(red),
Cu1.5Ni1.5-HHTP (light green), and
Cu2.6Rh0.4-HHTP (purple).
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The tunability of MOFs presents an opportunity to effectively tailor their structure
towards a wide range of applications. Herein, the rational design of bimetallic MOFs via
metal node engineering resulted in the preparation of a novel CuRh-BTC bimetallic MOF
shown to be an efficient catalyst for the first study of a gas-phase reaction for propylene
hydrogenation, catalyzed by highly dispersed sites at the metal nodes of the MOF. The
superior efficiency of the bimetallic CuRh-BTC MOF in comparison with the
isostructural monometallic analog and other bimetallic compositions is attributed to the
dispersed catalytically active Rh(II) sites contained in the metal node of the MOF. The
different characterization techniques employed in this study, affirm the +2-oxidation state
of Rh in the metal node, observed for the first time in a crystalline bimetallic MOF.
According to density functional theory (DFT) calculations, the proposed mechanism of
the catalyzed reaction suggests that the hydrogen dissociation and propylene adsorption
processes occur at the Rh(II) metal sites. Our study is indicative of the innovative
possibilities of more MOF catalyst designs fostered by the tailoring of MOF geometry
and metal node engineering, thus, paving the way for development of novel and
optimized heterogenous catalysts for various industrial processes.
4.1. INTRODUCTION
The keen interests in the use of MOFs, which are hybrid crystalline materials
consisting of coordinated organic and inorganic components, as heterogenous catalysts
has grown exponentially within the last decade.1 This growth is dependent upon a number
of factors synonymous with their structural framework such as: i) crystallinity, which
affords geometrical and metal node ensemble size modification monitorable at the atomic
level, ii) porosity, which provides large intrinsic surface area2 in the material necessary
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for the distribution of catalytically active sites, iii) tunability, which presents a platform
for the incorporation of more than one metal in the nodes and/or different linkers in the
framework to facilitate simultaneous catalytic activities (Figure 4.1),3 iv) modularity,
which provides a limitless access to a myriad of possible active organic or inorganic
components useful for catalytic reactions, and v) stability, which offers a convenient
material for mild or harsh catalytic processes.4

Figure 4.1. Monometallic (left) and bimetallic (right) MOFs as
heterogeneous catalysts for simultaneous catalytic activities, where B
and C are different products from a catalyzed A.
A number of reports in literature demonstrate the use of MOFs; as heterogeneous
catalysts5-9 in some liquid phase reactions such as Friedländer quinoline synthesis,10
Knoevenagel condensation reactions,11 as well as in other C-C bond-formation
reactions,12, MOFs can used as supports for catalytically active metal oxides or particles
in gas phase reactions;13,14 and as framework supports to which catalytically active metal
complexes are anchored.15-18 The interest in MOFs either as the active catalyst or as the
support for the catalytically active material, is as result of the well-defined structural
framework of MOFs. This well-defined structural framework consists of homogenously
distributed metal nodes separated by organic linkers, that can be crystallographically
characterized, thus availing the opportunity to determine the reaction mechanisms for the
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catalyzed process.3 The ease of catalyst separation and recycling has made gas-phase
heterogeneous catalysis a preferred method over reactions in the liquid phase. This
preference has also contributed to the popular choice of MOFs as catalysts support owing
to their high surface area which enhances catalytic transformations.13,14
Herein, we present a novel gas-phase catalytic transformation studies involving
the hydrogenation of propylene to propane occurring at the metal node of crystalline and
stable bimetallic MOFs. The reported studies demonstrate: i) the experimental catalytic
activity of various bimetallic MOFs based on the Cu3M3-X-(BTC)2 (where M = Co, Ni,
Ru, Rh, and Ir; BTC3− - 1,3,5-benzenetricarboxylate) MOF system (Figure 4.1) and ii)
theoretical investigations with (DFT) calculations has indeed shed more light on the
possible mechanisms of the catalytic reaction. Interestingly, the Cu3Rh3-X-BTC MOF
species (abbreviated as CuRh-BTC-X%, where X is the Rh content in the MOF) was
observed to possess a relatively high activity in comparison with the monometallic
Cu3(BTC)2 (Cu-BTC) or Ni3(BTC)2 (Ni-BTC) analogs and other bimetallic Cu3M3-X(BTC)2 systems. Furthermore, the Rh ions incorporated into the MOF motif exhibited a
+2-oxidation state, making the Cu3Rh3-X-BTC MOF the first known MOF species to
stabilize Rh2+within a MOF framework without a metal-metal bond. This report is
contrary to literature reports which involve Rh2+ ions stabilization via the formation of a
Rh-Rh bond.19 The Rh2+ incorporated into the metal node of the MOF was observed to
provide the catalytic active sites for the reaction, as the reported results show increasing
activity with increasing Rh2+ concentration in the MOF. Therefore, by using DFT
methods, the catalytically active Rh2+ metal sites within the Cu3Rh3-X-BTC MOF
structure was modeled to propose the energetically favorable reaction mechanisms
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through which H2 dissociation and propylene adsorption occur at Rh2+ sites.
Comprehensive analyses of the studied mono- and bimetallic-MOFs were done by
powder X-ray diffraction (PXRD), inductively coupled plasma mass spectrometry (ICPMS), thermogravimetric analysis (TGA), Fourier transform infrared (FTIR), X-ray
photoelectron (XPS) and X-ray Absorption spectroscopies (XAS – XANES - X-ray
Absorption Near-edge structure and EXAFS - Extended X-ray Absorption Fine Structure)
as well as theoretical modeling.

Scheme 4.1. Schematic representation of the prepared
bimetallic MOFs based on the Cu3M3-X-(BTC)2 (where
M = Co, Ni, Ru, Rh, and Ir). The dark blue, lilac, red,
and brown spheres represent Cu, M (second metal ion),
O, and C atoms respectively. Hydrogen atoms were
omitted for clarity.
4.2. RESULTS AND DISCUSSION
4.2.1. Synthesis and Characterization of the Cu3M3-X-(BTC)2 Bimetallic MOFs
The preparation of the bimetallic Cu3M3-X-BTC (where M = Co, Ni, Ru, Rh, and
Ir) MOFs was performed either through solid state metathesis (transmetalation) or direct
synthesis (Scheme 4.1). By solvothermally heating the monometallic Cu3(BTC)2 in either
N,N-dimethylformamide (DMF) or ethanol at 90 °C for 24 to 72 h, the bimetallic analogs
CuCo-, CuNi-, CuRh-, and CuIr-BTC were synthesized (Table 4.1, more experimental
details can be found in the Experimental Section below). Extended periods of post-
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synthetic heating of the monometallic Cu3(BTC)2 in RhCl3.H2O metal salt, resulted in an
increased amount of Rh incorporated in the MOF (Table 4.2). Interestingly, Rh2+ rather
than Rh3+ (from the precursor metal salt - RhCl3) was incorporated into the MOF metal
node, which occurred through reduction of Rh from +3 to +2 oxidation states with
ethanol as the solvent. This reduction process emphasizes the importance of the solvent
system utilized for the transmetalation process, however, control experiment involving
DMF as the solvent was unsuccessful. All post-synthetically transmetalated bimetallic
MOFs were thoroughly washed with the appropriated solvent to ensure that no residual
metal salt was retained in MOF pores.
To confirm the removal of residual metal salt from the pores as well as the
retainment of MOF integrity, the BET surface area of the CuRh-BTC MOF was
measured. From the BET analysis, the surface area was determined to be 1484 m2/g, a
value identical to the pristine Cu-BTC and indicative of thoroughly washed crystalline
material (Figure 4.23).
Table 4.1. Bimetallic MOFs Synthesized for Catalytic Reaction
Trials.
Bimetallic MOFs

Synthesis
method

Synthesis method
Temp, Time

Cu1.5Co1.5(BTC)2

transmetalation

90 °C, 72 h

Cu2.82Ni0.18(BTC)2

transmetalation

90 °C, 24 h

Cu2.82Ru0.18(BTC)2

direct synthesis

60 °C, 24 h

Cu2.46Rh0.54(BTC)2

transmetalation

90 °C, 48 h

Cu2.01Rh0.99(BTC)2

transmetalation

90 °C, 72 h

Cu2.85Ir0.15(BTC)2

transmetalation

90 °C, 24 h
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On the other hand, the CuRu-BTC MOF was synthesized directly by heating a mixture of
RuCl3.H2O and H3BTC in a 1:1 solvent mixture of DMF/EtOH at 60 °C for 24 h.
4.2.2. Catalytic Experiments and Analysis of the Active Cu3M3-X-(BTC)2 Bimetallic
MOFs.
The hydrogenation of propylene was chosen as the model experiment for the
proposed bimetallic MOF catalysts as a result of the importance of hydrogenation in
numerous industrial processes.20 Prior to the bimetallic MOF systems, the monometallic
Cu-BTC and Ni-BTC MOFs were subjected to the catalytic experiments after the
activation of the MOFs. The MOF activation process involves heating the MOF at an
appropriate temperature which affords the evacuation of solvents from the MOF pores as
well as the removal of water molecules coordinated to metal sites, while retaining MOF
integrity (Figure 4.2). The retainment of MOF integrity was confirmed by PXRD studies,
collected before and after the activation process, showing no loss of MOF crystallinity
(Figures 4.10–4.17). The set up for the propylene hydrogenation catalysis was designed
in collaboration with the Chen group of the Department of Chemistry and Biochemistry,
University of South Carolina based on a previously reported procedure,21 a detailed
description of the setup is given by Chen and co-workers in the recently published
report.22
Before running the catalytic experiments, following the transfer of the samples to
the catalytic set-up, the MOF catalysts were reactivated in the designated reactor by
heating under pure He at 100 °C-150 °C for about 2-3 h to remove water and/or any other
gases that may have been adsorbed during the transfer of the samples to the reactor. At
mild temperatures of 20 °C and 50 °C, the monometallic MOFs showed no appreciable
hydrogenation activity, indicating that only the pure Cu2+ or Ni2+ ions are not active for
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propylene hydrogenation (Figure 4.3). The monometallic Rh-BTC MOF was not studied
as result of the loss of crystallinity of the MOFs upon exposure to air, this instability of
the Rh-BTC MOF is attributed to the fact that the paddle-wheel configuration of the
metal nodes is highly strained for Rh ions.23

Figure 4.2. (left) XPS data for the Rh(3d) region for CuRhBTC-33%: after activation on the Schlenk at 160 °C for 24h
(black); after heating at 150 °C in UHV for 1.5 hours (red);
during exposure to 32 mTorr H2/8 mTorr propylene at room
temperature (blue); in UHV after exposure to H2/propylene
(green); and during exposure to 20 mTorr H2 at room
temperature (pink). (right) Structural description of the
activation process showing the removal of water molecules
from the metal node of Cu-BTC MOF, creating an active
site. The dark blue, red, brown, and pink spheres represent
Cu, O, C, and H atoms respectively.
At the time of the investigative studies, there were no synthetic reports of isostructural
Hydrogen atoms were omitted for clarity.
Co3(BTC)2 atoms
and Irrespectively.
3(BTC)2 MOFs. Although, Ru3(BTC)2 was reported to be a thin film

material and hence was considered inappropriate for this study.24
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Following test reactions on the monometallic analogs, the propylene
hydrogenation experiments were carried out under the same conditions on the prepared
Cu-containing bimetallic MOFs (Cu3M3-X-BTC; where M = Co, Ni, Ru, Rh, and Ir
(Scheme 4.1).

Figure 4.3. a) Graphical description of the average propylene
hydrogenation activity for the Cu3M3-X-BTC MOFs; where M =
Co, Ni, Ru, Rh, and Ir MOFs at 20 °C: Cu-BTC, CuRh-BTC33%, CuRh-BTC-18%, CuRu-BTC-6%, CuCo-BTC-50%, and
CuIr-BTC-5%; and at 100 °C: CuNi-BTC-6% and Ni-BTC; b)
Propylene hydrogenation activity as a function of time on
stream over CuRh-BTC-18% Rh at 20 °C (blue) and 50 °C
(green), CuRh-BTC-33% Rh at 20 °C (red); and 0% Rh (pure
Cu-BTC) at 20 °C (pink).

The investigative studies demonstrated that significant catalytic activity for all the studied
CuRh-BTC systems., specifically for CuRh-BTC-33% (Cu2.01Rh0.99(BTC)2) for propane
production at 20 °C (~1600 µmol/g catalyst/min), which is comparably the highest
activity observed among the bimetallic systems (Figure 4.3). Although the other
bimetallic MOFs showed a slightly higher activity than their monometallic analogs, the
observed activity was insignificant compared to the CuRh-BTC system. Moreover,
Figure 4.3 shows that the CuRh-BTC-18% (Cu2.46Rh0.54(BTC)2) (containing a lower Rh
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content) has 45% of the activity of the CuRh-BTC-33%, which further suggest the
dominance of Rh ions in the metal node as the catalytic active sites, as the activity
increases with increasing Rh content. Further investigations also show that at 50 °C, the
reaction rate for CuRh-BTC-18% is 3.2 times higher than at 20 °C and is stable over the
entire period on stream. The value of 6.3 kcal/mol was determined as the apparent
activation energy for propylene hydrogenation on the CuRh-BTC MOF based on data
collected at 20–50 °C (Figure 4.6). Delving into more details for the CuRh-BTC-33%
MOF catalyst, the reports show that the MOF is stable over a 24-hour period on stream
(Figure 4.3). Preservation of the structural integrity of all bimetallic MOFs before and
after the experimental reactions was confirmed by PXRD studies (Figures 4.10-4.17).
4.2.3. XPS Studies of the Active CuRh-BTC MOFs
The +2-oxidation state of the Rh ions incorporated into the CuRh-BTC MOF was
validated by XPS analysis (Figure 4.4). To ensure an accurate determination of the
oxidation state of the Rh ions in the CuRh-BTC MOFs, a dirhodium (II) tetraacetate
(Rh2(OAc)4) complex (possessing a Rh-Rh paddlewheel node) and a Rh2(OAc)4/SiO2
(obtained via incipient wetness impregnation of Rh2(OAc)4 on silica) with Rh ions in the
+2-oxidation state, were studied alongside the MOFs. The XPS data in Figure 4.4 of the
as-synthesized CuRh-BTC-33% sample exhibited a binding energy of 309.2 eV for the
Rh(3d5/2) peak. Comparably, the Rh(3d5/2) peak for the Rh2(OAc)4 complex, which in this
case is considered a molecular standard for the relatively rare Rh2+ oxidation state,
appears at a binding energy of 308.9 eV similar to that of the CuRh-BTC MOF.
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Furthermore, the Rh(3d) spectra for highly dispersed Rh2+ ions in the prepared
Rh2(OAc)4/SiO2, shows identical binding energies and peak widths to that of CuRh-BTC.

Figure 4.4. (left) XPS data for the Rh(3d) region for the
CuRh-BTC-33% MOF: after activation by heating at 160 °C
under vacuum for 24 hours (black); after exposure to
flowing H2 at room temperature for 2 hours (red); after
heating under flowing H2 at 50 °C for 2 hours (dark blue);
and after propylene hydrogenation at 20 °C and 50 °C in the
reactor (purple); the spectra for Rh2(OAc)4/SiO2 catalyst as
prepared (light blue); Rh2(OAc)4 as purchased (green), and
RhCl3 metal salt precursor (pink) are also included for
comparison of binding energies. (right) Rh K-edge XANES
data for CuRh-BTC-33% and Rh2(OAc)4.
Contrastingly, the spectrum for the metal salt precursor RhCl3, shows the
Rh(3d5/2) peakatoms
for respectively.
Rh3+ at a binding energy of 310.1 eV, which is consistent with
during exposure to 32 mTorr H2/8 mTorr propylene at room
temperature (blue); in UHV after exposure to H2/propylene
(green); and during exposure to 20 mTorr H2 at room
expected at 308.0-308.4
eV and 307.0-307.4 eV respectively.25-27temperature
Figure 4.5 clearly show
(pink). (right) Structural description of the activation process
the1+removal
of water
form the metal
of
no evidence ofshowing
Rh3+, Rh
or metallic
Rhmolecules
in the spectrum
of thenode
CuRh-BTC
MOF.
Cu-BTC MOF, creating an active site. The dark blue, red, brown,
2+ spheres represent Cu, O, C, and H atoms respectively.
and Rh
pink
Interestingly, the
ions in CuRh-BTC MOF show almost no change in binding

literature reported values for Rh3+ oxidation states,25 whereas Rh1+ and metallic Rh are

atoms respectively. Hydrogen atoms were omitted for clarity.

energy on exposure to flowing H2 at room temperature and at a slightly elevated 50 °C,
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indicating the stability of the MOF under reducing conditions (Figure 4.2). The nearly
identical Rh(3d) peak shapes for the MOF catalyst pre- and post-reaction, used for the
hydrogenation experiment (Figure 4.4) are also consistent with a stable Rh2+ oxidation
state during the reaction.22

Figure 4.5. (left) Reaction mechanism profile for propylene hydrogenation
catalyzed at the bimetallic CuRh- node of CuRh-BTC MOF. (right) Molecular
representation of Rh2+ active site of the CuRh-node bound to propylene. The dark
blue, lilac, red, brown, and pink spheres represent Cu, Rh, O, C, and H atoms
respectively.
Another important observation made during the XPS experiment was the unchanged +2atoms respectively.

oxidation state of the Rh ions in the MOF even at ambient pressure (AP)-XPS analysis.
during exposure to 32 mTorr H2/8 mTorr propylene at room temperature (blue); in UHV
The
further establish
Rh in the
+2mTorr
state H
on2 at
exposure
afterAP-XPS
exposurestudies
to H2/propylene
(green); the
and result
duringofexposure
to 20
room to
temperature (pink). (right) Structural description of the activation process showing the
reactant
or just
pure H
the preliminary
activation
process
of the
2. Following
removalgases
of water
molecules
form
the metal node
of Cu-BTC MOF,
creating
an active
site.MOF
The dark blue, red, brown, and pink spheres represent Cu, O, C, and H atoms respectively.

(Table 4.1), the MOF is heated at 150 °C for 1.5 hours under ultrahigh vacuum (UHV),
atoms respectively. Hydrogen atoms were omitted for clarity.

and then exposed to a 32 mTorr H2/8 mTorr propylene at room temperature. Figures 4.2
and 4.4 show that under all conditions, i.e., UHV with heating, exposed to H2, or exposed
to H2/propylene, as well as post reaction, the Rh(3d) spectra show no significant change
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in either the peak or the binding energy, reaffirming that the Rh2+ oxidation state is
stable.
The Cu(2p) region of the CuRh-BTC MOF was also studied by XPS and AP-XPS
to verify the oxidation state of Cu in the MOF. The data (Figure 4.8) shows that CuRhBTC contains Cu2+ as the main species, however, a smaller peak in the spectrum
corresponding to Cu1+ was also present. However, there is no significant reduction of
Cu2+ to Cu1+ upon exposure to H2 at room temperature. The existence of Cu1+ in the MOF
can be explained by the previous studies reported by our group which established the
possibility of Cu reduction from +1 to +2 in the monometallic Cu-BTC MOF as a result
of the combination of X-ray irradiation and heating to activate the MOF.28 There is
however, no direct evidence that the existence of a mixed valence Cu2+ and Cu1+ plays
any role in the hydrogenation process, considering the monometallic Cu-BTC (which
possesses the same mixed valence species) is catalytically inactive. Overall, the XPS data
for the pre- and post-reactions for CuRh-BTC exhibit the same Cu(2p3/2) peak, which
suggests no change in oxidation state of the Cu ions after propylene hydrogenation
(Figure 4.8).
For an extensive study of the nature of activity occurring at the Rh2+ metal sites,
the crystalline Rh2(OAc)4 complex (the molecular control) was also investigated for the
catalytic hydrogenation of propylene. The reaction was carried out at both 20 °C and 50
°C under similar conditions as the MOFs. At 20 °C, a stable hydrogenation activity of
11,000 µmol/g cat/min was observed, re-affirming the Rh2+ sites as the active metal sites
for catalysis (Figure 4.6). The activation energy of 5.4 kcal/mol obtained for the reaction
is similar to that of the CuRh-BTC MOF, suggesting a similar mechanism in both cases
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(Figure 4.6). The hydrogenation activity of Rh2(OAc)4 measured is consistent with
reports from literature.29

Figure 4.6. (top) Determination of apparent activation energy
(Ea) for: a) propylene hydrogenation activity on the CuRh-BTC
MOF at temperatures between 20 °C (red) and 50 °C (pink); and
b) a plot of ln rate vs. 1/T yielding a slope that corresponds to
Ea=6.3 kJ/mol. (bottom) Activity of Rh2(OAc)4 as a function of
time on stream for propylene hydrogenation at 20 °C (red) and
50 °C (blue). (right) Determination of apparent activation
energy (Ea) for propylene hydrogenation activity on Rh2(OAc)4
at temperatures between 0 °C and 40 °C: a plot of ln rate vs. 1/T
yielding a slope that corresponds to Ea=5.4 kcal/mol.
However, a distinctive difference in the Rh2(OAc)4 versus the CuRh-BTC MOF is that
atoms respectively.

the Rh2+ center
the formerto is32unstable
reaction
conditions,
while the latter
duringin exposure
mTorr under
H2/8 the
mTorr
propylene
at room
temperature (blue); in UHV after exposure to H2/propylene (green);

stabilizes the
Rh2+ center under all reaction conditions. The high stability of the CuRhand during exposure to 20 mTorr H at room temperature (pink).
2

(right) Structural description of the activation process showing the
removal of water molecules form the metal node of Cu-BTC MOF,
an active site. The dark blue, red, brown, and pink spheres
exposure tocreating
H2 at 50
°C and the propylene hydrogenation process as confirmed by XPS
represent Cu, O, C, and H atoms respectively.

BTC is in sharp contrast to the Rh2+ center in Rh2(OAc)4 which undergoes reduction after

atoms respectively. Hydrogen atoms were omitted for clarity.
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and PXRD studies (Figures 4.2, 4.15, and 4.16). Additionally, the metal salt precursor
RhCl3 was also studied under the same catalytic conditions, the results obtained showed
no propylene activation activity. This lack of catalytic activity for RhCl3 salt, therefore,
rules out any possibility of attributing the observed activity in the CuRh-BTC MOF to
residual Rh3+ ions present in the pores after the synthetic transmetalation procedure
(Figure 4.7).
4.2.4. Other Spectroscopic Studies of the Active CuRh-BTC MOFs
In addition to the elaborate XPS and PXRD studies done on the catalytic
bimetallic MOFs and their molecular controls, further X-ray Absorption spectroscopic
studies, specifically XANES and EXAFS analyses were carried out in collaboration with
Scientists at the Brookhaven National Laboratory (BNL), New York. A detailed
description of all experiments carried out and parameters implemented are given in the
supplementary information contained in the report by Chen and co-workers.22 The CuRhBTC and Rh2(OAC)4 samples were critically analyzed by the XANES technique so as to
further re-affirm the +2-oxidation state of Rh in the CuRh-BTC MOF. As shown in
Figure 4.4, by comparing the CuRh-BTC MOF and Rh2(OAC)4 complex, the Rh K-edges
for both samples are seen to be almost identical, and distinctly different from the features
of RhCl3 (Rh in +3-oxidation state) and [Rh(I)(CO)Cl]2 (Rh in +1-oxidation state)
(Figure 4.9). On the other hand, the Cu2+ species was also confirmed in the CuRh-BTC
MOF by comparing the Cu K-edge for both the CuRh-BTC and Cu-BTC MOFs and
Cu(II) oxide. The similarity in all three sample features further affirmed the +2 state of
Cu in the bimetallic MOF. In contrast, the Cu(I) oxide and metallic Cu(0) standards
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exhibit different spectra (Figure 4.9). The reported EXAFS analysis also shed more light
on the assigned oxidation states of Rh and Cu in the MOFs.22
4.2.5. Theoretical Studies of the Proposed Reaction Mechanism
Investigative studies using (DFT) calculations were carried out provide insight
into the possible mechanism by which the CuRh-BTC MOF was catalyzing the
hydrogenation of propylene. For a less complicated calculation process, an overall neutral
model of a single bimetallic (Cu-Rh) paddle-wheel node with four carboxylate ligands
that were each capped by a hydrogen atom, was used (Figure 4.7). All the calculations
were performed by our collaborators at the University of Tennessee using Gaussian09
program package,30 the M06-L31 functional and def2-TZVPP as the basis set.32 Figure
4.5 shows a proposed full reaction mechanism profile for the propylene hydrogenation
process as catalyzed by the CuRh-metal node of the CuRh-BTC catalytic MOF. A
detailed description of the DFT calculations is given in the reports by Chen and coworkers.22 The reaction mechanism is categorized into two steps; the first step involves
the coordination of propylene at the open Rh2+ metal site through π-back bonding (In
intermediate 1, Rh can be considered as a hexacoordinated metal after accounting for a
weak bond with the Cu2+ cation). Several possible mechanisms with different energy
pathways were considered, however, one of the mechanisms with a relatively high
activation energy was ultimately chosen. The chosen pathway has the least energy for H2
dissociation involving the cleavage of the Rh-O bond to create a second vacant site in the
coordination sphere of Rh2+ for the binding of H2 (Figure 4.5). This pathway suggests the
dissociation of the oxygen atom which in turn facilitates the dissociation of H2 in the
subsequent step through the formation of an OH group.33 The reaction barrier for H2
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dissociation in this step is calculated to be 0.5 kcal/mol (TS2; TS - Transition State)
(Figure 4.5) resulting in a thermodynamically stable intermediate 3.

Figure 4.7. (left) Activity of RhCl3 as a function of time for
propylene hydrogenation at 20 °C (red) at 50 °C (blue) and after
cooling back down to 20 °C (purple). The jump in activity at 50 °C
from 0 to 100 % conversion is attributed to the reduction of Rh3+ to
metallic Rh. After returning to 20 °C, the conversion remains at
100% due to the presence of metallic Rh. (right) truncated
structural model of CuRh-BTC MOF utilized for DFT
calculations. The dark blue, lilac, red, brown, and pink spheres
represent Cu, Rh, O, C, and H atoms respectively.
Following the cleavage of the H2 bond, the formation of a hydroxyl group and Rh
atoms respectively.

monohydride occurs. The second step entails the transfer of the hydrogen atom of the Rhduring exposure to 32 mTorr H2/8 mTorr propylene at room temperature
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propane molecule (Figure 4.5). Notably, the calculated 15 kcal/mol activation energy
barrier for the Rh–O bond dissociation is higher than the experimentally measured value
of 6.3 kcal/mol. This variance can be attributed to the condition that CuRh-BTC serves as
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a pre-catalyst, whereas species 2 provides the active catalytic metal sites, and the Rh-O
bond is not reformed in the catalytic cycle. Based on this hypothesis, the rate-limiting
step could then be ascribed to the addition of hydrogen to adsorbed propyl and the
calculated barrier of 5.8 kcal/mol is in good agreement with the experimental value.
Overall the investigative studies reported herein supports the proposed mechanism but
there is need to further address the following question: (i) the extent of the electronic
interaction between the two-metal center, (ii) the bimetallic interactions within the MOF
and their role in the reaction and other selected important hydrogenation and
hydroformylation reactions.
4.3. CONCLUSION

To summarize our findings, the investigative experimental and theoretical studies
of the catalytic bimetallic MOF systems, present the first study of a gas-phase reaction
catalyzed by highly dispersed sites at the metal nodes of a crystalline MOF, as well as the
first example of Rh2+ stabilized within the metal node of a MOF synthesized via the postsynthetic incorporation of reduced Rh3+. Utilizing an industrially important
hydrogenative process, the bimetallic CuRh-BTC MOF was found to be effective for the
hydrogenation of propylene to propane at room temperature. In contrast, the
monometallic Cu-BTC MOF and other bimetallic CuM-BTC (M = Co, Ni, Ru, and Ir)
showed no significant activity. Thus, the results obtained demonstrate the unique
catalytic activity of the Rh2+ ion as the active metal site in the CuRh-BTC framework.
Furthermore, the Rh2+ ions in the bimetallic MOF structure are stable under reaction
conditions for up to 24 hours and are essential for the reaction pathways, as demonstrated
by theoretical DFT calculations. Although the results established the catalytic inactivity
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of the Cu2+ ions in the MOF, it is however presumed that the major role of the Cu ions in
the MOF is to maintain structural stabilization of the bimetallic MOF, which hinders the
reduction of incorporated Rh2+ to metallic Rh under the tested reaction conditions. This
study presents a rudimentry pathway towards future designs of catalytically active MOFs,
which demonstrate high stability under different reaction conditions as well as
comparatively higher selectivity in relation to existing homogenous catalysts.
4.4. EXPERIMENTAL SECTION
MOF Synthesis and Characterization
Materials
Cu(NO3)2·2.5H2O (98.3%, Mallinckrodt AR), CoCl2·6H2O (>98.0%, TCI
America), Co(OAc)2·4H2O (98%, Alfa Aesar), Co(NO3)2·6H2O (99%, STREM
Chemicals. Inc.), NiCl2 ·6H2O (98%, Alfa Aesar), RuCl3· H2O (98%, Oakwood
Chemical), RhCl3· H2O (98.98%, Engelhard Chemicals), IrCl3· H2O (99.9%, STREM
Chemicals,

Inc.),

1,3,5-benzenetricarboxylic

acid

(98%,

Alfa

Aesar),

N,N′-

dimethylformamide (DMF, ACS grade, BDH), ethanol (EtOH, 200 proof, Decon
Laboratories, Inc.) were used as received.
Physical Measurements
Powder X- ray diffraction patterns were recorded on a Rigaku Miniflex II
diffractometer with accelerating voltage and current of 30 kV and 15 mA, respectively.
FTIR spectra were obtained on a PerkinElmer Spectrum 100. Raman spectra were
measured using a Horiba XploraPLUS Raman spectrometer with diode laser (638 nm)
and solid-state laser (473 nm) using a TE Air cooled CCD detector. Thermogravimetric
analysis was performed on a SDT Q600 thermogravimetric analyzer using an alumina
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boat as a sample holder at a heating rate of 5 °C/ min. ICP-MS analysis was conducted
using a Finnigan ELEMENT XR double focusing magnetic sector field inductively
coupled plasma- mass spectrometer (SF-ICP-MS) with Ir, Rh, or both as internal
standards. A Micromist U-series nebulizer (0.2 mL/min, GE, Australia), quartz torch, and
injector (Thermo Fisher Scientific, USA) were used for sample introduction. Sample gas
flow was 1.08 mL/min, and the forwarding power was 1250 W. The samples were
digested in Teflon vessels with nitric and hydrochloric acids and then heated at 180 °C
for 4 h. XPS measurements were performed using a Kratos AXIS Ultra DLD XPS system
with a monochromatic Al Kα source operated at 15 keV and 150 W and a hemispherical
energy analyzer. Samples were placed in small powder pockets on the holder, and
analysis was performed at a pressure below 1 × 10−9 mbar. High-resolution core level
spectra were measured with a pass energy of 40 eV and analysis of the data was carried
out using XPSPEAK41 software. AP-XPS experiments were carried in an ultrahigh
vacuum (UHV, <2x10-10 Torr) chamber equipped with a SPECS GmbH PHOIBOS 150
EP MCD-9 analyzer located at the Chemistry Division of Brookhaven National
Laboratory (BNL).26 The powder catalysts were pressed onto a plate made of aluminum
and then loaded into an analysis chamber under UHV conditions. For the in-situ
reactivity tests, a reaction mixture of 32 mTorr of H2 (Praxair) and 8 mTorr of C3H6
(Praxair) was used while the sample was at room temperature. All XPS data were
collected with a Mg Kα source (1253 eV), including the O(1s), C(1s), Rh(3d) and Cu(2p)
regions at an energy resolution of 0.2 eV. XPS binding energies were calibrated against
the metal Fermi and core level features of a Ru single crystal standard and further
confirmed with the position of the adventitious hydrocarbon peak. X-ray absorption fine
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structure (XAFS) measurements were performed at the Cu and Rh K-edges. XAFS data
were collected in transmission and fluorescence modes at 32 °C at the QAS beamline (7BM) at NSLS-II. For fluorescence measurements, a passivated implanted planar silicon
(PIPS) detector (Mirion) was used. Extended XAFS (EXAFS) spectra were collected by
scanning a Si (111) monochromator energy across the absorption edge (from 200 eV
below the edge through 1000 eV above the edge). The spectral acquisition time was 5
minutes per scan. Rh and Cu foils measured in reference position simultaneously with the
samples were used to calibrate and align the obtained spectra in absolute energy.
Theoretical Calculations.
Unrestricted density functional theory (DFT) computations were performed with the
Gaussian 09 program package30 using the M06-L31 functional and the def2-TZVPP (Cu,
Rh atoms) and def2-TZVP (C, O, H atoms)32 basis sets.
Synthesis of monometallic MOFs.
Cu3(BTC)2 (BTC = 1,3,5-benzenetricarboxylic acid). The Cu3(BTC)2 MOF was synthesized
based on a previously reported literature procedure.34 A mixture of Cu(NO3)2×2.5H2O (700 mg,
3.01 mmol), H3BTC (470 mg, 2.24 mmol), and DMF: H2O: EtOH (1:1:1 – 30.0 mL) was

sonicated in a 40 mL vial for approximately 5 minutes. The mixture was heated at 75 °C
in an oven for 24 hours. After cooling to room temperature, blue crystallites of
Cu3(BTC)2 were collected by filtration and washed thricewith DMF (3 × 20 mL). PXRD
studies confirmed the crystallinity of the bulk material before and after catalysis
experiments (Figure 4.10). FTIR (neat, cm-1): 3281, 2932, 2324, 2192, 2050, 1980, 1636,
1591, 1498, 1446, 1420, 1368, 1252, 1104, 1061, 939, 760, 726, and 663 (Figure 4.18).
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Figure 4.8. (top) XPS data for the CuRh-BTC-33%: asprepared (red); after exposure to flowing H2 at room
temperature for 2 hours (blue); after heating in flowing H2 at
50 °C for 2 hours (pink); and after propylene hydrogenation
at 20 °C and 50 °C in the catalytic reactor (black). The
following regions are shown: a) Cu(2p); b) Cu(KLL); and c)
C(1s). If metallic Cu were present, it should appear as a
prominent peak at ~568 eV in the Cu(KLL) spectrum. In (c),
the ratio of the adventitious carbon (284.8 eV):MOF carbon
(288.7 eV) peaks does not increase for the post-reaction
MOF, demonstrating that nonselective decomposition of
propylene to atomic carbon (284.8 eV) does not occur during
propylene hydrogenation. (bottom) XPS data for the Rh(3d)
region for: a) Rh2(OAc)4 and b) RhCl3: as-prepared (red);
after exposure to flowing H2 at room temperature for 2 hours
(blue); and after exposure to flowing H2 at 50 °C for 2 hours
(pink).

atoms respectively.
during exposure to 32 mTorr H2/8 mTorr propylene at room
temperature (blue); in UHV after exposure to H2/propylene (green);
278H2 at room temperature (pink).
and during exposure to 20 mTorr
(right) Structural description of the activation process showing the
removal of water molecules form the metal node of Cu-BTC MOF,

Ni3(BTC)2 was prepared according to a previously reported literature procedure.35 PXRD
studies were employed to confirm crystallinity of the bulk material before and after
catalysis experiments (Figure 4.11). Figures 4.19 and 4.20 show the IR spectrum and
TGA plot for Ni3(BTC)2, respectively.
Table 4.2. Procedure showing temperature and time for activation of monoand bimetallic MOFs
MOFs
Activation Procedure
(temperature, time)
Cu3(BTC)2
160 °C, 48
Ni3(BTC)2

120 °C, 48 h

Cu1.5Co1.5(BTC)2[CuCo-BTC-50%]

120 °C, 48 h

Cu2.82Ni0.18(BTC)2[CuNi-BTC-6%]

120 °C, 48 h

Cu2.82Ru0.18(BTC)2 [CuRu-BTC-6%]

160 °C, 24 h

Cu2.01Rh0.99(BTC)2[CuRh-BTC-33%]

160 °C, 24 h

Cu2.46Rh0.54(BTC)2[CuRh-BTC-18%]

160 °C, 24 h

Cu2.85Ir0.15(BTC)2[CuIr-BTC-5%]

160 °C, 24 h

Synthesis of bimetallic MOFs
Cu1.5Co1.5(BTC)2 [CuCo-BTC-50%] was prepared according to a previously reported
procedure.36 Freshly prepared Cu3(BTC)2 (0.135 g, 0.203 mmol) was heated in a solution
of CoCl2·6H2O in DMF (0.441 M, 10 mL) at 90 °C for 24 hours in an isothermal oven.
After heating, the reaction mixture was cooled down to room temperature, and the
resulting green powder was washed thoroughly with DMF to remove excess CoCl2.
During the wash procedure, the solvent was replaced twice a day over 72 hours before
further characterization. After DMF washing, the powder underwent a solvent exchange
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process with dichloromethane at room temperature for 72 h. PXRD studies confirmed the
crystallinity of the samples before and after catalysis experiments (Figure 4.12).
Cu2.82Ni0.16(BTC)2 [CuNi-BTC-6%] was preparedvia a modified literature procedure for
Cu1.5Co1.5(BTC)2 synthesis.36 In a 20 mL vial, freshly prepared Cu3(BTC)2 (0.135 g,
0.203 mmol) and a solution of NiCl2·6H2O (0.33 M, 10 mL DMF) were heated at 90 °C
for 24 hours in an isothermal oven. After heating, the reaction mixture was cooled down
to room temperature, and the resulting green powder was washed thoroughly with DMF (
X X xx ml) to remove excess NiCl2. PXRD studies confirmed the crystallinity of the
samples before and after catalysis experiments (Figure 4.13).
Cu2.82Ru0.18(BTC)2 [CuRh-BTC-6%] The preparation of Cu2.82Ru0.18(BTC)2 was
achieved via direct synthesis based on a previously reported procedure.37 A mixture of
Cu(NO3)2×2.5H2O (898 mg, 3.87 mmol), and RuCl3×H2O (201 mg, 0.970 mmol) was
dissolved in 25.0 mL of EtOH and poured into a round-bottom flask containing H3 BTC
(492 mg, 2.34 mmol) dissolved in 25.0 mL DMF. This mixture was heated in a roundbottom flask at 60 °C for 24 hours with stirring. The blue-green powder was obtained by
filtration and thoroughly washed several times with EtOH to remove any residual RuCl3
salt. The material was then evacuated at 160 °C for 24 hours. PXRD studies confirmed
the crystallinity of the bulk material before and after catalysis experiments (Figure 4.14).
Thermogravimetric analysis (TGA) data in Figure 4.21 (left) shows the stability of the
material. FTIR (neat, cm-1):3351, 2976, 2323, 2238, 2102, 1984, 1877, 1645, 1590, 1448,
1370, 1280, 1112, 1083, 1043, 940, 875, 760, and 728 (Figure 4.18).
Cu3-xRhx(BTC)2 The preparation of Cu2.01Rh0.99(BTC)2 [CuRh-BTC-33%] and
Cu2.46Rh0.54(BTC)2 [CuRh-BTC-18%] MOFs was achieved by stirring a mixture of
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Cu3(BTC)2 powder (226 mg, 0.374 mmol) and 0.0386 M RhCl3×H2O in EtOH (5.00 mL)
in a round-bottom flask for two and three days respectively at 90 °C on a hot plate. The
green powder was collected by filtration and thoroughly washed several times with EtOH
to remove any residual RhCl3 salt. During the wash procedure, the solvent was replaced
twice a day for 72 hours before further characterization. The material was then evacuated
at 160 °C for 24 hours. PXRD studies confirmed the crystallinity of the bulk material
before and after catalysis experiments (Figures 4.15 and 4.16). The TGA plot in Figure
4.21 (right) shows the stability of the material. FTIR (neat, cm-1): 3352, 2290, 2166,
1981, 1644, 1590, 1563, 1448, 1369, 1281, 1111, 1043, 939, 875, 760, 727, and 663
(Figure 4.18).
Cu2.85Ir0.15(BTC)2 [CuIr-BTC-5%]. The preparation of Cu2.85Ir0.15(BTC)2 was achieved
by stirring a mixture of Cu3(BTC)2 powder (226 mg, 0.374 mmol) and 0.008 M
IrCl3×H2O in EtOH (5.00 mL) in a round-bottom flask for three days at 90 °C on a hot
plate. The blue green powder obtained was collected by filtration and thoroughly washed
several times with EtOH to remove any residual IrCl3 salt. During the wash procedure,
the solvent was replaced twice a day for 72 hours before further characterization. The
material was then evacuated at 160 °C for 24 hours. PXRD studies were used to confirm
crystallinity of bulk material before and after catalysis experiments (Figure 4.17). The
TGA plot in Figure 4.22 shows the stability of the material. FTIR (neat, cm-1): 3352,
2290, 2166, 1981, 1644, 1590, 1563, 1448, 1369, 1281, 1111, 1043, 939, 875, 760, 727,
and 663 (Figure 4.18).
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Figure 4.9. XANES spectra of the Rh and Cu standards: a) Rh K-edge
XANES data for Rh (0) foil (black), [Rh(I)(CO)Cl]2 (green), Rh2(OAc)4
(blue), Rh2O3 (gray), and RhCl3 (burgundy); and b) Cu K-edge XANES
data for Cu-BTC (blue), CuRh-BTC (red) and copper oxide standards:
Cu(0) foil (green), copper(I) oxide (violet), and copper(II) oxide (olive).

atoms respectively.
during exposure to 32 mTorr H2/8 mTorr propylene at room temperature (blue); in
UHV after exposure to H2/propylene (green); and during exposure to 20 mTorr H2
at room temperature (pink). (right) Structural description of the activation process
showing the removal of water molecules form the metal node of Cu-BTC MOF,
creating an active site. The dark blue, red, brown, and pink spheres represent Cu,
O, C, and H atoms respectively.
atoms respectively. Hydrogen atoms were omitted for clarity.

Figure 4.10. PXRD patterns
of Cu3(BTC)2: simulated38
(black, for reference); assynthesized (green); and
activated before (red) and
after
(blue)
catalysis
experiments.
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Figure
4.11.
PXRD
patterns of Ni3(BTC)2:
simulated (black); assynthesized (green); and
after catalysis experiments
(blue).

Figure 4.12. PXRD patterns of:
Cu3(BTC)2 simulated38 (black, for
reference); Cu1.5Co1.5(BTC)2 assynthesized (red); and activated
Cu1.5Co1.5(BTC)2 after catalysis
experiments (blue).

283

Figure 4.13. PXRD patterns of:
Cu3(BTC)2 simulated38 (black,
for reference).Cu2.82Ni0.18(BTC)2
as-synthesized
(red);
and
activated
after
catalysis
experiments (blue).
activated Cu1.5Co1.5(BTC)2
catalysis experiments (blue).

after

Figure 4.14. PXRD patterns
of: Cu3(BTC)2 simulated38
(black, for reference); and
activated Cu2.82Ru0.18(BTC)2
before (red) and after (blue)
catalysis experiments.
activated Cu1.5Co1.5(BTC)2 after
catalysis experiments (blue).
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Figure 4.15. PXRD patterns
of: Cu3(BTC)2 simulated38
(black, for reference); and
Cu2.01Rh0.99(BTC)2:
assynthesized (green); and
activated before (red) and
after
(blue)
catalysis
experiments.
activated Cu1.5Co1.5(BTC)2 after
catalysis experiments (blue).

Figure 4.16. PXRD patterns
of: Cu3(BTC)2 simulated38
(black, for reference); and
Cu2.46Rh0.54(BTC)2:
assynthesized (green); and
activated before (red) and
after
(blue)
catalysis
experiments.
activated
Cu1.5Co1.5(BTC)2
after catalysis experiments
(blue). 285

Figure 4.17. PXRD patterns
of: Cu3(BTC)2 simulated38
(black, for reference); and
activated
Cu2.85Ir0.15(BTC)2
before (red) and after (blue)
catalysis experiments.

Figure 4.18. FTIR spectra of
Cu3(BTC)2
(red),
Cu2.82Ru0.18(BTC)2 (brown),
Cu2.01Rh0.99(BTC)2 (pink), and
Cu2.85Ir0.15(BTC)2 (yellow).
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Figure 4.19. FTIR spectrum of Ni3(BTC)2.

Figure 4.20. TGA plot of Ni3(BTC)2.
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Figure 4.21. TGA plots of Cu2.82Ru0.18(BTC)2 (left) and Cu2.01Rh0.99(BTC)2
(right).

Figure 4.22. TGA plot of Cu2.85Ir0.15(BTC)2.
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Figure 4.23. N2
Cu2.01Rh0.99(BTC)2.

adsorption
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isotherm
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