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ABSTRACT  

Design and Modulation of Metal Oxo Species from Discrete to Three-Dimensional Materials and 

Their Applications 

Megan Cathleen Wasson  

 A unifying concept across many fields, ranging from chemistry to architecture, is the 

bottom-up construction of sophisticated structures from simple building blocks. Materials with 

long-range order allow for consistent, predictable performance throughout the resulting structure. 

My research focuses on building highly ordered porous materials from atomic level building 

blocks based on metal oxo clusters. I have synthesized and modulated the structure of atomically 

precise clusters as discrete entities and within multi-dimensional materials known as metal–

organic frameworks (MOFs). In these studies, local techniques such as single crystal X-ray 

diffraction are utilized in tandem with powder X-ray diffraction, physisorption, and spectroscopic 

investigations of the bulk materials to fully describe the resulting structure and confidently derive 

property relationships.  

 I first demonstrated a crystal design strategy to synthesize discrete cerium oxo clusters 

featuring permanent porosity. Aromatic capping agents facilitated noncovalent interactions 

between neighboring clusters to stabilize the overall assembly. The high surface exposure of these 

assemblies resulted in accessible oxygen vacancy defects that facilitated a proof-of-concept 

photocatalytic oxidation reaction.  To further capitalize on high surface area Ce oxo assemblies, I 

next investigated the role of the interfacial unit connecting porous Ce70 toroids for CO oxidation. 

I demonstrated the catalytic performance, surface reducibility, and oxygen vacancy formation 
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energetics can be varied based on the interfacial unit, highlighting the significant role of a defined 

atom at a specific location.     

 I shift in subsequent chapters to developing synthetic strategies that isolate metal oxo 

clusters within MOFs and probe their structural evolution. I identified the kinetic and 

thermodynamic MOF architectures that result during the competitive nucleation of a Zr6 oxo 

cluster through two different organic linkers. In a following study, I utilized competitive nucleation 

as a strategy to stabilize a redox active CeIV oxo hexanuclear cluster within a MOF over a CeIII 

oxo mononuclear cluster. In my last chapter, I demonstrate a reversible phase transition between 

a hexanuclear Th oxo cluster MOF building unit to a mononuclear Th-based MOF. Within these 

studied conditions, we observed similar transitions with an isostructural Ce6-based MOF, yet the 

Zr and Hf analogues remained unchanged, highlighting differing metal oxo cluster stability. 
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1.1 Chapter Summary  

This chapter begins with an overview of the structural properties of metal oxides, a class of 

widely utilized solid supports. I next introduce the construction of well-defined metal oxide 

materials instead as discrete molecular clusters or isolated within multidimensional hybrid 

materials known as metal–organic frameworks (MOFs). The chapter ends with an overview of my 

dissertation. 

1.2 Overview of Structural Properties of Metal Oxides   

Bulk metal oxides are a class of inorganic materials that are essential to a range of industries 

where their tunable surface and electronic structure facilitate their use as heterogeneous catalysts, 

biomedical devices, and semiconductors.1–3  Comprised of metal cations that are coordinated to  

O2- anions, the resulting oxide features a variety of useful reactive sites ranging from Lewis and 

Brønsted acid / base sites to even redox active sites.4,5 Surface irregularities, such as kinks and 

terraces as well as morphology-dependent facets and edge sites, create coordinatively unsaturated 

metal sites with vastly different surface energies.6–9  Within redox active metals, the ability to 

selectively store and release lattice oxygen in their oxide is highly dependent on the exposed 

surface.10 Moreover, reducing nanoxide size significantly lowers the formation energy required to 

form an oxygen defect site by exposing a higher percentage of the oxides’ atoms to the surface.11,12 

Thus, structure and function are closely tied through exposed surface sites and the population of 

oxygen vacancy sites within metal oxides. Any structural polydispersity within metal oxide 

materials complicates the confident delineation of structure activity relationships .13–16 

Considerable work has lessened this dilemma of structural heterogeneity through the careful 

synthetic development to yield shape and size specific metal oxides to enable more consistent 
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reactivity within metal oxides.17–21 However, access to total structural knowledge is still 

complicated within these systems given they feature a distribution of grafting sites required for 

further functionalization of the support. For example, loading an active catalyst onto a support 

containing a variety of anchoring sites can create multiple active catalysts, leading to inconsistent 

catalyst performance at the different sites.22 Furthermore, the precise identification of grafted 

active site is convoluted on metal oxides, often precluding the use of diffraction methods to 

determine atomic level bonding and garner interfacial insights.23  Thus, efforts toward correlating 

structure with activity to enable rational design of next-generation metal oxide materials are 

impeded by structural irregularities.  

 

1.3 Introduction of Metal Oxo-Based Molecular Clusters   

Molecular clusters have ushered in a new era of study bridging the gap between atomic and 

bulk structures by containing a finite number of atoms.24 By definition, each molecular cluster in 

a particular sample exhibits the same size and composition.25 Molecular clusters can serve as 

simplified subsets to target reactivity found within complex molecules, such as active sites in 

enzymes.26 Beyond the atomic precision offered by clusters, they can offer unique properties vastly 

differing from their bulk materials.  For example, a discrete gold thiol cluster <2 nm was oxidized 

under ambient conditions despite the inertness of bulk gold and larger gold nanoparticles under 

the same conditions.27 Thus, one can envision the unique properties that can be accessed in reactive 

bulk supports such as metal oxides when discretized within molecular clusters. 

Discrete metal oxo clusters are comprised of metal cations coordinated to charge-balancing 

monodentate O-donor ligands.28 Surface and electronic modification of the cluster is readily 

achieved through the judicious selection of the capping agent. The resulting inorganic and organic 
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interface can then be precisely identified through atomically precise techniques like single crystal 

X-ray crystallography.29   

Often, metal oxo clusters crystallize in densely packed lattices with limited surface 

accessibility as solid-state structures.30,31 This creates a conundrum of dead weight in that interior 

clusters are “wasted” with only exposed metal atoms on the surface of the crystal can participate 

in surface chemistry. Thus, there is a need for hierarchically ordered metal oxide materials with 

highly exposed surface atoms (Figure 1.1). Within molecular level clusters, the capping agent can 

serve as a handle to induce supramolecular interactions or unique cluster shapes to reduce the 

resulting density. Chapter 1.4 discusses another strategy of incorporating the clusters as structural 

building units to create multidimensional materials.  
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Figure 1.1 Depiction of structural design concepts to increase the accessible surface of metal 

oxo clusters.  

1.4 Metal–Organic Frameworks and Their Growth Strategies    

Metal–organic frameworks (MOFs) are an emerging class of highly porous, well-defined 

crystalline materials that have attracted considerable interest for catalysis, gas storage/separation, 

and chemical sensing, among other applications.32–36 These materials are composed of inorganic 

nodes and multidentate organic linkers that assemble into multidimensional lattices through 

coordination bonds.37–40 Available nodes and linkers access a vast number of framework 

connectivities and offer precise control of chemical functionality. MOF periodicity eliminates the 

structural variability present in traditional solid-phase supports, providing a platform to delineate 

structure-property relationships.41 Thus, a suite of post-synthetic modifications can impart 
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additional functionality onto the MOF support through the deposition of reactive species on the 

MOF structural building units, exchange of MOF structural building units inaccessible de novo, 

and the incorporation of guests within the MOF pore (Figure 1.2). Ultimately, MOFs offer a 

platform to create systematic atomic level changes while eliminating all other variability to derive 

more confident assignments of structure activity relationships.   

Figure 1.2 A) Metal–organic frameworks (MOFs) consist of inorganic nodes and organic linkers. 

12-c fcu net is used for illustration. B) Accessible sites on MOFs available for modification include 

the node, linker, and content of the cavity. 

The first reported MOFs with permanent porosity were based on divalent metals such as ZnII 

and CuII forming coordination bonds with carboxylate linkers.37,42 However, higher valent metals 

(ZrIV, HfIV, CeIV, ThIV)  exhibit a higher charge density and stronger metal-carboxylate bonds, 

enabling more chemically and thermally robust frameworks.43–46  Tetravalent species’ can more 
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readily accommodate a higher coordination sphere and consequently more structurally interesting 

MOF topologies.43,47 However, within MIV-based MOFs, identical MOF nodes and linkers can 

readily form different phases, which complicates the pure-phase synthesis of targeted frameworks 

(Figure 1.3).48–50 Thus, it is imperative to study the formation and evolution of MOFs to discover 

strategies to better control the framework architecture.   

  

 Figure 1.3 Overview of reported multiple MOF products containing the same Zr6 oxo 

cluster and in the presence of tetrakis(4-carboxyphenyl)porphyrin (TCPP) organic ligands. 

Another challenge often encountered in attempted MIV-based MOF syntheses is the rapid 

crystallization of the material due to the favorable formation of exceptionally strong MIV-O bonds, 

often yielding intergrown particles, polycrystalline materials, or even amorphous products. 

Materials that crystallize instead in a single domain are more desired because they can be 
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structurally characterized through precise X-ray and three-dimensional electron diffraction 

methodologies.51,52 Additives, referred to now as modulators within the MOF community, were 

discovered as a strategy to alter the coordination equilibria and control the growth processes first 

within  CuII-based MOFs.53 These modulating species contain the same monotopic functionality 

as the MOF ligand in solution and undergo transient binding node to slow down and modulate the 

MOF node and linker crystallization (Figure 1.4). The introduction of carboxylate-based 

modulators within Zr-MOF synthesis expanded the library of available Zr-MOFs for applications 

requiring high chemical stability including water remediation, toxic chemical degradation, and 

drug delivery.54–56 However, few generalizable modulation rules exist and are less commonly 

explored within other MIV-containing MOFs, limiting the library of available frameworks.48,57    

Figure 1.4 Overview of MOF crystallization processes in the presence of just MOF node and 

linker (top) or MOF node, linker, and modulator (bottom). Figure adapted with permission from 

ref 53.  
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Reticular chemistry is a powerful strategy that has expanded the available MOF library by 

utilizing molecular building blocks with pre-selected geometries to form architectural 

arrangements dictated by geometry.58 This concept has enabled ultra-high surface area of MOFs 

with some reports of MOF surface areas exceeding 7000 m2/g, well-surpassing accessible surface 

areas offered by traditional oxide-based supports.59,60 However, reticular chemistry principles 

break down when individual MOF building units deviate from their expected structure in solution, 

often a consequence of the labile coordination bonds that make up the inorganic metal oxo building 

units.61 Thus, predictive MOF design and exploratory parameter space have often been applied to 

lower nuclearity metal nodes with simpler geometries, such as binuclear metal paddlewheels, 

trinuclear trigonal prismatic units, and hexanuclear cuboctahedron building units.61,62  However, it 

is predicted that stabilizing higher connected metal oxo clusters within MOF self-assembly can 

expand the available networks and topologies of these multidimensional materials.62 Thus, MOF 

structural diversity can be accelerated by both the discovery of new metal oxo clusters as well as 

studying the evolution of metal oxo clusters during MOF self-assembly.  

1.5 Dissertation Outline   

The work in this thesis discusses the structural design and modulation of atomically precise 

metal oxo species focusing primarily on 1) forming discrete clusters or 2) spatially isolating the 

clusters as building units to build highly porous MOF multidimensional materials.  My research 

leverages X-ray diffraction to determine the structure which is correlated to functions identified 

through physisorption and spectroscopic techniques. In some instances, the atomic precision of 

these materials facilitated collaborative theoretical work to probe energetic questions related to 

structure and function.  
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Chapter 2 describes a supramolecular strategy to induce permanent porosity within assemblies 

of two cerium oxide clusters through the organic, aromatic-based capping ligands used. Through 

single-crystal X-ray crystallography, we observed unique non-covalent interactions that enabled 

accessible channels in the zero-dimensional cluster materials, further confirmed through 

adsorption isotherms supported with density functional theory calculations. We explored the 

unique structural assemblies with variable pressure and temperature diffraction studies and 

characterized the electronic state of the bulk materials with X-ray photoelectron spectroscopy, 

electron paramagnetic resonance spectroscopy, and Raman spectroscopy. We benchmarked 

catalytic activities of these cluster families with other reported atomically precise materials 

through the photooxidation of 2-propanol.   

Within Chapter 3, we shift to studying another series of porous Ce cluster-based assemblies 

that feature toroid like structures linked through interfacial sulfate and monomeric cation units (M 

= Cd, Ce, Co, Cu, Fe, Ni, and Zn). The more stable capping sulfate groups within this family 

enabled us to shift from studying photocatalytic activity in chapter 2 to studying CO oxidation, a 

more thermally challenging gas-phase reaction highly relevant for Ce oxo-based materials.  This 

chapter demonstrates that a single ion-based linkage unit between neighboring clusters can serve 

as an active interface that readily tunes the reducibility and defect formation energetics of the Ce70 

ring, and consequently the catalytic activity.  

Chapter 4 highlights the structural complexities within 3-Dimensional MOF materials 

containing metal oxo species. Specifically, we explore the synthesis of kinetic and thermodynamic 

MOF products based on isostructural [Zr6(μ3-O)4(μ3-OH)4]
12+ metal oxo building units through 

competitive nucleation. We present a novel in situ linker competition for MOF nucleation as a 

strategy to distinguish between kinetic and thermodynamic MOF products and to yield previously 
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inaccessible thermodynamic Zr MOF products.   

Chapter 5 extends the concept of competitive nucleation studied within Chapter 4 to further 

stabilize and dictate the structure of Ce oxo clusters isolated within MOF materials. We compare 

the identities and concentrations of different carboxylate based modulating species to slow down 

the nucleation of a pre-formed Ce6O8 cluster. Low modulator concentrations yielded a 

mononuclear CeIII MOF through single-crystal X-ray diffraction studies, while higher modulator 

concentrations yielded a pure phase Ce6-based MOF featuring instead a CeIV node. Beyond just 

offering competitive nucleation to yield more crystalline materials, this chapter suggests a new 

function for modulators to limit the reduction of highly redox active inorganic nodes during MOF 

self assembly.  

Chapter 6 describes a serendipitous discovery of the phase transition observed within a Th-

based MOF without added external stimuli. We report the transition of a 3-Dimensional Th6-based 

MOF to a mononuclear 2-Dimensional Th MOF that we attribute to the evaporation of solvent 

during the synthesis. Upon exposing the 2-D material to water, it partially converted back into to 

the 3-D MOF, highlighting the complex equilibrium. We explored the possible transitions within 

other isostructural MIV
6-based MOFs and propose that Ce could also exhibit the same behavior 

with isolated products we characterize with single crystal X-ray diffraction.     
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Chapter 2. Supramolecular Porous 

Assemblies of Atomically Precise 

Catalytically Active Cerium-Based Clusters 

 

Portions of this chapter appear in the following manuscript:  

Wasson, M.C.; Zhang, X.; Otake, K.; Rosen, A.; Alayoglu, S.; Krzyaniak, M.D.; Chen, Z.; 

Redfern, L.R.; Robsion, L.; Son, F.A.; Chen, Y.; Islamoglu, T.; Notestein, J.M.; Snurr, R.Q.; 

Wasielewski, M.R.; Farha, O.K. Chem. Mater. 2020, 32(19), 8522–8529. 
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2.1 Chapter Summary  

  Atomically precise metallic clusters offer total structural information lacking in metal 

oxide and nanoparticle catalysts. However, their use as heterogeneous catalysts requires accessible 

and robust catalytic sites, yet directing clusters into ordered and porous assemblies through 

functional control remains elusive. In this chapter, we present a supramolecular strategy to induce 

permanent porosity within assemblies of two cerium oxide clusters through the capping ligands 

used. Single-crystal X-ray crystallography and density functional theory calculations revealed 

cluster assemblies with accessible channels, while adsorption isotherms showed permanent 

porosity. The clusters exhibited a bulk modulus >5 GPa in variable pressure diffraction studies. X-

ray photoelectron spectroscopy, electron paramagnetic resonance spectroscopy, and Raman 

spectroscopy demonstrated mixed valency (Ce3+/Ce4+) and oxygen vacancies in the clusters. We 

benchmarked catalytic activities through the photooxidation of 2-propanol.    

2.2 Targeted Design Strategies of Atomically Precise Clusters   

 In the past several decades we have witnessed a surge in the design of nanomaterials 

tailored in porosity, size, and morphology that give rise to tremendous chemical and/or physical 

functionality.59,63–67 Targeting high surface area of materials to enhance the accessibility of active 

sites for analyte adsorption and subsequent catalysis has been well-studied through synthetic 

modulation of bulk oxides,68–70 structure-directing agents or templates in zeolites71–73, and more 

recently, reticular chemistry in tunable, crystalline materials like metal–organic frameworks 

(MOFs).74,75 Balancing the accessibility of active sites to substrates and ensuring material 

robustness in industrially relevant catalytic conditions is very important within these novel porous 

materials. Beyond the porosity of nanomaterials, synthetic control to access a desired size domain 

or surface facet has tuned metallic nanoparticles and metal oxides for a myriad of applications 
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including drug delivery, photovoltaics, and catalysis.76–78 However, it remains challenging to 

synthesize monodisperse nanoparticles or structurally well-defined nano-sized oxides, which 

complicates the study of fundamental reactivity.  

If atomically precise metal clusters are available, it is much easier to develop structure-

property relationships at the molecular level. For example, Jin and co-workers29,79 synthesized and 

designed sophisticated gold thiol-based clusters. Crystallography facilitates the study of ligand 

coordination interfaces to probe the role imparted by organic capping agents on clusters’ 

structures. In one study, two thiolate capped Au28 clusters exhibited ligand-induced reversible 

isomerization, which resulted in different efficacies in the catalytic oxidation of CO over a CeO2 

support.80 In addition to thiol groups, carboxylate based capping groups can stabilize metallic 

clusters.81–89 Recent work by Chatelain et al. isolated a series of U6, U10, U13, U16,U24, and U38 -

oxo clusters, which suggested the thermodynamically assisted condensation of isolated U24 and U6 

clusters can access a large nuclearity U38 motif.89   

The reactivity of cerium oxide compels the targeted synthesis of cerium-based clusters to 

serve as simplified subsets of the bulk material. Highly utilized and well-studied within 

heterogenous catalysis, the metal oxide features porosity and unique reactivity toward CO 

oxidation, thermochemical water splitting, and photocatalytic oxidation.90–96 Depending on 

reaction conditions, bulk ceria selectively stores and releases lattice oxygen atoms.94,97 The 

abstraction of oxygen and charge balancing reduction of two lattice Ce4+ atoms to Ce3+ generates 

highly reactive defect sites, known as oxygen vacancy defects (OVDs).98 OVDs facilitate 

oxidation and reduction processes in ceria through a Mars-van Krevelen mechanism; in some 

cases, vacancy sites form as a result of lattice oxygen mobility,99 whereas in other reports they can 

then directly participate in catalytic reactions. 7,100 Due to varying surface energies and propensity 
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to form OVDs, changes in ceria morphology and nanoparticle size dramatically impart a difference 

in oxidative reactivity.92,101 OVD themselves can differ in their local structure within CeO2 as Esch 

et al. previously observed a distribution of single layer and double layer surface vacancies as well 

as subsurface vacancies.102  

 A library of cerium clusters synthesized to date includes several Ce6O8-based clusters103,104 

as well as larger Ce10 and Ce22 clusters, resulting from the condensation of cerium carboxylate 

coordination polymers.105 Christou and coworkers put forth pioneering work in accessing larger 

nuclearity Ce38 and Ce40 oxide clusters through the room-temperature self-assembly of ammonium 

cerium nitrate and propionic or acetic acid, respectively.31 These clusters provide an elegant, 

atomically precise structural introduction to bulk ceria through the shared fluorite packing. 

However, the densely packed structures of the pristine clusters are in stark contrast to the porosity 

present in cerium dioxide targeted for catalytic reactions, often within the range of 50-100 m2/g.106 

A de novo strategy to induce porosity and impart assembly control within a cluster’s packing, 

while maintaining atomically precise structural knowledge, has yet to be developed for colloidal 

metallic nanoparticles. Moreover, the redox behavior of such large cerium oxo clusters reported to 

date remains mostly unexplored, although there is recent work on Ce6 clusters. Estes et al. reported 

the reduction potential of Ce4+ decreased inside a Ce6 cluster capped with glycine by ~0.8 V.103 

More recently, Mashima and coworkers generated hexanuclear cerium carboxylate clusters that 

photocatalyzed the decarboxylative oxygenation of aliphatic carboxylic acids and the lactonization 

of 2-isopropylbenzoic acid.107 However, in these hexanuclear Ce-oxo clusters, OVDs were not 

directly observed, and a gap in reactivity between Ce clusters and bulk ceria still persists. 

Therefore, a porous cerium cluster with high nuclearity that can accommodate accessible OVDs 

could combine the atomic precision of a cluster with ceria’s porosity and redox activity.  
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Herein, we sought to devise a strategy to introduce permanent porosity within high-

nuclearity cerium oxo cluster materials through the judicious selection of capping organic ligands. 

To develop such systems, we utilized benzoic acid and 2-naphthoic acid, rigid aromatic moieties 

capable of undergoing favorable noncovalent interactions and providing steric bulk, as capping 

agents to stabilize high nuclearity clusters. Single crystal X-ray diffraction (SCXRD) provided 

structural data with lattice constants in good agreement with density functional theory (DFT) 

calculations. Crystallographic refinement suggested discrete channels that are accessible in this 

assembly, while adsorption isotherms supported bulk porosity. Variable temperature powder X-

ray diffraction (VT-PXRD) studies explored the thermal stability; variable pressure X-ray 

diffraction studies within a diamond anvil cell (DAC) probed the mechanical stability. A mixed 

valency oxidation state was observed in the materials by X-ray photoelectron spectroscopy (XPS) 

and further suggested by electron paramagnetic resonance (EPR) spectroscopy. Raman 

spectroscopy revealed the presence of oxygen vacancy defects within the clusters. Following 

structural and electronic characterization, the porous cerium cluster assemblies exhibited a proof-

of concept catalytic activity as benchmarked through the photooxidation of 2-propanol.    

2.3 Experimental Methods and Material Characterization      

 To target the synthesis of high nuclearity Ce clusters, a solvothermal reaction of a stabilized 

Ce4+ source, a Ce6O8-glycine cluster (Ce6 precursor), was exposed to either excess benzoic acid or 

2-naphthoic acid in a diethylformamide/water mixture for 18 h at 120 °C. Indeed, with single 

crystal X-ray diffraction confirmed the synthesis of two Ce38 clusters capped with benzoic acid, 

Ce38-BA, and 2-naphthoic acid, Ce38-NA. Through interactions between phenyl rings on adjacent 

clusters (Figure 2.1C), the discrete clusters pack into a supramolecular porous, crystalline lattice 

(Figure 2.1D). A parallel displaced motif and displaced T-shaped motif between phenyl rings were 
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observed in Ce38-BA. The distances between the benzene centroids of the orthogonal interacting 

phenyls were ~5.5 Å, comparable to prior experimental and computational observations for 

benzene-benzene interactions in a T-shaped motif.108,109 Thus, it is suggested that aromatic 

interactions could facilitate  the observed packing of the assemblies. The directed packing renders 

discrete pores of roughly ~1 nm within the Ce38-BA structure with accessible -OH/H2O ligands 

directed into the pores. While data resolution of Ce38-NA limited structural refinement to resolve 

only the Ce38 core, the slight enlargement of the unit cell parameters of Ce38-NA from Ce38-BA 

(vide supra) and an increase in cluster-cluster distance by ~1.4 Å suggest that Ce38-NA features a 

similar packing direction motif directed by a larger capping agent. Periodic DFT calculations were 

conducted with the charge-neutral Ce38-BA structure to optimize the atomic positions and Niggli-

Figure 2.1 A) View of Ce38-BA with 16 capped benzoate ligands. B) Simulated structure of 

Ce38-NA with naphthoate ligands. C) Interacting phenyl groups between neighboring cluster in 

T-shaped (phenyls in pastel blue) or displaced parallel (phenyls in pastel green). D) Space-filled 

model of Ce38-BA showing accessible pores. Unless otherwise indicated, C, black; O, red; Ce, 

pale yellow. H atoms are omitted for clarity.  
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reduced primitive cell lattice parameters using the rev-vdW-DF2 functional,110–112 as implemented 

in VASP 5.4.1.113,114 As shown in Figure S3A, the capping ligand-induced packing of the Ce38-

BA clusters is energetically plausible, and the overall structure is consistent with experiments. The 

capping ligands for Ce38-NA are also able to stack in a similar manner as Ce38-BA based on the 

theoretical calculations (Figure 2.9B).    

   Phase-purity of the bulk materials was first probed through powder X-ray diffraction 

(PXRD). Good agreement between the PXRD patterns of the synthesized structures and simulated 

structures was observed. Unit cell expansion with larger d101 and d110 of Ce38-NA with respect to 

Ce38-BA was indicated by a decrease of ~ 0.4° 2θ in the first two peaks (Figure 2.2A). To probe 

the extent of bulk porosity suggested by the crystallographic packing of Ce38-BA and hypothesized 

to also exist within Ce38-NA, N2 physisorption isotherm measurements were conducted following 

activation procedures (Figure 2.2B). Indeed, permanent porosity was demonstrated with BET 

areas of 60 m2/g and 65 m2/g, respectively, for Ce38-BA and Ce38-NA, while the nonlocal density 

functional theory (NLDFT) derived pore model revealed respective pore sizes of 13 and 15 Å 

(Figure 2.10). We anticipate higher BET areas and pore volumes can be achieved with more 

complete activation methods (see 2.9.2 Methods for Material Characterization).115 Moreover, 

negligible N2 adsorption within the previously reported propionic acid capped Ce38 cluster (Ce38-

PA) confirms its nonporous nature, in accordance with its densely packed crystal structure.31 To 

the best of our knowledge, these are the first examples of non-covalent porous assemblies of 

cerium clusters.    
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2.4 Thermal and Mechanical Stabilities of Porous Ce38 Clusters    

 After establishing bulk phase purity of Ce38-BA and Ce38-NA, their respective thermal and 

mechanical stabilities were investigated. The thermal stabilities of Ce38-BA and Ce38-NA were 

probed with in situ VT-PXRD, and pure-phase crystallinity was maintained until 150 °C within 

  

Figure 2.2 A) PXRD patterns of experimental Ce38-BA and Ce38-NA with simulated 

patterns. B) N2 isotherms collected at 77 K of Ce38-BA, Ce38-NA, and Ce38-PA. Inset 

highlights N2 uptake from 0.0 to 0.4 P/P0.  
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each cluster (Figures 2.11-2.14).  Beyond thermal stability, recent focus within porous 

frameworks has turned to also investigating frameworks’ resistance to compression from external 

pressure to probe their physical robustness.116–119 However, studies investigating the mechanical 

stability within non-covalent porous frameworks are rare. We were motivated to investigate how 

noncovalent interactions present in Ce38-BA and Ce38-NA would behave under applied pressure. 

The clusters’ resistance to mechanical compression was measured in a diamond anvil cell under 

moderate pressure (< 1.5 GPa) with in situ powder X-ray diffraction from a synchrotron radiation 

source at the 17-BM beamline of the Advanced Photon Source following previously reported 

methodology.120,121 The unit cell parameters of the sample in each pressure environment were 

extracted with Le Bail analysis. A second-order Birch–Murnaghan equation of state modeled the 

decrease in lattice volume to measure the bulk modulus (Figure 2.3), a term that is inversely 

related to the material’s compressibility. Bulk moduli of 5.2(2) GPa and 6.3(3) GPa were 

determined for Ce38-BA and Ce38-NA, respectively. Notably, these non-covalent materials feature 

bulk moduli comparable to those of mineral clay (6.2 GPa)122 or even greater than what is reported 

for some MOFs, PCN-57 (4.6 GPa).121   
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2.5 Electronic Characterization of Ce38 Clusters   

 As a preliminary methodology to probe the valency of the cerium clusters, X-ray 

photoelectron spectroscopy (XPS) was performed. Within the Ce 3d XPS spectra of Ce38-BA and 

Ce38-NA, Ce3+-related peaks appeared at 885.9/903.3 eV and 886.6/905.0 eV for each respective 

sample, totaling ~10% of Ce3+ present in each sample (Figure 2.4). In comparison, nearly 

quantitative Ce4+ was observed in the Ce6 precursor utilized in the syntheses as well as in Ce38-

PA, in agreement with previous literature reports.31,103 The intriguing mixed valency of Ce38-BA 

and Ce38-NA suggested in XPS was further explored through continuous wave electron 

  

Figure 2.3 Relative lattice compression of Ce38-BA and Ce38-NA. Lines denote the second-

order Birch–Murnaghan equation-of-state fits to the collected data. 
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paramagnetic resonance (EPR) spectroscopy at 10 K. Observation of an EPR signal attributed to a 

S = ½ species, presumably Ce3+, was observed for both Ce38-BA and Ce38-NA in agreement with 

XPS data, while one was not detected for Ce38-PA (Figure 2.18).    

2.6 Raman Spectroscopy    

 Motivated by the prevalence of OVDs in bulk ceria, Raman spectroscopy was utilized to 

probe the lattice defect environment in Ce38-BA, Ce38-NA, Ce38-PA, and commercial CeO2. All 

of the samples featured two prominent peaks in the Raman spectra (Figure 2.5): a strong peak at 

 

Figure 2.4 Observed Ce 3d XPS (solid black line) and sum of fitted data (red line) for A) 

Ce38-BA, B) Ce38-NA, C) Ce38-PA, and D) Ce6 precursor. The observed data were fitted by 

Gaussian/Lorentzian functions with deconvoluted peaks in blue corresponding to Ce4+ and 

orange deconvoluted peaks corresponding to Ce3+. 
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465 cm-1, which is assigned to the Ce-O vibration with F2g symmetry of the fluorite phase, and a 

weak peak (D) at about 620 cm-1, which is well-established as arising from structural defects 

(oxygen vacancies and Ce3+ sites).123 The three different Ce38 clusters F2g peaks are broader and 

shifted >5 cm-1 to lower frequencies than that of the CeO2 standard, suggesting more structural 

disorder. In agreement with this observation, D peaks for each Ce38 cluster are also more 

prominent, indicating defect rich structures. A ratio of the D/F2g peak can be utilized as a simplified 

method of quantifiably comparing defect densities throughout cerium oxide materials. Ce38-BA 

and Ce38-NA both exhibited D/F2g ratios of 0.28 and 0.25 respectively, while Ce38-PA yielded a 

ratio of 0.08. The nanostructured CeO2 reference was less defective with a ratio of 0.02. The 

intriguing difference in defects observed through Raman for Ce38-BA and Ce38-NA compared to 

Figure 2.5 Raman spectra collected (black lines) and fitted data (colored lines) for A) Ce38-BA, 

B) Ce38-NA, C) Ce38-PA, and D) commercial CeO2.  
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Ce38-PA was rationalized through ligand stoichiometry as well as overall void spaces in the 

materials. 36 propionic acid ligands cap the Ce38-PA cluster, while 16 carboxylate linkers chelate 

to Ce38-BA (through SCXRD) and Ce38-NA (estimated through elemental analysis). Subsequently, 

the surface -OH/-H2O ligands that replace any missing carboxylate linkers in Ce38-BA and Ce38-

NA render the Ce38-oxo core more accessible. Moreover, the surfaces of the Ce38-PA clusters are 

all directly touching each other yielding a denser environment than the porous assemblies of Ce38-

BA and Ce38-NA. Subsequently, we rationalize the higher defect ratios present in Ce38-BA and 

Ce38-NA as a result of the heightened accessibility of the Ce38-oxo clusters. This is the first 

observation of lattice oxygen defects observed within a cerium oxo-based cluster to the best of our 

knowledge. Moreover, the full width at half maximum values of the F2g peak, can be used to 

extrapolate average grain sizes of 2.2 nm, 3.2 nm and 3.1 nm, respectively, for Ce38-BA, Ce38-PA, 

and Ce38-NA, consistent with the theoretical size estimates for these clusters.123 

2.7 Photocatalytic Reactivity   

 To benchmark the catalytic activity of the synthesized clusters, we explored the 

photooxidation of 2-propanol under aerobic conditions with 3 mol% of catalyst. 1H nuclear 

magnetic resonance (NMR) monitored reaction progress through the disappearance of the starting 

material (Figure 2.6). Liquid products were quantified through NMR, while CO and CO2 present 

in the head space were detected through manual injections in a gas-tight syringe into a gas 

chromatograph equipped with a flame ionization detector (GC-FID). After 1 hour of reaction 

progress, 45% and 46% of 2-propanol was consumed by Ce38-BA and Ce38-NA respectively, while 

25% was converted by Ce38-PA and 14% by Ce6 precursor. A kinetic profile up to 6 hours was 

collected (Figure 2.19) and a distribution of oxidation products were observed (Figures 2.26-2.28, 

Tables 2.5-2.8). However, liquid-phase products accounted for only <25% of the total product 
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yield, while the remaining product formed was attributed to the detected major gaseous product, 

CO (Figure S29). Negligible conversion was observed when the reaction proceeded in absence of 

light as well as in the absence of catalyst. Filtration studies suggested the heterogeneity of all four 

catalysts investigated (Figure 2.20). After catalysis, the crystallinity of Ce38-BA and Ce38-NA was 

retained as demonstrated through PXRD (Figure 2.21). These results suggest that the high porosity 

and rich OVDs of Ce38-BA and Ce38-NA can facilitate the photooxidation of 2-propanol. This 

preliminary benchmark of catalytic activity demonstrates the utility of the large nuclearity Ce-oxo 

based clusters for future studies.    

2.8 Conclusions    

We demonstrated a supramolecular strategy to access bulk porosity within an assembly of 

well-defined cerium oxo clusters through the use of rigid, aromatic capping agents—benzoic acid 

and 2-napthoic acid—to yield Ce38-BA and Ce38-NA. Single-crystal X-ray diffraction analyses of 

 

Figure 2.6 Reaction progress after 1 hour for the photooxidation of 2-propanol catalyzed 

by cerium clusters at 390-400 nm as monitored by 1H NMR. Average of three trials. 
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Ce38-BA and Ce38-NA suggested discrete channels that are accessible in this assembly, while gas 

adsorption isotherms supported permanent porosity. To the best of our knowledge, these are the 

first examples of non-covalent porous assemblies of cerium clusters. Despite the absence of 

coordination bonds between clusters, in situ variable pressure powder X-ray diffraction 

experiments highlighted the robustness of these systems with the bulk moduli extracted. Ce38-BA 

and Ce38-NA contained appreciable amounts of Ce3+ in the bulk product and demonstrated Raman 

signatures of lattice oxygen vacancy defects. The photocatalytic oxidation of 2-propanol 

benchmarked the catalytic activity of the cerium clusters, featuring a 3-fold increase in conversion 

over the Ce6 precursor and a 2-fold increase in conversion over Ce38-PA. The strategy developed 

herein to design porous cluster assemblies through the judicious selection of capping agents is a 

promising step toward imparting atomic level control of metal-oxide materials. We are hopeful 

that additional properties present in well-studied nanoparticle and coordination frameworks can be 

similarly targeted in periodic clusters through such bottom-up design strategies.   

2.9 Additional Information   

2.9.1 Materials    

All chemicals and solvents were obtained from commercial suppliers and used without 

further purification. Ammonium cerium nitrate (≥98.5%), glycine (≥99%), sodium chloride 

(≥99.5%), benzoic acid (≥99.5%), N,N-diethylformamide (99%), ammonium iodide (≥99%), 

propionic acid, cerium oxide nanopowder (<50 nm particle size (BET), 99.95% trace rare earth 

metals basis), acetonitrile - d3 (99.8 atom % D), and 1-bromo-3,5-difluorobenzene (98%) were 

purchased from Sigma-Aldrich. 2-naphthoic acid (98%) was purchased from Combi-Blocks. 

Pyridine (≥99 %), acetonitrile (99.9%), 2-propanol (≥99.5 %), and ethanol (histological) were 

purchased from Fischer Chemical. Deionized water was used as the water source.   
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2.9.2 Methods for Material Characterization and Catalytic Experiments  

 Single Crystal X-Ray Diffraction Analysis: Single-crystal X-ray structure analysis of Ce38-

BA was carried out using a Bruker Kappa APEX II CCD/ detector equipped Mo Kα (λ = 0.71073) 

microsource with MX optics. Single-crystal X-ray diffraction (SC-XRD) data of Ce38-NA was 

collected at 250 K on a 'Bruker APEX-II CCD' diffractometer with a CuKα (λ = 1.54184 Å) 

microfocus X-ray source. The single crystals were mounted on MicroMesh (MiTeGen) with 

paratone oil. The structures were determined by intrinsic phasing (SHELXT 2018/2) and refined 

by full-matrix least-squares refinement (SHELXL-2018/3) using the Olex2 software packages. 

Due to the small size and weak diffraction of the single crystals (best resolution of 1.3 Å), only the 

Ce38 core of the Ce38-NA structure was resolved and refined. The arrangement of Ce atoms were 

similar to Ce38-BA. The rest of the structures was completed through computational modeling as 

detailed below. Refinement results are summarized in Table 2.1. Crystallographic data in CIF 

format have been deposited in the Cambridge Crystallographic Data Centre (CCDC) under 

deposition number 2000674 (Ce38-BA) and 2003383 (Ce38-NA). The data can be obtained free of 

charge via www.ccdc.cam.ac.uk/data_request/cif (or from the Cambridge Crystallographic Data 

Centre, 12 Union Road, Cambridge CB2 1EZ, U.K.).  

Refinement Details of Ce38-BA: Coordinating benzoate and water/hydroxyl sites were 

refined using some thermal and structural restraints (ISO, RIGU, SIMU). On the benzoate sites, 

AFIX66 was also used to model the benzene rings. The disordered non-coordinated solvents were 

removed using the PLATON SQUEEZE program after the determining all assignable atoms of 

Ce38 clusters. Refinement results are summarized in Table 2.1.   
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Table 2.1: Crystallographic details of Ce38-BA 

  

Empirical formula C114H80Ce38O114 

Formula weight 8598.33 

Temperature/K 100 

Crystal System Tetragonal 

Space Group I 4/m 

a/Å 23.2865(8) 

b/Å 23.2865(8) 

c/Å 34.8183(4) 

α/° 90 

β/° 90 

γ/° 90 

Volume/Å3 18880.6(15) 

Z 2 

ρcalcg/cm3 1.512        

µ/mm-1 4.522 

F(000) 7760 

Crystal size/mm3 0.05×0.10×0.25 

Radiation MoKα (λ = 0.71073)  

2θ range for data collection/° 1.237 to 23.409 

Index ranges -24 ≤ h ≤ 26, -22 ≤ k ≤ 25, -38 ≤ h ≤ 38, 

Reflections collected 42638 

Independent reflections 6980 

Data/restraints/parameters 6980/313/306 

Goodness-of-fit on F2 1.329(I ≥ 2(I)), 1.322 (all data) 

Final R indexes [I ≥ 2σ (I)] 0.1092 (R1), 0.3307 (wR2) 

Final R indexes [all data] 0.1589 (R1), 0.4052 (wR2) 

CCDC deposition number 2000674 

 

Response to A level check cif alerts for Ce38-BA single crystal: 

Alert level A 

PLAT973_ALERT_2_A Check Calcd Positive Resid. Density on       Ce1       7.74 eA-3  
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PLAT973_ALERT_2_A Check Calcd Positive Resid. Density on       Ce2       6.92 eA-3 

PLAT973_ALERT_2_A Check Calcd Positive Resid. Density on       Ce3       6.75 eA-3 

PLAT973_ALERT_2_A Check Calcd Positive Resid. Density on       Ce4       5.59 eA-3 

PLAT973_ALERT_2_A Check Calcd Positive Resid. Density on       Ce5       5.36 eA-3 

PLAT973_ALERT_2_A Check Calcd Positive Resid. Density on       Ce6       5.31 eA-3 

Response: The atom type is correct, and there is no evidence of twinning.  The crystals 

showed strong diffuse scattering between Bragg peaks probably because of the oxygen defects. 

This is believed to be the source of the high electron density on the Ce. Inefficient absorption 

correction and an anomalous dispersion effect may also cause this problem. 

Computational Methods  

Constructing the Ce38-BA System: A Niggli-reduced primitive cell of the experimentally 

resolved crystal structure for the Ce38-BA clusters was constructed such that there is only one Ce38 

cluster per unit cell. The disorder in the experimental structure was refined by removing half of 

the O atoms with occupancies of 0.5. Protons were then added to the cluster such that the resulting 

structure was charge-neutral under the assumption that the Ce atoms are in the 4+ oxidation state. 

This yields a formula unit of Ce38(C6H5COO)16(μ4-O)34(μ4-OH)2(μ3-O)24(μ2-OH)8(μ1-OH)10 per 

cerium oxide cluster, including the BA capping agent. While the exact proton topology of the 

synthesized Ce38-BA cluster may differ, this is not expected to significantly alter the predicted 

geometric properties.  Water molecules were not included in the model since these are also not 

expected to notably alter the geometric properties. The atomic positions and cell volume were 

relaxed using periodic density functional theory (DFT), as described below. 
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Constructing the Ce38-NA System: Unlike the Ce38-BA system, the capping agents of the 

Ce38-NA crystal structure are not crystallographically  resolved. We also note that the space group 

and placement of the Ce38 clusters in the unit cell of Ce38-NA are different from that of Ce38-BA, 

such that the smallest unit cell for Ce38-NA contains two Ce38 cluster per unit cell rather than the 

one Ce38 cluster in Ce38-BA. To generate a physically plausible crystal structure of Ce38-NA with 

capping agents included, we first replaced the two partially resolved Ce38 clusters of the Ce38-NA 

structure with two copies of the charge-neutral, DFT-optimized Ce38-BA cluster, ensuring the 

centers of mass and orientation of the Ce38 clusters were roughly unchanged. Then, the BA capping 

agents were converted to NA in a manual fashion to provide a physically reasonable initial 

structure for the Ce38-NA system. The NA capping agents are not rotationally symmetric; 

therefore, the exact packing of the crystal structure depends on the orientation of the capping 

agents. We ensured that the NA capping agents were oriented in such a way to prevent overlapping 

atoms or close-contacts within the constraints of the experimentally resolved Ce38-NA crystal 

structure. Given the large number of atoms in the Ce38-NA system (912 atoms/cell), a DFT 

relaxation could not be performed. Instead, as a means of refining the manually constructed 

capping agents, a partial geometry optimization of the atomic positions was carried out using 

molecular mechanics, as described below. 

Structure Relaxations: Periodic DFT calculations were carried out using the Vienna ab 

initio Simulation Package (VASP) v.5.4.1114,124 with v.5.4 of the VASP-recommended projector-

augmented wave (PAW) pseudopotentials. The rev-vdW-DF2 exchange-correlation functional 

was employed,110–112 as it accounts for dispersion interactions and is known to yield accurate lattice 

constants.110 As benchmarked in prior work,125 the DFT calculations were carried out using a 520 

eV plane-wave kinetic energy cutoff with 𝑘-point sampling at the Γ-point. Symmetry constraints 
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were disabled, and the accurate precision keyword was enabled in VASP. The geometry was 

considered converged once the net force on each atom was less than 0.05 eV/Å. The conjugate 

gradient algorithm was used to relax the structures. A mixture of the Davidson and Residual 

Minimization/Direct Inversion in the Iterative Subspace (RMM-DIIS) algorithms was used to 

converge the self-consistent field, and non-spherical contributions from the gradient corrections 

inside the PAW spheres were included. Gaussian smearing of the band occupancies with a 

smearing width of 0.2 eV and fully automatic optimization of projection operators were used. 

Structural relaxations were carried out by first optimizing all the atomic positions with a fixed unit 

cell, followed by a full volume relaxation of the atomic positions, lattice constants, and cell shape. 

VASP calculations were carried out and analyzed using the Atomic Simulation Environment 

(ASE) v.3.18.1.126 Pymatgen v.2019.8.4127 was used to construct the Niggli-reduced primitive cell.  

Geometry optimizations using molecular mechanics were carried out using the Forcite 

module in Materials Studio v.5.0.0 with manually confirmed bond-typing for each atom and the 

Universal Force Field (UFF).128 Since UFF does not properly describe several of the key 

parameters related to the Ce38 clusters, we defined all the Ce and O atoms as being part of a fixed 

motion group. The atomic positions of the remaining atoms were then relaxed, at fixed cell volume, 

using the default “Medium” optimization settings in Materials Studio until convergence was 

achieved. 

Powder X-ray Diffraction Analysis: Powder X-ray diffraction (PXRD) patterns of the 

samples were measured by a STOE-STADI MP powder diffractometer operating at 40 kV voltage 

and 40 mA current with Cu-Kα1 X-ray radiation (λ = 1.5406 Å) in transmission geometry.  

Variable Temperature In Situ Powder X-Ray Diffraction Analysis:  Variable temperature 

PXRD patterns ranged from 1.75° to 20° were taken on a STOE STADI MP instrument using a 
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Mo-Kα1 source (λ = 0.7107 Å). Prior to being mounted on the instrument, the VT samples were 

loaded into a capillary (O.D. 1.5mm) and flame sealed. The activated samples were heated from 

30 °C to 400 °C in 10°C/min increments with a 3-minute hold. 

Variable Pressure In Situ Powder X-Ray Diffraction Analysis: Each sample was mixed 

with an internal standard, CaF2 (~10% by volume). The powders were evenly mixed and any larger 

crystals were broken up with gentle grinding in a mortar and pestle. The mixture was loaded into 

a 250 μm diameter hole in a 250 μm thick stainless-steel gasket pre-indented to 100 μm thickness 

using a membrane-driven diamond anvil cell (DAC) equipped with 500 μm culet anvils. The cell 

was closed without applied pressure to collect the diffraction pattern for the sample under ambient 

conditions. The cell was opened and a drop of FluorinertTM FC-70 was added as a non-penetrating 

pressure transmitting fluid. The cell was sealed and in situ powder X-ray diffraction data were 

collected using the monochromatic X-rays (λ = 0.45390 Å, 100 μm beam size) at the 17-BM-B 

beamline at the Advanced Photon Source, Argonne National Laboratory in combination with a 

Perkin Elmer a-Si Flat Panel PE1621 area detector. Data were collected with 6 s exposures (1 min 

per image) as the pressure was varied from 0-1.5 GPa. After completion of a pressure campaign, 

the pressure within the cell was released and a final measurement was made at ambient pressure. 

Raw images were processed with GSAS-II, utilizing sample-to-detector distance and tilt 

parameters based on data obtained for a LaB6 standard.129 Representative examples of powder 

diffraction data for Ce38-BA and Ce38-NA are presented in Figures 2.15 and 2.16 respectively. 

The pressure-dependent lattice parameters were extracted from Le Bail fits of reported structural 

models to the diffraction data using GSAS-II.130 The unit cell parameters extracted from the 

ambient pressure PXRD pattern in the DAC differ from those observed during single crystal X-

ray diffraction: Ce38-BA (a=b= 23.19280 Å, c=29.16064 Å) in I4/m and Ce38-NA (a=b= 24.20509 
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Å, c=34.8422 Å) in P42/n. These unit cell parameters were utilized to determine the initial unit cell 

volume for variable pressure powder X-ray diffraction analysis. Equations of state were fit to the 

P vs. V0/V data using EOS-FIT7c and EOS-FIT7-GUI with the 2nd-order Birch-Murnaghan 

equation of state.131,132 While diffraction data was collected up to ~ 1.3 GPa, the 2nd-order Birch-

Murnaghan equation of state could only effectively model the lower pressure regimes.  

N2 Sorption Isotherm Measurements: N2 adsorption and desorption isotherms on activated 

materials were measured on a Micromeritics Tristar (Micromeritics, Norcross, GA) instrument at 

77 K. Around 30 mg of sample was used in each measurement and the specific surface areas were 

determined using the Brunauer−Emmett−Teller model from the N2 sorption data in the region P/P0 

= 0.005–0.05. Pore size distributions were obtained using DFT calculations using a carbon slit-

pore model with a N2 kernel.    

X-ray Photoelectron Spectroscopy: X-ray photoelectron spectroscopy measurements were 

carried out on a Thermo Scientific ESCALAB 250 Xi equipped with an electron flood gun and a 

scanning ion gun. Analysis used the Thermo Scientific Avantage Data System software, and C1s 

peak (284.8 eV) peak was used as the reference. Oxidation states of Ce were assigned by 

comparison to previously published data.133 

Nuclear Magnetic Resonance (NMR) Spectroscopy: NMR spectra were collected on a 

Bruker Avance III 500 MHz system equipped with DCH CryoProbe and automated with a BACS-

60 autosampler. 

Electron Paramagnetic Resonance Spectroscopy: EPR measurements were performed at 

X-band (~9.6 GHz) using a Bruker Elexsys E580-X EPR spectrometer outfitted with a pulsed 

ENDOR resonator (EN 4118X-MS5).  The temperature was maintained at 10 K with an Oxford 
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Instruments CF935 continuous-flow cryostat using liquid helium. The continuous wave (CW) EPR 

spectra were collected using non-saturating microwave power and 0.5 mT field modulation at 60 

kHz.   

Raman Spectroscopy: Raman measurements were carried out on a custom-built system 

equipped with a Lexel SHG deep UV and visible Ar ion laser and a Horiba IHR 550 spectrometer. 

Fundamental 488 nm excitation was employed for all Raman measurements. Laser power by the 

sample was 50 mW; and spot size by the sample was estimated at a few hundred micrometers. 

Raman signal was collected by using an off-axis parabolic mirror with a through pinhole. Powder 

samples were placed in the fluidized bed reactor and fluidized during laser illumination by a flow 

of simulated air (100 sccm, 20% O2 in balance N2). An average of four spectra were collected for 

all the samples. Exposure time per spectrum was 150 s for the Ce38 samples, and 15 s for the CeO2 

nanopowder reference (Aldrich, 50 nm particles).  

Photooxidation of 2-propanol: The catalyst (3 mol %, entire cluster considered as active 

catalyst) and 1 mL of aceotonitrile was added to a Biotage microwave vial with a stir bar. The vial 

was cringe-capped and purged with O2 for 15 min. 2-propanol (11.5 µL, 0.15 mmol) and 1-bromo-

3,5-difluorobenzene (10 µL, 0.15 mmol) were added to the vial with a glass syringe. A 10 µL 

aliquot was taken prior to irradiation as a time zero point. Samples were then irradiated, stirring at 

500 rpm at room temperature. 10 µL aliquots were taken at designated time points and diluted with 

600 µL of acetonitrile-d3 prior to NMR analysis. LED irradiation was performed using solderless 

LEDs, purchased from RapidLED, which were then mounted on aluminum to give a homemade 

irradiation setup. The LEDs were hooked up in series to a Mean Well LPC-35-700 constant current 

driver also purchased from RapidLED. The irradiation setup contains two UV LEDs (λmax = 390-

400 nm) that are mounted facing each other ~1.5 cm apart. The set-up was covered with aluminum 
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foil to limit the escape of the light. To test the gaseous headspace of the reaction vial for product 

generation, 1 mL of headspace was collected in an airtight gas syringe and manually injected into 

an Agilent 7890A GCA gas chromatograph equipped with a flame ionization detector (GC-FID), 

Activated Research Company Jetanizer, and an Agilent HP-PLOT Q column. A 25:1 ratio of CO: 

CO2 (see Figure 2.29) was typically observed. Filtration studies were completed by filtering the 

catalyst from the reaction mixture after 1 hour of reaction. The resulting filtrate was re-purged with 

O2 prior to further 2-hour irradiation with stirring.  

2.9.3 Materials Synthesis and Powder X-Ray Diffraction Characterization  

Synthesis of Ce38-BA: Benzoic acid (500 mg, 4 mmol) was placed in an 8-dram vial 

containing 5 mL of diethylformamide. The vial was sonicated until the contents solubilized. Next, 

Ce6 precursor (120 mg, 0.05 mmol) and 2.5 mL of water were added to the vial, which was 

sonicated until the cluster solubilized. The vial was placed in an oven overnight at 120 °C for 18 

h. Solutions were removed from the oven and cooled to room temperature. The tan-brown product 

and supernatant were placed in a centrifuge tube and were centrifuged for five minutes to remove 

the supernatant. Then, the resultant powder was washed with N,N-diethylformamide (10 mL×2) 

and acetone (10 mL×2), soaking in each solvent for 20 minutes prior to 5 minutes of centrifugation. 

The material was then washed in ethanol (10 mL x2), soaking each time for 20 minutes, prior to 5 

minutes of centrifugation. The material was soaked in ethanol overnight, and then washed two 

more times with ethanol and centrifuging the solvent off in between washes. The material was 

dried for 30 minutes in a vacuum oven at 80 °C prior to overnight (18 hr) treatment under high 

vacuum at 30 °C on a Micromeritics Smart Vacprep. Of note, super critical-CO2 activation 134 was 

also explored as an alternative activation procedure to increase surface area of materials, yet 

comparable surface areas were obtained with room temperature high vacuum treatment. Further 
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optimization of activation procedures is likely needed fully access the greatest extent of the 

nanoclusters’ apparent surface area if any capping agent is trapped as a guest in the pores.  

Synthesis of Ce38-NA: 2-naphthoic acid (700 mg, 4 mmol) was placed in an 8-dram vial 

containing 5 mL of diethylformamide. The vial was sonicated until the contents solubilized. Next, 

Ce6 precursor (120 mg, 4 mmol) and 2.5 mL of water were added to the vial, which was sonicated 

until the cluster solubilized. The vial was placed in an oven overnight at 120 °C for 18 h. Solutions 

were removed from the oven and cooled to room temperature. The yellow-orange product and 

supernatant were placed in a centrifuge tube and centrifuged for five minutes to remove the 

supernatant. Then, the resultant powder was washed with N,N-diethylformamide (10 mL×2) and 

acetone (10 mL×2), soaking in each solvent for 20 minutes prior to 5 minutes of centrifugation. 

The material was then washed in ethanol (10 mL×2)), soaking each time for 20 minutes prior to 5 

minutes of centrifugation. The material was soaked in ethanol overnight, and then washed two 

more times with ethanol and the solvent removed with centrifugation between washes. The 

material was dried for 30 minutes in a vacuum oven at 80 °C prior to overnight (18 hr) treatment 

under high vacuum at 30 °C on a Micromeritics Smart Vacprep.    
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[Ce6(μ3-O)4(μ3-OH)4(NH3CH2COO)8(NO3)4(H2O)6]Cl8·8H2O (Ce6 precursor) and 

[Ce38O54(OH)8(CH3CH2CO2)36(C5H5N)8] (Ce38-PA) were synthesized according to literature 

procedures.31,103,135   

Figure 2.7: PXRD patterns (λ = 1.5406 Å) of experimentally synthesized and simulated 

patterns of Ce6 precursor.   

 

Figure 2.8: PXRD patterns (λ = 1.5406 Å) of experimentally synthesized and simulated 

patterns of Ce38-PA.  

Ce
6 

experimental Ce
6
 simulated 
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2.9.4 Structural Relaxations  

The VASP-optimized structure of Ce38-BA is shown in Figure 2.9A. Consistent with the 

experimental results shown in Figure 2.1C, the structure is stabilized by interactions between 

nearby phenyl groups. The DFT-optimized lattice constants using the aforementioned settings are 

𝑎 = 23.23 Å, 𝑏 = 23.23 Å, 𝑐 = 23.93 Å, 𝛼 = 119.07°, 𝛽 = 119.06°, and 𝛾 = 89.98°, which 

are within 0.25% of experiment (𝑎 = 𝑏 = 23.29 Å, 𝑐 = 23.97 Å, 𝛼 = 𝛽 = 119.07°, 𝛾 = 90.00°). 

As such, the DFT calculations confirm that the packing of the clusters is energetically plausible. 

We note that the potential energy surface is extremely flat with respect to unit cell volume, and 

additional reduction to the cell volume lowers the energy further. Nonetheless, the aforementioned 

DFT-optimized structure can likely be thought of as a meta-stable state due to the low forces on 

all the atoms, lending confidence to the feasibility of the capping ligand arrangement. If there are 

any molecules that remain within the pores of Ce38-BA, then this would also be expected to 

influence the exact equilibrium volume. The partially optimized Ce38-NA structure is shown in 

Figure 2.9B. Even though the capping ligands of Ce38-NA could not be resolved 

crystallographically, the optimized structure indicates that the capping ligands of Ce38-NA can be 

arranged in an energetically favorable manner that is comparable to that of Ce38-BA. 

A

A) 

 

B

B)  

 

Figure 2.9 Relaxed structures of A) Ce38-BA and B) Ce38-NA. 2 × 2 × 2 simulation unit 

cells are shown. Color key: Ce (yellow), O (red), C (gray), H (white). 
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2.9.5 Pore Size Distributions 

 Figure 2.10: Pore size distributions for Ce38-BA and Ce38-NA.  

 

 

 

 

 

 

 

2.9.6 Variable Temperature and Pressure Powder X-Ray Diffraction Patterns   
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Figure 2.11: Variable temperature PXRD patterns for Ce38-BA collected with Mo wavelength 

(0.7107 Å).  

 

Figure 2.12: Variable temperature PXRD patterns for Ce38-BA collected with Mo wavelength 

(0.7107 Å) with top down view from 0 to 5 2θ (°) to emphasize phase transition around 150 °C. 
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Figure 2.13: Variable temperature PXRD patterns for Ce38-NA collected with Mo wavelength 

(0.7107 Å).   

 

Figure 2.14: Variable temperature PXRD patterns for Ce38-NA collected with Mo wavelength 

(0.7107 Å) from 0 to 5 2θ (°) to emphasize phase crystallinity until ~150 °C.   
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Figure 2.15: Representative powder diffraction data collected for Ce38-BA as pressure increases.   

 

Figure 2.16: Representative powder diffraction data collected for Ce38-NA as pressure increases.  
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Table 2.2: Parameters for LeBail fits to Variable Pressure Powder Diffraction Data for Ce38-BA 

P (GPa) V CaF2 (Å3) a = b Ce38-

BA (Å) 

c Ce38-BA 

(Å) 

V Ce38-BA 

(Å3) 

Rwp % 

0.00 163.47679 23.2083 29.26735 15764.14071 10.645 

0.007 163.45485 23.20106 29.26085 15750.80093 13.779 

0.03 163.40909 23.16435 29.22401 15681.23255 10.094 

0.07 163.3237 23.10067 29.14408 15552.46999 9.849 

0.10 163.27781 23.05769 29.1012 15471.85375 9.765 

0.12 163.24597 23.03965 29.08004 15436.42907 10.063 

0.13 163.2232 23.02302 29.06094 15404.02914 10.258 

0.14 163.1963 23.01559 29.01668 15371.17525 10.641 

 

Table 2.3: Parameters for LeBail fits to Variable Pressure Powder Diffraction Data for Ce38-NA 

P (GPa) V CaF2 (Å3) a = b Ce38-

NA (Å) 

c Ce38-NA 

(Å) 

V Ce38-NA 

(Å3) 

Rwp % 

0.00 162.9967 24.05901 34.79391 20139.965 8.497 

0.020 162.9582 24.04633 34.7642 20101.561 8.551 

0.03 162.9193 23.9983 34.76473 20021.658 8.52 

0.03 162.9065 23.9821 34.74325 19982.271 8.834 

0.05 162.8862 23.9766 34.699 19947.676 9.017 

0.09 162.8078 23.96014 34.67179 19860.377 9.271 

0.11 162.7831 23.91759 34.64001 19815.848 10.018 

0.14 162.7165 23.87469 34.56784 19703.688 11.467 
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2.9.7 X-Ray Photoelectron Spectroscopy Data   

Figure 2.17: Observed Ce 3d XPS (solid black line) and sum of fitted data (red line) for A) Ce38-

BA, B) Ce38-NA, C) Ce38-PA, and D) Ce6 precursor after 1 hour of catalysis. The observed data 

were fitted by Gaussian/Lorentzian functions with deconvoluted peaks in blue corresponding to 

Ce4+ and orange deconvoluted peaks corresponding to Ce3+.   

 

2.9.8 Electron Paramagnetic Resonance Spectra 

 

Figure 2.18: Continuous Wave EPR Spectra collected at 10 K of A) Ce38-NA, B) Ce38-BA, and 

C) Ce38-PA.   
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2.9.9 Raman Spectroscopy Details  

 

Table 2.4: Raman details of Ce oxo clusters   
 

Size (nm) F2g Peak Position (cm-1) D/F2g Peak Area Ratio 

CeO2 Nanospheres 30.2 465.6 0.02 

Ce38-NA 3.2 459.7 0.25 

Ce38- BA 2.2 457.7 0.28 

Ce38 -PA 3.1 458.7 0.08 

(Grain) size is calculated by using the equation, Γ (cm-1)=10+124.7/dg(nm), where Γ is the FWHM 

of the F2g peak.123 

  

2.9.10 Catalytic Data    

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.19: Reaction profile for photooxidation of 2-propanol catalyzed by cerium oxo clusters 

as monitored by 1H NMR.   
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Figure 2.20: Conversion after 1 hour of reaction (closed circles), followed by filtration and  

subsequent re-purging the residual filtrate with O2. Reaction progress after filtrate indicating by  

the open circles.    

  

 

Figure 2.21: PXRD patterns of Ce38 samples after catalysis and their respective simulated patterns.     
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Figure 2.22: Stacked 1H NMR of Ce38-BA catalyzed photooxidation of 2-propanol with increasing 

time (0 min to 6 hr) from bottom to top spectra. 2-propanol seen at ~3.8 ppm while internal 

standard (1-bromo-3,5-difluorobenzene ) ~6.9 – 7.3 ppm.     

 

Figure 2.23: Stacked 1H NMR of Ce38-NA catalyzed photooxidation of 2-propanol with increasing 

time (0 min to 6 hr) from bottom to top spectra. 2-propanol seen at ~3.8 ppm while internal 

standard (1-bromo-3,5-difluorobenzene ) ~6.9 – 7.3 ppm.     
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Figure 2.24: Stacked 1H NMR of Ce38-PA catalyzed photooxidation of 2-propanol with increasing 

time (0 min to 6 hr) from bottom to top spectra. 2-propanol seen at ~3.8 ppm while internal 

standard (1-bromo-3,5-difluorobenzene) ~6.9 – 7.3 ppm.     

 

Figure 2.25: Stacked 1H NMR of Ce6 precursor catalyzed photooxidation of 2-propanol with 

increasing time (0 min to 6 hr)  from bottom to top spectra. 2-propanol seen at ~3.8 ppm while 

internal standard (1-bromo-3,5-difluorobenzene) ~6.9 – 7.3 ppm.      
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Figure 2.26: Stacked 1H NMR of detected acetone (highlighted region) at δ 2.06 in the 

photooxidation of 2-propanol in CD3CN.  

 

  

Figure 2.27: Stacked 1H NMR of detected formaldehyde at δ 9.67 in the photooxidation of 2-

propanol in CD3CN.    
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Figure 2.28: Stacked 1H NMR of detected formic acid (highlighted region) at δ 7.99 in the 

photooxidation of 2-propanol in CD3CN.       

 

 

Figure 2.29: Example gas chromatogram of headspace observed above a Ce38-NA catalyzed 

isopropanol oxidation.  The peak at 2.114 min corresponds to CO while the peak at 2.485 min 

corresponds to CO2. 
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Table 2.5: Ce38-BA liquid product profile as quantified by 1H NMR. Remaining product presumed 

to be gaseous product.  

Time (min) 2-propanol 

disappearance 

(%) 

Total Liquid 

Product 

Yield (%) 

Acetone 

yield (%) 

Formic acid 

yield (%) 

Acetaldehyde 

yield (%) 

0 - - - - - 

10 20 13 4 2 7 

20 32 15 3 6 6 

30 40 15 3 7 5 

60 43 14 3 6 5 

120 51 14 7 6 4 

240 74 17 6 7 4 

360 81 16 6 7 3 

 

 

 

Table 2.6: Ce38-NA liquid product profile as quantified by 1H NMR. Remaining product presumed 

to be gaseous product.   

Time (min) 2-propanol 

disappearance 

(%) 

Total Liquid 

Product 

Yield (%) 

Acetone 

yield (%) 

Formic acid 

yield (%) 

Acetaldehyde 

yield (%) 

0 - - - - - 

10 >1 - - - - 

20 11 < 6 2 3 < 1 

30 36 < 6 2 3 < 1 

60 46 9 4 3 2 

120 55 8 3 2 3 

240 61 11 4 3 4 

360 65 12 5 3 4 
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Table 2.7: Ce38-PA liquid product profile as quantified by 1H NMR. Remaining product presumed 

to be gaseous product.    

Time (min) 2-propanol 

disappearance 

(%) 

Total Liquid 

Product 

Yield (%) 

Acetone 

yield (%) 

Formic acid 

yield (%) 

Acetaldehyde 

yield (%) 

0 - - - - - 

10 18 7 2 0 5 

20 21 13 5 0 8 

30 17 20 7 0 13 

60 24 22 7 0 15 

120 39 25 8 0 17 

240 54 18 8 0 10 

360 56 20 10 0 10 

 

 

Table 2.8: Ce6 Precursor liquid product profile as quantified by 1H NMR. Remaining product 

presumed to be gaseous product.    

Time (min) 2-propanol 

disappearance 

(%) 

Total Liquid 

Product 

Yield (%) 

Acetone 

yield (%) 

Formic acid 

yield (%) 

Acetaldehyde 

yield (%) 

0 0 - - - - 

10 7 7 0 0 0 

20 16 13 0 0 0 

30 16 20 0 0 0 

60 16 22 3 0 0 

120 14 25 7 0 0 

240 30 18 7 0 <1 

360 46 20 15 0 <1 
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Chapter 3: Interfacial Unit-Dependent Catalytic 

Activity for CO Oxidation over Cerium 

Oxysulfate Cluster Assemblies     

 

Portions of this chapter appear in the following manuscript:   

Wasson, M.C.;* Wang, X.;* Melix, P.; Alayoglu, S.; Wolek, A.T.Y.; Colliard, I.; Son, F.A.; Xie, 

H.; Weitz, E.; Islamoglu, T.; Nyman, M.; Snurr, R.Q.; Notestein, J.M.; Farha, O.K. Under 

Revision.    
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3.1 Chapter Summary      

 Atomically precise cerium oxo clusters offer a platform to investigate structure-property 

relationships that are much more complex in the ill-defined bulk material cerium dioxide. We 

investigated the activity of the MCe70 torus family (M = Cd, Ce, Co, Cu, Fe, Ni, and Zn), a family 

of discrete oxysulfate-based Ce70 rings linked by monomeric cation units, for CO oxidation. 

CuCe70 emerged as the best performing MCe70 catalyst among those tested, prompting our 

exploration of the role of the interfacial unit on catalytic activity. Temperature programmed 

reduction (TPR) studies of the catalysts indicated a lower temperature reduction in CuCe70 as 

compared to CeCe70. In situ diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) 

indicated that CuCe70 exhibited a faster formation of Ce3+ and contained CO bridging sites absent 

in CeCe70. Isothermal CO adsorption measurements demonstrated a greater uptake of CO by 

CuCe70 as compared to CeCe70. The calculated energies for the formation of a single oxygen defect 

in the structure significantly decreased with the presence of Cu at the linkage site as opposed to 

Ce. This study revealed that atomic level changes in the interfacial unit can change the reducibility, 

CO binding / uptake, and oxygen vacancy defect formation energetics in the MCe70 family to thus 

tune their catalytic activity.  

3.2 Cerium Oxo-based Heterogeneous Catalysts  

Bulk metal oxides are essential to a range of industries where their tunable surface and electronic 

structure facilitate their use as heterogeneous catalysts, in biomedical devices, and as semiconductors.1–3 In 

recent years, efforts have shifted to capitalizing on surface atoms and how the change in chemical 

environment, i.e. fewer nearest neighboring atoms, can increase their catalytic properties as compared to 

their bulk counterparts.136  Such strategies have included isolating a smaller nanooxide size regime to 

increase the amount of surface atoms or a specific morphology to access desired surface facets with higher 

surface energies to increase their catalytic activity.137,138 However, great care is needed to minimize the 
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polydispersity in these systems to confidently assign structure-property relationships given the surface 

heterogeneity.18 Other emerging strategies to access nano-sized bulk oxides tailored in size or shape include 

the growth of nano-sized oxides with templating mesoporous materials139 or on substrates such as thin 

films.140 Another strategy to access discrete nanooxide materials is their incorporation into structural 

building units in highly ordered hybrid materials, such as metal–organic frameworks (MOFs).23 Shifting to 

a smaller size regime with discrete, crystallographically-defined clusters enables more confident 

assignments of structure activity relationships.141 Thus, it is imperative to expand and subsequently 

interrogate the available library of metal oxo clusters.28  

 Of the well-studied metal oxides, metal-oxo clusters that resemble cerium dioxide present 

a fascinating platform for further research given the facile storage and release of oxygen within 

ceria to form reactive oxygen vacancy defects.106 Enabled by the favorable redox couple of Ce4+ / 

Ce3+, surface O atoms can readily be abstracted depending on reaction conditions and directly 

participate in reactions through a Mars-Van Krevelen mechanism.97,98 Moreover, subsurface atoms 

can facilitate the transport of O vacancies through the lattice, rather than remaining innocent to 

chemistry occurring at the surface.102 The reducibility of Ce4+ is greatly affected by and can be 

readily tuned through its local environment142 and geometry143. Thus, ceria-based catalysts and 

catalyst supports have become indispensable within heterogeneous catalysis.144 Inspired by their 

ubiquity, a library of Ce-oxo clusters have been reported in recent years, often focusing on the 

synthesis to control size and/or surface accessibility.31,103,145–147 Most recently, the Christou group 

modified a solvent used to facilitate the growth of intermediate Ce species to access a Ce100-baesd 

oxo cluster, the highest nuclearity Ce oxo cluster reported to date.148 

Additionally, work from the Nyman group expanded the metal oxysulfate torous motif, 

first reported in U and Zr,149,150 to Ce while providing insights to their asssembly.151,152 In these 



79 
 

crystallographically defined systems, every Ce atom is exposed to the surface in a donut-like 

structure (Figure 3.1) with a range of monomeric metal linkage moieties interconnecting the 

clusters to form 1-D channels. Recent work from the Farha and Nyman teams further expanded 

the series to include a Ce70 torus structure interconnected by Ce monomers and examined the 

photocatalytic and radical scavenging character of these clusters.153 To date, most discrete Ce oxo 

species have been studied in photocatalytic settings, given that the monodentate alkyl or aromatic 

capping agents present in other reported Ce oxo clusters limit their thermal stability.107,147 

However, the limited reports of utilizing discrete Ce oxo clusters for thermal-based catalysis 

starkly contrasts the substantial volume of studies investigating bulk ceria as a catalyst and/or 

catalyst support in applications such as CO oxidation or CO2 hydrogenation.92,154 Thus, the Ce70 

torus family, which instead features capping sulfates, is more amenable to interrogate as catalysts 

for more thermally demanding conditions. The unique surface architecture prompted us to further 

explore the efficacy of these clusters within gas-phase oxidation reactions. 

In this study, we report the oxidation of CO over a range of MCe70 oxysulfate clusters 

differing in the linkage cation between the clusters (M= Ce3+/4+, Cd2+, Co2+, Cu2+, Fe2+/3+, Ni2+, 

Zn2+). We demonstrate that the identity of this interfacial unit can alter the catalytic activity of the 

MCe70 cluster family. The higher catalytic activity of CuCe70 was corroborated with enhanced 

reducibility as observed through TPR-MS and in situ DRIFTS studies. Furthermore, DRIFTS and 

CO isothermal physisorption measurements suggested stronger CO binding and enhanced CO 

uptake respectively by CuCe70. Following the experimental observation of oxygen vacancy defects 

through Raman spectroscopy, density functional theory (DFT) calculations indicated that oxygen 

vacancy defect formation energetics differ among the bridging chain sites, with Cu interfacial sites 

exhibiting the lowest energy of formation, which further rationalizes its superior catalytic activity.  
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3.3 Experimental Methods and Material Characterization    

The family of MCe70 torus clusters (M= Ce3+/4+, Cd2+, Co2+, Cu2+, Fe2+/3+, Ni2+, Zn2+) were 

synthesized according to published procedures.151,153 Notably, the MCe70 clusters feature the 

shared formula of repeating Ce70 toroids as previously reported through single crystal X-ray 

diffraction (SC-XRD):  [Ce70(OH)36(O)64(SO4)60(H2O)10]
4− (see Table 3.1 for detailed formula 

listings).151 The toroid clusters are linked through sulfate and monomeric cation-based interfacial 

units (Figure 1). Powder X-ray diffraction (PXRD) measurements of the clusters resulted in 

patterns consistent with prior reports and exhibited long-range order (Figure 3.6). Inductively 

coupled plasma-optical emission spectrometry (ICP-OES) demonstrated the successful 

 

Figure 3.1 A) CeCe70 assembly with enlarged repeated unit. B) Interfacial linkage sites 

between two connected CeCe70 rings. C) Linkage sites between two connected CuCe70 sites. 

Color scheme: Light yellow, Ce; red, O; golden yellow, S; N, light blue, Cu, royal blue. H 

atoms omitted for clarity.   
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incorporation of the linkage metal with a Ce: M ratio ranging from (6.1: 1) to (7.6:1) in addition 

to a consistent Ce:S ratio throughout all clusters (Table 3.2). The higher ratio of M in the powder 

samples as compared to the Ce: M ratio derived from SC-XRD (74:3) has been previously 

observed and documented. Interestingly, the lower concentration of M used to form MCe70 clusters 

increased the rate of assembly and M incorporation.151 The synthetic procedures used to create 

microcrystalline MCe70 samples in this study used a smaller concentration of M as compared to 

the procedures previously reported to generate MCe70 single crystals.151–153 Nitrogen physisorption 

measurements were performed at 77 K to measure the apparent surface areas of all clusters (Figure 

S8), which are in agreement with previously reported surface areas of MCe70 clusters.153  

3.4 Catalyst Reactivity Data   

 Following the characterization of the MCe70 cluster family, we explored the clusters’ 

performance in CO oxidation in a packed bed reactor across a selected temperature regime 

(Figures 3.9-3.15). Additionally, we investigated CeO2 (commercially obtained) to contextualize 

the conversions of the MCe70 materials (Figure 3.16). CeO2 achieved a 2.5% conversion at 200 

°C, which is in the same range of most of the studied MCe70 catalysts and ~2-fold lower than 

CuCe70 before increasing to as high as 36% at 300 °C. All MCe70 catalysts were stable up to 200 

°C, so the discussion is restricted to these temperatures. Conversion profiles at 200 °C indicated 

comparable conversions among all the clusters, except the CuCe70 cluster, which exhibited a 3-

fold higher conversion than CeCe70 and nearly 2-fold higher than that of the other MCe70 clusters 

(Figure 3.2). Post-catalysis PXRD patterns demonstrated a retention in crystallinity without 

detectable formation of CeO2 (Figure 3.7). Thus, we determined that the family of the clusters 

remained intact, and there is a difference in catalyst reactivity with (CuCe70) > (CdCe70, CoCe70, 
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FeCe70, NiCe70, ZnCe70) > (CeCe70). Moving forward, we elected to focus on CuCe70 and CeCe70 

to interrogate the effect of linkage cation on the catalytic activity.    

 

Next, we investigated the conversion profiles of CeCe70 and CuCe70 at 200 °C for 16 hr on 

stream (Figure 3.17) to probe the catalyst stability. In these studies, CeCe70 exhibited constant 

reactivity, suggesting it does not undergo an initial inductive effect that could have resulted in a 

lower conversion than CuCe70. CuCe70 suffered a loss of ~20% catalytic activity after 3 hr but 

remained constantly higher than CeCe70. Moreover, through X-ray photoelectron spectroscopy 

(XPS), we determined that CeCe70 and CuCe70 both contained similar amounts of Ce3+ (45%) post- 

catalysis (Figures 3.18-3.19).  

3.5 Temperature Programmed Reduction Data of Catalysts   

 We further explored the effect of Cu as a linkage element, hypothesizing that the Cu2+/1+ 

redox couple affects the overall reducibility of our catalysts given the literature precedence that 

 

Figure 3.2 CO oxidation profiles at 200 °C of MCe70 clusters averaged over 3 trials. See Chapter 

3.9.2 for further experimental setup details.  
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the Cu2+ to Cu1+ redox couple served as a potent redox promoter on CeO2-based catalysts.155 We 

investigated the temperature programmed reduction (TPR) of the CeCe70 and CuCe70 catalysts 

under 5% CO/He while connected to a mass spectrometer (MS). We monitored the formation of 

detected CO2 and SO2 to distinguish between the reduction of Ce4+ to Ce3+
, a process that must be 

coupled with the oxidation of CO to CO2, as well as the reduction of surface sulfates on the clusters 

to SO2. For CeCe70, we observed TCD signals centered at 322 °C and 498 °C, whereas CuCe70 

exhibited TCD signals at lower temperatures of 288 °C and 480 °C (Figure 3.3A/B). We therefore 

determined that CuCe70 is more reducible at lower temperatures. Within this temperature regime, 

TPR-MS traces demonstrated [CO2] >> [SO2] for the two sets of lower temperature peaks for both 

catalysts (Figures 3.3A/B). However, the low conversion of CO to CO2 in the TPR-MS precludes 

definite conclusions about the reducibility of specifically Ce4+ within this particular experiment; 

only 1.1 µmol and 1.8 µmol of CO2 were generated in CeCe70 and CuCe70 respectively in the 290-

350 °C range, corresponding to less than 1% of total moles of Ce reduced. The third TPR peak 

that appears ~650 °C in both catalysts features an equivalent production of CO2 and SO2, which 

complicates any conclusions that can be made about Ce4+ reduction at this temperature regime 

(Figure 3.21).  Nonetheless, the TPR-MS data of the lower temperature TPD signals suggests the 

identity of the cation in the bridging unit affects reduction within MCe70 clusters. Furthermore, the 

more reducible nature of CuCe70 at lower temperatures coincides with its higher activity in the CO 

oxidation experiments as compared to CeCe70. We were motivated to further investigate the 

evolution of Ce3+ within CeCe70 and CuCe70 to elucidate the effect of the linking cation on the 

reduction of Ce4+.   
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3.6 In situ Diffuse Reflectance Infrared Fourier Transform Spectroscopy Data and Data 

Deconvolutions   

An available tool to study Ce3+ formation in CeO2-based catalysts is monitoring the spin-

orbit transition peak of Ce3+ appearing ~2150 cm-1,156,157 as demonstrated by Wu et al. 158 Thus, 

 

Figure 3.3 TPR-MS profiles of A) CeCe70 and B) CuCe70 under CO within 150 – 550 °C range. 

Remaining molar fraction corresponds to He, the carrier gas for the experiments. 
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we conducted in situ DRIFTS measurements of recirculated 13CO in the presence of an 18O2 rich 

atmosphere flowed over CeCe70 and CuCe70. See Chapter 9.9.2 for more experimental details.  

Labeled 13CO was used to further separate the spectrum of the reagent gas from the 2150 cm-1 

region of interest.159 We intentionally collected spectra with a resolution lower than that of the 

rotational coupling constants of CO (2 cm-1) to  remove the vibrational-rotational peaks of gas 

phase CO to enable more facile data fitting.160 As shown in Figure 3.4B, we detected a more 

noticeable shoulder around 2150 cm-1 in the DRIFTS of CuCe70, suggesting a greater evolution of 

 

Figure 3.4 13CO DRIFTS data of a) CeCe70 and b) CuCe70 in selected region collected at 200 °C. 

Time in legend corresponds to duration of DRIFTS cell exposure to 13CO / 18O2. Residual DRIFTS 

data shown in c) of CeCe70 and d) of CuCe70 Grey dotted line added to aid visualization of 2150 

cm-1. 
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Ce3+ in CuCe70 as compared to CeCe70 (Figure 3.4A). Both catalysts demonstrated the formation 

of CO2 with peaks appearing between 2250-2320 cm-1. Interestingly, a strong peak at around 1915 

cm-1 and a broader peak around 1955 cm-1 appeared during the DRIFTS experiment in CuCe70 and 

not in CeCe70. 

To identify the contributions of the Ce3+ peak at 2150 cm-1 and explore the unexpected 

features between 1915 - 1960 cm-1, we removed the gas phase 13CO signal and deconvoluted the 

resulting residual spectra between 1875 cm-1 and 2225 cm-1. Details of background treatment and 

the deconvolution procedure are located in Chapter 3.9.9. The residual peaks of CeCe70 and CuCe70 

are plotted in Figures 3.4C/D. Peaks assigned to adsorbed CO were observed at 2040 cm-1, 2078-

2088 cm-1, and 2105 cm-1. In the CuCe70 system, the second peak appeared slightly redshifted to 

2078 cm-1, indicating a weaker C–O bond and suggesting a stronger CO interaction as compared 

to the peak centered around 2088 cm-1 in CeCe70. Importantly, with the data deconvolution, we 

determined the amplitude of the Ce3+ peak at 2150 cm-1 (Tables 3.4-3.5). In order to follow the 

rate of formation of Ce3+ in each catalyst, we normalized the 2150 cm-1 peak to the adsorbed CO 

peak at 2040 cm-1 (Figure 3.36). With these data, we concluded that there is a faster rate of Ce3+ 

formation and likely neighboring oxygen vacancy formation in CuCe70 despite the ~5% fitting 

error associated with fits and surface site fluctuations too fast to appear on this timescale.  This 

more facile Ce3+ formation aligns with the higher catalytic activity of CuCe70 in CO oxidation.  

Additionally, from the deconvolution of the CuCe70 spectra, we observed a clear increase 

in the intensity of the lower frequency peaks (1915 cm-1 and 1955 cm-1) while the 2040 cm-1 and 

the 2150 cm-1 peaks proportionally decreased. We reasoned that the Cu must be contributing to 

this interaction given the absence of these low frequency peaks in CeCe70. We determined that the 

lower frequency peaks are unlikely to result from CO linearly bonding solely to Cu species, as 
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prior reports indicate shifts >2055 cm-1 for Cux+- 13CO species (>2100 cm-1 correlates to Cux+- 

12CO species).161 Since this region is where bridging CO stretches are expected,162 the peaks 

assigned at 1915 cm-1 and 1955 cm-1 can likely be attributed to 1) bridging CO forming a Cu-CO-

Ce dimer and/or 2) bridging CO forming a Ce-CO-Ce dimer that is facilitated by nearby Cu. The 

ability to form bridging CO in CuCe70 as opposed to CeCe70 implied a higher CO uptake in CuCe70 

given this bridging motif is more energetically challenging to access at lower CO concentrations, 

as previously reported through Monte Carlo simulations.163 To further explore this hypothesis, we 

conducted CO isothermal adsorption measurements at 87 K, and we observed an almost 2-fold 

increase in CO uptake by CuCe70 as compared to CeCe70, consistent with its higher N2 uptake 

(Figure 3.37). The higher CO uptake, which likely enables the unique bridging CO stretches 

observed in the CuCe70 DRIFTS spectra, is consistent with the observed superior reactivity of 

CuCe70. 

3.7 Oxygen Vacancy Defect Formation   

 After detecting the evolution of Ce3+ in our DRIFTS data, we further explored the 

formation of neighboring O vacancies, species known to directly participate in oxidative or 

reduction processes,98,106 using Raman spectroscopy. Measurements under ambient conditions 

indicated vacancies are present in the pristine CeCe70 and CuCe70 clusters, in agreement with prior 

studies by Wang et al. (Figure 3.38).153 Both catalysts demonstrated a signal around 400 cm-1 that 

is attributed to surface Ce-O vibrations with a larger intensity than the peak around 465 cm-1 

associated with bulk Ce-O vibrations.164 Herman and co-workers previously demonstrated that a 

shoulder in Raman spectra of ceria nanoparticles as small as 6 nm at ~400 cm-1 is due to combined 

effects of strain and photon confinement.165 However, more intense surface than bulk features is 

highly unusual, even among CeO2 nanoparticles, further highlighting their cluster-like nature as 
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opposed to a nanostructured solid-state character.  The intensities found between 500-700 cm-1 

indicate a rich defect character for both clusters.166 Given that both clusters are able to 

accommodate oxygen defects, we conjectured that the ability to form the defects in the Ce70 toroid 

system could be affected by the linkage element present.    

To further investigate the formation of oxygen vacancy defects within CeCe70 and CuCe70, 

we calculated and compared the defect formation energy in these systems using density functional 

theory. Based on previously published structural data of Colliard et al. and Wang et al., we first 

manually created an idealized cluster model of a Ce70 toroid with D10h symmetry.151–153 Due to the 

missing/disordered hydrogen atoms in the experimental structure solutions, we rigorously tested 

all reasonable hydrogen placements adhering to the D10h symmetry. See Chapter 3.9.12 for a 

detailed discussion of possible hydrogen placements. The resulting 22 hydrogen patterns were 

optimized at the PBE level of theory and the resulting relative energies were compared. We found 

two hydrogen placements within a range of 9 kJ/mol of each other, while all other placements are 

found to be more than 450 kJ/mol higher in energy. We therefore chose the hydrogen placement 

with the lowest energy for our further investigations. The second lowest energy configuration can 

also be expected to occur, in line with -O/OH disorder observed in the bond valence sum 

calculations of Colliard et al.151 A comparison of all hydrogen placements and their relative 

energies is given in Chapter 3.9.12.   

Using the selected hydrogen placement scheme, we investigated the formation energy 

(Δ𝐸defect) for a defect consisting of a single missing neutral oxygen atom using the formula 

Δ𝐸defect = 𝐸(toroid w. defect) + 𝐸 (
1

2
O2) − 𝐸(toroid). The selected hydrogen placement scheme 

allows for five distinct neutral oxygen vacancies. The resulting defective toroid was modeled in a 

triplet spin state, as the spin coupling between Ce atoms adjacent to the defect site is expected to 
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be small and the accuracy of the calculation setups is expected to be lower than possible effects 

observable by employing the broken symmetry approach to describe a singlet antiferromagnetic 

(AFM) spin state.167 To validate the triplet state, we also calculated the defect formation energies 

using a singlet spin state of the defective cluster. Absolute energies of the clusters as well as defect 

formation energies are significantly lower in the triplet state, confirming our spin state choice. See 

Figure S.43 for more details. We note here that the defect formation energies calculated using the 

singlet state of the defective cluster and bulk ceria are surprisingly close to some values reported 

in the literature where no spin state is specified.168–170 Our results underline the importance of 

investigating different spin states (and reporting what spin state was used) when modeling 

defective ceria using DFT. All calculated defect energies are given in Chapter 3.9.12. 

We calculated the defect formation energies of the five possible defect sites in the Ce70 

cluster (labeled A to D and F, see Figure 3.5A/B). The average value is 0.48 eV, with a minimum 

value of 0.38 eV and one outlier at 0.75 eV (Figure 3.5C). For comparison, we also calculated the 

bulk defect energies of bulk CeO2 and a Ce6O8(O2CH)8 cluster (an often-used precursor in Ce-oxo 

cluster synthesis103 or building block in metal–organic frameworks171 and comparable to the Ce6 

octahedron unit in the toroid) using the same methodology to be 2.32 eV and 0.42 eV, respectively 

(computational details are given in Chapter 3.9.12). We therefore observe the same trend of 

decreasing Δ𝐸defect with decreasing particle size that is also observed experimentally.172,173 Our 

Δ𝐸defect of bulk ceria is slightly lower than previously reported values calculated using DFT+U 

(e.g. 3.2 eV by Chen et al. using Uf = 6.2 eV).174 Ziemba et al. calculated Δ𝐸defect for ceria surfaces 

using DFT+U (Uf = 4.5 eV) to be in the range of 1.1 to 2.1 eV.175,176 This clearly shows the overall 

trend of a decreasing Δ𝐸defect for a decreasing dimensionality and extension of the ceria particles 
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and agrees well with our results. Our Ce70 cluster model furthermore exhibits no significant 

deviation in Δ𝐸defect from the isolated Ce6O8(O2CH)8 cluster even though it is an extended system. 

 

Figure 3.5 Visualization (A) and alternate perspective (B) of the [Ce7O10(SO4)6(H2O)5]
4-fragment 

used for constructing initial configurations. Atoms colored by element: Ce light yellow, H white, S 

yellow, O red. The seven unique oxygens for hydrogen placement possibilities are color coded 

following the naming scheme below Figures 3.5A/ B.  C) Calculated single oxygen vacancy 

formation energies (𝛥𝐸defect) in the Ce70 cluster (red crosses), the CeCe70 chain (green triangles) 

and the CuCe70 chain (blue diamonds). The calculated defect formation energy in an isolated 

Ce6O8(O2CH)8 cluster is plotted as a blue dashed line.  
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To investigate the influence of the bridging Ce and Cu units in the experiment, we extended 

our model into a one-dimensional chain by adding the bridging CeO4 or CuO4 unit from the single 

crystal-derived structure solution to the DFT+U optimized cluster and applying one dimensional 

periodic boundary conditions (1D PBC). In the case of Ce, two oxygens were saturated with two 

H atoms each. For the Cu bridge, two oxygens were saturated with two H atoms each, and the 

remaining two oxygens were saturated with one H atom each. After relaxation of the unit cell 

length and subsequent geometry optimization, the same methodology as for the cluster model was 

applied to obtain Δ𝐸defect for the five possible defect sites (labeled A to D and F, see Figure 

3.5A/B). The resulting defect formation energies of the Ce-bridged chain (Figure 3.5C) are in 

good agreement with the Ce70 cluster model values. The average Δ𝐸defect is 0.44 eV for the CeCe70 

chain, while the spread is significantly larger than in the Ce70 cluster model (minimum of 0.13 eV 

and maximum of 0.67 eV). Figure 3.5C compares all three model systems and the Ce6 cluster. 

More details and a comparison of the effect of varying Ud values on the resulting defect formation 

energies in the Cu-bridged chains are given in Chapter 3.9.12. 

From Figure 3.5C it is clearly visible that the substitution of Ce with Cu in the bridging 

unit results in a significant decrease of Δ𝐸defect. This conclusion agrees well with the experimental 

observation of increased activity for the Cu system but is still surprising. The chemical nature of 

the system would, in our opinion, suggest a highly localized nature of the defect formations. The 

Ce70 cluster model also suggests a highly localized electron redistribution upon formation of the 

oxygen vacancy, with the two free electrons localizing in the Ce f orbitals of two adjacent Ce 

atoms. In the case of the Ce-bridged periodic model, we also observe no significant charge transfer 

upon formation of the oxygen vacancy beyond the two adjacent Ce atoms. In the Cu-bridged chain, 

however, a significant charge transfer towards the Cu atom in the bridge is observed (decrease of 
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Mulliken charge on Cu from 0.47 to 0.18). The previous doublet spin state on the Cu transforms 

into a singlet state in our calculations, suggesting a reduction of the Cu. The defective system, 

however, still favors the anticipated quartet state, and the three unpaired electrons localize on the 

three Ce atoms adjacent to the oxygen vacancy. This charge transfer is unexpected, and we are at 

this stage unable to determine whether this is an artifact of the level of theory applied here or if 

this is indeed close to the true electronic ground state of the system. Further computational and 

experimental investigations are needed to better model the effects of the bridge on the nearby 

defect sites. Nonetheless, we are hopeful that our initial systematic study into modeling defect 

energetics within experimentally derived Ce-oxo clusters will motivate future investigations 

among other cluster shapes and compositions given the rarity of such inquiries.  

While Cu/CeO2 based catalysts have been well-studied for CO oxidation, they often are in 

the form of polydisperse oxides, hindering the understanding of the real active sites.177 Our inquiry 

into highly crystalline, discrete clusters provides an alternative approach to derive meaningful 

insights relating structure and reactivity with increased confidence of the atomic level structure. 

Our results indicated that even a single ion-based linkage unit between neighboring clusters can 

serve as an active interface that readily tunes the reducibility and defect formation energetics of 

the Ce70 ring, and consequently the catalytic activity. We envision that our study can further 

motivate the creation of single / few ion178 or ultrathin179 interfaces within ceria-containing 

nanostructures.  

3.8 Conclusions   

 In summary, we have established a correlation between higher catalytic activity for CO 

oxidation and the identity of the bridging cationic units linking the Ce70 toroids within the MCe70 

cluster assemblies. We observed the highest CO conversion with CuCe70, containing Cu in the 
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bridging units. Through CO-TPR studies, we observed that CuCe70 is more reducible than CeCe70. 

In situ DRIFTS data suggested a faster formation of Ce3+ and identified unique CO bridging 

adsorption bands within CuCe70, while CO isotherms confirmed higher CO uptake in CuCe70 as 

compared to CeCe70. Lastly, calculations determined that the presence of Cu in the bridging unit 

can substantially lower the energetic requirements to form a single oxygen vacancy in CuCe70 

compared to CeCe70. Thus, we conclude that the incorporation of Cu in the bridging chain of the 

Ce70 torus family results in superior catalytic activity for CO oxidation due to its higher 

reducibility, enhanced CO binding and uptake, and more favorable oxygen vacancy defect 

formation. This investigation into gas-phase reactivity and cluster chemistry demonstrates that 

subtle atomic changes can affect the assemblies’ properties. We are hopeful that this study will 

inspire further inquiry into this fascinating array of species as well as the expansion of further 

metal oxo cluster or bulk metal oxide architectures with unique interfaces.  

 

3.9 Additional Information 

3.9.1 Materials   

Cerium ammonium nitrate (Ce(NH4)2(NO3)6), cerium sulfate (Ce(SO4)2), copper nitrate 

(Cu(NO3)2), cobalt nitrate (Co(NO3)2), iron nitrate (Fe(NO3)3), nickel nitrate (Ni(NO3)2), zinc 

nitrate (Zn(NO3)2), cadmium acetate (Cd(CH3COO)2 · 2H2O), sulfonic acid, tetrabutylammonium 

chloride ([CH3(CH2)3]4NCl), potassium bromide (KBr), quartz sand (trace-metal grade) were 

purchased from Sigma Aldrich. Deionized water was used as the water source for cluster synthesis. 

Ethanol (99%) was used as received from Fisher Scientific. For ICP measurements, all ICP 

standards (including Cd, Ce, Co, Cu, Fe, Ni, S, Zn) were purchased from Sigma Aldrich. 

Concentrated nitric acid was used to digest the sample and was purchased from VWR Scientific, 
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LLC. (Chicago, IL). Ultrapure deionized water was obtained from a Millipore Milli-Q-Biocel A10 

instrument used for ICP digestion. N2, CO2, and CO (99.999%) tanks were purchased and received 

from Airgas for sorption measurements. 5% CO / 20% O2 / He, 20% O2 / He, and N2 were used as 

received from Airgas for reactivity measurements. 13CO and 18O2 were also purchased and received 

from Airgas for DRIFTS measurements. <25 nm CeO2 was purchased from Sigma Aldrich and 

used as received. 

3.9.2 Synthesis and Experimental Procedures      

MCe70 Syntheses: CeCe70, CoCe70, CuCe70, FeCe70, NiCe70 were synthesized according to 

published procedures for microcrystalline samples.153 CdCe70 was synthesized according to 

published procedure for CdCe70 – standard, yet was left to sit undisturbed for 5 days.151 ZnCe70 

was synthesized according to modifications from published procedure and is detailed below.151  

87 mg of Zn(NO3)2 and 110 mg of Ce(SO4)2 were placed in 2 mL of water with 20 µL of a 

1.0 M aqueous solution of tetrabutylammonium chloride. The clusters were left for 36 hr 

undisturbed at room temperature.   

After synthesis, all clusters underwent the following washing procedure:   

The as-synthesized cluster solutions were centrifuged to decant the collected solid from the 

mother solution. The isolated cluster was then washed twice more with DI water, followed by 

centrifugation and then twice with ethanol. After the second ethanol wash and centrifugation, the 

isolated powder dried overnight on the benchtop.   

The corresponding formulas for the MCe70 clusters are comprised in Table S1 below 

determined from SC-XRD unless otherwise indicated:   
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Table 2.1: Summary of MCe70 formulas.  

Cluster Formula Reference  

CdCe70 Cd7Ce70(OH)36(O)64(SO4)65(H2O)72 Ref. 151 

CeCe70 Ce50
IVCe22

Ⅲ(OH)64(NO3)2(O)36(SO4)64(H2O)62 Ref. 153 

CoCe70 Ce55
IVCe20

ⅢCo2
Ⅱ (OH)72(O)42(SO4)64(H2O)63 Ref. 153 

CuCe70 Ce53
IVCe21

ⅢCu3
Ⅱ (OH)73(O)36(SO4)68(H2O)108 Ref. 153 

FeCe70 Ce52
IVCe22

ⅢFex
ⅡFey

III(OH)72(O)36(SO4)68(H2O)63 Ref. 153 (XPS / ICP-OES） 

NiCe70 Ce55
IVCe20

ⅢNi2
Ⅱ (OH)72(O)36(SO4)66(H2O)108 Ref. 153 

ZnCe70 [Zn(H2O)6]0.5Ce4.5Ce70(OH)36(O)64(SO4)67.5(H2O)64.75 Ref 151 

 

Powder X-ray Diffraction (PXRD) Measurements: PXRD measurements were recorded at 

room temperature on a STOE-STADI P powder diffractometer equipped with an asymmetric 

curved Germanium monochromator (CuKα1 radiation, λ = 1.54056 Å) and one-dimensional 

silicon strip detector (MYTHEN2 1K from DECTRIS). The generator was set to be 40 kV and 40 

mA. The activated powder was measured in transmission geometry in a rotating holder with the 

intensity data from 1 to 40 degrees. The scan step was set to be 2θ = 4.005° while the scan time 

was 30 s.  

Inductively-coupled plasma optical emission spectroscopy (ICP-OES):  The analyses were 

completed on a Varian Vista-MDX model ICP-OES spectrometer (Varian, Walnut Creek, CA) 

with a CCD detector and Ar plasma that covers 175-785 nm range. To prepare the sample, 2-4 mg 

mg of each material was digested in 2 mL concentrated HNO3 by heating in a 2-5 mL of Biotage 

(Uppsala, Sweden) SPX microwave reactor (software version 2.3, build 6250) at 150 °C for 10 

minutes. After that, 400 μL of the solution was taken out and then diluted to a final volume of 10 

mL with Millipore H2O. 
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N2 Physisorption Measurements: Prior to isotherm measurements, around 100 mg of 

sample was degassed on a Micrometritics ASAP 2420 for 18 hr at 30 °C. Then, N2 sorption 

isotherms were measured using a Micrometritics ASAP 2420 surface area analyzer at 77 K.  

Catalyst Reactivity Studies: In a typical experiment, ∼40 mg of catalyst (based on ~0.3 

mmol of Ce70) was diluted with 1 g of quartz sand (trace-metal grade) and packed in a quartz tube 

plugged with quartz wool. The height of the bed was approximately 1 in. The sample was 

pretreated with at 200 °C for 2 hr with a flow rate of 20 sccm of 20% O2/He. After pretreatment, 

the catalyst was immediately exposed to reactant gases of 20 sccm of 0.5% CO/ 20% O2/ He and 

20 sccm of 20% O2/ He co-fed with 50 sccm of N2. For a typical temperature ramp-up and ramp 

down profile, the reactor was first cooled to 150 °C at a rate of 10 °C / min and held for 2 hr, then 

ramped to 200 °C at a ramp rate of 10 °C / min and held for 2 hr, then ramped to 250 °C at a ramp 

rate of 10 °C / min and held for 2 hr, then ramped to 300 °C at a ramp rate of 10 °C / min and held 

for 4 hr, then cooled to 250 °C at a rate of 10 °C / min and held for 2 hr, then cooled to 200 °C at 

a rate of 10 °C / min and held for 2 hr, then cooled to 150 °C at a rate of 10 °C / min and held for 

2 hr before a final cool down to 40 °C. To generate the 200 °C conversion data to gather triplicate 

data points (Figure 3.2), a typical experiment repeated the pretreatment protocol of heating the 

reactor tube at 200 °C for 2 hr with a flow rate of 20 sccm of 20% O2/He. To remain consistent 

with the prior temperature ramp profile described above, the catalyst was first cooled to 150 °C 

and held for 2 hr under the reactant conditions described above before ramping to 200 °C at 10 

°C/min and held for 2 hr to generate the additional trials used for catalyst comparisons. For the 

stability studies of CeCe70 and CuCe70, each catalyst was again pre-treated at 200 °C for 2 hr with 

a flow rate of 20 sccm of 20% O2/He. Then, the catalyst was heated at 200 °C for over 16 hr under 

the reactant conditions mentioned above to remain consistent with the other studies.  
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XPS Measurements: X-ray photoelectron spectroscopy (XPS). The oxidation states of the 

metals in the cluster before and after the catalysis were tested at the KECKII/NUANCE facility at 

Northwestern University on a Thermo Scientific ESCALAB 250 Xi instrument equipped with an 

electron flood gun and a scanning ion gun. XPS data was analyzed using Thermo Scientific 

Avantage Data System software and all spectra were referenced to the C1s peak (284.8 eV) and 

Ce peaks were assigned according to literature references.133 The CuCe70 sample post catalysis 

was transferred from the BenchCAT reactor in an air-free manner to an Ar glovebox where it was 

then placed into an air-free chamber attachment that connects to the XPS instrument.     

CO Temperature Programmed Reduction Experiments: Approximately 70 mg of material 

was placed in quartz reaction tube plugged between quartz wool and quartz sand.  Temperature 

programmed experiments were performed on an Altamira AMI-200 instrument equipped with a 

thermal conductivity detector (TCD). In a typical experiment, catalysts were pretreated at 200 °C 

for 2 hr under 30 cc/min under 10% O2/He and then cooled to 40 °C in 30 sccm He. Then, the 

system was heated to 900 °C at a ramp rate of 10 °C/min under 25 sccm of 5% CO/He with a 

carrier gas flow of 5 cc/min of He. Then, the system was cooled to 40 °C at a ramp rate of 30 

°C/min under 30 cc/min of N2.      

In situ DRIFTS Measurements: In situ 13CO DRIFTS measurements were carried out using 

a Nicolet iS50 FT-IR spectrometer equipped with a Harrick Scientific Praying Mantis DRIFTS 

accessory and a high temperature reaction chamber. Each sample (12 mg of each) was crushed 

using a mortar and pestle and placed in the sample cup of the DRIFT reaction chamber on top a 

bed of KBr. The temperature was raised to 200 °C under 10% O2/ Ar (Airgas, UHP grade) flowing 

at 50 sccm. A background spectrum was collected after 200°C for 2 hr and used as a reference for 

the subsequent spectra. Then, a gaseous mixture of 13CO (20.0 mbar) and 18O2 (50 mbar) in He 
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(1000 mbar) was recirculated through a custom-built system equilibrated at 820 mbar. IR spectra 

were acquired over the course of ~2 hr until spectral changes in the CO and CO2 stretch region 

(~2200–1900 cm–1) were negligible. The spectra resolution was 3.857 cm-1. The system was 

evacuated under Ar as the reaction chamber cooled back down.  

CO Isothermal Adsorption Measurements:  Carbon monoxide (99.999%) was purchased 

from Airgas. CO isotherms were measured on a Micromeritics 3Flex. MOF samples were activated 

overnight under vacuum at 30 °C using a Micromeritics ASAP 2420. The CO isotherms were 

collected at 87 K and collected on a Micromeritics 3Flex Instrument. Note: CO is a higly toxic 

gas, and special precautions should be taken for isotherm collection. The instrument should 

be placed in a fumehood equipped with CO sensors. We recommend users to install a excess 

flow shut off valve and a flashback arrestor.  Here the isotherms are collected at 87 K, 

however, if the users desire to collect isotherms at 77 K, the pressure must be limited to 0.5 

bar as the CO can condense in the analysis tube pressures at higher than 0.57bar at 77 K.  

Raman Spectroscopy:  Raman measurements were carried out on a custom-built system 

equipped with a visible Ar ion laser and a Horiba IHR 550 spectrometer. Fundamental 532 nm 

excitation was employed for all Raman measurements. Laser power by the sample was 26 mW; 

and spot size by the sample was estimated at a millimeter. Raman signal was collected by using 

an off-axis parabolic mirror with a through pinhole. Powder samples were placed in the fluidized 

bed reactor and fluidized during laser illumination by a flow of 35 sccm of 10% O2/Ar. An average 

of four spectra were collected for all the samples. Exposure time per spectrum was 600 s per 

sample.  
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3.9.3 PXRD Patterns  
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Figure 3.6 PXRD patterns of MCe70 clusters taken after solvent exchange and evacuation 

procedures detailed in Chapter 3.9.2 stacked above the simulated PXRD pattern of CeCe70. 
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Figure 3.7 PXRD patterns of MCe70 clusters post catalysis. No peaks attributed to CeO2 were 

detected after 16 hr on stream. Quartz sand impurities found in some samples near 21° and 26°.   

 

 3.9.4 ICP-OES Data 

Table 3.2  ICP-OES data of digested MCe70 clusters.  

 

Sample Ce:M Ratio Ce:S Ratio 

CdCe70 6.3: 1 1.2: 1 

CeCe70 - 1.3: 1 

CoCe70 7.5: 1 1.2: 1 

CuCe70 6.3: 1 1.2: 1 

FeCe70 7.6 :1  1.2: 1 

NiCe70 7.2: 1 1.2: 1 

ZnCe70 6.1: 1 1.2: 1 
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3.9.5 N2 Physisorption Measurements  
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Figure 3.8 N2 physisorption data collected at 77 K.  BET areas indicated in parentheses.  
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3.9.6 Catalyst Reactivity Data  
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Figure 3.9 CeCe70 temperature profile. Conditions described in Chapter 3.9.2; time on stream 

refers to exposure to reactant gases. Catalyst heated at 200 °C for 2 hr under O2/He prior to 

catalysis.   
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Figure 3.10 CuCe70 temperature profile. Conditions described in Chapter 3.9.2; time on stream 

refers to exposure to reactant gases. Catalyst heated at 200 °C for 2 hr under O2/He prior to 

catalysis.   
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Figure 3.11 CdCe70 temperature profile. Conditions described in Chapter 3.9.2; time on stream 

refers to exposure to reactant gases. Catalyst heated at 200 °C for 2 hr under O2/He prior to 

catalysis.    
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Figure 3.12 CoCe70 temperature profile. Conditions described in Chapter 3.9.2; time on stream 

refers to exposure to reactant gases. Catalyst heated at 200 °C for 2 hr under O2/He prior to 

catalysis.    
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Figure 3.13 FeCe70 temperature profile. Conditions described in Chapter 3.9.2; time on stream 

refers to exposure to reactant gases. Catalyst heated at 200 °C for 2 hr under O2/He prior to 

catalysis.     
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Figure 3.14 NiCe70 temperature profile. Conditions described in Chapter 3.9.2; time on stream 

refers to exposure to reactant gases. Catalyst heated at 200 °C for 2 hr under O2/He prior to 

catalysis.     
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Figure 3.15 ZnCe70 temperature profile. Conditions described in Chapter 3.9.2; time on stream 

refers to exposure to reactant gases. Catalyst heated at 200 °C for 2 hr under O2/He prior to 

catalysis.     

Figure 3.16 CeO2 (commercially obtained) temperature profile. Conditions described in Chapter 

3.9.2; time on stream refers to exposure to reactant gases. Catalyst heated at 200 °C for 2 hr under 

O2/He prior to catalysis. 
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Figure 3.17 CeCe70 and CuCe70 stability test conducted at 200 °C. Conditions described in Chapter 

3.9.2; time on stream refers to exposure to reactant gases. Catalyst heated at 200 °C for 2 hr under 

O2/He prior to catalysis.    

 

 3.9.7 XPS Data   

 
 

Figure 3.18 CeCe70 Ce 3d spectrum post-catalysis (collected after 2 hr on stream with reactants) 

at 200 °C. The observed data were fitted by Gaussian/Lorentzian functions with deconvoluted 

peaks in blue corresponding to Ce4+ and orange deconvoluted peaks corresponding to Ce3+. 
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Figure 3.19 CuCe70 Ce 3d spectrum post-catalysis (collected after 2 hr on stream with reactants) 

at 200 °C. The observed data were fitted by Gaussian/Lorentzian functions with deconvoluted 

peaks in blue corresponding to Ce4+ and orange deconvoluted peaks corresponding to Ce3+.  

 

 

 

  
Figure 3.20 CuCe70 Cu 2p spectrum post-catalysis (collected after 2 hr on stream with reactants) 

at 200 °C. The observed data were fitted by Gaussian/Lorentzian functions.  To investigate the 

presence of Cu1+ in CuCe70 post catalysis, we handled our spent CuCe70 in an air-free manner to 

investigate the Cu 2p XPS, but we observed a spectrum that suggested the presence of either Cu2+ 

or a mixture of Cu1+/Cu2+.180   
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3.9.8 TPR-MS Data  

 

 

Figure 3.21 A) Overlaid TPR profile of CeCe70 and CuCe70 collected under CO/He with inset 

showing 150-400 °C range. B) CeCe70 TPR-MS profile and C) CuCe70 TPR-MS profile.  
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3.9.9 DRIFTS Data and Fitting Details    

  

 

Figure 3.22 DRIFTS data collected at 200 °C under 13CO and 18O2 flowed over a) CeCe70 b) 

CuCe70 .   
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Figure 3.23 DRIFTS data collected of 13CO of varying partial pressures used for data 

deconvolution as discussed below.  
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DRIFTS Data Deconvolution Details: We deconvoluted the region of the spectra between 

1875 cm-1 and 2225 cm-1. While shifted relative to gas phase 12CO features, the gas phase 13CO 

features are still dominant in this region. Control experiments indicated a linear relationship 

between the 13CO partial pressure and the magnitude of the asymmetric gas phase signal (Figure 

3.23). To process the data, background were applied and the signal due to the 13CO asymmetric 

stretching mode was subtracted using a linear combination of 13CO gas phase spectra. A linear 

background was applied to the CeCe70 sample, while a more appropriate shape-preserving cubic 

spline (pchip) background was applied to the CuCe70. The linear combination was constructed 

from 13CO gas phase spectra shown in Figure S16 and was normalized to the background corrected 

CeCe70 and CuCe70 spectra using the magnitude of the R branch at 2125 cm-1. Peak heights and 

widths are summarized in Tables 3.3-3.4 and outputs from Matlab are included below. For the 

peak deconvolution, we used a code for MatLab published by reference 181.181  This yielded a 

number of features attributed to Ce3+ and bound CO to various sites.182,183   
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Table 3.3 Deconvolution results summarized for CeCe70 DRIFTS data; time refers to the amount 

of exposure to reactant gases.   

 

Time Peak Number Peak Center 

(cm-1) 

Peak Height  Peak Width Peak Area 

1 min 

1 2041 1.29E-04 5.44E+01 7.46E-03 

2 2088 8.28E-05 1.81E+01 1.59E-03 

3 2105 8.06E-05 1.40E+01 1.20E-03 

4 2155 1.39E-04 3.55E+01 5.26E-03 

3 min 

1 2041 1.29E-04 5.54E+01 7.62E-03 

2 2088 8.40E-05 1.72E+01 1.54E-03 

3 2105 8.43E-05 1.40E+01 1.26E-03 

4 2155 1.42E-04 3.43E+01 5.17E-03 

15 min 

1 2038 1.35E-04 5.18E+01 7.45E-03 

2 2089 9.52E-05 1.89E+01 1.92E-03 

3 2105 7.66E-05 1.16E+01 9.46E-04 

4 2156 1.46E-04 3.13E+01 4.88E-03 

45 min 

1 2041 1.42E-04 5.58E+01 8.44E-03 

2 2088 9.05E-05 1.76E+01 1.70E-03 

3 2105 8.85E-05 1.43E+01 1.34E-03 

4 2156 1.54E-04 3.70E+01 6.05E-03 

70 min 

1 2041 1.36E-04 5.21E+01 7.56E-03 

2 2088 8.93E-05 2.09E+01 1.98E-03 

3 2106 7.76E-05 1.34E+01 1.10E-03 

4 2156 1.50E-04 3.64E+01 5.80E-03 

90 min 

1 2042 1.34E-04 5.45E+01 7.77E-03 

2 2088 8.58E-05 1.82E+01 1.67E-03 

3 2105 8.54E-05 1.39E+01 1.27E-03 

4 2156 1.49E-04 3.78E+01 6.01E-03 

 

   

Figure 3.24 Data deconvolution output from Matlab for CeCe70 after 1 min of exposure to reactant 

gases.  
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Figure 3.25 Data deconvolution output from Matlab for CeCe70 after 3 min of exposure to reactant 

gases.   

 

   

Figure 3.26 Data deconvolution output from Matlab for CeCe70 after 15 min of exposure to 

reactant gases.   

 

   

Figure 3.27 Data deconvolution output from Matlab for CeCe70 after 45 min of exposure to 

reactant gases.   
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Figure 3.28 Data deconvolution output from Matlab for CeCe70 after 70 min of exposure to 

reactant gases.   

 

  

Figure 3.29 Data deconvolution output from Matlab for CeCe70 after 90 min of exposure to 

reactant gases.   
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Table 3.4 Deconvolution results summarized for CuCe70 DRIFTS data; time refers to the amount 

of exposure to reactant gases.    

Time Peak Number 
Peak Center 

(cm-1) 
Peak Height Peak Width Peak Area 

1 min 

1 2042 2.45E-05 4.57E+01 1.19E-03 

2 2079 5.29E-06 1.14E+01 6.44E-05 

3 2107 6.72E-06 3.86E+00 2.76E-05 

4 2152 3.83E-05 3.12E+01 1.27E-03 

3 min 

1 2041 3.58E-05 4.53E+01 1.73E-03 

2 2079 7.77E-06 1.22E+01 1.01E-04 

3 2107 8.76E-06 6.63E+00 6.18E-05 

4 2153 5.59E-05 3.22E+01 1.92E-03 

15 min 

1 1915 2.43E-05 2.23E+01 5.75E-04 

2 1954 6.32E-06 2.80E+01 1.88E-04 

3 2044 3.57E-05 4.26E+01 1.62E-03 

4 2081 1.52E-05 1.24E+01 2.01E-04 

5 2109 1.69E-05 9.63E+00 1.74E-04 

6 2158 6.69E-05 3.64E+01 2.59E-03 

45 min 

1 1915 5.35E-05 2.91E+01 1.66E-03 

2 1955 1.44E-05 2.93E+01 4.50E-04 

3 2044 3.13E-05 4.15E+01 1.38E-03 

4 2078 1.54E-05 1.65E+01 2.71E-04 

5 2108 2.08E-05 1.03E+01 2.28E-04 

6 2162 5.30E-05 3.97E+01 2.24E-03 

70 min 

1 1913 6.27E-05 3.18E+01 2.12E-03 

2 1957 1.64E-05 3.19E+01 5.56E-04 

3 2044 3.16E-05 4.11E+01 1.38E-03 

4 2078 1.58E-05 1.65E+01 2.77E-04 

5 2108 2.16E-05 1.05E+01 2.40E-04 

6 2162 5.10E-05 4.22E+01 2.29E-03 

90 min 

1 1913 5.49E-05 3.47E+01 2.02E-03 

2 1957 1.45E-05 2.95E+01 4.57E-04 

3 2044 2.84E-05 4.15E+01 1.26E-03 

4 2078 1.58E-05 1.68E+01 2.83E-04 

5 2108 2.10E-05 1.03E+01 2.30E-04 

6 2160 4.24E-05 4.42E+01 1.99E-03 
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Figure 3.30 Data deconvolution output from Matlab for CuCe70 after 1 min of exposure to reactant 

gases.   

  

Figure 3.31 Data deconvolution output from Matlab for CuCe70 after 3 min of exposure to reactant 

gases.   

 

 

   

Figure 3.32 Data deconvolution output from Matlab for CuCe70 after 15 min of exposure to 

reactant gases.   
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Figure 3.33 Data deconvolution output from Matlab for CuCe70 after 45 min of exposure to 

reactant gases.   

 

Figure 3.34: Data deconvolution output from Matlab for CuCe70 after 70 min of exposure to 

reactant gases   

 

Figure 3.35 Data deconvolution output from Matlab for CuCe70 after 90 min of exposure to 

reactant gases.    
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Figure 3.36 Ratio of Ce3+ peak area (~2150 cm-1) to CO adsorbed peak area (2040 cm-1) in CeCe70 

and CuCe70 over the experiment duration.  

 

3.9.10 CO Physisorption Measurements  
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Figure 3.37 CO adsorption isotherms conducted at 87 K of CeCe70 and CuCe70.  
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 3.9.11 Raman Spectroscopy  
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Figure 3.38 Raman spectra of CeCe70 and CuCe70 collected at 23 °C under 10% O2/Ar. 

 

3.9.12 Computational Methodology and Results   

Computational Details: Raw data of input and output files, as well as pre- and 

postprocessing scripts and figures, are published online on Zenodo.184 Plots were produced using 

Matplotlib (version 3.3.0)185 and graphical representations of structures using VMD (version 

1.9.3).186 PLAMS was used for pre- and postprocessing of jobs.187  

General Simulation Setup: Restricted open shell Kohn-Sham (ROKS) density functional 

theory (DFT) calculations, employing the PBE188 functional with Grimme’s D3(BJ) dispersion 

correction (no ATM/C9 terms nor long range correction),189,190 were performed using the 

Quickstep module in CP2K version 8.1.191,192,201,193–200 The DZVP MolOpt short range basis set 

was used in conjunction with the GTH pseudopotentials for all elements except Ce, for which a 

DZV basis was used in conjunction with the GTH-LnPP1 pseudopotentials.189,200,202–204 Four 
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multigrids were used with a cutoff value of 400 Ry and a relative cutoff value of 50 Ry (values 

chosen based on convergence tests, see Figure 3.39). The SCF was converged using the orbital 

transformation (OT) method191 with a DIIS minimizer and additional variables for rotations of the 

occupied subspace (needed for ROKS calculations). The convergence criterion of the outer and 

inner SCF was set to 10-6.  

Cluster calculations made use of the Martyna-Tuckermann (MT)205 Poisson solver using 

no periodicity. Periodic calculations were performed using the analytic Poisson solver with 

periodicity in X direction. If needed, the diagonal of the stress tensor for the periodic systems was 

calculated numerically. Optimizations employed the BFGS algorithm and default convergence 

criteria.  

An effective Hubbard parameter (+Ueff correction) was added in calculations denoted with 

PBE+U.206,207 For the Ce f orbitals, a value of Uf = 4.5 eV175,176,208,209 and for the Cu d orbitals, a 

value of Ud = 7 eV210 was used, based on the references given. 

 

 

Cluster Hydrogen Placement: 

Figure 3.39 Convergence of multigrid cutoff (left) and relative cutoff (right) with respect to the 

total energy. Chosen values are highlighted in red. 
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To reduce complexity of the model structure used, we imposed a hypothetical D10h 

symmetry on the initial cluster model. Based on the experimental structure solutions of Colliard et 

al.151,152 and this work, we manually built an approximate [Ce7O10(SO4)6(H2O)5]
4- fragment to be 

repeated ten times using the imposed C10 axis through the center of mass of the final ring. We 

chose this initial fragment, as the bond valence sum calculations of Colliard et al.151,152 suggest 

that the terminal oxygens in the center of the toroid, as well as the terminal oxygens on the corners 

of the Ce6 octahedrons belong to water molecules. A graphical representation of the initial 

fragment is given in Figure 3.40. The fragment was prepared using the AMS GUI211 by manually 

editing cartesian coordinates to ensure full D10h symmetry of the resulting toroid after repetition 

around the C10 axis. The resulting symmetry was validated using the GaussView6 software.212  

In the fragment, two groups of oxygen atoms (without the already saturated water oxygens) 

can be distinguished. The first group (“A”) consists of four oxygen atoms located in the σh plane 

(labeled A to D). The second group (“B”) consists of three oxygen atoms located above the σh 

mirror plane. These three oxygens of group B are identical to their mirror images below the plane, 

resulting in a total of six oxygen atoms in group B. See Figure 3.40 for a colored representation 

of the two groups of oxygen atoms. To balance the charge of our fragment, we added four hydrogen 

atoms in all possible combinations, resulting in 22 unique hydrogen placements. To distinguish 

the hydrogen placement, we introduce a naming scheme containing 7 unique locations, 

corresponding to the four oxygen atoms of group A and the three unique atoms of group B. The 

location of a hydrogen atom is denoted by “1”, the absence by “0”. The name “0-0-0-0-1-0-1” 

therefore represents no hydrogen atoms on group A oxygens and one hydrogen on the first and  

third oxygen atom of group B, respectively. Since group B is subject to duplication by the mirror 

plane, the two hydrogens appear “on the top” and “on the bottom” of the ring. Figure 3.40 provides 
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a visual correlation of the naming scheme with the atoms. Hydrogens were placed manually for 

the 22 unique hydrogen placements using the AMS GUI and the resulting 

Ce7O6(OH)4(SO4)6(H2O)5 fragments were extended into full toroid structures by rotation around 

the C10 axis using the ASE python package.126 

 

Figure 3.40 Naming scheme for hydrogen placement. Visualization of the [Ce7O10(SO4)6(H2O)5]
4-

fragment used for constructing initial configurations. Atoms colored by element: Ce lime, H white, 

S yellow, O red. Left: Group A of oxygen atoms; Right: Group B. The seven unique oxygens for 

hydrogen placement possibilities are color coded following the naming scheme given on the far 

right.  
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We ran DFT geometry optimizations without any constraints on all 22 hydrogen 

placements (for details see Section General Simulation Setup). The D10h symmetry is therefore not 

exactly retained during the geometry optimization. We compare the relative absolute energies of 

all 22 fully optimized structures in Figure 3.40. We observe that the two hydrogen placements 

with the lowest energies are within 9 kJ/mol of each other. All other hydrogen placements exhibit 

a relative energy of more than 450 kJ/mol higher than the lowest energy structure, although all 

structures remain intact (based on visual inspection of all optimized geometries). It is noteworthy 

that both low-energy structures have hydrogens placed only in group B. Since the two most 

favorable structures are within 9 kJ/mol of each other, it can be expected that both occupation 

patterns will occur under realistic conditions. This also fits well with the O/OH disorder observed 

in the bond valence sum calculation of Colliard et al.151 To reduce computational efforts and 

complexity of the defect energetics calculations, we chose system “0-0-0-0-1-0-1” (the lowest 

Figure 3.41 Relative total energies of the 22 hydrogen placements after geometry optimization. 
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energy isomer) as the basis for all further calculations. A visual representation of this system is 

shown in Figure 3.42. 

Cluster Defect Energies: The defect formation energy (Δ𝐸defect) for a single neutral oxygen 

vacancy defect was calculated using the formula Δ𝐸defect = 𝐸(toroid w. defect) + 𝐸 (
1

2
O2) −

𝐸(toroid). All energies are taken from optimized geometries. The O2 calculations were performed 

using the same simulation setup as the full cluster. The O2 molecule is expected to be in a triplet 

spin state and therefore optimized as such. The defect-free toroid structure is expected to be a 

singlet system. 

Figure 3.42 Graphical representation of the optimized system "0-0-0-0-1-0-1". 
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The defective toroid systems were created based on the “0-0-0-0-1-0-1” system as 

described above. We created the five possible pure oxygen defects. The position of the defect is 

described by replacing 0 with X in our nomenclature. Removing e.g., the second oxygen of group 

A is denoted as “0-X-0-0-1-0-1”. In our plots, a short notation is used with the letters A (“X-0-0-

0-1-0-1”) to F (“0-0-0-0-1-X-1”) based on the nomenclature defined in Figure 3.40. Note that only 

one defect was created in the entire toroid. For the defective toroid (one missing oxygen), we 

compared the singlet and triplet states. 

For comparison, bulk CeO2 (2x2x2 supercell, Γ only) and a Ce6O8(O2CH)8 cluster (an 

often-used precursor in ceria cluster synthesis and comparable to the Ce6 octahedron unit in the 

toroid) and their defective counterparts were also optimized. 

To further refine the obtained defect formation energies, all systems outlined above were 

also optimized using DFT+U (see Section General Simulation Setup).  

All calculated defect energies are plotted in Figure 3.43. For both DFT and DFT+U 

calculations, absolute energies as well as defect formation energies are lower in the triplet state 

than in the singlet state. Therefore, the triplet state should be chosen for interpretation even though 

the bulk singlet defect energy is closer to the experimental value of 4-5 eV.213 The inclusion of the 

+U correction on the Ce f orbitals results in the expected increase in defect formation energy and 

is used from here on, even though the exact value of the U parameter remains a matter of debate 

and the defect formation energy can be freely tuned by increasing the U parameter. 
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  Chain Optimization:  A one-dimensional chain to model bridging Cu or Ce sites was 

created using the optimized clusters and the experimental bridging [MO4] fragment. The bridging 

unit was saturated with hydrogen atoms to achieve charge neutrality. Two of the oxygen atoms in 

the Ce-bridge were saturated with two H atoms each. In the Cu-bridge, two oxygens were saturated 

with two H atoms each and the remaining two oxygens with one H atom each. The oxidation state 

of the Cu was determined to be +2 from prior reports and the system was therefore modeled in a 

doublet spin state.153 See Figure 3.44 for a graphical representation of the two bridging units. The 

cell length (PBC along x) was initialized using the atomic distances in the experimental CeCe70 

bridge and subsequently optimized using analytical gradients while fixing the y and z coordinates 

of the ring atoms. The convergence of the cell length for the CuCe70 and CeCe70 systems is plotted 

in Figure 3.45. The convergence for the CeCe70 chain is satisfactory, and the last cell vector length  

Figure 3.43 Calculated defect energies using DFT and DFT+U with the defective toroid using 

singlet or triplet spin states. Defect energies of the toroid systems (red crosses), the Ce6O8(O2CH)8 

cluster (blue diamonds) and bulk CeO2 (grey squares). 
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was chosen for subsequent relaxation of the atomic coordinates. For the CuCe70 system, the 

optimization procedure failed. The optimization step closest to convergence (three of five 

convergence criteria, step 37) was therefore chosen for subsequent relaxation of atomic 

coordinates.  

Chain Defect Energies: Defect calculations were performed by removing one of the unique 

oxygen atoms closest to the bridge according to the same naming scheme as in the cluster model. 

Defective CuCe70 systems were modeled in a quartet spin state, as the Cu provides an additional 

unpaired electron compared to the Ce bridged system. To estimate the effect of the +U correction 

on the Cu atom, defect formation energies were calculated with and without an effective Ud 

parameter of 7 eV (see Figure 3.46). For system A, two more literature U values were used to 

estimate the effects of the magnitude of Ud. Wang et al. suggest a value of 4.5 eV based on fitting 

to experimental data.214 Mann et al. calculate a value of 10.4 eV for use in metal–organic 

frameworks (MOFs).215 System A shows a defect formation energy of -0.66 eV when using a Ud 

value of 4.5 eV and therefore exactly between the value of -1.22 eV without U correction and the 

Figure 3.44 Graphical representation of the optimized CeCe70 (left) and CuCe70 (right) bridging unit. 
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value of -0.23 eV using a Ud value of 7 eV. When employing a Ud value of 10.4 eV, unphysical 

Mulliken charges arise during the calculations; we therefore suggest that this value is 

unrealistically large for the systems under investigation. As can be clearly seen, application of Ud 

shifts Δ𝐸defect towards larger values with increasing magnitude. Based on these results we chose 

the Ud value of Mishra et al. for the discussion in the main text.210 Values of Δ𝐸defect for the CeCe70 

systems are shown and discussed in the main text.   

 

Figure 3.45 Convergence of the cell length with respect to the optimization step of the CeCe70 chain 

(left) and the CuCe70 chain (right). 

 

Figure 3.46 Defect formation energies of the CuCe70 system with (blue diamonds) and without 

(green triangles) +U correction. 
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Chapter 4. Linker Competition within a 

Metal–Organic Framework for Topological 

Insights  

Portions of this chapter appear in the following manuscript:  

Wasson, M. C.; Lyu, J.; Islamoglu, T.; Farha, O. K. Inorg. Chem. 2019, 58, 1513-1517.   
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4.1 Chapter Summary   

 Efforts toward predictive topology within the design and synthesis of metal-organic 

frameworks (MOFs) have been extensively studied. Herein, we report an investigation of a linker 

competition for the nucleation of a Zr6 based mixed linker MOF. By varying the relative additions 

of two linkers and introducing prior seeding to the system, we discern that the scu topology is the 

kinetic product of the two competing linkers. Elemental mapping analysis indicates that the 

competing linkers are uniformly distributed throughout the MOF. The final ratios of the linkers in 

the dissolved MOFs align well with the initial synthetic ratio. Through the introduction of a prior 

nucleation phase to seed the system, the thermodynamic csq product is more readily achieved. The 

results reported will enhance the understanding of MOF growth process. This chapter served as a 

training exercise in synthesizing and characterizing coordination frameworks. 

4.2 Predictive Topology within Metal-Organic Frameworks   

 An emerging class of highly porous, crystalline materials known as metal-organic 

frameworks (MOFs) has attracted much interest throughout the past two decades.33,37,216 

Composed of inorganic atom(s) as the node that form coordination bonds in three dimensions to 

multidentate organic linkers, MOFs provide a seemingly infinite combination of unique 

connectivities. The inherent tunability of MOF substituents provides the ability to strategically 

tailor frameworks for a myriad of applications including gas storage and separations,217–221 

chemical sensing,222,223 drug delivery,224 and catalysis.32,225,226  

Since first reported in 2008, the interest in Zr4+ based cluster MOFs has ever been 

increasing due to exceptionally strong Zr−O bonds to carboxylate linkers which subsequently 

affords highly stable and robust materials.44 The meticulous selection of linker topicity and 

geometry thus far has accessed connectivities of 4, 6, 8, 10, and 12 carboxylates per Zr6 node.44,227–
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231 While di- and tritopic based linkers have been extensively employed to synthesize Zr-MOFs 

with different topologies, tetratopic linkers are far more interesting from a structural point of view 

because the same components can result in MOFs with different topologies which offers a great 

platform to study the effect of topology.232,233 Specifically, topology diversity is prominent 

amongst the 8-connected Zr6 series that form coordination bonds to tetratopic linkers.   

 Existence of multiple topologies in a bulk framework imparts different physical and 

chemical properties of the system. Consequently, the careful design and development pure-phase 

MOFs has received much attention.234,235 Fundamental guidelines for provided by Matzger and co-

workers enable topology prediction in Zr-based MOFs through tuning the linker geometry, yet 

csq, scu, and sqc topologies are indistinguishable following this approach.49 Another judicious 

strategy for topology control was employed by our group as well as the Zhou group with the design 

of linkers with bulky substituents to force a conformational change and subsequent topology 

change in an 8-connected Zr6 MOF.236,237 While rational linker selection can preferentially target 

one topology over another, there are well-documented instances of MOFs of identical linkers and 

nodes that form different topologies which can synthetically be controlled.48,236  The structural 

diversity of the TCPP (tetrakis(4-carboxyphenyl)porphyrin) linker in conjunction with a Zr6 node 

is evident in the possible MOFs products: MOF-525, MOF-545/PCN-222, PCN-223, PCN-224, 

PCN-225, and NU-902.233,238–242 Another canonical example includes Zr6 nodes in the presence of 

the TBAPy (1,3,6,8-tetrakis(p-benzoate)pyrene) linker that form either microporous NU-901 or 

mesoporous NU-1000.48,228,243 Effective methods to favor the phase pure growth of NU-1000 and 

prevent the more dense NU-901 phase include the use of more rigid modulators or highly acidic 

co-modulators.48,244 Moreover, computational insights show that modifying the pyrene based 

ligand with bulky substituents can perturb a favorable arrangement of Zr6 nodes for scu formation 
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to ensure a clean NU-1000 csq framework instead.245  Alternative strategies for pure-phase MOF 

synthesis have been explored such as the seed-mediated methodology developed by the Zhou 

group.246 By adding a small sample of a pure-phase MOF to seed a solution of reactants, they 

achieved a bulk synthesis of a pure phase MOF. Identical synthetic conditions conducted in a 

traditional homogenous nucleation instead afforded a mixed phase product.   

Topological studies have been largely fixated thus far on the synthesis of pure-phase 

MOFs. However, valuable insights can be extrapolated in a mixed phase MOF regarding the 

kinetic or thermodynamic driving topologies in a system. A fundamental comparison of two 

linkers that favor different topologies in direct synthetic competition with one another has been 

overlooked. Aforementioned, our group has recently shown the introduction of two sterically 

demanding bromo groups can force a tetratopic organic linker to undergo conformational change 

to favor a csq topology (NU-1008) while its nonfunctionalized analogue yields a scu topology 

(NU-903).231,237 With this system in mind, we set out to directly compare the competition between 

the linkers to become the leading seeding agent in a MOF and determine the overall system 

topology. In this work, we investigate the thermodynamic and kinetic products of the competing 

linkers that prefer csq or scu topologies in a mixed linker system.     

4.3 Simultaneous Linker Nucleation Studies of a Zr6O8 Metal Oxo Cluster    

 To first probe the degree of linker competition, we explored the simultaneous nucleation 

of a Zr6 node by two tetratopic linkers prior to solvothermal treatment. As we have previously 

shown, a Zr6 node and L1 (1,2,4,5-tetrakis(4-carboxyphenyl)benzene (TCPB)) linker can form the 

scu topology NU-903 while L2, a dibromo substituted TCPB, favors the csq topology NU-

1008.231,237 The judicious introduction of bulky substituents ortho to one another increases the 

dihedral angle from 69.8° in L1 to 77.7° in L2. As the dihedral angle expands, the symmetry of 
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L2 is lowered to C2v as two pairs of phenyl arms rotate toward each other and favors the 

crystallization of a csq topology framework over scu (Figure 4.1).      

 With the knowledge of how linker symmetry can dictate bulk topology, different ratios of 

the C2h L1 linker relative to C2v L2 were simultaneously introduced into a Zr6 node solution to 

observe anticipated phase changes (Figure 4.2). Upon the simultaneous addition of both linkers, 

the solutions were heated overnight. PXRD was used to provide initial topology insight into the 

in-situ competition.     

 

Figure 4.1 Conformations of the linkers in scu (L1) and csq (L2) topology MOFs.  

 

Figure 4.2 Schematic representation of scu and csq topology MOFs synthesized with L1 and 

L2, respectively. Green: Zirconium, red: oxygen, black: carbons, and burgundy: bromine. 

Hydrogen atoms omitted for clarity.    
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In Figure 4.3, the 2.5 2θ peak, indicative of the mesopore in a csq topology, is absent until 

70% L2: 30% L1, rendering a pure scu pattern in all other conditions. From this observation, we 

inferred that the L1 linker can outcompete L2 to provide the initial seeding of the MOF to yield a 

scu topology as the kinetic product. To better understand the porosity of the competition products, 

nitrogen isotherm measurements of selected ratios were conducted. Isotherm measurements 

confirm that the presence of mesopores is only observed when L2 is in excess in the system with 

a characteristic mesopore step between 0.2 to 0.25 P/P0 in Figure 4.4C, which is also evident from 

 

Figure 4.3 PXRD patterns of MOFs synthesized under simultaneous addition of L1 and L2 linkers in variable 

amounts as indicated. 
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pore size distribution (Figure 4.4F, Figure 4.13). Upon equimolar additions of L1 and L2, the 

observed adsorption isotherm (Figure 4.4B) exhibits negligible N2 uptake in the mesopore region 

(Figure 4.4E) to support a microporous material, as with L1 in excess (Figures 4.4A and 4.4D). 

Thus, the scu topology outcompetes the csq topology during the initial MOF seeding process to 

form the kinetically favored product.     
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Figure 4.4 Nitrogen isotherms and pore size distributions of 70% L1: 30% L2 (A/D); 50% L1: 

50% L2 (B/E); and 30% L1: 70% L2 (C/F).  
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Upon extensive characterization of material porosity, structural and elemental analyses 

are critical to discern the linker composition within the formed MOFs. 1H NMR analysis of the 

dissolved MOFs show good agreement between initial and final synthetic ratios confirming the 

comparable pKa of both linkers (Table 4.1). STEM-EDX indicates a uniform distribution of Br 

across the particle in the equimolar L1:L2 system (Figure 4.5). While we cannot discern from 

the STEM images whether the sample is an aggregation of many small particles or one 

crystalline MOF particle, prior PXRD studies of this sample (Figure 4.3) indicate that only the 

scu topology is present. Thus, we conclude that both linkers are distributed throughout a scu 

Initial L1: L2 in-situ 1H NMR Determined L1: L2  

10% L1: 90% L2 17% L1: 83% L2 

20% L1: 80% L2 27% L1: 73% L2 

30% L1: 70% L2 35% L1: 65% L2 

40% L1: 60% L2 40% L1: 60% L2 

50% L1: 50% L2 51% L1: 49% L2 

60% L1: 40% L2 54% L1: 46% L2 

70% L1: 30% L2 75% L1: 25% L2 

80% L1: 20% L2 86% L1: 14% L2 

90% L1: 10% L2 96% L1: 4% L2 

90% L1: 10% L2 96% L1: 4% L2 

Table 4.1 Ratios of linkers according to (left) initial synthetic ratio and (right) integrations 

from 1H NMR spectra of dissolved MOFs. 

 

 

Figure 4.5 STEM-EDX images of MOF particle from 50% L1: 50% L2 synthesis. Scale bar 

represents 250 nm.  



136 
 

system. Moreover, the successful introduction of a bulky functionality uniformly to the MOF 

while maintaining a scu topology, rather than undergoing a conformational change to the csq 

topology, can be of interest for future MOF design. In addition to the imaging insights from 

TEM, we explored SEM imaging to further characterize particle morphology. Distinct spherical 

particles were observed until an excess of L2 (70%) was added to the system. An aggregation of 

small particles, ~50nm, were observed which made imaging unreliable (Figures 4.31 and 4.32) 

to detect the presence of rod-like particles that indicate csq topology.      

4.4 Effect of Stepwise Linker Nucleation on a Zr6O8 Cluster and the MOF Topology  

 With the insights gained from a simultaneous nucleation system, we were motivated to 

explore the effects of seeding on linker competition between L1 and L2. Therefore, we sought out 

to first determine if L2 nucleation of the system prior to the addition of L1 would now favor a csq 

topology product over scu. L2 was first added to the system and was heated for 30 minutes at 100 

°C. After this brief nucleation period, a cloudy solution indicating MOF precipitation was 

observed, before L1 was added before 100 °C treatment for 16 hours. In Figure 4.6A, the 

overlapping csq and scu patterns unfortunately prevent greater insight into the dominant topology 

with L2 prior nucleation. Nonetheless, we conclude that L2 can successfully seed MOF growth to 

give a csq topology product in the presence of equimolar and even excess L1. These findings are 

in stark contrast to our earlier simultaneous nucleation studies in which we observed only scu 

topology until at least 70% L2 was added.   

 Motivated to explore prior nucleation studies with L1 now seeding the system, we 

predicted the facile formation of a scu topology MOF due to our prior observations that it is the 

kinetic product in this competing system. However, in Figure 4.6B, the 2.5 2θ peak indicative of 

the csq topology is clearly present in many of the samples. To rationalize these findings, we 
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utilized 1H NMR to probe the concentration of L1 in solution after 30 minutes of nucleation upon 

observing extensive precipitate. Negligible L1 remains in solution, indicating that it fully forms a 

MOF in solution within 30 minutes (Figure 4.28). Thus, L2 can form a csq topology MOF with 

the remaining excess Zr6 in solution because it acts as a pseudo-singular reagent upon its addition. 

Additionally, seeding within a heterogeneous system by either a substrate or pre-formed nuclei 

have been well-studied to indicate that the free energy of nucleation is lowered.247,248 By 

circumventing the initial nucleation phase within our study’s context, MOF formation can occur 

at a higher rate under less intensive thermodynamic requirements, in accordance to previous 

observations by Zhou and co-workers.246  
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Figure 4.6 (a) PXRD patterns of MOFs synthesized with prior nucleation by L2 (b) PXRD 

patterns of MOFs synthesized with prior nucleation by L1. 
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4.5 Conclusions   

 This study probed the competition of two linkers, L1 and L2, in varying ratios during the 

simultaneous nucleation of a Zr6 node to compare the kinetic and thermodynamic products 

between the scu and csq topologies that each linker respectively favors. Under equimolar 

conditions of L1 and L2 without prior seeding of the system, a clean scu topology MOF was 

observed and characterized, indicating that the scu determines the MOF growth process as the 

kinetic product. Elemental mapping analyses indicated an even distribution of both ligands 

throughout the system while 1H NMR confirmed the ratios of the linkers within the dissolved MOF 

is in good agreement with the initial synthetic ratios. Through the strategic use of prior seeding of 

the system, we observed the thermodynamic csq product. While this inquiry examined the in-situ 

linker competition, careful synthetic tuning is necessary to afford these investigated systems in 

pure phase. This study provides some mechanistic insight into topology competition within a 

mixed phase MOF that can be used for future MOF design.    

4.6 Additional Information    

4.6.1 Materials   

All chemicals and solvents were obtained from commercial suppliers and used without 

further purification. Zirconium(IV) oxynitrate hydrate (99%), formic acid (≥96%), 1,2,4,5-

tetrakis(4-carboxyphenyl)benzene (TCPB) (≥98%), p-tolylmagnesium bromide solution (1.0 M in 

DMF), hexabromobenzene (98%), 1,2,4,5-tetrabromobenzene (97%), bromine (reagent grade), 

and carbon tetrachloride (99.9%), sulfuric acid-d2 solution (96-98 wt. % in D2O, 99.5 atom % D), 

and dimethyl sulfoxide-d6 (99.9 atom % D) were purchased from Sigma-Aldrich. N,N-

dimethylformamide (DMF) (99.9%), acetone (99.8%), hydrochloric acid (36.5−38%), nitric acid 

(67−70%), chloroform (99.8%), and hexane (98.5%) were purchased from Fisher Chemical. 
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Deionized water was used as the water source.     

4.6.2 Linker Synthesis and Characterization   

1,2,4,5-tetrakis(4-carboxyphenyl)benzene (L1) and 1,2,4,5-tetrakis(4-carboxyphenyl)- 

3,6-dibromobenzene (L2) were synthesized according to literature procedure.    

   

Figure 4.7 500 MHz 1H spectrum of L1 DMSO-d6.  
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Figure 4.8 500 MHz 1H spectrum of L1 DMSO-d6.    

4.6.3 MOF Synthesis Protocols   

Competition Reaction for Simultaneous Nucleation of L1 and L2: Zirconium oxynitrate 

hydrate (79.7 mg, 0.345 mmol) was placed in a 2-dram vial. 1 mL of N,N- dimethylformamide 

was added and the solution was sonicated until solubility was achieved. 1 mL of formic acid was 

added to the vial, which turned clear shortly thereafter. The Zr6 node solution was sonicated if any 

remaining particles were not yet soluble. The vial was placed in an 80 °C oven for 1 hour. A L1 

solution was prepared by adding 14.9 mg (0.0267 mmol) of L1 to 1 mL of N,N- 

dimethylformamide and was sonicated until soluble. A L2 solution was prepared by adding 19.1 

mg (0.0267 mmol) of L2 to 1 mL of N,N- dimethylformamide and sonicated to ensure solubility. 

After the Zr6 node solution was removed from the oven and cooled to room temperature, 200 µL 
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aliquots of the solution were placed in nine separate 0.5 dram vials. The following amounts of L1 

and L2 (in µL) were added to each of the nine vials: 20, 180; 40, 160; 60, 140; 80, 120; 100, 100; 

120, 80; 140, 60; 160, 40; 180, 20. The vials were then placed in a 100 °C oven for 16 hours. 

Solutions were removed from the oven and cooled to room temperature. The mixtures were placed 

in 1.5 mL centrifuge tubes and centrifuged for five minutes to remove the supernatant. Then, the 

resultant white powder was washed with N,N-dimethylformamide (1.5 mL×2) and acetone (1.5 

mL×2). The material was then dried in a vacuum oven at 80 °C for 1 hour.   

To obtain adequate material for N2 isotherm measurement of a specific ratio, the above 

procedure was repeated using the specific L1: L2 ratio of interest on the same scale but repeated 

10 times. The reacted solutions were then combined into a 15 mL centrifuge tube and washed with 

DMF (5 mL x 3) and acetone (5 mL x 3). The material soaked in acetone overnight, followed by 

washing with acetone (5 mL x 3). The material was then dried in the vacuum oven for 1 hour at 

80 °C. The material was then activated by heating at 120 ˚C for overnight under high vacuum on 

a Micromeritics Smart Vacprep. 

Competition Reaction for Prior Seeding of L1: Zirconium oxynitrate hydrate (79.7 mg, 

0.345 mmol) was placed in a 2-dram vial. 1 mL of N,N- dimethylformamide was added and the 

solution was sonicated until solubility was achieved. 1 mL of formic acid was added to the vial, 

which turned clear shortly thereafter. The Zr6 node solution was sonicated if any remaining 

particles were not yet soluble. The vial was placed in an 80 °C oven for 1 hour. A L1 solution was 

prepared by adding 14.9 mg (0.0267 mmol) of L1 to 1 mL of N,N- dimethylformamide and was 

sonicated until soluble. After the Zr6 node solution was removed from the oven and cooled to room 

temperature, 200 µL aliquots of the solution were placed in nine separate 0.5 dram vials. The 

following amounts of L1 (in µL) were added to each of the nine vials: 20, 40, 60, 80, 100, 120, 
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140, 160, and 180.  The vials were then placed in a 100 °C oven for 30 minutes. The vials were 

removed from the oven and cooled to room temperature. A L2 solution was prepared by adding 

19.1 mg (0.0267 mmol) of L2 to 1 mL of N,N- dimethylformamide and sonicated to ensure 

solubility. The L1 nucleated systems were removed from the oven and cooled to room temperature. 

Then, aliquots of L2 (in µL) were added in the following order to the vials containing the above 

specific amounts of L1 in solution: 180, 160, 140, 120, 100, 80, 60, 40, and 20. The vials were 

then placed in a 100 °C oven for 16 hours to react. Upon reaction completion, the vials were 

removed from the oven and cooled to room temperature. The mixtures were placed in 1.5 mL 

centrifuge tubes and centrifuged for five minutes to remove the supernatant. Then, the resultant 

white powder was washed with N,N-dimethylformamide (1.5 mL×2) and acetone (1.5 mL×2). The 

material was then dried in a vacuum oven at 80 °C for 1 hour.   

To obtain adequate material for N2 isotherm measurement of a specific ratio, the above 

procedure was repeated using the specific L1: L2 ratio of interest on the same scale but repeated 

10 times. The reacted solutions were then combined into a 15 mL centrifuge tube and washed with 

DMF (5 mL x 3) and acetone (5 mL x 3). The material soaked in acetone overnight, followed by 

washing with acetone (5 mL x 3). The material was then dried in the vacuum oven for 1 hour at 

80 °C. The material was then activated by heating at 120 ˚C for overnight under high vacuum on 

a Micromeritics Smart Vacprep. 

Competition Reaction for Prior Seeding of L2: Zirconium oxynitrate hydrate (79.7 mg, 

0.345 mmol) was placed in a 2-dram vial. 1 mL of N,N- dimethylformamide was added and the 

solution was sonicated until solubility was achieved. 1 mL of formic acid was added to the vial, 

which turned clear shortly thereafter. The Zr6 node solution was sonicated if any remaining 

particles were not yet soluble. The vial was placed in an 80 °C oven for 1 hour. A L2 solution was 
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prepared by adding 19.1 mg (0.0267 mmol) of L2 to 1 mL of N,N- dimethylformamide and was 

sonicated until soluble. After the Zr6 node solution was removed from the oven and cooled to room 

temperature, 200 µL aliquots of the solution were placed in nine separate 0.5 dram vials. The 

following amounts of L2 (in µL) were added to each of the nine vials: 20, 40, 60, 80, 100, 120, 

140, 160, and 180.  The vials were then placed in a 100 °C oven for 30 minutes. The vials were 

removed from the oven and cooled to room temperature. A L1 solution was prepared by adding 

19.1 mg (0.0267 mmol) of L1 to 1 mL of N,N- dimethylformamide and sonicated to ensure 

solubility. The L2 nucleated systems were removed from the oven and cooled to room temperature. 

Then, aliquots of L1 (in µL) were added in the following order to the vials containing the above 

specific amounts of L2 in solution: 180, 160, 140, 120, 100, 80, 60, 40, and 20. The vials were 

then placed in a 100 °C oven for 16 hours to react.  Upon reaction completion, the vials were 

removed from the oven and cooled to room temperature. The mixtures were placed in 1.5 mL 

centrifuge tubes and centrifuged for five minutes to remove the supernatant. Then, the resultant 

white powder was washed with N,N-dimethylformamide (1.5 mL×2) and acetone (1.5 mL×2). The 

material was then dried in a vacuum oven at 80 °C for 1 hour.     

To obtain adequate material for N2 isotherm measurement of a specific ratio, the above 

procedure was repeated using the specific L1: L2 ratio of interest on the same scale but repeated 

10 times. The reacted solutions were then combined into a 15 mL centrifuge tube and washed with 

DMF (5 mL x 3) and acetone (5 mL x 3). The material soaked in acetone overnight, followed by 

washing with acetone (5 mL x 3). The material was then dried in the vacuum oven for 1 hour at 

80 °C. The material was then activated by heating at 120 ˚C for overnight under high vacuum on 

a Micromeritics Smart Vacprep.    

NU-903 and NU-1008 Syntheses: The pure phase synthesis of NU-903 and NU-1008 were 
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preformed following published procedure.  

4.6.4 Methods for Material Characterization   

 Powder X-ray Diffraction Analysis: Powder X-ray diffraction (PXRD) patterns of the 

samples were measured by a STOE-STADI MP powder diffractometer operating at 40 kV voltage 

and 40 mA current with Cu-Kα1 X-ray radiation (λ = 0.154056 nm) in transmission geometry. 

N2 Sorption Isotherm Measurements: N2 adsorption and desorption isotherms on activated 

materials were measured on a Micromeritics Tristar (Micromeritics, Norcross, GA) instrument at 

77 K. Around 20 mg of sample was used in each measurement and the specific surface areas were 

determined using the Brunauer−Emmett−Teller model from the N2 sorption data in the region P/P0 

= 0.005–0.05. Pore size distributions were obtained using DFT calculations using a carbon slit-

pore model with a N2 kernel.   

1H Nuclear Magnetic Resonance Spectroscopy: MOF samples (1 mg) were digested with 

8 drops of D2SO4. After sonication for 20 min, 600 μL of DMSO-d6 was added into the mixture. 

Proton NMR spectra were collected on a Bruker Avance III 500 MHz system equipped with DCH 

CryoProbe and automated with a BACS-60 autosampler.    

Transmission Electron Imaging: Transmission electron microscopy (TEM) images were 

collected at Northwestern University’s EPIC /NUANCE facility using a Hitachi HD2300 STEM 

using a standard copper mesh sample holder at 200 kV. 

Scanning Electron Microscope Imaging:  Prior to observation, the samples were coated 

with OsO4 (~9 nm) in a Denton Desk III TSC Sputter Coater. Scanning electron microscopy (SEM) 

images were acquired from a Hitachi SU8030 scanning electron microscope.   
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4.6.5 N2 Sorption Experiments  

 
 

Figure 4.9 N2 Isotherm of 30% L2 prior nucleation followed by 70% L1. Reported BET surface 

area of 1245 m2/g    

 

 
 

Figure 4.10 Pore Size Distribution of 30% L2 prior nucleation followed by 70% L1.   
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Figure 4.11 N2 Isotherm of 30% L1 prior nucleation followed by 70% L2. Reported BET 

surface area of 1280 m2/g      

 

Figure 4.12 Pore Size Distribution of 30% L1 prior nucleation followed by 70% L2.    
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Figure 4.13: Cumulative pore volume and differential pore volume vs. pore width for 

simultaneous nucleation of 70% L1: 30% L2.    

 

 

Figure 4.14 Cumulative pore volume and differential pore volume vs. pore width for 

simultaneous nucleation of 50% L1: 50% L2.     
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Figure 4.15 Cumulative pore volume and differential pore volume vs. pore width for 

simultaneous nucleation of 30% L1: 70% L2.      

  

Figure 4.16 Isotherm and pore size distribution (inset) of NU-1008 with a BET surface area of 

1420 m2/g. 
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Figure 4.17 Isotherm and pore size distribution (inset) of NU-903 with a BET surface area of 

1140 m2/g  

 

4.6.6  1H NMR Spectra    

 

Figure 4.18 Stacked 500 MHz 1H spectra of L1 (bottom) and L2 (top) in DMSO-d6.    
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Figure 4.19 10% L1: 90% L2 simultaneous nucleation MOF digested in D2SO4 / DMSO-d6 

 

 
 

Figure 4.20 20% L1: 80% L2 simultaneous nucleation MOF digested in D2SO4 / DMSO-d6 
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Figure 4.21 30% L1 : 70% L2 simultaneous nucleation MOF digested in D2SO4 / DMSO-d6 

 

 

Figure 4.22 40% L1: 60% L2 simultaneous nucleation MOF digested in D2SO4 / DMSO-d6 
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Figure 4.23 50% L1: 50% L2 simultaneous nucleation MOF digested in D2SO4 / DMSO-d6 

 

 

Figure 4.24 60% L1: 40% L2 simultaneous nucleation MOF digested in D2SO4 / DMSO-d6 
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Figure 4.25 70% L1: 30% L2 simultaneous nucleation MOF digested in D2SO4 / DMSO-d6 

 

 

Figure 4.26 80% L1: 20% L2 simultaneous nucleation MOF digested in D2SO4 / DMSO-d6 
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Figure 4.27 90% L1: 10% L2 simultaneous nucleation MOF digested in D2SO4 / DMSO-d6   

 

Figure 4.28 Stacked 1H NMR spectra of time = 0 min (bottom) and time = 30 min (top) of 50% 

L1 nucleation of Zr6 node solution. (* refers to L1 peaks, ** refers to internal standard 1-bromo-

3,5-difluorobenzene)  
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4.6.7 PXRD Patterns  

 

Figure 4.29 PXRD patterns of pure-phase NU-903, NU-1008, and 1:1 L1: L2 under 

simultaneous nucleation.  

 

  

Figure 4.30 PXRD patterns examining the role of absolute concentration of the linker in solution 

to determine a possible change in kinetic product for the 1:1 L1: L2 reaction conducted under 

simultaneous nucleation. While the 9, 10, 12.8, and 13.4 2θ peaks increase in intensity, the 

prediction of these shifts from the simulated pattern suggests that a change in the concentration of 

the system can slightly affect the crystallinity of the MOF particle, yet we did not observe a phase 

change.  
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4.6.8 SEM Images  

 

Figure 4.31 Image of simultaneous nucleation of 50% L1: 50% L2.   

 

Figure 4.32 Image of simultaneous nucleation of 30% L1: 70% L2.     
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Figure 4.33 Image of simultaneous nucleation of 50% L1: 50% L2 with 2x concentration of 

system.     

 

Figure 4.34 Image of simultaneous nucleation of 50% L1: 50% L2 with 2x dilution of system.   
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Chapter 5. Modulation of Crystal Growth 

and Structure Within Cerium-Based Metal–

Organic Frameworks 

Portions of this chapter appear in the following manuscript:  

Wasson, M. C.; Otake, K.; Gong, X.; Strathman, A. R.; Islamoglu, T.; Gianneschi, N. C.; Farha, 

O. K. CrystEngComm 2020, 22 (47), 8182. 
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5.1 Chapter Summary     

 The intriguing catalytic properties of cerium-based materials has motivated the 

development of Ce-based metal–organic frameworks (MOFs). However, the controlled 

crystallization of Ce MOFs remains nascent due to complications with the high reductive potential 

of Ce4+ species. Modulators offer a route in other well-studied coordination networks to slow down 

crystallization processes to allow for corrective, uniform crystal growth. Herein, we report an 

investigation of modulator identity and concentration on the synthesis of a Ce-UiO-type MOF with 

2,6-naphthalenedicarboxylic acid (NDC) as a linker. At low concentrations using both benzoic 

acid and trifluoroacetic acid, we observed a mononuclear Ce3+ MOF (NU-350) through single-

crystal X-ray diffraction studies. Higher modulator concentrations yielded pure-phase Ce-UiO-

NDC, with uniform particle sizes observed with utilizing benzoic acid as a modulator. Moreover, 

we demonstrated the transferability of this synthesis through the pure-phase synthesis of Ce-UiO-

66 with benzoic acid as a modulator. High-resolution transmission electron microscopy observed 

a single crystalline domain within Ce-UiO-NDC.  

5.2 Synthetic Strategies to Access Cerium-Based MOFs   

The bottom up construction of sophisticated, uniform materials from simple nano-sized 

building blocks has received substantial attention of the past two decades.38,249 As atomically 

precise, hybrid, nanoporous materials, metal–organic frameworks (MOFs) have emerged at the 

forefront of such impactful nanomaterials.33 MOFs are composed of inorganic nodes and 

multidentate organic linkers that assemble into multidimensional lattices through coordination 

bonds.37 As such, the frameworks access innumerable chemical functionalities to form highly 

tailorable structures. MOFs have been implemented in heterogeneous catalysis32,41,250, water 

purification251,252, drug delivery56,253, gas capture/storage/separation35–37,254, and chemical 
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sensing29,222,255,256 due to the high density of spatially isolated binding sites at nodes and linkers. 

MOFs have been exceptionally impactful as catalyst supports due to their crystallinity and 

uniformity, critical for precise identification of catalytic active sites to inform next-generation 

catalyst design.23  

Earliest MOFs were based on divalent metals, namely, Zn2+ and Cu2+ and carboxylate 

linkers.37,257 However, a higher charge density at the metal node was accessed with higher valent 

metals (Zr4+, Hf4+, Ce4+) which subsequently increased the strength of the metal-carboxylate 

bond.43–46  Of these metals, Zr4+-O based frameworks have emerged as the most well-studied 

tetravalent species since their first inception in 2008.43,75,121,227,228,242,258,259 However, strong Zr4+-

O bonds often yield polycrystalline materials rather than a single crystalline domain due to the fast 

precipitation events that occur. Additives, referred to as modulators, were discovered as a strategy 

to realize diffraction-quality crystals of a Zr4+ MOF.234 Such modulators feature identical 

monotopic functionality to the multitopic linker in solution and subsequently compete with the 

linker through transient node binding to slow down coordination binding events.53 Their role has 

been investigated throughout Zr-MOF syntheses, yet few generalizable modulation rules 

exist.48,57,260–263    

Enabled by fundamental advancements in Zr4+ MOF syntheses, initial research toward the 

development of spatially isolated, periodic Ce4+ oxo frameworks emerged, partly inspired by the 

utility of its parent metal oxide within heterogeneous catalysis.46,231,264 However, the high 

reductive potential of Ce4+ complicates the synthesis of crystalline cerium materials, including 

MOFs. MOF syntheses typically rely on high boiling point, formamide-based solvents, generally 

dimethylformamide (DMF), under high temperatures. The in-situ decomposition into formic acid 
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and dimethylamine often enables the facile formation of Ce(HCOO)3 rather than an assembly of 

hexanuclear Ce4+ nodes as observed by Reinsch and team.46,265   

Stock and coworkers first synthesized Ce4+
 MOFs through a clever, fast precipitation 

strategy to access the frameworks in less than 15 minutes, prior to formation of deleterious 

Ce(HCOO)3.
46,264 However, such methodologies sacrifice control over defect concentration, 

crystallite morphology, or particle size. Inconsistent particle size imparts diffusion effects, 

indiscernible morphology complicates identification of pure-phase materials, and defective sites, 

or exposed open metal sites due to missing linkers or nodes, result in vast differences in framework 

reactivity.266,267 Moreover, efforts to develop controlled crystal growth processes coincide with 

emerging structural and mechanical characterizations which require access to well-defined surface 

structures (facets and edges), such as high-resolution transmission electron microscopy (HRTEM) 

and nanoindentation studies.268,269  

An environmentally friendly synthesis utilized solvent free conditions to synthesize an array 

of Ce-UiO type MOFs, yet the mechanochemistry crystallization process precluded the formation 

of the characteristic octahedral morphology.270 Previously inaccessible redox active porphyrin and 

pyrene – based Ce MOFs were synthesized utilizing a glycine-capped Ce4+ cluster which lowered 

the Ce reductive potential.103,135 However, this procedure still utilizes a rapid precipitation method 

that prevents a controlled crystallization process. Recent work utilized a syringe-pump to slowly 

introduce cerium ammonium nitrate in the presence of acetic acid as a modulator to form well 

defined Ce-UiO-66 particles.271 However, the practical limitations of introducing additional 

equipment may limit the scale of this procedure. More recently, Huang and co-workers varied 

acetic acid modulator concentration and temperature to access uniform octahedral Ce-UiO-66 

particles effective in the separation of CO2 and CH4.
272  
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Toward developing Ce MOF syntheses, we elected to study the role of modulator identity 

and concentration on the crystal growth of Ce UiO-type frameworks. Well-reported examples 

within Zr MOFs include the modulator dependence on framework topology, beyond merely 

particle size or morphology, highlighting the potential influence these species can play in MOF 

syntheses.48,273 We conducted a systematic study investigating two different modulators, benzoic 

acid and trifluoroacetic acid, on the controlled crystallization of  a UiO Type MOF: Ce-UiO-NDC 

(NDC = 2,6-naphthalenedicarboxylic acid). We elected to study Ce-UiO-NDC given its higher 

porosity and stability toward activation procedures than the well-studied Ce-UiO-66.274  Through 

varying modulator concentration, we identified two pure-phase products: Ce-UiO-NDC and NU-

350, a mononuclear Ce chain MOF linked through NDC linkers.  Specifically, an increase in 

modulator concentration resulted in both pure-phase Ce-UiO-NDC as well as large particle sizes, 

with benzoic acid providing high uniformity. Modulator trends developed within Ce-UiO-NDC 

were transferable for the synthesis of pure-phase octahedral Ce-UiO-66 particles. HRTEM 

identified a single crystalline domain within Ce-UiO-NDC. 

 

 

Figure 5.1 Structures of Ce-UiO-NDC (A) and Ce-UiO-66 (B). C, grey; O, red; Ce, pale 

yellow. H atoms are omitted for clarity. 
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5.3 Modulator Identity and Concentration Effect on Ce-MOF Structure   

To probe the modulator effect on the synthesis of Ce-UiO-type frameworks, we selected 

benzoic acid and trifluoroacetic acid (TFA), species successfully employed as modulators in the 

synthesis of Zr-based MOFs. We elected to first investigate Ce-UiO-NDC, a 12-connected 

framework based on 2,6-naphthalenedicarboxylic acid linkers that crystallizes in fcu topology. We 

utilized the aforementioned glycine-capped hexanuclear Ce6O8 cluster instead of traditionally used 

cerium ammonium nitrate, given the cluster’s lowered reduction potential which can circumvent 

the formation of Ce(HCOO)3 in the DMF synthesis.103,135,265 We introduced equivalencies of a 

targeted modulator in a solvothermal synthesis that reacted overnight and utilized powder X-ray 

diffraction (PXRD) for preliminary structural characterization. Through PXRD, we observed an 

  

Figure 5.2 Stacked PXRD patterns of targeted synthesis of Ce-UiO-NDC using A) benzoic 

acid or B) trifluoroacetic acid. Bottom magenta trace labeled Ce-UiO-NDC corresponds to 

experimentally synthesized frameworks using the prior literature procedure from ref. 46.   
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alternate phase at lower concentrations of both modulators, tracked through the sharp peak 

appearing at 7.6 2θ (Figure 5.2). With increasing modulator concentrations, the characteristic Ce-

UiO-NDC peaks become more prominent at 6.1 and 7.1 2θ (Figure 5.2).  Pure-phase UiO-NDC 

was achieved with 1.35 M of benzoic acid as the modulator while the highly acidic TFA modulator 

yielded a pure phase material when present in only 0.30 M. At higher modulator conditions of 

TFA, we did not observe further product formation. Throughout the syntheses, the resulting PXRD 

patterns lacked peaks characteristic of Ce(HCOO)3. SEM images (Figure 5.6) of these initial 

modulator investigations showed uniform clean octahedral particles of ~500 nm were achieved 

with benzoic acid as a modulator with a concentration of at least 1 M. However, at ~ 0.8 M, smaller 

octahedral particles of 200 nm were observed with several larger particles of about 500 nm 

interspersed (Figure 5.6). Alternatively, TFA modulated synthesis showed deformed octahedral 

particles of inconsistent size (Figure 5.6).     

5.4 Structural Description of NU-350    

Intrigued by the alternative phase detected in both modulated syntheses at low 

concentrations, we utilized single crystal X-ray diffraction (SC-XRD) to identify the alternative 

structure appearing at lower modulator concentrations. A novel mononuclear CeIII chain MOF, 

comprised of 3 crystallographically distinct Ce atoms connected through naphthalene dicarboxylic 

acid was isolated, referred to as NU-350. NU-350 crystallized into the P-1 space group with a = 

13.2389(6) Å, b = 13.3168(7) Å, c = 19.909(1) Å, α = 71. 557(4)°, β = 74.917(4)°, and γ = 

75.843(3)°.  Similar to a CeIII chain MOF also based on naphthalene carboxylate reported by 

Bonino and co-workers (Figure 5.10), we observed the coordination of DMF to the framework.275 

Interestingly, a series of three crystallographically distinct nodes repeated throughout the 

framework. Ce1 features 2 DMF, 4 monodentate NDC, and 1 chelating NDC that altogether 
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comprise the CeO8 polyhedron. Additionally, Ce2 contains 1.5 DMF, 4.5 monodentate NDC, 1 

chelating NDC, and 1 OH/H2O on the CeO9 polyhedron. Lastly, the coordination of 1 DMF and 7 

monodentate NDC moieties to Ce3 formed another CeO8 polyhedron. X-ray photoelectron 

spectroscopy (XPS) confirmed the CeIII oxidation state (Figure 5.9) Thus, in addition to prior work 

documenting deleterious formation of Ce(HCOO)3 in solvothermal Ce6- MOF syntheses, these 

findings demonstrate the favorability of Ce3+ extended networks when framework modulation is 

low. We infer that reaction conditions hydrolyzed the Ce6 node to yield the individual Ce atoms in 

solution yet increasing monocarboxylate capping agents in solution stabilized the Ce6 node. Thus, 

it is suggested that modulators limited the reduction of Ce4+ needed to access NU-350 which 

presents a new, intriguing role in modulating self-assembly for MOFs with highly redox active 

inorganic nodes.  

 

Figure 5.3 A) View of NU-350 viewed along crystallographic b axis with three 

crystallographically unique Ce nodes. B) Unique coordination of each Ce-based node.  
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5.5 Material Characterizations of Ce-UiO-66 and Ce-UiO-NDC   

With insights gained from modulator concentration effects on structure and growth, we 

developed a finetuned Ce-UiO-NDC synthesis to probe bulk porosity utilizing benzoic acid as a 

modulator. To determine if our insights of controlled Ce-UiO-NDC MOF were transferable within 

the Ce-UiO MOF family, bulk procedures to synthesize Ce-UiO-66 were additionally developed. 

PXRD patterns overlaid with their simulated Zr analogues demonstrated good agreement in phase 

purity (Figures 5.4A/B). A likely increase in unit cell parameters is consistent with the shifting of 

 

Figure 5.4 A/B) Experimental PXRDs of Ce-UiO-NDC and Ce-UiO-66 overlaid with 

simulated Zr-UiO-NDC and Zr-UiO-66, C/D) N2 physisorption isotherms of Ce-UiO-NDC and 

Ce-UiO-66 with respective insets of NLDFT calculated pore size distributions. D/E) SEM 

images of Ce-UiO-NDC and Ce-UiO-66 respectively. 
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Ce experimental peaks to lower 2θ, attributed to the larger in lattice constants consistent with an 

anticipated larger unit cell of the Ce MOFs likely due to larger Ce-O bond distances as compared 

to Zr-O.276 In addition to probing bulk crystallinity, N2 physisorption isothermal measurements 

were conducted at 77 K and are consistent with a microporous material. BET area was calculated 

as 965 and 1265 m2/g for Ce-UiO-66 and Ce-UiO-NDC, respectively (Figures 5.4C/D).  Non-

local density functional theory pore size distributions were calculated using a carbon-slit model 

and N2 kernel to show pore sizes ~ 10 Å. Thermogravimetric analyses probed the defects present 

in the materials (Figure 5.11).  Increasing modulator concentration to ~1.5 M under the fine-tuned 

bulk synthesis of Ce-UiO-NDC resulted in an increase of particle size to ~ 1 µm (Figure 5.4E) as 

compared to our preliminary modulation conditions. Pure octahedral morphology particles of ~600 

nm Ce-UiO-66 were observed with SEM utilizing benzoic acid as a modulator (Figure 5.4F).    

 Beyond SEM imaging that provided critical insights of particle morphology and size 

 

Figure 5.5. A) HRTEM image of Ce-UiO-NDC along [110] zone axis. B) FFT of the image 

inside the white square, cropped at the predominant lattice fringes. C) Simulated view of [110] 

plane of Ce-UiO-NDC. C, grey; O, red; Ce, pale yellow. H atoms are omitted for clarity. 
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uniformity, we utilized high-resolution transmission electron microscopy (HRTEM), a technique 

that allows for the direct visualization of crystalline structures and consequently provides direct 

proof of the structures. After exposure to low electron dose conditions, HRTEM can be utilized to 

specifically image smaller sized MOF particles within a few hundred nanometers, while 

confirming their crystallinity and nanostructures.  Therefore, we elected to utilize HRTEM to 

directly probe the ~ 200 nm Ce-UiO-NDC particles synthesized in the initial modulator 

concentration screenings.  For a particle tilted on its [110] zone axis, lattice fringes of (111) and 

(002) planes were identified from fast Fourier transform (FFT) (Figure 5.5). 

5.6 Conclusions   

 In this work, we investigated two different modulators, benzoic acid and trifluoroacetic 

acid, on the crystal growth and structure of Ce-based MOFs. Through varying modulator 

concentration, we identified two pure-phase products: Ce-UiO-NDC and a mononuclear Ce chain 

MOF linked through NDC linkers (NU-350).  Both modulators similarly affected MOF structure; 

specifically, an increase in modulator concentration resulted in both pure-phase Ce-UiO-NDC as 

compared to NU-350 accessed at lower modulator conditions. However, benzoic acid provided 

higher particle size uniformity and pure phase octahedral particles through SEM imaging. 

Modulator trends developed within Ce-UiO-NDC were transferable for the synthesis of pure-phase 

Ce-UiO-66 with octahedral particles. HRTEM imaging observed a single crystalline domain 

within Ce-UiO-NDC. This study provides mechanistic insights behind the formation of cerium 

MOFs while also providing a strategy for accessing highly controlled MOF particles useful for 

further MOF investigations. The specific observation of modulators preventing the reduction of 

the Ce node suggests a new role of modulators in the self-assembly of redox active metals in MOF 

syntheses.   
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5.7 Additional Information  

5.7.1 Materials    

All chemicals and solvents were obtained from commercial suppliers and used without 

further purification. Ammonium cerium nitrate (≥98.5%), glycine (≥99%), sodium chloride 

(≥99.5%), benzoic acid (≥99.5%), terephthalic acid (98%), 2,6-naphthalenedicarboxylic acid 

(99%), and N,N-dimethylformamide (99%) were purchased from Sigma-Aldrich. Acetone 

(99.8%) was purchased from Fischer Chemical. Deionized water was used as the water source.     

5.7.2 Material Syntheses and Characterization   

[Ce6(μ3-O)4(μ3-OH)4(NH3CH2COO)8(NO3)4(H2O)6]Cl8·8H2O (Ce6 precursor) was 

synthesized according to literature procedure.103,135  

  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.6 PXRD patterns (λ = 1.5406 Å) of experimentally synthesized and simulated patterns 

of Ce6 precursor.     

Ce-MOF Modulation Protocols with Benzoic Acid: 63 mg of Ce6 precursor was placed in 3.5 mL 

of DMF and sonicated until dispersed. 500 µL of this solution was then placed in seven 1.5-dram 

vials. Next, the following amounts of benzoic acid were massed out and placed in the separate 
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vials: 4.7 mg, 23.5 mg, 47 mg, 70.5 mg, 94 mg, 117.5 mg, 141 mg, 188 mg. Next, 70 mg of 2,6-

naphthalenedicarboxylic acid was placed in 3.5 mL of DMF and sonicated. 500 µL of this solution 

was then placed in each of the vials. The vials were then placed in a 100 °C oven for 18 hours. 

Upon reaction completion, the vials were removed from the oven and cooled to room temperature. 

The mixtures were placed in 1.5 mL centrifuge tubes and centrifuged for five minutes to remove 

the supernatant. Then, the resultant product was washed with N,N-dimethylformamide (1.5 mL×2) 

and acetone (1.5 mL×2). The material was then dried in a vacuum oven at 80 °C for 1 hour.      

Ce-MOF Modulation Protocols with Trifluoroacetic Acid: 81 mg of Ce6 precursor was placed in 

4.5 mL of DMF and sonicated until dispersed. 500 µL of this solution was then placed in nine 1.5-

dram vials. Next, the following amounts of trifluoroacetic acid were added to the separate vials: 3 

µL, 7.4 µL, 10.3 µL, 14.7 µL, 19.1 µL, 23.5 µL, 29.5 µL, 44.2 µL, and 58.9 µL. Next, 90 mg of 

2,6-naphthalenedicarboxylic acid was placed in 4.5 mL of DMF and sonicated. 500 µL of this 

solution was then placed in each of the vials. The vials were then placed in a 100 °C oven for 18 

hours. Upon reaction completion, the vials were removed from the oven and cooled to room 

temperature. The mixtures were placed in 1.5 mL centrifuge tubes and centrifuged for five minutes 

to remove the supernatant. Then, the resultant product was washed with N,N-dimethylformamide 

(1.5 mL×2) and acetone (1.5 mL×2). The material was then dried in a vacuum oven at 80 °C for 1 

hour.      

NU-350 Synthesis: 9 mg of Ce6 precursor was placed in 0.5 mL of DMF inside a 1.5 dram vial 

and sonicated until dispersed. Next, 3 µL of trifluoroacetic acid was added.  Lastly, 10 mg of 2,6-

naphthalenedicarboxylic acid was solubilized in 0.5 mL of DMF which was then added to the Ce 

solution. The reaction was placed in a 100 °C oven for 18 hours. Upon reaction completion, the 

vial was removed from the oven and cooled to room temperature. The mixture was placed in 1.5 
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mL centrifuge tubes and centrifuged for five minutes to remove the supernatant. Then, the resultant 

product was washed with N,N-dimethylformamide (1.5 mL×2) and acetone (1.5 mL×2). The 

material was then dried in a vacuum oven at 80 °C for 1 hour.      

Ce-UiO-NDC Bulk Synthesis: 70 mg of Ce6 precursor was added to 3.5 mL of DMF in an 8-dram 

vial and sonicated until dispersed. Next, 1.5 g of benzoic acid was added to this vial which was 

then sonicated. Separately, 100 mg of 2,6-naphthalenedicarboxylic acid was added to 5 mL of 

DMF which was then sonicated. This 5 mL linker solution was then added to the starting node 

solution. The vial was then transferred to a 100 °C oven for 18 hours. Upon reaction completion, 

the vial was removed from the oven and cooled to room temperature. The resulting product was 

then into a 15 mL centrifuge tube and washed with DMF (5 mL x 3) and acetone (5 mL x 3). The 

material soaked in acetone overnight, followed by additional washing with acetone (5 mL x 3). 

The material was then dried in the vacuum oven for 1 hour at 80 °C. The material was then 

activated by heating at 100 ̊ C for overnight under high vacuum on a Micromeritics Smart Vacprep.    

Ce-UiO-66 Bulk Synthesis: 156 mg of Ce6 precursor was added to 2 mL of water in a 100 mL 

VWR glass jar. Separately, 4 g of benzoic acid was sonicated in 9 mL of DMF which was then 

added to the VWR jar. 132 mg of terephthalic acid was added to 9 mL of DMF in a separate vial 

which was then sonicated. The resulting linker solution was then added to the glass jar. Then, the 

glass jar was transferred to a 100 °C oven for 18 hours. Upon reaction completion, the vial was 

removed from the oven and cooled to room temperature. The resulting product was then into a 15 

mL centrifuge tube and washed with DMF (5 mL x 3) and acetone (5 mL x 3). The material soaked 

in acetone overnight, followed by additional washing with acetone (5 mL x 3). The material was 

then dried in the vacuum oven for 1 hour at 80 °C. The material was then activated by heating at 

100 ˚C for overnight under high vacuum on a Micromeritics Smart Vacprep.     



173 
 

5.7.3 Methods for Material Characterization   

Single Crystal X-Ray Diffraction Analysis  and Refinement Details of NU-350: For single-

crystal X-ray diffraction measurements, one crystal of NU-350 was mounted on MicroMesh 

(MiTeGen) in paratone oil and transferred to the cold gas stream (200 K) of a Bruker APEX II 

CCD area detector equipped with a Cu Kα (λ = 1.54178 Å) I μS micro-source with MX optics. 

Data integration and reduction were performed using Bruker SAINT program in APEX2. 

Absorption correction was performed by multi-scan method using SADABS.277 Space groups were 

determined using XPREP program implemented in APEX2. The structure was determined by 

intrinsic phasing methods (SHELXT 2014/5)278 and refined by full-matrix least-squares 

refinement on F2 (SHELXL-2018/3)279 using the Yadokari-XG software package.280 Refinement 

results are summarized in Table 5.1. Crystallographic data in CIF format have been deposited in 

the Cambridge Crystallographic Data Centre (CCDC) under deposition number CCDC-2017725. 

The data can be obtained free of charge via www.ccdc.cam.ac.uk/data_request/cif (or from the 

Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, U.K.). 

Responses to B level checkcif alert for NU-350 single crystal: 

Alert level B 

THETM01_ALERT_3_B  The value of sine(theta_max)/wavelength is less than 0.575 

            Calculated sin(theta_max)/wavelength =    0.5577 

 

Response: Diffraction spots from high angles were weak for this material despite several 

attempts at data collection. This may be because there is a large amount of disorder in the 

structure, especially for the coordinated solvent species. 

 

 

PLAT220_ALERT_2_B NonSolvent   Resd 1  C   Ueq(max)/Ueq(min) Range        9.0 Ratio  

 

javascript:makeHelpWindow(%22THETM_01.html%22)
javascript:makeHelpWindow(%22PLAT220.html%22)


174 
 

Response: This may be because there is a large amount of disorder in the structure, especially 

for the coordinated solvent species. 

Table 5.1 Crystallographic details of NU-350 

  

  

Empirical formula C64.5 H59 Ce3 N4.5 O24.5 

Formula weight 1709.52 

Temperature/K 200 

Crystal System Triclinic 

Space Group P–1 

a/Å 13.2389 (6)  

b/Å 14.3168(7) 

c/Å 19.909(1) 

α/° 71.557(4) 

β/° 74.917(4) 

γ/° 75.843(3) 

Volume/Å3 3401.7(3) 

Z 2 

ρcalcg/cm3 1.669 

µ/mm-1 15.943 

F(000) 1665 

Crystal size/mm3 0.015×0.015×0.015 

Radiation / Å 1.54178  

2θ range for data collection/° 2.387–59.296 

Index ranges 3.51–58.72 

Reflections collected 18978 

Independent reflections 9628 

Data/restraints/parameters 9628/223/932 

Goodness-of-fit on F2 1.017 (I ≥ 2(I)), 1.012 (all data) 

Final R indexes [I ≥ 2σ (I)] R1 = 0.0527, wR2 = 0.1235 

Final R indexes [all data] R1 = 0.0729, wR2 = 0.1338 

CCDC deposition number 2017725 
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Powder X-ray Diffraction Analysis: Powder X-ray diffraction (PXRD) patterns of the 

samples were measured by a STOE-STADI MP powder diffractometer operating at 40 kV voltage 

and 40 mA current with Cu-Kα1 X-ray radiation (λ = 1.5406 Å) in transmission geometry.  

N2 Sorption Isotherm Measurements: N2 adsorption and desorption isotherms on activated 

materials were measured on a Micromeritics Tristar (Micromeritics, Norcross, GA) instrument at 

77 K. Around 30 mg of sample was used in each measurement. Prior to N2 isotherm measurements, 

the samples were placed under high vacuum at 100 °C on a Micromeritics Smart Vacprep for 18 

h. The specific surface areas were determined using the Brunauer−Emmett−Teller model from the 

N2 sorption data in the region P/P0 = 0.005–0.05. Pore size distributions were obtained using DFT 

calculations using a carbon slit-pore model with a N2 kernel.    

X-ray Photoelectron Spectroscopy:  X-ray photoelectron spectroscopy measurements were 

carried out on a Thermo Scientific ESCALAB 250 Xi equipped with an electron flood gun and a 

scanning ion gun. Analysis used the Thermo Scientific Avantage Data System software, and C1s 

peak (284.8 eV) peak was used as the reference. Oxidation states of Ce were assigned by 

comparison to previously published data.133 

Scanning Electron Microscopy Imaging:  Prior to observation, the samples were coated 

with OsO4 (~9 nm) in a Denton Desk III TSC Sputter Coater. Scanning electron microscopy 

(SEM) images were acquired from a Hitachi SU8030 scanning electron microscope.     

High Resolution Transmission Electron Microscopy Imaging: Transmission electron microscopy 

(TEM) images were collected at Northwestern University’s EPIC/NUANCE facility using a 

TEM JEOL ARM300F equipped with a Gatan OneView-IS camera (CMOS electron sensor) at 

an acceleration voltage of 300 kV and an emission current of 15 µA. The samples were prepared 
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with Lacey carbon copper mesh girds and loaded onto a single tilt TEM holder. The cumulative 

electron dose was around 5 e-/Å2.   

Thermogravimetric Analysis:  Sample weight loss data was measured on a Mettler Toledo 

TGA/DSC 1 Star System instrument. Samples were heated in air from 30°C to 600°C at a rate of 

5°C/minute. The sample was held at 600°C for 60 minutes.   

5.7.4 SEM Images   

 

 

Figure 5.7 Scanning electron microscopy (SEM) images of Ce-UiO-NDC under specified 

concentrations of either (A) benzoic acid or (B) trifluoroacetic acid.   
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Figure 5.8 Scanning electron microscopy (SEM) images of (A) Ce-UiO-NDC and (B) Ce-UiO-

66 following syntheses reported from previously reported protocols.46   

 

5.7.5 XPS Data  
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Figure 5.9 Observed Ce 3d XPS (solid black line) and sum of fitted data (red line) for NU-350. 

The observed data were fitted by Gaussian/Lorentzian functions with deconvoluted peaks in blue 

corresponding to Ce4+ and orange deconvoluted peaks corresponding to Ce3+. 
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5.7.6 PXRD Patterns   

  

Figure 5.10 Overlaid PXRD patterns of simulated and experimentally observed NU-350 in this 

study as well as a simulated pattern of a similar Ce2(NDC)3 framework reported in literature.275   

 

5.7.7 Thermogravimetric Analysis Data  

 

Figure 5.11 TGA data of Ce-UiO-66 and Ce-UiO-NDC large batch syntheses. The mass loss of 

~39% corresponds to ~1.4 missing linkers per node in Ce-UiO-66. The mass loss of ~50% 

corresponds to ~0.8 missing linkers per node in Ce-UiO-NDC.  
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Chapter 6. Structural Transformation of Metal 

Oxo Species within UiO-66 Type Metal–

Organic Frameworks    

Portions of this chapter appear in the following manuscript:  

Wasson, M.C.; Xie, H.; Wang, X.; Duncan, J.; Farha, O.K. In Preparation.   
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6.1 Chapter Summary    

 Studying the coordination of actinide-based metal oxo clusters can provide valuable 

insights for nuclear energy technologies and radioactive waste containment. Metal–organic 

frameworks serve as a platform to directly interrogate the structure and properties of understudied 

actinide elements, including thorium.  Examples of structural evolutions within Th oxo species 

within MOFs are rare yet relevant for nuclear waste speciation in solution. Herein, we report the 

serendipitous discovery of the structural evolution of Th-UiO-66 containing a hexanuclear Th node 

to a mononuclear Th(bdc)2(dmf)2 upon the evaporation of solvent from the reaction. We observe 

a partial reversal of Th(bdc)2(dmf)2 back to Th-UiO-66 upon hydrothermal treatment, indicating 

the complex dynamics of Th oxo species in solution. We report that isolated Ce-UiO-66 similarly 

transforms to a newly isolated 1D CeIII carboxylate chain MOF named NU-351 in the same 

conditions as Th-UiO-66, while Zr-UiO-66 and Hf-UiO-66 retain their structures.  

6.2 Thorium–Based Metal-Organic Frameworks  

 Metal–organic frameworks (MOFs) are an emerging class of highly porous, well-defined 

crystalline materials that have attracted considerable interest for catalysis, gas storage/separation, 

toxic chemical sequestration, and chemical sensing, among other applications.32–36 Inorganic 

nodes, comprised of either metal ions or metal clusters, form coordination bonds to multitopic 

organic linkers to produce a targeted MOF. Researchers can leverage this tunability to impart and 

study targeted chemical reactivity within the different building units. Moreover, the controlled 

self-assembly of the MOF building blocks can spatially isolate components to better study or 

harness their chemical properties. 
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Beyond the well-studied transition metal elements ubiquitous within MOF literature, recent 

reports of actinide-containing MOF nodes have accelerated the understanding of the elements’ 

unique coordination chemistry which is pertinent for the nuclear waste storage and nuclear energy 

applications.47,281–284 In particular, limited knowledge exists about that solid-state structural 

chemistry of thorium due to the uncontrolled growth of polynuclear Th species in solution.285,286 

Recent interest has surfaced to better understanding the structural behavior of thorium given 

surging interest in developing a more sustainable nuclear fuel process based on the 233U–232Th fuel 

cycle as opposed to the U235 fuel cycle.287,288 Furthermore, ThIV is largely considered a surrogate 

to study the coordination and behavior of more highly regulated PuIV.289  

 Approximately 60 thorium oxide-based coordination compounds have been reported in the 

Cambridge Structural Database, which appears miniscule as compared to the vast number of total 

coordination compounds deposited.290 Therefore, a major impetus is directed at expanding the 

library of thorium-oxo based clusters and frameworks through systematically tuning solvent 

compositions and reagent ratios.291,292 For example, modifying the concentration of selenic acid 

and water in the presence of thorium hydrates yielded 5 discrete Th clusters; lowered reaction 

temperature and acidity yielded higher nuclearity Th clusters.290 Seminal work by Loiseau and co-

workers further accessed Th oxo clusters installed within Th-based MOFs, including a Th analogue 

of the well-known Zr-MOF UiO-66,44 through the modulation of temperature, Th: linker ratio, and 

water concentration.293 Th-UiO-66 features a Th6O8 building block previously isolated as a discrete 

Th oxo cluster.82,84,294 Alternatively, Th-based MOFs can stabilize unique cluster coordination 

elusive within discrete thorium clusters. For example, our group reported a hexanuclear secondary 

building unit comprised of [Th6(μ3-O)2(HCOO)4(H2O)6] self-assembled with tetrakis(4-

carboxyphenyl)porphyrin linkers.295 However, once Th-based frameworks are assembled, 
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examples of structural evolution within Th-based MOFs are rare. In one recent study, a non-

interpenetrated MOF dissolved and recrystallized into a 2-fold interpenetrated MOF, but the Th 

nuclearity of the node remained the same.296 Therefore, it is imperative to study examples of Th-

MOF based phase transformation with the evolution of the Th oxo species better understand the 

coordination chemistry of Th.  

 Herein, we report the discovery of a phase transition between Th-UiO-66 and 

Th(bdc)2(dmf)2 over time. This transition is accompanied by the hydrolysis of the Th6O8 node of 

Th-UiO-66 to a 10-coordinate ThO8(dmf)2 node. We monitored the process over 72 hr with powder 

X-ray diffraction (PXRD) and scanning electron microscopy (SEM) techniques. We postulate that 

that solvent evaporation and subsequent increased concentration of reagents in solution result in 

the phase transition. Moreover, the transition is suggested to be partially reversible upon the 

addition of heat and water to Th(bdc)2(dmf)2 to partially reform Th-UiO-66. Under the same 

conditions that Th-UiO-66 transitions, its isostructural Ce-UiO-66 analogue also transforms into a 

 

 

Figure 6.1 Structures of (A) Th-UiO-66 and (B) Th(bdc)2(dmf)2.  



183 
 

newly reported 1D CeIII carboxylate MOF, NU-351, while Zr-UiO-66 and Hf-UiO-66 retain their 

structures.    

 6.3 Phase Transformations of Th-UiO-66   

 We serendipitously observed a phase transition of Th-UiO-66 to the reported 

Th(bdc)2(dmf)2 polymorph when the reaction time was increased from 24 hr to 72 hr (Figure 1). 

In 2 separate trials, identical solutions of 0.9 mmol 1,4 benzene dicarboxylic acid and 0.35 mmol 

Th(NO3)4·5H2O were reacted for 24 hr and 72 hr in a 4:1 solution of DMF: water. The resulting 

PXRD patterns demonstrated good agreement of the 24 hr synthesis with the simulated Th-UiO-

66 pattern while the 72 hr synthesis matched the simulated pattern of Th(bdc)2(dmf)2. and 

confirmed through PXRD identical patterns with the simulated structure (Figure 6.2; Figure 6.8). 

While the initial report of Th-UiO-66 included thorough synthetic screenings to yield the MOFs 

in pure-phase, a transition from one phase to another over time was not explored.293 We were 

intrigued by the hydrolysis of the Th6O8 node of  Th-UiO-66 to a 10-coordinate ThO8(DMF)2 node 

and further investigated the kinetic timescale of this transition.    
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 PXRD patterns were collected of identical solutions and each vial was removed after 12 

hours to monitor the crystalline phase formed. As shown in Figure 6.2, we observed PXRD 

patterns from 12-48 hr that are consistent with Th-UiO-66. After 60 hours, the growth of 

Th(bdc)2(dmf)2 peaks was indicated through the appearance of five new peaks at between 10-13 

degrees 2θ, while the primary Th-UiO-66 peaks at 6.9 and 7.9 degrees 2θ are still visible. The 

PXRD pattern collected at 72 hours demonstrated a nearly complete conversion of Th-UiO-66 to 

the Th(bdc)2(dmf)2 framework. SEM images indicated the growth of Th(bdc)2(dmf)2 after 60 hours 

with the presence of large 100 µm size trapezoidal crystals appearing along size of smaller 1 µm 

sized Th-UiO-66 particles (Figure 6.3). The larger 100 µm trapezoidal crystals of Th(bdc)2(dmf)2 

were only observed at 72 hr.  After 72 hr, the reaction vials contained ~ 50% of the starting solvent 

amount, indicating solvent evaporation must have occurred during the solvothermal synthesis.   
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Figure 6.2 PXRD patterns of phase transition monitored of Th-UiO-66 to Th(bdc)2(dmf)2 at a 

designated time point of the reaction between 1,4 benzene dicarboxylic acid and 

Th(NO3)4·5H2O.  

 

 

 

Figure 2:  
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 Beyond the different node environments, the two MOFs have vastly different physical 

properties as evidenced through surface areas of 620 m2/g for Th-UiO-66 compared to < 5 m2/g 

for Th(bdc)2(dmf)2 (Figures 6.13-6.14). Thus, it is imperative to better understand the complexity 

of the phase transformation. We then sought to complete in situ investigations to monitor the phase 

transitions. Before observing the 72-hour process in situ, we first took an aliquot of the reaction 

mixture (see supporting information) and placed it in a borosilicate capillary that was flame sealed. 

We compared the PXRDs of the capillary heated in the oven concurrently with the mother reaction 

mixture in a vial reacting at the same time. After 72 hours, PXRDs demonstrated that the flame 

 

Figure 6.3 SEM images of resulting particles from the reaction between 1,4 benzene dicarboxylic 

acid and Th(NO3)4·5H2O at designated time points.  
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sealed system formed Th-UiO-66 while the mother solution in the vial formed Th(bdc)2(dmf)2 

(Figure 6.9). Thus, we reasoned that the flame seal capillary must provide a better seal for our 

reactants than the polyvinyl capped vials our bulk syntheses were conducted in, which resulted in 

the aforementioned solvent evaporation over the reaction time. We conjectured that a higher 

concentration of reactants results in the formation of Th(bdc)2(dmf)2.      

 In our next set of experiments, we used vials with caps lined with polytetrafluoroethylene 

(PTFE) which features a higher melting point than polyvinyl, providing a more closed system and 

limiting solvent evaporation. We utilized the same amount of reagents and ratio of DMF: water in 

the solution as our prior experiments, but systematically decreased the total solvent amount to 

increase the overall concentration of both reactants in solution. The syntheses reacted again for 72 

hr, and we utilized PXRD to investigate the resulting phases. We observed the most visible 

formation of Th(bdc)2(dmf)2 with the highest concentration (3x) of the reactants (pattern C in 

Figure 6.4) while we observe a slight formation of Th(bdc)2(dmf)2 in the 2x and regular 

concentrations in patterns B and A respectively. We determined that concentration is a critical 

factor in this phase transformation, but we did not observe the full conversion even in the 3x 

concentration vial to Th(bdc)2(dmf)2.    
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Figure 6.4 Overlaid PXRDs of A) 1X concentration B) 2X concentration and C) 3X 

concentration within PTFE-lined vials. Highlighted regions added to aid in monitoring the 

growth of Th(bdc)2(dmf)2 peaks.  

 Given prior reports of the role of formate concentration on Th oxo cluster size, we next 

explored the role of the decomposition products, formic acid and dimethylamine, on the phase 

transition.  We added equivalents of lithium formate or a diethylamine (DEA) to isolated Th-UiO-

66 added into the DMF/water solution which soaked for 48 hours at 130 °C. Through PXRDs of 

the resulting products, we observed only a slight formation of Th(bdc)2(dmf)2 upon the addition 

of DEA, even with as high of a ratio of 1:1 DMF: DEA (pattern H Figure 6.10). Furthermore, 

solutions containing Th-UiO-66 with added lithium formate did not exhibit a phase change. We 

thus determined that the concentration of the reactants greatly promotes the conversion of Th-UiO-

66 to Th(bdc)2(dmf)2 as opposed to the decomposition products of DMF.  
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 Previously, it was reported that water can stabilize the hexanuclear cluster of Th-UiO-66 

by favoring olation and oxolation condensation processes.293 Thus, we probed whether adding 

water to an isolated sample of Th(bdc)2(dmf)2 would prompt a phase transition back to Th-UiO-

66. After heating at 80 °C at 24 hr, we observed the growth of peaks at 6.9 and 7.9 degrees 2θ, 

consistent with the Th-UiO-66 phase as well as sharp peaks still present at 9.5 degrees 2θ 

indicating residual Th(bdc)2(dmf)2 (Figure 6.5). We attempted longer reaction times of 

Th(bdc)2(dmf)2 in water in an attempt to fully convert the mononuclear MOF back to Th-UiO-66, 

but we were unable to achieve full conversion. Nonetheless, we learned that the phase change is 

partially reversible, highlighting the complexity of Th oxo species.   

 

5 10 15 20 25 30

Th(bdc)2 (dmf)2 in water 80 oC

Exp. Th(bdc)2 (dmf)2

Sim. Th(bdc)2(dmf)2

In
te

n
s
it

y
 (

a
.u

.)

2q

Sim. Th-UiO-66

  

Figure 6.5 Overlaid PXRDs of Th(bdc)2(dmf)2 as synthesized and after exposure to water at 

80 °C for 24 hr.  
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 6.4 Phase Transitions within the Isostructural M-UiO-66 MOF Family  

 Inspired by the transition between MOFs containing Th and the BDC linker, we explored 

whether phase transformations in other M-UiO-66 type MOFs could occur under the same 

conditions that facilitated the phase transition of Th-UiO-66. For example, the Zr-carboxylate one-

dimensional chain MOF MIL-140A can also be formed from ZrCl4 and BDC linkers react as 

opposed to the much more well-known Zr-UiO-66 phase.297 Our group recently observed the 

interconversion of UiO-66 to MIL-140A at high temperatures during the solid phase catalytic  

degradation of polyethylene terephthalate.298 To compare the stabilities of the isostructural M6O8 

clusters, we synthesized pure-phase Zr-UiO-66, Hf-UiO-66, and Ce-UiO-66. Each MOF was 

heated at 130 °C in a solution of 4:1 DMF/ H2O for 48 hr to replicate the Th-UiO-66 to 

Th(bdc)2(dmf)2 phase transition conditions. After this treatment, the PXRD patterns of Zr-UiO-66 

and Hf-UiO-66 were unchanged (Figures 6.11-6.12) indicating neither M6O8 node was 

hydrolyzed. However, after the treatment of Ce-UiO-66, the resulting PXRD indicated the 

formation of a new, crystalline phase (Figure 6.6). Through synthetic screenings of a CeIV source 

and the BDC linker, we generated single crystals of a new material called NU-351 (see NU-351 

synthesis in Chapter 6.6.3). The experimental PXRD of NU-351 aligns with the product of the Ce-

UiO-66 phase transition (Figure 6.6), and we determined the structure of NU-351 through single-

crystal X-ray diffraction. As shown in Figure 6.7, NU-351 is a MOF with a one-dimensional CeIII 

chain with the formula of (CeIII)5(BDC)7.5(DMF)5 comprised of 5 crystallographically unique Ce 

atoms. The CeIII oxidation state was confirmed through X-ray photoelectron spectroscopy (Figure 

S9). Of note, NU-351 is structurally similar to NU-350, another one-dimensional CeIII-MOF we 
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previously reported that is favored over Ce-UiO-NDC (NDC = 2,6-napthalenedicarboxylic acid) 

in the presence of low amounts of carboxylate modulator.171   

 We postulate that MOFs with 1D metal-carboxylate chains formed from the transition of 

both Ce and Th-UiO-66 as opposed to Zr and Hf-UiO-66 result from several factors. Previous 

work from our group investigated the O-H stretching frequencies within M-UiO-66 (M= Zr, Hf, 

Ce, and Th) and determined that Ce and Th are less electronegative than Zr and Hf within the 

isostructural MOF family.299 Thus, the Ce-O and Th-O bonds within the M6O8 clusters are weaker 

than Zr-O and Hf-O, rationalizing the susceptibility of the Ce and Th nodes to undergo hydrolysis 

and a subsequent phase transition. Additionally, Ce and Th have larger ionic radii and increased 

abilities to accommodate higher coordination numbers, likely facilitating the transition to the 

 

Figure 6.6 Overlaid PXRD patterns of the simulated and experimental NU-351 in agreements 

with the resulting phase transition of Ce-UiO-66 in 4:1 DMF/ water at 130 °C for 48 hr.  
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mononuclear MOFs with high Ce and Th coordination spheres. Lastly, CeIV has a high redox 

potential and can readily be reduced to CeIII in DMF without sufficient modulator present.103,171 

 6.5 Conclusions  

 We reported and monitored a serendipitous observation of a phase transition of Th-UiO-

66 to Th(bdc)2(dmf)2 through PXRD and SEM imaging, attributed to a fluctuation in concentration 

dependent on the reaction vial used. Furthermore, we demonstrated that the partial reversibility of 

Th(bdc)2(dmf)2 converting back to Th-UiO-66. Under these conditions that facilitate the phase 

transformation of Th-UiO-66, we determined that Ce-UiO-66 also undergoes a phase transition to 

 

Figure 6.7 A) NU-351 structure with H atoms omitted for clarity and B) coordination 

environment of the 5 crystallographically distinct Ce atoms present. BDC linkers reduced to 

COO- groups on node for visual clarity. Colors indicated in legend except Ce1 denoted as 

yellow, Ce2 denoted as dark red, Ce3 denoted as royal blue, Ce4 donated as light green, Ce5 

denoted as purple.  
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NU-351 while both Zr and Hf-UiO-66 retain their structures. This work demonstrates the 

importance of studying the evolution of isolated metal oxo species within MOFs for both applied 

and fundamental perspectives; changes in Th speciation in solutions are relevant for long-term 

nuclear waste storage while analyzing transitions in isostructural MOFs can provide insights into 

overall metal oxo cluster strength and stability.   

 6.6 Additional Information  

 6.6.1 Materials  

Caution! Thorium nitrate (Th(NO3)4ꞏ5H2O) is a radioactive and chemically toxic 

reactant. Thus, suitable care, precautions, and protection for handling such substances 

have been followed. 

All chemicals and solvents were obtained from commercial suppliers and used without 

further purification. Thorium nitrate (Th(NO3)4ꞏ5H2O) (≥ 98%,  radiation clearance tested) was 

purchased from International Bio-Analytical Industries, Inc. Zirconium  (IV)  chloride,  

hafnium  (IV)  dichloride  oxide  octahydrate,  cerium  (IV)  ammonium nitrate,  terephthalic  

acid  (BDC),  glacial  acetic  acid,  triethylamine, glycine, sodium chloride, benzoic acid, 

diethlyamine, lithium formate, and N,N-dimethylformamide were purchased from Sigma-

Aldrich. Ethanol was purchased from Fischer Chemical. Deionized water was used as the water 

source.   N2 used  for  the adsorption and desorption measurements was Ultra High Purity 

Grade 5 and obtained from Airgas Specialty Gases (Chicago, IL).    
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6.6.2  Methods for Materials Characterization   

Single Crystal X-Ray Diffraction Analysis and Refinement Details of NU-351: For single-

crystal X-ray diffraction measurements, one crystal of NU-351 were collected at 100 K and 

the structure of NU-351 at 100K, respectively, using a Rigaku Cu-Synergy 

diffractometer,equipped with shutter-less electronic-noise free Hybrid Photon Counting (HPC) 

detector and Cryostream 80-500K (Cryostream Oxford Cryosystems, Oxford, United 

Kingdom), CuKα (λ = 1.54184 Å) microfocus source with a beam size of ~110 μm and a 4-

circle Kappa geometry goniometer. The single crystals were mounted on MicroMesh 

(MiTeGen) with paratone oil. The irradiation of crystals were done with the paratone oil for 

20 min. The structures were determined by intrinsic phasing (SHELXT 2018/2) and refined by 

full-matrix least-squares refinement (SHELXL-2018/3) using the Olex2 software packages. 

Refinement results are summarized in Table S1. Crystallographic data in CIF format have been 

deposited in the Cambridge Crystallographic Data Centre (CCDC) under deposition number 

CCDC-2167180. The data can be obtained free of charge via 

www.ccdc.cam.ac.uk/data_request/cif (or from the Cambridge Crystallographic Data Centre, 

12 Union Road, Cambridge CB2 1EZ, U.K.).  

Table 6.1 Crystallographic details of NU-351 

Empirical formula C72H60Ce5N4O34 

Formula weight 2225.84 

Temperature/K 100.02(10) 

Crystal system triclinic 

Space group P-1 

a/Å 13.9994(2) 

b/Å 15.2612(3) 

c/Å 17.7824(3) 

α/° 89.9738(15) 

β/° 86.8717(14) 

γ/° 89.3377(13) 

Volume/Å3 3793.24(11) 
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Z 2 

ρcalcg/cm3 1.949 

μ/mm-1 23.518 

F(000) 2164.0 

Crystal size/mm3 0.2 × 0.12 × 0.1 

Radiation Cu Kα (λ = 1.54184) 

2Θ range for data collection/° 7.638 to 159.348 

Index ranges -17 ≤ h ≤ 17, -19 ≤ k ≤ 19, -21 ≤ l ≤ 17 

Reflections collected 45422 

Independent reflections 14925 [Rint = 0.0526, Rsigma = 0.0393] 

Data/restraints/parameters 14925/174/1032 

Goodness-of-fit on F2 1.128 

Final R indexes [I>=2σ (I)] R1 = 0.1205, wR2 = 0.3275 

Final R indexes [all data] R1 = 0.1231, wR2 = 0.3285 

Largest diff. peak/hole / e Å-3 7.86/-5.86 

 

Powder X-ray Diffraction Analysis: Powder X-ray diffraction (PXRD) patterns of the 

samples were measured by a STOE-STADI MP powder diffractometer operating at 40 kV voltage 

and 40 mA current with Cu-Kα1 X-ray radiation (λ = 1.5406 Å) in transmission geometry.  

N2 Sorption Isotherm Measurements: N2 adsorption and desorption isotherms on activated 

materials were measured on a Micromeritics Tristar (Micromeritics, Norcross, GA) instrument at 

77 K. Around 30 mg of sample was used in each measurement. Prior to N2 isotherm measurements, 

the samples were placed under high vacuum at 100 °C on a Micromeritics Smart Vacprep for 18 

h. The specific surface areas were determined using the Brunauer−Emmett−Teller model from the 

N2 sorption data in the region P/P0 = 0.005–0.05. Pore size distributions were obtained using DFT 

calculations using a carbon slit-pore model with a N2 kernel.     

X-ray Photoelectron Spectroscopy:  X-ray photoelectron spectroscopy measurements were 

carried out on a Thermo Scientific ESCALAB 250 Xi equipped with an electron flood gun and a 

scanning ion gun. Analysis used the Thermo Scientific Avantage Data System software, and C1s 

peak (284.8 eV) peak was used as the reference. Oxidation states of Ce were assigned by 

comparison to previously published data.133 
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Scanning Electron Microscopy Imaging:  Prior to observation, the samples were coated 

with OsO4 (~9 nm) in a Denton Desk III TSC Sputter Coater. Scanning electron microscopy 

(SEM) images were acquired from a Hitachi SU8030 scanning electron microscope.     

6.6.3 Materials Syntheses and Corresponding PXRD Characterizations  

Phase Transition of Th-UiO-66 to Th(bdc)2(dmf)2 

1,4 benzene dicarboxylic acid (150 mg, 0.9 mmol) and Th(NO3)4·5H2O (200  mg,  0.35  mmol),  

4  mL  of  DMF  and  1  mL  of  H2O  were  each placed  a  2-dram DWK Life Sciences screw-

thread vial lined with polyvinyl-faced pulp liners. A total of 4 identical vials were prepared. All 

vials were sonicated for approximately 10 minutes and then heated at 130 °C. 2 vials were left in 

the oven for 24 hr and contained a white powder corresponding to Th-UiO-66. The remaining 2 

vials were removed after 72 hr and instead contained clear trapezoidal crystals. Each product was 

washed with DMF 3 times and then washed with ethanol 3 times prior to further characterization.    

  

Figure 6.8: Overlaid PXRDs showing reaction time of identical vials and the evolution of the 

resulting products from Th-UiO-66 to Th(bdc)2(dmf)2. 
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Kinetic Monitoring of Phase Transition of Th-UiO-66 to Th(bdc)2(dmf)2  

1,4 benzene dicarboxylic acid (37.5 mg, 0.225 mmol) and Th(NO3)4·5H2O (50  mg,  0.0875  

mmol),  1 mL  of  DMF  and  0.25  mL  of  H2O  were  each placed  a  0.5-dram DWK Life Sciences 

screw-thread vial lined with polyvinyl-faced pulp liners. A total of 6 identical vials were prepared. 

All vials were sonicated for approximately 10 minutes and then heated at 130 °C. A vial was 

removed every 12 hours beginning at 12 hours and ending at a 72 hour time point. Each product 

was washed with DMF 3 times and then washed with ethanol 3 times prior to further 

characterization.     

 Phase Transition of Th(bdc)2(dmf)2 to Th-UiO-66  

20 mg of Th(bdc)2(dmf)2  and 5 mL of water were added to a 2-dram DWK Life Sciences 

screw-thread vial lined with polyvinyl-faced pulp liners and heated for 80 °C for 24 hr.  

Attempted Phase Transition of Th-UiO-66 to Th(bdc)2(dmf)2 in a Capillary  

1,4 benzene dicarboxylic acid (150 mg, 0.9 mmol) and Th(NO3)4·5H2O (200  mg,  0.35  mmol),  

4  mL  of  DMF  and  1  mL  of  H2O  were  each placed  a  2-dram DWK Life Sciences screw-

thread vial lined with polyvinyl-faced pulp liners. The vial was sonicated for approximately 10 

minutes. Approximately 100 µL aliquot of the reaction mixture was placed inside a 1.5 mm boron-

rich capillary, which was then flame sealed. The capillary and then mother solution were left to in 

an oven at 130 C and taken out after 3 days. After a first PXRD measurement, the capillary was 

placed in the oven for an additional 7 days, before a second measurement.    
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Figure 6.9 Comparing attempted phase transition of identical syntheses in a flame sealed 

capillary versus a polyvinyl-based vial. 

Varying Concentration in Attempted Phase Transition of Th-UiO-66 to Th(bdc)2(dmf)2  

1,4 benzene dicarboxylic acid (75 mg, 0.45 mmol) and Th(NO3)4·5H2O (100  mg,  0.175  

mmol) were  each placed  a  1-dram DWK Life Sciences screw-thread vial lined with PTFE/rubber. 

Vial A contained 2 mL DMF and 0.5 mL water (same concentration as original synthesis); vial B 

contained 1 mL DMF and 0.25 mL water (2x concentration of reactants as original synthesis); vial 

C contained 0.67 mL DMF and 0.17 mL water (3x concentration of reactants as original synthesis). 

The vials were sonicated for approximately 10 minutes and then were placed in an oven at 130 °C 
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for 72 hr.  Each product was washed with DMF 3 times and then washed with ethanol 3 times prior 

to further characterization.     

Effect of Amine and Formate Additive in Attempted Phase Transition of Th-UiO-66 to 

Th(bdc)2(dmf)2   

Pure phase Th-UiO-66 was synthesized first by reacting 1,4 benzene dicarboxylic acid (150 

mg, 0.9 mmol) and Th(NO3)4·5H2O (200  mg,  0.35  mmol),  4  mL  of  DMF  and  1  mL  of  H2O  

in  a  2-dram DWK Life Sciences screw-thread vial lined with polyvinyl-faced pulp liners. The 

vial was sonicated for approximately 10 minutes and then heated at 130 °C for 24 hours. The 

product was washed with DMF 3 times and then washed with ethanol 3 times before it was heated 

on a Smart Vac Prep instrument under vacuum for 18 hours at 100 °C.   

20 mg of isolated Th-UiO-66 was placed in 2-dram DWK Life Sciences screw-thread vial lined 

with polyvinyl-faced pulp liners with the following solvent conditions:    

A) 4 mL DMF    

B) 4 mL DMF + 1 mL water 

C) 4 mL DMF  + 0.4 mL diethylamine (3.85 mmol) 

D) 4 mL DMF + 1 mL water + 0.400 mL diethylamine (3.85 mmol)   

E) 4 mL DMF + 200 mg lithium formate (3.85 mmol)  

F) 4 mL DMF + 200 mg lithium formate (3.85 mmol) + 1 mL water   

G) 2 mL DMF + 2 mL diethylamine  

H) 4 mL DMF + 0.4 mL diethylamine (1 week) 

The vials were sonicated for 10 minutes, and then the vials were placed in a 130 °C oven for 

48 hours unless otherwise indicated   
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Figure 6.10 PXRD Patterns of Th-UiO-66 product exposed to: A) 4 mL DMF; B) 4 mL DMF 

+ 1 mL water; C) 4 mL DMF  + 0.4 mL diethylamine (3.85 mmol); D) 4 mL DMF + 1 mL water 

+ 0.400 mL diethylamine (3.85 mmol); E) 4 mL DMF + 200 mg lithium formate (3.85 mmol); F) 

4 mL DMF + 200 mg lithium formate (3.85 mmol) + 1 mL water; G) 4 mL DMF + 0.4 mL 

diethylamine (1 week); H) 2 mL DMF + 2 mL diethylamine  
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Attempted Phase Transition of Zr-UiO-66, Hf-UiO-66, and Ce-UiO-66   

Zr, Hf, and Ce-UiO-66 were synthesized according to literature procedure.6,7 20 mg of a 

selected MOF, 4 mL of  DMF, and 1 mL of  water were placed in a 2 dram DWK Life Sciences 

screw-thread vial lined with polyvinyl-faced pulp liners and reacted for 48 hours at 130 °C. Each 

product was washed with DMF 3 times and then washed with ethanol 3 times prior to further 

characterization.    

 Figure 6.11 Zr-UiO-66 (top) after heating in 4:1 DMF : water at 130 °C for 48 hr stacked over 

as-synthesized Zr-UiO-66.   
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 Figure 6.12: Hf-UiO-66 (top) after heating in 4:1 DMF : water at 130 °C for 48 hr stacked 

over as-synthesized Hf-UiO-66.    

 

NU-351 Single Crystal Synthesis   

352 mg of a Ce6 precursor (0.15 mmol), which was synthesized according to literature 

procedures8, 150 mg of 1,4 benzene dicarboxylic acid (0.90 mmol), 4 mL of DMF, and 1 mL of 

water were added to a 2 dram DWK Life Sciences screw-thread vial lined with polyvinyl-faced 

pulp liners. The vial was sonicated for 10 minutes and was placed in a 130 °C oven for 72 hours. 

The clear rod-shaped crystals were washed with DMF 3 times and then washed with ethanol 3 

times prior to further characterization.     
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6.6.4 N2 Physisorption Isotherms    

  

Figure 6.13 N2 physisorption isotherm collected at 77 K. Apparent BET area was < 5 m2/g.  

 

Figure 6.14 N2 physisorption isotherm collected at 77 K. Apparent BET area was 620 m2/g.    
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6.6.5 XPS Data  

  

Figure 6.15 XPS spectrum of NU-351 showing characteristic CeIII peaks.  
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Concluding Thoughts   

Porous metal oxo cluster assemblies or metal oxo based MOFs demonstrate precise 

uniformity and tunabilty absent in metal oxides or other solid supports.  MOFs synthesized to 

date are often limited to low nuclearity inorganic nodes (i.e. 10 metal ions or less); the 

installation of higher nuclearity metal oxo clusters as MOF building nodes can expand the 

functionality available for MOF applications such as catalysis while expanding the fundamental 

discoveries within reticular chemistry via unique molecular building blocks. To facilitate the 

installation of higher nuclearity metal oxo clusters as MOF building blocks, these clusters must 

have accessible surfaces that can accommodate the diffusion of larger MOF linkers as well as 

sufficient lability in the coordinated capping ligands to later be exchanged. I propose several 

guidelines to consider for future work on these systems:  

• Capping ligands with extended length and aromaticity can induce higher porosity within 

the discrete Ce38 clusters of Chapter 2.   

• The bridging units linking the MCe70 clusters in Chapter 3 were limited to sulfate and 

monocationic sites. However, bulkier organic-based cationic bridging units should be 

investigating as a way to further dictate and arrange the 1-D ring channels to enhance 

porosity.   

• Chapter 5 demonstrated the importance of modulator pKa on Ce oxo node stability. 

Similarly, the pKa of each capping agent can be varied to tune the lability of the 

coordination bonds to determine optimal bond strength for post-synthetic ligand 

exchange with a multitopic MOF linker while still retaining the original size of the parent 

cluster.   
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