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Abstract 

 

The abundance of light alkanes—small, saturated hydrocarbons—in natural and 

shale gas has renewed efforts aimed towards utilizing these feedstocks as lower-carbon-

intensity alternatives to petroleum-based sources of commodity chemicals. Activating 

these apolar molecules is challenging; a conventional, but relatively expensive and 

inefficient, strategy is to over-oxidize these feedstocks to syngas only to reduce them back 

to key platform chemicals, such as methanol, that act as building blocks for more valuable 

chemicals. 

Enzymes, on the other hand, activate light alkanes and other apolar C-H bonds along 

direct oxidation pathways selectively, at ambient temperature, with catalytic centers that 

feature reactive metal-oxo species. The controlled nuclearity and porosity of Metal 

Organic Framework (MOFs) materials afford an ideal platform upon which to isolate sites 

that mimic the geometric and electronic structure of active sites found in enzymes within 

a thermally and chemically-stable high surface area solid, opening new industrial 

pathways for the enhancement of underutilized chemical feedstocks. 

We demonstrate the ability of a biomimetic, high-spin (S=2), Fe(II) site, situated in 

trimeric iron-oxo based nodes of a family of MOFs, to activate light alkanes (C1-C3). The 

identity and quantity of the active site was determined using in situ X-ray Absorption and 

ex situ Mössbauer Spectroscopy, in concert with in situ chemical titrations. Reaction 

kinetics, measured by varying reactant concentration and temperature using a recirculating 

batch reactor, are consistent with the rate limiting reaction of this Fe(II) site with the 

oxidant, N2O, to form a highly reactive Fe(IV)=O species (k = 1.2-0.8 x10-6 mol molFe(II)
-

1 kPaN2O
-1 s-1 at 378 K) capable of activating C-H bonds homolytically, in agreement with 

Density Functional Theory (DFT) calculations that predict subsequent radical-mediated 

pathways for upgrading propane and methane. 

A major challenge in this chemistry is resisting the over-oxidation of desired 

products, which is often both kinetically and thermodynamically favored. We evince, 

using in situ infrared spectroscopy in concert with DFT calculations, that methanol, the 
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desired product of the oxidation of methane, is stabilized as methoxy groups on the MOF 

through reactions with weak Brønsted acid sites. A protonic zeolite, added in inter- and 

intra- pellet mixtures with the MOFs, captures and protects methanol formed in situ from 

over-oxidation, allowing us to infer that CH3OH(g) is formed via the radical-rebound 

mechanism over Fe(II) sites, but that additional physical and chemical rate processes are 

required to protect the resultant small quantities of CH3OH(g) from over-oxidation. This 

work demonstrates that the radical-rebound mechanism commonly invoked in this 

chemistry is insufficient to explain the reactivity of these systems and offers a potential 

strategy to mitigate over-oxidation in these and other similar systems. 

The study of these Fe based MOFs was then expanded to study the functionalization 

of aromatic C-H bonds, demonstrated for conversion of benzene to phenol. Oxidation of 

toluene exclusively at the methyl position suggests the Fe(IV)=O species preferentially 

converts aliphatic over aromatic C-H groups, indicative of a less electronegative active 

Fe(IV)=O species relative to iron-oxo species isolated in other heterogeneous frameworks. 

In a separate study, following reports of cobalt(Co)-oxide clusters deposited on the 

zirconium(Zr)-based nodes of NU-1000 effective for the oxidative dehydrogenation of 

propane, DFT calculations were employed to study the effects of substituting metal (M) 

cations in a two-cation, Co-M cluster model, on the computed rate limiting C-H activation 

step. Activation barriers were found to be moderated between 38-238 kJ mol-1 based on 

the identity of the second metal, highlighting the potential use of dopants to tune the 

reactivity for C-H activation of small, bimetallic metal-oxo clusters. These trends in 

reactivity were rationalized by examining changes in spin density and charge on the 

reactive oxygen atom: more radical character (increased spin) and positive charge 

correlate with lower barriers for C-H activation. The linear relationship between the 

activation and reaction energies for the C-H abstraction step show adherence to the 

Bronsted-Evans-Polanyi rule, indicating that the trends in decreasing reaction barrier can 

be rationalized by the dopant metal increasing the stability of the product. 
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Chapter 1. Introduction 

 

1.1. Motivation 

 

The abundance of light alkanes—small, saturated hydrocarbons—in natural and 

shale gas has renewed efforts to utilize these feedstocks as cleaner alternatives to 

petroleum-based sources of commodity chemicals. Converting these apolar molecules to 

platform chemicals (Figure 1.1) is challenging, introducing C=C or C-O functionality 

involves partially oxidizing specific C-H bonds while resisting over-oxidation of bonds 

that is often both thermodynamically and kinetically favored (See Appendix Figures 7.1-

7.2 for example of CH4 oxidation).1–3 Established industrial process, first developed by 

Imperial Chemical Industries (ICI) and commercialized in the 1960’s (Figure 1.1), 

circumvents this concern by over-oxidizing these feedstocks to syngas (CO and H2), then 

immediately reducing them back to the key platform chemical, methanol.4,5 While 

developments have continued to optimize the process through improved catalyst 

formulations,5 reactor design,5,6 and integration of unit operations and heat flows,4,7 the 

overall indirect strategy has remained unchanged and while economical, inefficiencies and 

expenses remain. High operating temperatures and pressures needed to overcome 

equilibrium limitations in the endothermic conversion of syngas lead to high operating 

expenses and limit the economic viability of the process to larger scales, necessitating the 

difficult and expensive transport of the gaseous light alkane feedstock from the, often 

remote, point of extraction to a centralized chemical plant.  

 

 

Figure 1.1.  Process scheme for the synthesis functionalized platform chemicals 

from light alkane feedstock via indirect (ICI process) and di rect oxidative routes. 
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Seeking alternative reaction pathways that avoid endothermic routes and associated 

equilibrium limitations returns to the central challenge in this chemistry: the selective 

partial oxidation of the strong, apolar C-H bonds while resisting over-oxidation of more 

susceptible products. These obstacles are highlighted by the performance of reducible 

metal-oxides for this chemistry. Elevated temperatures (606-703 K) are required for the 

rate-limiting scission of the strong C-H bond of propane (C3H8) – bond dissociation 

energy (BDE) of 414 kJ mol-1 – by surface oxygen species during oxidative 

dehydrogenation (ODH) reactions over supported reducible metal oxides measured by 

Iglesia and coworkers,8–14 accompanied by propylene (C3H6) combustion pathways with 

an apparent activation barrier 48-61 kJ mol-1 lower than C3H8 activation.12 Nonetheless, 

paradigms have formed for guiding improved catalyst design. Khodakov et al.8,10 reported 

C3H8 ODH rates per g VOx and initial propylene selectivity to increase with surface 

density of VOx moieties on ZrO2 support, implicating specific polyvanadate (V-O-V) 

domains for the selective pathways over V-O-Zr and Zr-O-Zr, consistent with functional 

theory calculations that compute lower barriers for C3H8 activation on dimeric rather than 

monomeric VOx species (114 vs 124 kJ mol-1).15 Adding a second, more reducible oxide 

(CrO3) to VOx/Al2O3 catalysts increased reaction rates, implicating the replacement of V-

O-V and V-O-Al species with more reactive V-O-Cr species.16 In general, doping metal-

oxide surfaces with heteroatoms as means to alter the chemistry toward adsorbates is well 

described by lewis acid-base concepts,17,18 that can be combined with quantitatively with 

properties of the adsorbate, oxide surface, and interactions at the transition state to give 

complete descriptions of the reactivity.19,20 

Altering the composition and domain size of reactive metal-oxo species thus offer 

clear paths for increasing reaction rates and product selectivity. Identifying, implicating, 

and synthesising specific, molecularly well-defined moieties to rationally reduce selected 

reaction barriers remains difficult, however, thus the development of synthetic techniques 

with fine molecular control, advanced characterization techniques with atom-level 

precision, and accurate measurements of catalyst performance are major areas of ongoing 

research. New catalysts designed with these methods need substantial improvements in 

the performance, both to perform C-H activation chemistry at lower temperatures 
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compared to existing processes, as well as generational advancements in strategies to 

negate intrinsic limitations in product selectivity due to over-oxidation events. 

Thousands of years of evolution have afforded an expansive library of biological 

catalysts that activate C-H bonds as strong as those in methane (CH4) – BDE of 439 kJ 

mol-1 – oxidatively at high yields and selectivity over molecularly well-defined, metal-

oxo species at atmospheric temperatures and pressures. Mononuclear heme and non-heme 

iron-oxo centers in the Cytochrome-P450 and alpha-keto glutarate dependent 

dioxygenase families of enzymes, respectively, activate C-H bonds of a variety substrates 

along different pathways (hydroxylation, dehydrogenation, epoxidation) in bacteria, 

fungi, plants, insects, and mammals,21,22 while the diiron-oxo active center in soluble 

methane monooxyenase enzyme exclusively activates and converts methane to 

methanol.23,24 Structures of the active centers in these enzymes, and their mechanisms of 

C-H activation, are detailed in Section 1.3. While limited throughput and stability at 

industrial conditions (temperature, pressure, pH, solvent) prevents the direct application 

of these biological catalysts to large-scale chemical processes, isolating metal-oxo 

structures that mimic the geometry and function enzymatic active centers within a stable 

heterogeneous framework is a promising strategy for formulating stable catalysts for large 

scale processes that imitate the performance of enzymes for selective C-H bond oxidation. 

Strenuous requirements are thus placed on researchers to develop methodologies capable 

of synthesizing controlled metal-oxo species that are accurately characterized and related 

to a reaction mechanism that explains the observed reactivity of the materials. We hope 

to demonstrate, in this dissertation, examples of these methodologies applied to new 

metal-organic framework (MOF) based heterogeneous catalysts situating biomimetic 

active centers for C-H bond oxidation.  

Heterogeneous catalysts offer ease of separation more suited to high-throughput 

chemical processes, but opportunities to situate active centers therein with controlled 

nuclearity, geometry, and electronic structure are greatly limited to the range of existing 

framework structures of materials such as aluminosilicate zeolites. Metal-organic 

frameworks (MOFs) are an emerging class of crystalline materials composed of inorganic 

nodes connected by organic linker molecules. Ongoing research seeks to take advantage 
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of this modular structure to design and synthesize tailored materials for use as gas 

adsorbents,25–28 electrically conductive materials,29,30 and heterogeneous catalysts31,32 – 

the interchangeable nature of both inorganic and organic building units having spawned 

vast databases of theoretical and experimentally validated MOFs.33  

Ongoing research has focused on synthesizing active sites for different chemistries 

within framework positions or in extraframework positions tethered to the MOF. 

Framework Ni(II) sites hosted within the MFU-4l34,35 and MOF-7436,37 frameworks 

catalyze olefin oligomerization reactions, Fe(II) sites in within the nodes of MOF-74 have 

been shown to convert ethane to ethanol,38,39 while surface Brønsted acid sites in UiO-66 

and NU-1000 dehydrate ethanol.40 These surface -OH and -H2O groups on zirconium 

based MOFs 41–43 can also be used to graft metal clusters installed post-synthetically that 

expand the range of metals and chemistries: solvothermal,44–46 atomic layer deposition,46–

48 and molecular complexes49,50 methods deposit a range of mono- and heterobimetallic 

clusters effective for chemistries as diverse as alkyne semihydrogenation,50 alkane 

ODH,46,51 , and alkene oligermerization44,52 and epoxidation chemistry.45 The opportunity 

to synthesize materials containing small, molecularly well-defined, metal-oxo clusters has 

enhanced the power of computational tools to aid in the evaluation and design of these 

new MOF catalysts.53–56 The work in this dissertation aims, in service to the evaluation of 

new catalysts for direct oxidation reactions, to harness different experimental and 

computational tools to grant more complete examination of two systems of MOF-based 

catalysts containing framework and extraframework active sites respectively; framework 

Fe sites in MIL-100(Fe) and PCN-250 effecting the direct oxidation of CH4 and C3H8, and 

heterobimetallic clusters supported on NU-1000 for C3H8 ODH. 

By employing concerted experimental and computational techniques to (i) identify 

and enumerate active sites and (ii) determine the reaction kinetics and mechanism for C-

H activation over these sites, we examine, in this dissertation, the ability of MOFs to 

situate biomimetic reactive species capable of activating C-H bonds in light alkanes at 

near ambient temperature, and detail mechanisms by which desired intermediate product 

molecules can be stabilized and protected from over-oxidation pathways in situ, both 

major challenges in implementing direct oxidation of light alkanes as a large scale 
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industrial process for the synthesis of platform chemicals.  The remainder of Chapter 1 

includes a treatise on (i) different experimental and computational techniques, including 

catalytic testing, spectroscopic characterization, and density functional theory 

calculations, applied in concert in these studies and (ii) the active site motifs and reaction 

mechanisms commonly cited in the enzymatic, homogeneous, and heterogeneous 

catalysis literature that valorize C-H bonds by direct oxidation pathways. Chapter 2 

reports an iron-based MOF, MIL-100(Fe), which activates C3H8 at temperatures < 408 K, 

employing X-ray Absorption, Mössbauer, and infrared (IR) spectroscopies in concert with 

chemical titrations to identify and enumerate a framework based Fe(II) active site bearing 

similar geometry and electronic structure to those found in alpha-keto glutarate dependent 

dioxygenase enzymes, and measurements of the reaction kinetics and product co-feed 

experiments to validate DFT calculations that implicate the rate limiting oxidation of 

Fe(II)→Fe(IV), subsequent C-H activation, and radical-mediated pathways to oxidize 

products. Chapter 3 expands this study to the activation of CH4, employing IR 

spectroscopy and DFT to yield new insight into mechanistic steps beyond commonly cited 

radical pathways that act to protect the desired methanol product from over-oxidation, 

using this information to then propose novel strategies using bifunctional formulations to 

actively mitigate over-oxidation in these and other heterogeneous catalyst systems. 

Chapter 4 explores the wider range of C-H bonds this Fe(II)→Fe(IV) redox motif can 

activate, highlighting relative activity of this site to aliphatic vs aromatic C-H bonds, thus 

opening potential applications for upgrading other high value chemicals, such as benzene. 

Chapter 5 examines an entirely different MOF system, wherein a zirconium based MOF 

(NU-1000) is used to support active cobalt-oxide clusters in extra framework positions 

that effect C3H8 ODH. DFT calculations demonstrate the ability of heterobimetallic 

formulations to reduce key C-H dissociation barriers through generating structure-activity 

relationships with key electronic descriptors, such as charge and spin, thereby providing 

target heterobimetallic formulations for synthesis. 
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1.2. Strategies employing experimental and computational techniques in concert 

for rational design of heterogeneous catalysts 

 

Metal-organic frameworks offer an ideal platform on which to design and study the 

performance of a new generation of biologically-inspired and computationally-designed 

heterogeneous catalysts. While simple experiments can test the ability of new materials to 

perform specific chemistry; an effort that systematically explores, proposes, and 

formulates new and improved catalysts requires detailed kinetic and mechanistic 

evaluation of the performance these catalysts at the level of elementary reaction steps. 

This necessitates employing techniques that separately provide partial or limited insight 

into the performance of a catalyst. However, examples in the literature of bringing 

together experimental measurements of the reaction kinetics and mechanism, structural 

and chemical characterization, and computational chemistry is few in number. 

Yang and Gates57 highlight the dearth of experimental measurements of intrinsic 

reaction rates, transport phenomena, and active site identification and enumeration within 

the field of MOF-based catalysts, all of which are needed to develop an accurate 

description of catalyst performance. Bringing these techniques from other areas of 

heterogeneous catalysis to these MOF systems is a major component of the research 

detailed in this dissertation. Varying the partial pressure of reactants and products can be 

used to obtain rate expressions that, when combined with formalisms of reaction kinetics, 

can enable us to discriminate between potential reaction mechanisms. Further evidence 

supporting specific elementary steps can be gained by measuring kinetic isotope effects 

of different reagents, while individual reaction pathways in the overall network can be 

identified by examining product selectivity profiles with conversion58,59 and upon addition 

of product or probe molecules co-fed with reactants, techniques used in the investigation 

reported in Chapter 2.60 

Extrapolating experimental measurements of reaction kinetics, mechanisms, and 

pathways to propose specific alterations in catalyst structure to improve performance is 

difficult. Various spectroscopic and other characterization techniques can be used to 

discern the structure of the catalytic material, including the geometric and electronic 
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structure of individual molecular species. Discerning the active species apart from 

spectator species, and connecting these sites to specific reaction steps, is a major 

challenge. For example, in situ X-ray absorption measurements of Cu-oxo clusters 

supported on NU-1000 under CH4 flow at 473 K showed 9% of Cu2+ species are reduced 

to Cu1+ upon CH4 activation,61 granting evidence for a subset of Cu atoms being active 

centers with a divalent oxidation state. Little information on the geometry or the precise 

mechanism of activation, however, is obtained; for example whether bridging (-O-) or 

terminal (=O) oxygen atoms abstract or insert an O atom into the C-H bond of CH4; due 

the 91% of non-reactive Cu atoms that are also sampled in these measurements. Systems 

that isolate metal centers in framework positions, such as within the inorganic nodes of 

MOFs, ameliorate some of these concerns by limiting the number of possible geometric 

configurations the metal can situate in, improving the effectiveness of different 

spectroscopic techniques. Nonetheless, the speciation of metal centers cannot be solely 

derived singularly from the crystalline structure of a given material, as show in Chapter 3. 

The structural integrity of the framework must be confirmed before, during and after 

reaction, as defect sites with a different geometric and electronic structure may be formed 

that increase the number of different metal species, inducing the formation of more or less 

reactive metal centers, and thus still require the use of advanced spectroscopic techniques 

to discern metal speciation and its changes under reaction conditions. Specific 

spectroscopic techniques that have been used to characterize reactive metal-oxo sites are 

listed when discussing these species in Section 1.3, but all techniques require correlation 

with supplementary experiments and theoretical methods to attribute reactivity to one or 

more specific molecular structures over other spectator species.  

In theory, computational models using quantum chemical methods such as density 

functional theory (DFT) can be used to explicate the entire reaction mechanism over a 

given catalyst, determine the most important elementary reaction steps, and thereby 

efficiently design improved catalyst formulations. Rosen et al.62,63 have generated high 

throughput computational screening methods with periodic DFT calculations to search 

through large databases of MOFs, yielding promising candidates for CH4 activation 

catalysts. However, the accuracy of these calculations is strongly dependent on selecting 
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the correct computational method and model of the catalyst and active site, which in turn 

requires a priori knowledge of the speciation of, and plausible reaction mechanisms and 

pathways over, the active site.  

To collect accurate experimental and spectroscopic data, customized reactor 

equipment was design and constructed (see Appendix 7.2 for unit flow diagram), and used 

in concert with other spectroscopic and computational techniques, including from 

collaborations with experts in advanced synchrotron experiments and computational 

methods (See footnotes in relevant methods sections in Chapters 2, 3, and 5), to provide 

insight into individual reaction steps effecting direct C-H activation in MOF based 

catalysts. The work presented in this dissertation garners specific information showing 

that these materials can stabilize metals in well-defined framework sites that bear similar 

coordination, geometry, and electronic structure to those found in enzymatic systems, and 

that these MOF based sites can perform chemistry along similar mechanistic pathways, 

but with additional steps needed to control product selectivity. This provides more general 

knowledge of how small molecular centers activate C-H bonds that can be extended to 

other heterogeneous and homogeneous systems.  

 

1.3. Active sites and mechanisms for C-H activation 

 

Enzymes activate C-H bonds selectively via direct oxidative pathways over 

molecular-sized metal centers situated within complex protein-based pockets and 

channels. The methane monooxygenase (MMO) enzyme in methanotrophic bacteria 

activates and hydroxylates methane at ambient temperature.23,24 Using rapid freeze-

quench techniques, investigators have been able to capture and characterize the active Q 

intermediate species in soluble MMO (sMMO), Figure 1.2, using extended X-ray 

absorption fine structure (EXAFS) studies, in concert with Mössbauer and IR 

spectroscopies,64 and later confirmed by others with time resolved resonance Raman 

spectroscopy.65 This bis-μ-oxo diiron diamond core structure contains high-valent, high 

spin (S=2) Fe(IV) species formed through the incorporation of one molecule of O2 aided 

by nicotinamide adenine dinucleotide (NADH) cofactor as a reducing agent.66 One O atom 
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is incorporated into CH4 to form the CH3OH product, while the other is expelled as H2O. 

Over-oxidation of methanol is prevented by situating the active diiron center within a 

hydrophobic pocket protected by a gating mechanism provided by a regulatory protein 

component that controls access to the active site, removing CH3OH product from the 

vicinity before allowing CH4, O2, and co-reductant molecules inside to start a new 

catalytic cycle.67 Electron paramagnetic resonance (EPR) was used to propose 

mononuclear Cu centers as active sites for methane to methanol conversion in particulate 

MMO (pMMO),68 although debate surrounding the exact nuclearity and geometry of the 

site in this enzyme persists.66 

Larger families of enzymes containing mononuclear active centers perform a wider 

range of C-H oxidation chemistry.21,22 Mononuclear and porphyrinic Fe(II) sites, 

characterized by a distinct UV–vis band at 450nm, in the Cytochrome P450 family reduce 

O2 with the aid of NADH cofactor to form an active Fe(IV)=O porphyrin π-cation radical 

(Figure 1.2) that is difficult to trap and characterize experimentally,21 with studies 

focusing on replicating this chemistry with stable synthetic analogues.69 Non-heme active 

Fe centers also perform this chemistry, reducing O2 over a mononuclear, high-spin (S=2) 

Fe(II) center using an alpha-keto glutarate (αKG) cofactor to form a high spin (S=2) 

Fe(IV)=O species, an example from the TauD enzyme is depicted in Figure 1.2, alongside 

CO2 and succinate byproducts.69–71 Expansive studies of synthetic heme and non-heme 

analogues of Cytochrome P450 and αKG dependent dioxygenase enzymes demonstrate 

the effect ligand environment has on the electronic structure and reactivity of the putative 

Fe(IV)=O site, with high spin species formed by weak ligand environments displaying 

greater efficacy towards C-H bond activation.22,72,73 These enzymes control product 

selectively by taking advantage of the tailored and flexible pore environments that 

surround these mononuclear active centers. Goudarzi et al.74 used magnetic circular 

dichroism to track the formation and consumption of the key reactive Fe(IV) species and 

other Fe(II)/Fe(III) intermediates, confirming that O2 reduction by αKG over Fe(II) is 

promoted by the C-H containing substrate prebinding in proximity to the active center, 

thus acting to preclude over-oxidation of other molecules.  
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The use of finely tuned and flexible protein-based pore environments to prevent 

product over-oxidation, as well as the employment of large cofactors required to utilize 

O2 as an oxidant, create enormous challenges for scientists trying to replicate the 

performance of enzymes within rigid heterogeneous frameworks. Alternative oxidants 

and strategies for product protection may have to be developed. Nonetheless, these high 

spin, Fe(II)→Fe(IV) and other redox motifs can be used as initial targets for catalyst 

synthesis. 

Panov and coworkers75–80 first reported the ability of extraframework Fe sites in 

ZSM-5 zeolites to active CH4 at 298 K after oxidation with N2O at 433 K. Initial attempts 

to characterize the site were hindered by rigid postulates of a diiron site based on the 

precedent of sMMO;81 it was not until Solomon and coworkers82,83 used magnetic circular 

dichroism, EXAFS, Mössbauer spectroscopy, and DFT calculations to ascribe reactivity 

to a mononuclear, high spin (S=2) Fe(IV)=O site, Figure 1.2,  formed by reaction of N2O 

with a strained, square planar Fe(II) site, mimicking the redox motif of mononuclear non-

heme enzymes that do not otherwise show biological activity to C-H bonds as strong as 

CH4. 

 

Figure 1.2. Molecular structures of reactive oxygen species in enzymatic (top row) 

and heterogeneous (bottom row) catalysts proposed to activate C-H bonds. 

 

Mimicking pMMO, Cu species in extraframework positions in zeolites (ZSM-5, 

MOR)84,85 have also been shown to activate CH4 after oxidizing Cu(I) species in O2 at 
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elevated temperatures to Cu(II), represented by an absorption feature at 22,700 cm-1 in 

Cu-ZSM-5 that is consumed upon exposure to CH4. Resonance Raman spectroscopy was 

used to characterize this species as a dimeric [Cu2O]2+ species,86,87 although researchers 

using alternative synthesis methods have claimed to isolate trimeric Cu-oxo clusters that 

convert CH4 to CH3OH.88  

In metal-organic frameworks, seminal work by Long and coworkers38,39 used 

coordinatively unsaturated, high spin (S=2) Fe(II) sites in MOF-74 frameworks to activate 

ethane (C2H6) in mixtures with N2O at 333 K to ethanol (C2H5OH), although the reaction 

kinetics and mechanism were not experimentally determined. Researchers have also 

successfully grafted imidazole bearing ligands that can be metallated by Cu(I) atoms, 

forming a proposed bis(μ-oxo) dicopper species active for CH4 oxidation at 423 K, 

although stability issues cause CH3OH yield to decrease precipitously as the catalyst is 

recycled.89 MOFs containing active centers in framework positions thus seem like the 

most promising candidates for stable and biomimetic catalysts based on Fe-centered 

enzymes – the stronger evidence for the structures of Fe active sites in these materials 

make them more suitable targets. DFT calculations by Vitillo et al.55 proposed that the 

common, readily synthesizable, Fe3-μ3-oxo nodes in MOFs such as MIL-100(Fe)90 and 

PCN-25091 can host non-heme, high spin (S=2) Fe(II) sites capable of activating C-H 

bonds of CH4, C2H6, and C3H8 via a Fe(IV)=O species formed by N2O. Applying 

advanced experimental and computational methods to identify and enumerate the active 

site and evaluate the reaction mechanism over these MOF systems forms the focus of this 

dissertation (Chapters 2-3). All heterogeneous catalytic systems discussed thus far require 

a final step to release the desired hydroxylated product, which is adsorbed during reaction, 

hence affording overall high selectivity albeit at the cost of operating these systems in 

stoichiometric cycles.92,93 Studies yielding information on mechanisms to stabilize 

methanol are sparse; Chapter 3 details how the Fe-based MOFs under study stabilize 

CH3OH as surface groups by reaction steps that go beyond commonly cited radical based 

mechanisms. 

 Enzymes are generally proposed to activate and functionalize C-H bonds via the 

radical-rebound mechanism,71,94–96 depicted in Figure 1.3a. This mechanism functions by 
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first oxidizing a reduced metal center to form a highly reactive oxygen species (1) reactive 

enough to homolytically break the C-H bond of a given substrate (2). The resulting radical 

species then rebounds to form an adsorbed alkanol product (3), which then desorbs (4) to 

complete the catalytic cycle. Key intermediates, especially reactive oxygen species vide 

supra, have been isolated and characterized to afford evidence in support of this 

mechanism. Radical quenching molecules, such as 5,5 dimethylpyrroline 1-oxide 

(DMPO) and N-(4-pyridylmeth1ene)-tert-butylamine N,N’-dioxide (POBN), have been 

used to observe, with EPR spectroscopy, ·CH3 and other alkyl radicals from reactions over 

sMMO.97 A kinetic isotope effect of 19.3 was measured on sMMO using 1:1 mixtures of 

CH4+CD4, signalling hydrogen atom abstraction within rate limiting steps.98 KIEs for H/D 

exchange in substrates over P450 enzymes typically range from 7-10 at 298 K.99 The 

larger than expected KIE values based on transition state theory can be ascribed to several 

phenomena, including multiple isotope sensitive steps in sequence or hydrogen tunnelling. 

Experiments with 18O2 confirm the incorporation of one O atom from the oxidant into the 

hydroxylated product.98 

 

 

Figure 1.3.  Schematics depicting general forms of a) radical -rebound (for 

hydroxylation) and b) Mars-van Krevelen (for dehydrogenation) C-H activation 

mechanisms. 
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DFT calculations on Fe39,55,82 and Cu100,101 species in heterogeneous catalysts 

attribute the reactivity of these systems to the radical-rebound mechanism, but 

experimental evidence is lacking. Exposing CH2D2 gas to Fe-ZSM-5 at 298 K after prior 

exposure to N2O at 433 K, Panov and coworkers79 compute a H/D KIE of 3.2, implicating 

a C-H abstraction mechanism, however IR spectra of Fe-ZSM-5 after contact with 

N2O+CH4 shows vibrational bands consistent with surface methoxy and hydroxyl groups 

that cannot be explained by the existing radical-rebound mechanism. As molecules remain 

adsorbed inside these heterogeneous materials, necessitating a separate step to desorb or 

extract the functionalized product, the identity of gaseous products, such as CH3OH, 

predicted by radical-rebound, is difficult to ascertain. Co-feeding H2O alongside CH4+O2 

mixtures over Cu-MOR enabled Dinh et al.102 to observe the formation of gaseous CH3OH 

as the sole primary product from CH4 as its selectivity approached 100% as CH4 

conversion tends to zero. Identifying the products formed directly from these biomimetic 

sites is vital to developing strategies to inhibit over-oxidation pathways. 

Partial oxidation of C-H containing substrates over metal-oxide catalysts commonly 

occurs via the Mars-Van Krevelen mechanism,103,104 depicted in Figure 1.3b for a 

dehydrogenation reaction. Analogously to the radical-rebound mechanism, an oxygen 

species is proposed to break the C-H bond. This can occur homolytically or 

heterolytically; increased polarizability of the C-H bond and presence of strongly basic 

surface sites favoring paired electron pathways.105 The apolar nature of the C-H bonds in 

saturated hydrocarbons thus appear to prefer single electron reactions. ODH rates of C2H6, 

C3H8, i-C4H10, n-C4H10 on VOx species correlate with individual BDE, providing 

evidence for homolytic scission.106 In dehydrogenation pathways, the resulting alkyl 

radical, possibly stabilized or adsorbed on adjacent surface site, undergoes β-hydride 

elimination to form the unsaturated alkene product, and H2O by stoichiometry. The 

resulting vacancy site is then rapidly replenished by lattice oxygen species, as commonly 

inferred from experiments with 18O2 where 18O are not immediately incorporated into 

product molecules.  

Figure 1.3 illustrates the similarities between both radical-rebound and Mars-Van 

Krevelen type mechanisms, however key differences remain. Reactivity of hydrocarbons 



14 

and oxygenates via Mars-Van Krevelen type reactions over metal-oxides are oft 

characterized by rate limiting C-H activation and fast reoxidation steps,20 while for 

enzymatic and other low temperature C-H oxidation catalysts the opposite is true. For Fe-

ZSM-5 systems, Fe(II) sites react with N2O at temperatures above 433 K to form putative 

Fe(IV)=O species that so readily oxidize CH4 that CH4 consumption is mass transport 

limited at 298 K,77 while Rosen et al.63 surmise that the main challenge in discovering 

MOF-based catalysts for low temperature C-H activation is in finding open metal sites 

capable of forming reactive oxygen species at low temperatures. In systems that function 

by the Mars-Van Krevelen mechanism, the challenge would appear to be in reducing C-

H activation barriers, as investigated computationally in Chapter 5, however researchers 

must be aware that in doing so they will likely shift the burden on forming a more reactive 

oxygen species. The mechanistic schemes in Figure 1.3 highlights the two key challenges 

in this chemistry, (i) forming a reactive oxygen species (1) that is capable of activating 

strong, apolar C-H bonds (2) and (ii) resisting overoxidation of the functionalized product 

(4). Enzymes meet these challenges by forming characteristic high-valent, high spin, 

metal-oxo species and situating them in flexible and tailored pore structures, vide supra. 

While the focus, as noted by Dinh et al.107, of researchers attempting to formulate 

biomimetic and other low temperature C-H oxidation catalysts has rested on synthesizing 

and characterizing highly reactive oxygen species situated in heterogeneous frameworks, 

replicating the complex gating mechanisms and protein pockets of controlled 

hydrophobicity within rigid framework will be exceedingly difficult, and alternative 

strategies little studied. We seek to address both these challenges within this dissertation. 
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Chapter 2. Structure, Dynamics, and Reactivity for Light Alkane 

Oxidation of Fe(II) Sites Situated in the Nodes of a Metal–Organic 

Framework 

 

This material has been adapted from a previously published work.108 Contributions 

of other authors is noted in the footnotes of the experimental and computational methods. 

 

2.1. Introduction 

 

The abundance of light alkanes in natural gas and shale gas has invigorated efforts 

aimed at maximizing the value of these compounds as chemical feedstocks. Activation of 

light alkanes without combustion is challenging; their oxidative functionalization requires 

the intervention of reactive species capable of breaking apolar C–H bonds while limiting 

over-oxidation of products that contain progressively weaker C–H bonds.2 Enzymes 

overcome these challenges using metal-oxo species that require energy inputs from 

coupled reactions and a series of gating mechanisms aided by complex channel 

environments to control access to the active site to prevent over-oxidation.66,109 One 

strategy in the design of tailored heterogeneous catalysts for selective light alkane 

activation is to mimic the functions and characteristics of enzymes within solid 

supports.107  

Steps toward designing such tailored catalysts have focused on  understanding the 

reactivity of non-heme iron sites in enzymes that activate alkanes, notably the high-spin, 

di-iron sites in methane monooxygenase64,66 and mono-iron sites in enzymes such as 

TauD.110 Isolating similar Fe-species on solid supports thus constitutes a major area of 

focus today.77,82,83,111–113 Metal organic frameworks (MOFs) – modular, crystalline 

materials constituted of organic linkers and inorganic nodes – are ideal target supports for 

iron sites for light alkane activation. The multitude of compositions and topologies they 

afford in porous structures114–117 increases the chances of designing materials with 

structural features mimicking functional characteristics of enzymes and thus makes MOFs 
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an ideal support for iron sites for light alkane oxidation. MOFs proposed to contain 

biomimetic mono- and di-nuclear iron sites capable of activating light alkanes include 

MOF-74-(Mg, Fe)38,39 and MIL-53(Fe, Al),118 respectively, and computational evidence 

suggests an expanded library of MOFs may contain sites capable of effecting light alkane 

activation.62,63,119 However, work with these and related MOFs has not yet provided 

detailed characterization of the active site or reported the reaction kinetics57—necessary 

requirements to understanding the reactivity of such materials at the level of elementary 

reaction steps and thus for imparting rational strategies for the design of new and improved 

catalytic materials. Herein, we report such details for a related Fe-containing MOF, MIL-

100(Fe),90 having characterized its reactions with propane and ethane and its function as 

a catalyst for converting propane to hydroxylation, dehydrogenation, and over-oxidation 

products with N2O as the oxidant. Doing so demonstrates for the first time that trimeric 

Fe-oxo centered nodes, a common building unit in a wide library of existing MOFs,91 can 

contain sites capable of activating light alkanes, thus opening a new and promising 

platform upon which to rationally design new catalytic materials. 

The ability of MIL-100(Fe) to form unsaturated Fe(II) species upon thermal 

treatment has been reported on the basis of infrared (IR) and Mössbauer spectroscopy.120–

122 These Fe species are similar in geometry and oxidation state to those proposed for  Fe-

exchanged zeolites (BEA,82,83 CHA113) and MOF-74-(Mg, Fe),19,20 leading us to postulate 

that these sites in MIL-100(Fe) might be capable of activating light alkanes.  

MIL-100(Fe) was synthesized by reported protocols,123 and the crystallinity, phase 

purity, and integrity of the framework before and after reaction were determined with a 

set of complementary methods: N2 adsorption, pair distribution function (PDF) analysis, 

powder X-ray diffraction, and IR and Raman spectroscopies. Catalyst performance was 

investigated with mixtures of C3H8 + N2O fed to a recirculating batch reactor working at 

temperatures between 378 and 408 K after pretreatment at 523 K in vacuo—resulting in 

formation of propylene in the gas phase and C3-oxygenates adsorbed within the MOF, 

which were released by washing in D2O ex situ. In situ probe molecule titrations in concert 

with Kohn Sham density functional theory (DFT), X-ray Absorption Spectroscopy (XAS), 

Mössbauer spectroscopy, and IR spectroscopy were used to ascertain the identity, 
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relevance, and number of coordinatively unsaturated, mononuclear, high-spin (S = 2), 

Fe(II) active sites situated in the nodes of MIL-100(Fe), sites that mimic the nuclearity, 

spin state, and oxidation of Fe sites located within enzymes such as TauD. A combination 

of reaction kinetics and DFT calculations suggests that the rate limiting reaction involves 

the Fe(II) site reacting with N2O to form a high-spin Fe(IV)=O moiety, which proceeds to 

activate propane through hydrogen atom abstraction (HAA) and subsequent conversion to 

propanol via a rebound mechanism, or a further HAA for conversion to propylene. 

  

2.2. Experimental and Computational Methods 

 

2.2.1. Synthesis of MIL-100(Fe)* 

MIL-100(Fe) was synthesized by a reported procedure.123 In a typical synthesis, 

0.504 g of benzene-1,3,5-tricarboxylic acid (Sigma Aldrich) was dis-solved in 7.13 g of 1 

M aqueous NaOH at room temperature. This solution was added dropwise to a clear 

solution of 0.68 g FeCl2·4 H2O (Sigma Aldrich) in 29.22 g of deionized water at ambient 

temperature with continuous stirring and held for 24 h. The resultant brown precipitate 

was collected after centrifugation at 4000 rpm for 3 min. To remove unconverted rea-

gents, the product was washed three times with deionized water and once with ethanol. 

The sample was then dried in air overnight at ambient conditions. 

 

2.2.2. N2 Isotherms 

The surface areas of MIL-100(Fe) before and after catalysis were obtained by 

measuring the N2 isotherm at 77 K using an ASAP 2020 surface area and porosity analyzer 

(Micrometrics). Samples were degassed at 423 K for 4 h prior to sample analysis, with 

surface areas determined by fitting a Langmuir isotherm between p/p0 values of 0.05 and 

0.30. 

 

 
*Material synthesis was performed by Jenny G. Vitillo and Connie C. Lu at the University of Minnesota. 
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2.2.3. Powder X-ray Diffraction Crystallography 

XRD patterns were collected in the 2-40° 2 range in the Bragg Brentano geometry 

using a laboratory diffractometer (Panalytical X’Pert Pro Multipurpose Diffractometer) 

with an X’Celerator detector (step size of 0.0167°, time per step 10 s). A Co anode (K 

,= 1.789 Å) operated at 45 kV and 40 mA was used as the radiation source. The samples 

in the form of loose powders were positioned in air on a silicon zero background inset 

allowed to rotate with 60 rpm frequency. For the diffracted beam, an antiscatter slit (AS 

Slit 5.0 mm, X'Celerator) was adopted. An antiscatter slit (1/16°) and a divergence slit 

(1/32°) were adopted to avoid saturation of the detector in the 2-15° (2 range). The XRD 

pattern in the 10-40° range was recorded again with larger slits (the incident beam was 

collimated by an antiscatter slit (1°) and a divergence slit (0.5°)) to increase the resolution 

of the measurement. The simulated pattern was computed from the cif file 

(Crystallography Open Database entry 7102029) using Mercury software (Mercury 

3.10.3, CCDC). 

 

2.2.4. Reactivity Experiments  

Experiments were performed in a recirculating batch reactor system, described 

below, except for in situ NO titration experiments, which were performed in a different 

recirculating batch reactor system operating within a fume hood. Rates of product 

formation at identical temperatures and reactant pressures were replicated between the 

two reactor systems. 

Recirculating batch reactor system (main). MIL-100(Fe) powder was pressed (~800 

psi) and sieved (180–400μm diameter particles) into pellets and loaded (mass 20–50 mg) 

into a vertically mounted 1/4” OD quartz reactor tube supported by plugs of quartz wool 

above and below the catalyst bed, held in place by a 1/16” K-type thermocouple (Omega 

Engineering) and a 1/8” quartz rod. The thermocouple provided the signal to a PID 

temperature controller (Watlow, EZ Zone) regulating the power to an electric furnace 

(National Electric Furnace, FA 120, 120 V), with a copper block surrounding the reactor 

to minimize axial temperature gradients over the length of the bed (<1 K). 
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The material was pretreated under vacuum (< 3 Pa), heating at a rate of 2 K min-1 to 

523 K, holding for 10 h, and then cooling to reaction temperature (378-408 K). Helium 

(Matheson, UHP Enable 99.999%) was used to pressurize the reactor (~110 kPa), while 

the remainder of the recirculating batch system was filled with reactant gas mixture. Mass 

flow controllers (MKS Instruments) were calibrated using a volumetric soap-film flow 

meter and used to control the flow of helium (Matheson, UHP Enable 99.999%), argon 

(Matheson, Research Purity 99.9999%), nitrous oxide (Matheson, USP grade 99%), 

propane (Matheson, Research Purity 99.999%), and/or ethane (Research Purity 99.999%). 

On-line quantification of reactants, products, and the internal standard (Ar) was performed 

by gas chromatography (GC) (Agilent, 6890N) using a thermal conductivity detector, a 

flame ionization detector, and HP Plot Q (Agilent) and CP Molsieve 5 A (Agilent) 

columns in series.  The reactant gas mixture was recirculated at a rate of 70 cm3 min-1 with 

a recirculation pump (Metal Bellows, MB-21), with on-line GC samples taken to quantify 

reactant compositions—all facilitated by 4-way valves (VICI Valco) to control the 

exposure of the catalyst to the reactant mixture. The total volume of the reactor system 

was 68 cm3. To terminate the reaction, the reactor was cooled to 298 K as helium flowed 

through it at a rate of 0.83 cm3s-1, and then the catalyst was removed and washed with 

D2O (Cambridge Isotopes) using acetonitrile as an internal standard. A microcentrifuge 

(operated at 6000 rpm) was used to separate the catalyst pellets from the solution. 

Desorbed products were quantified using 1H-NMR (Ascend 400, Bruker, 400 MHz, 64 

scans, td 2s). 

Recirculating batch reactor system (NO titrations). The methods and specifications 

are identical to those stated for the main system (vide supra) unless stated below. The 

reactor setup is located in a fume hood for safe use of  NO. 

The reactor furnace consisted of two cartridge heaters (Omega Engineering Inc., 

CIR-2100, 600 W) inserted in two split-tube aluminum sleeves, with the heat input 

regulated by a PID controller (Watlow, 96 Series). Mass flow controllers (Brooks 

Instrument) were calibrated using a volumetric soap-film flow meter and used to control 

the flow of helium, argon, nitrous oxide, propane, and nitric oxide (Matheson, CP grade 

99%). Nitric oxide was injected into the reactor system through a dosing chamber (volume 
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0.05 cm3) via a 6-way valve (VICI Valco), or co-fed along with the other reactants. 

Quantification of reactants, products, and the internal standard (Ar) was performed by GC 

using an HP Plot Q (Agilent) column with liquid nitrogen cooling to separate permanent 

gases, including NO, which otherwise adsorbs too strongly on molecular sieve columns. 

The reactant gas mixture was recirculated at a rate of 420 cm3 min-1 using a recirculation 

pump (Metal Bellows, MB-21). The total volume of the reactor system was 72 cm3. 

 

2.2.5. Pair Distribution Function (PDF) Analysis†  

Samples were prepared in the main reactor unit (vide supra), using Swagelok quick 

connect fittings to transfer the samples in the reactor to a N2 glovebox without exposure 

to air, for further transfer to the appropriate sample holders for PDF analysis. Data suitable 

for pair distribution function analysis were collected at beamline 11-ID-B of the Advanced 

Photon Source at Argonne National Laboratory using an X-ray wavelength of 0.2114 Å. 

The PDFs, G(r), were extracted within xPDFsuite124 following calibration and integration 

of the diffraction images in GSAS -II.125  

 

2.2.6. X-ray Absorption Spectroscopy‡ 

XAS measurements were made at beam line 9-3 at the Stanford Synchrotron 

Radiation Lightsource (SSRL). This is a collimating and focusing beam line with a 20-

pole, 2-Tesla, wiggler insertion device, rhodium-coated harmonic rejection mirrors, and a 

double-crystal, liquid-nitrogen cooled Si(220) monochromator. Spectra were collected in 

fluorescence mode using a 32-element germanium detector. An iron foil reference was 

scanned simultaneously with the sample for energy calibration. Continuous extended X-

Ray absorption fine structure (EXAFS) spectra were measured at 308 K from 200 eV 

 
† Experimental measurements and data analysis of PDFs of MIL-100(Fe) were performed by Michelle L. 

Beauvais, Zhihenqyu Chen, Karena W. Chapman (Stony Brook University). 
‡ Experimental measurements and data analysis of XAS measurements of MIL-100(Fe) were performed 

with Melike Babucci and Bruce C Gates (University of California, Davis) and Adam S. Hoffman, Alexey 

Boubnov, Simon R. Bare (SSRL, SLAC National Accelerator Laboratory). Full description of results and 

analysis is provided in Supporting Information of Simons et al.108. 



21 

below the Fe K-edge (7112 eV) to k = 15.3 Å-1 (k is the wavenumber) in 4 min, with three 

scans collected and averaged to improve the signal-to-noise ratio under all conditions.  

Approximately 5 mg of sample was loaded into an in situ XAS cell.126 Continuous EXAFS 

data characterizing the as-synthesized MIL-100(Fe) were collected with the sample in 

flowing helium at 308 K. In situ X-ray absorption near edge structure (XANES) data were 

collected during pretreatment of the catalyst in flowing helium from 308 to 523 K with a 

ramp rate of 5 K/min and a dwell of 1 h at 523 K. The flowing helium substituted for in-

vacuo environment in comparable experiments. The catalyst was then cooled to 308 K to 

characterize the structure of the pretreated species by EXAFS. The temperature was then 

ramped to 393 K to start the reaction; in situ XANES data were collected during the ramp 

with the sample in a flowing mixture of N2O and ethane (molar ratio 9:1), followed by a 

dwell for 1 h at 393 K. EXAFS data were collected after the catalyst had cooled to 308 K 

in the N2O + ethane mixture—with these data intended to characterize local structure 

around the Fe. Reproducibility of the data was tested as the same procedure was followed 

for characterizing as-synthesized and pretreated MIL-100(Fe).  

Athena and Artemis software, parts of the Demeter package,127 were used in analysis 

of the EXAFS data. Pre-processing of data included alignment, edge calibration, 

deglitching, normalization, background subtraction, and conversion of data into a chi file 

for data fitting, and these procedures were performed with Athena. The edge energy, 

determined by the first inflection point of the absorption edge of the reference iron foil, 

was calibrated to the reported Fe K-edge energy, 7112.0 eV.  

The structure of the MIL100-(Fe) node was obtained using molecular model 

geometry-optimized by density functional calculations (see below and Ref. 55 for details). 

The geometry was used to calculate the phase shifts and backscattering amplitudes 

representing the Fe–O1, Fe–O2, Fe–C, Fe–O3, and Fe–Fe shells. Fitting was carried out 

considering k1-, k2-, and k3- weighting. The fitting ranges in both k space and r space (r is 

the distance from the absorbing Fe atom) in analysis of data characterizing the as-

synthesized sample, pretreated sample, and sample after activation were determined by 

the data quality; the range in k was 3.5–12.9 Å-1 and in r 1.0–4.0 Å. These values were 
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used with the Nyquist theorem128 to estimate the justified number of fitting parameters. 

Standard procedures were used in the analysis of the XANES spectra.127 

 

2.2.7. Infrared (IR) spectroscopy 

Wafers of MIL-100(Fe) were pressed (<800 psi) and placed self-supported inside a 

quartz vacuum IR cell fitted with KBr windows (Sigma Aldrich). Spectra were recorded 

using a Nicolet 6700 spectrometer between 400-4000 cm-1 at a resolution of 2 cm-1 and 

taking an average of 128 scans. The cell was then heated under vacuum (<3 Pa) to 523 K 

(2K min-1) for 10 h before being cooled to 393 K. Calibrated doses of Nitric Oxide 

(Matheson, CP grade 99%) were then added to the cell, with spectra taken once the 

pressure inside the cell had stabilized after each dose. 

 

2.2.8. Raman spectroscopy 

A Witec alpha300 R confocal Raman microscope with UHTS300 spectrometer and 

DV401 CCD detector was used to collect spectra between 400-2000 cm-1 using an 

Omnichrome Argon ion laser with 514.5 nm excitation. Laser power was set to as low a 

power (<5%) as possible using a rotating actuator to avoid damaging the MOF. 

WitecCOntrl_1.38 software was used for data collection and analysis.  

 

2.2.9. Mössbauer Spectroscopy.§ 

57Fe Mössbauer spectra were recorded at liquid helium temperatures (18 K). One 

sample was prepared after pretreatment in vacuo at 523 K for 10 h, with the sample sealed 

with Swagelok quick-connect fittings and transferred to a N2-filled glovebox to prevent 

air exposure, loaded into a sample holder sealed with parafilm and transferred to the 

spectrometer. 

 
§ Measurement of the Mössbauer spectra of MIL-100(Fe) were taken at the Institute of Rock Magnetism, 

University of Minnesota with the aid of Peter Solheid. 
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2.2.10. Kohn-Sham Density Functional Theory Calculations**  

DFT calculations were performed using the M06-L functional129 in its unrestricted 

formalism (U) in combination with the def2-TZVP basis sets,130,131 as implemented in the 

Gaussian 16 program.132 Previous investigations showed that this level of theory correctly 

reproduces electronic properties of iron centers in MOFs,39 in particular the tri-iron-oxo-

centered cluster when benchmarked to multireference calculations.55  

The cluster adopted to model the MIL-100 node consists of the metal-containing 

node of MIL-100 terminated by formate groups. This model has been previously 

employed to successfully describe N2O reactivity55 and adsorption of small molecules.133 

Geometry optimization was carried out by means of the Berny optimization algorithm 

with analytical gradients using default thresholds (0.000450 and 0.000300 a.u. for the 

maximum and the rms forces respectively; and to 0.001800 and 0.001200 a.u. for the 

maximum and rms atomic displacements, respectively). A pruned grid was used in the 

ultrafine option in all calculations (99 radial points and 590 angular points per radial 

point). All computed energy values were corrected for basis set superposition error 

(BSSE) following the a-posteriori method proposed by Boys and Bernardi134 as 

implemented in Gaussian 16. The BSSE-corrected energy values are indicated by a c 

superscript and were obtained from the computed Y values as Yc = Y - BSSE. 

Unscaled harmonic frequencies were obtained analytically. Enthalpies and Gibbs 

free energies were calculated at 1 atm and 298 K using the scheme proposed by Moor et 

al.,135 whereby low-lying frequency modes (<50 cm-1) were replaced by a cut-off value 

(50 cm-1) in the calculation of the vibrational partition functions.136–139 

 

2.3. Results and Discussion 

 

2.3.1. Synthesis, Structure, and Reaction Scheme  

MIL-100(Fe)90 is a MOF comprising trimeric Fe(III)-oxo nodes and benzene-1,3,5-

tricarboxylic acid-derived linkers that form a crystalline framework with 25 and 29 Å 

 
** Computational calculations were performed by Jenny G. Vitillo at the University of Minnesota. 
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diameter cages accessible through 5.5 and 8.6 Å windows (Figure 2.1a). MIL-100(Fe) was 

synthesized in gram quantities according to a reported HF-free procedure.123 XRD patterns 

(Figure 2.1b) of the as-synthesized material show the exclusive presence of the MIL-100 

phase. The Langmuir surface area of 2236 m2 g-1 (Figure 2.1c) and Raman (see appendix: 

Figure 7.4) and IR (appendix: Figure 7.5) spectra closely resemble those reported for MIL-

100(Fe).121,140
 Hydroxyl groups are present in the MOF as-synthesized but after treatment 

in vacuo at 473 K, no signals associated with hydroxy groups could be detected in the 

3700–3300 cm-1 range of the IR spectrum (appendix: 7.5). These bands are likely 

associated with solvent molecules in the MOF pores and hydroxy groups on the nodes. 

EXAFS spectra (Table 2.1), discussed in detail below, also show excellent agreement with 

a single-node model of MIL-100(Fe) optimized by DFT, providing further evidence that 

MIL-100(Fe) as synthesized incorporates well-defined Fe(III) trimer nodes and organic 

linkers.  

Unsaturated Fe(II) species have been proposed to serve as the active sites in 

zeolites82,83,113 and MOFs38,39 capable of activating light alkanes through an Fe(IV)=O 

intermediate formed with the atomic oxygen donor, N2O. Mössbauer and IR spectra have 

shown that trivalent Fe atoms located in the nodes of MIL-100(Fe), as synthesized, 

undergo dynamic changes in both coordination and oxidation state when subjected to 

high-temperature (< 533 K) treatment in vacuo,120–122 notably resulting in the creation of 

unsaturated Fe(II) sites. One of our goals was to explore the identity and reactivity of such 

sites and to quantify these, or other, sites that can activate light alkanes with the atomic 

oxidant.  
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Figure 2.1. (a) Schematic representation of unit cell of MIL-100(Fe) (F d -3 m, a = 

70.74 Å) with its constituent node and linker. (b) XRD pattern of MIL -100(Fe) as-

synthesized and post-reaction compared with the simulated pattern for MIL -100. (c) 

N2 adsorption isotherm at 77 K for MIL-100(Fe) as-synthesized (Langmuir surface 

area = 2236 m2 g -1) vs. post-reaction (2150 m2g -1). (d) Ex situ differential PDF of 

MIL-100(Fe) as-synthesized, after pretreatment in vacuo at 523 K, after reaction 

with N2O/C3H8 at 398 K, determined by subtracting the PDF of the organic linker 

(benzene-1,3,5-tricarboxylic acid) from the PDF of MIL-100(Fe). 

 

A stepped reaction scheme25,26 was proposed to test the reactivity of MIL-100(Fe) 

for light alkane activation through successive exposure of the catalyst to N2O and 

C3H8.
77,111 Quantitative yields of N2 were detected during exposure of MIL-100(Fe) to 

N2O (see appendix: Figure 7.6); however, no carbon-containing products were observed 

in the gas phase (see appendix: Figure 7.7) or in the products of subsequent solvent washes 

carried out ex situ. In contrast, when N2O and C3H8 were fed together, yields of N2 were 

observed at initial rates identical to those resulting upon exposure to N2O alone (see 

appendix: Figure 7.8) – along with propylene in the gas phase. 2-Propanol, 1-propanol, 

acetone, and 1,2 and 1,3 propane diols were observed as major products released after 

washing the catalyst with D2O ex situ (Figure 2.2) using 1H-NMR. 
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Figure 2.2.  a) Yield of gaseous products vs. batch time for an illustrative N 2O + 

C3H8 experiment (45 mg MIL-100(Fe), 393 K, PTota l , t=0  = 114 kPa, PN 2O,t=0 = 35 kPa, 

PC 3H8 , t=0 = 1.3 kPa. b) Selectivity vs batch time for gaseous and adsorbed products 

after ex situ quantification (40 mg MIL-100(Fe), 393 K, PTota l , t=0 = 114 kPa, PN2O,t=0 

= 35 kPa, PC 3H8 , t=0  = 2.4 kPa). Adsorbed products: 2-propanol, 1-propanol, acetone, 

propane-1,2-diol (1,2-diol), and propane-1,3-diol (1,3-diol). 

  

A similar scheme was reported for the conversion of ethane to ethanol with MOF-

74-(Mg,Fe), and the results were inferred to be indicative of an unstable Fe(IV)=O moiety 

as an intermediate species.38 We also found that MIL-100(Fe) is able to activate the sp3 

C–H bond in C2H6 (see appendix: Figures 7.9-7.10), but proceeded with an investigation 

of C3H8 rather than C2H6 because of our ready ability to quantify products and to close 

carbon balances around C3H8 consumption. C2H6 was used instead of C3H8 in in situ XAS 

experiments as its simpler chemistry allowed us to the focus on the Fe speciation and 

oxidation state. 

Information on the product rank was sought to give further insight into the 

mechanistic pathways active for catalysis by studying changes in product selectivity upon 

varying batch-time/conversion; products with non-zero selectivity when extrapolated to 

t=0 being formed directly from propane, whilst products with zero selectivity at t=0 

formed in sequential reaction steps as secondary or higher products. This analysis required 

independent experiments at identical temperature and initial reactant pressures whilst, 
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because of the need to wash the catalyst ex situ to quantify strongly adsorbed oxygenate 

products, stopping the reaction at different times in order to develop a profile of selectivity 

vs time/conversion (Figure 2.2b). Propylene, 2-propanol, and 1-propanol have non-zero 

selectivity at zero conversion/time, providing evidence that these three products are 

formed directly from propane. All other oxygenate products have zero selectivity at t=0, 

implying they are formed from sequential reaction pathways.  

We sought evidence for the identity of these over oxidation pathways by conducting 

experiments with one of the three primary products (propylene, 2-propanol, 1-propanol) 

added to the reactant mixture (N2O+C3H8), aiming to observe increases in yield to 

products that form directly from consumption pathways from the co-fed primary product 

(Figure 2.3). These experiments provide clear evidence for three distinct over-oxidation 

pathways from each primary product to a particular compound. The yield of acetone was 

only observed to increase substantially following the addition of 2-propanol to the reactant 

mixture, implicating the existence of a reaction pathway from 2-propanol to acetone. 

Likewise, yields to propane-1,2-diol and propane-1,3-diol increased upon the addition 

propylene and 1-propanol respectively. These results provide evidence that MIL-100(Fe) 

functions by oxidizing substrates sequentially through distinct reaction pathways. 

Propylene constitutes a significant fraction of the product selectivity relative to the 

two alcohol products (Figure 2.2). This is atypical, as the common mechanism invoked to 

explain the reactivity of Fe-oxo species for alkane activation is radical rebound to form 

hydroxylated products. Whilst oxidative dehydrogenation in MOFs has been studied 

previously,46,51 the different metal (Co) and oxidant (O2) lead us to reject the proposed 

Mars van Krevelen-type mechanism for dehydrogenation for our system, and instead 

propose an alternate mechanism—corroborated by DFT calculations—involving 

secondary C-H abstraction over radical rebound to form propylene (vide infra). 

Nonetheless, high selectivity to dehydrogenation products shows pathways other than the 

conventional radical rebound to hydroxylated products are active in MIL-100(Fe), unlike 

the related Fe-MOF-74 system whereupon no dehydrogenated products were observed 

from ethane.38 
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Figure 2.3.  Yield of secondary products (acetone, propane -1,2-diol (1,2-diol), and 

propane-1,3-diol (1,3-diol)) after ex situ quantification vs primary product co-fed 

in reactant gas mixture. Standard experiment (white bar): 40 mg MIL-100(Fe), 393 

K, PT ota l , t=0 = 114 kPa, PN2O, t=0  = 35 kPa, PC3H8, t=0  = 2.5 kPa, 5 h total reaction time. 

Co-feed experiments: Same conditions plus 0.5 kPa propylene (light grey), 2 -

propanol (dark grey), and 1-propanol (black).  

 

N2 isotherms and XRD patterns demonstrate that the surface area, phase purity, and 

crystallinity of MIL-100(Fe) were retained after reaction and washing of the used catalyst 

(Figures 2.1b-c). Thus, we conclude that MIL-100(Fe) effected light alkane activation in 

an oxidative environment (N2O) while retaining its bulk characteristics. More detailed 

insight into the structural changes of the MIL-100(Fe) nodes after pretreatment and 

reaction using ex situ pair distribution function (PDF) analysis. The PDFs of MIL-100(Fe) 

as-synthesized, after pretreatment in vacuum at 523 K, and after exposure to N2O + C3H8 

at 393 K show that local and long-range MIL-100(Fe) structure141 was maintained 

throughout, without the appearance of secondary iron-oxo species that could also act to 

catalyze alkane activation. Changes in bonding within MIL-100(Fe) were observed 

between the as-synthesized material and after subjecting the material to treatment in vacuo 

at 523 K; these changes were reversed to a degree after reaction at 393 K. Differential 

PDFs, that isolate the Fe node coordination geometry by subtracting the PDF of the 
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benzene-1,3,5-tricarboxylic acid-derived linkers (Figure 2.1d), show that average Fe–O 

bonds contracted from 2.015 to 2.001Å in length and that the average Fe–Fe distance 

within the node contracted from 3.347 to 3.310 Å during pretreatment at 523 K in vacuo. 

The relative intensity of the Fe–O peak decreased during activation, consistent with a 

reduction in the average Fe-coordination number. The intensity (and thus coordination) 

were partially recovered (Figure 2.1d) during reaction with N2O + C3H8, and the 

interatomic distances partially recovered to 2.009 and 3.343 Å for Fe–O and Fe–Fe, 

respectively. The average Fe–C distance (2.993 Å) decreased to 2.973 Å after 

pretreatment and recovered to 2.980 Å after reaction. These changes in bond length and 

coordination environment within the nodes is consistent with EXAFS results discussed 

below.†† 

 

2.3.2. Identity and Number of Active Sites. 

Site-specific characterization techniques were used to identify the nature of the 

active Fe sites and explore changes during reaction. In situ Fe K-edge XAS data were 

collected to probe the local structure of Fe within MIL-100(Fe) at three different stages of 

the reaction scheme: as-synthesized, after pretreatment in flowing helium at 523 K, and 

after reaction in the presence of N2O + C2H6 (Figure 2.4) at 393 K.‡‡ 

The XANES data of the three states of the catalyst (Figure 2.4a) show that, as a 

result of the pre-treatment, there was a shift of the absorption edge to lower energy, 

accompanied by changes in the pre-edge peaks (inset of Figure 2.4a). There was also a 

decrease in amplitude of the magnitude of the Fourier transform (FT) of the EXAFS 

(Figure 2.4b). After reaction in N2O + C2H6, the absorption edge position shifted back to 

higher energy, and the magnitude of the FT increased. Isosbestic points in the Fe K-edge 

XANES spectra acquired during pre-treatment demonstrate the transition during 

 
†† See supporting information of Simons et al. J. Am. Chem. Soc. 2019, 141, 45, 18142-18151 for a complete 

description of results of PDF analysis of MIL-100(Fe). 
‡‡ See supporting information of Simons et al. J. Am. Chem. Soc. 2019, 141, 45, 18142-18151 for a complete 

description of XAS results and analysis of MIL-100(Fe), including description of models used to fit EXAFS 

spectra. 
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pretreatment at high temperatures and inert atmosphere was found to be continuous and 

stoichiometrically simple.  

 

 

Figure 2.4.  (a) Fe K-edge XANES, with inset showing an enlargement of the pre-

edge peaks; (b) EXAFS data (magnitude of the Fourier transform (k2-weighted)); 

and (c) results of EXAFS modeling characterizing MIL-100(Fe) under various 

conditions: as-synthesized MIL-100(Fe) in flowing helium at 333 K, MIL-100(Fe) 

pretreated in flowing hel ium at 523 K, and MIL-100(Fe) post-reaction, after 

exposure to N2O + C2H6 flowing at 393 K. Imaginary part  of (c) (solid gray line), 

and magnitude of the Fourier transform (k2-weighted) of data (solid black line), and 

calculated contribution (dashed lines). All EXAFS data were collected after cooling 

the catalyst to 333 K. 

 

Shifts in energy of the absorption edge can be understood by comparison with 

spectra of iron oxide compounds (Figure 2.5a) that display lower edge energies for Fe(II) 

over Fe(III) compounds. We therefore assign the decrease in edge energy that resulted 

when the as-synthesized MIL-100(Fe) was pretreated to conversion of a fraction of the 
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Fe(III) sites to Fe(II). After reaction with N2O + C2H6, at 393 K the increase in edge energy 

(Figure 2.4a) suggests re-oxidization of some of the Fe(II) back to Fe(III). 

The EXAFS results characterizing the as-synthesized catalyst show excellent 

agreement with the structure of MIL-100(Fe) (Figure 2.4c and Table 2.1). After pre-

treatment at 523 K, EXAFS data show the reduction of the iron inferred based on the 

decrease in edge energy in XANES was accompanied by a decrease in average Fe–O 

coordination number from 6 to 5, manifested in a decrease in magnitude of the FT shown 

in Figure 2.4b. We assign this decrease to the loss of physisorbed water and elimination 

of hydroxyl groups during thermal treatment to form coordinatively unsaturated Fe(II) and 

Fe(III) sites23–25 as evidenced by the disappearance of IR bands in the hydroxyl region 

(3700–3300 cm-1) during identical pretreatment (see appendix: Figure 7.5) and differential 

PDF analysis vide supra showing a decrease in intensity of the deconvoluted Fe-O 

contributions upon treatment in vacuo. After reaction with N2O+C3H8, the average Fe–O 

coordination number recovers to that of the as-synthesized material, in agreement with 

PDF data showing a recovery of Fe-O intensity. This provides evidence that Fe(III) sites 

on other faces of the node bind additional molecules, which we hypothesize could include 

oxygenated products that stay adsorbed within MIL-100(Fe) and require post-reaction 

solvent washes with D2O to desorb. 

Further information about the geometry of the iron in the MOF nodes can be gained 

from close examination of pre-edge features (Figure 2.5b). With Fe in an octahedral 

geometry as-synthesized, the pre-edge peaks, which arise from 1s → 3d transitions, are 

split into two peaks for Fe(III) high-spin, the eg and t2g orbitals.142 After pretreatment at 

523 K, a third peak is evident (Figure 2.5b) at a lower energy than peaks for octahedral 

Fe(III). This peak is indicative of the single dipolar transition expected for high-spin Fe(II) 

in square pyramidal geometry142 and serves as additional evidence for the partial reduction 

of Fe and the loss of an oxygen ligand. 

Changes in pre-edge features along with shifts in the edge energy and  reduction in 

Fe-O coordination from EXAFS provide evidence that during pretreatment at 523K in 

helium, coordinatively unsaturated Fe(II) and Fe(III) sites are formed within MIL-
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100(Fe), and that after subsequent reaction with N2O+C3H8 at 393K Fe(II) sites are re-

oxidized and all Fe sites become reoccupied to form octahedral species. 

 

 

Figure 2.5. a) Fe K-edge XANES of reference compounds containing Fe in different 

oxidation and coordination states. b) Pre-edge features of Fe K-edge XANES spectra 

of MIL-100(Fe) as-synthesized, pretreated, and post-reaction (inset, Figure 2.4a) 

and reference Fe compounds labelled with Fe oxidation and coordination states. 

Dashed line highlights shoulder in pretreated samples that alines with pre -edge 

features of Fe(II) reference compounds. 
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Table 2.1. Summary of EXAFS fit parameters characterizing MIL-100(Fe) at 

various conditions.  

aNotation: N, coordination number; R, distance between the absorber and backscattering atoms; 

Δσ2, mean square relative displacement; ΔE0, inner potential correction. O1 denotes single 

scattering Fe–O1, O2 denotes single scattering Fe–O2, and O3 denotes single scattering Fe–O3 (see 

Figure 7.19 for depiction of scattering paths considered). bFor comparison, coordination numbers 

and distances characterizing MIL-100(Fe) optimized by DFT calculations are the following: Fe–

O1 (N : 5.0, R: 1.90 Å), Fe–O2 (N : 1.0, R: 2.01 Å), Fe–C (N : 4.0, R: 2.79 Å), Fe–O3 (N : 4.0, R: 

3.21 Å), Fe–Fe (N : 2.0, R: 3.42Å). cThese values were fixed in the modelling. 

 

Further evidence for the formation of Fe(II) sites was sought using ex situ 

Mössbauer spectroscopy. Deconvolution of the spectra characterizing the as-synthesized 

sample showed three Lorentzian doublets (Figure 2.6a), with isomer shift and quadrupole 

splitting values listed in Table 2.2. These values are consistent with high-spin (S = 5/2) 

Fe(III)143 and compare well with literature values for MIL-100(Fe) formulated with 

alternative synthesis procedures.90 Heating the sample to 523 K in vacuo before transfer 

to the spectrometer without air exposure resulted in changes in the isomer shift and 

quadrupole splitting of these three doublets (Table 2.3) that we assign to changes in ligand 

environment caused by a loss of weakly adsorbed solvent molecules, evidenced by IR 

spectra (see appendix Figure 7.5) and corresponding changes in coordination geometry of 

Sample Shell Na R (Å) Δσ2 (Å2) ΔE0 (eV) 

MIL-100(Fe)b 

As-synthesized 

 

Fe–O1 5.0 ± 0.4  1.96 ± 0.06 
0.006 ± 0.003 

6.56 ± 

1.70 

 

Fe–O2 1.0 ± 0.4 2.05 ± 0.04 
0.005 ± 0.002 

 

Fe–C 4.0c 2.97 ± 0.18 
0.005 ± 0.003 

 

Fe–O3 4.0c 3.16 ± 0.05 
0.010 ± 0.006 

 

Fe–Fe 2.0c 3.41 ± 0.01 
0.014 ± 0.006 

 

MIL-100(Fe) 

Pretreated 

 

Fe–O1 4.7 ± 0.4 1.99 ± 0.09 
0.006 ± 0.003 

6.56 ± 

1.70 

 

Fe–O2 0.3 ± 0.1 2.06 ± 0.05 
0.005 ± 0.002 

 

Fe–C 4.0c 2.95 ± 0.16 
0.005 ± 0.003 

 

Fe–O3 4.0c 3.16 ± 0.05 
0.010 ± 0.006 

 

Fe–Fe 2.0c 3.40 ± 0.02 
0.014 ± 0.006 

 

MIL-100(Fe) 

Post-reaction  

(After N2O + C2H6) 

 

Fe–O1 5.2 ± 0.6 1.98 ± 0.08 
0.004 ± 0.002 

6.56 ± 

1.70 

 

Fe–O2 1.1 ± 0.3 2.07 ± 0.06 
0.005 ± 0.002 

 

Fe–C 4.0c 2.98 ± 0.17 
0.005 ± 0.003 

 

Fe–O3 4.0c 3.18 ± 0.03 
0.008 ± 0.002 

 

Fe–Fe 2.0c 3.42 ± 0.01 
0.009 ± 0.003 
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iron as evidenced by PDF and XAS (vide supra). Importantly, an additional doublet with 

isomer shift (0.98 mm s-1) and quadrupole splitting (1.87 mm s-1) values characteristic of 

high-spin (S = 2) Fe(II) species,143 appeared in the Mössbauer spectra (Figure 2.6b), 

Previous multireference cluster calculations using a model of the Fe trimer node similarly 

predict high spin states for both Fe(II) and Fe(III) sites (vide infra),55 confirming the 

formation of active sites within the nodes of MIL-100(Fe) that mimic the oxidation (+2) 

and spin (S = 2) state of mononuclear active centers within Fe-based enzymes capable of 

activating C-H bonds. 

 

 

Figure 2.6. Mössbauer spectra of MIL-100(Fe) (a) as-synthesized, (b) after 

pretreatment at 523 K in vacuo.  Symbols: grey circles (raw data), black solid line 

(fit to data), gray solid lines (Fe(III) doublets), dashed lines (Fe(II) doublet).  

 

Table 2.2. Tabulated values for the isomer shift, quadrupole splitting, line width, 

and % abundance of the three species identified by deconvoluting the Mössbauer 

spectra of the as-synthesized material (Figure 2.6a) into Lorentzian doublets.   
Isomer shift 

/ mm s-1 

Quadrupole splitting 

/ mm s-1 

Line width 

/ mm s-1 

% 

doublet 1 0.51 0.6 0.7 66.82 

doublet 2 0.46 0.23 0.43 24.11 

doublet 3 0.63 0.74 0.59 9.07 
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Table 2.3. Tabulated values for the isomer shift, quadrupole splitting, line width, 

and % abundance of the four species identified by deconvoluting the Mössbauer 

spectra of the pretreated material (Figure 2.6b) into Lorentzian doublets.  
Isomer shift 

/ mm s-1 

Quadrupole splitting 

/ mm s-1 

Line width 

/ mm s-1 

% 

doublet 1 0.40 0.54 0.46 64.84 

doublet 2 0.39 0.17 0.28 18.91 

doublet 3 0.44 0.96 0.34 10.07 

doublet 4 0.98 1.87 0.50 6.19 

 

To provide evidence of the catalytic relevance of this high-spin (S = 2) Fe(II) site, 

we performed in situ chemical titrations using nitric oxide (NO) as a selective titrant for 

unsaturated Fe(II) species. NO was chosen as the titrant molecule based on IR spectra 

showing that mono-nitrosyl adducts form on Fe(II) sites at reaction temperatures (398 K) 

when dosed under vacuum (see Appendix: Figure 7.11). In situ chemical titrations were 

performed by conducting independent batch experiments with increasing amounts of NO 

in the initial N2O + C3H8 reactant mixtures and observing changes in the initial rate of N2 

and C3H6 production. Increasing amounts of NO added to the reactant mixture caused 

linear decreases in initial N2 and C3H6 formation rates (Figure 2.7), until the formation of 

each product was fully suppressed at 142 ± 28 μmol gcat
-1 of NO dosed, representing 

complete titration of the active sites under reaction conditions. The concurrent decrease 

in rates of formation of N2 and C3H6 is consistent with reaction of the titrated Fe(II) site 

with N2O being the rate-determining step, and the linearity of the decrease in rates 

demonstrates a fixed ratio of NO titrant molecules to the Fe(II) site. This fixed ratio is 

determined to be 1:1 based on equivalent ex situ NO dosing experiments (see Appendix: 

Figure 7.11) performed with IR spectroscopy, mentioned above, that reveal NO forms 

bands at 1820 and 1807 cm-1, characteristic of mononitrosyl adducts formed on Fe(II) 

sites.144 This 1:1 ratio between titrant and site enables quantification of the active Fe(II) 

site density:142 ± 28 μmol gcat
-1. 
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Figure 2.7. In situ chemical titration experiments showing the effect of increasing 

amounts of NO dosed into N2O + C3H8 reactant mixtures on initial rates of N 2 and 

C3H6 product formation. (40–50 mg MIL-100(Fe), 393 K, PT ota l , t=0  = 114 kPa,  

PN2O, t=0 = 20 kPa, PC3H8, t=0 = 2.5 kPa, NNO, t=0 = 0-24 μmol). 

 

This value compares with a total Fe amount of approximately 3500 μmol gcat
-1 

(assuming 20 wt% Fe from the crystallographic structure), giving a total fraction of Fe(III) 

reduced to be 4-5%. This result is consistent with the relative number of Fe(II) species 

calculated from Mössbauer spectra (6-7%) and is less than that predicted theoretically 

(33%). The result that only a fraction of the theoretical Fe sites participated in the reaction 

suggests that most nodes within MIL-100(Fe) do not participate in activation of N2O or 

C3H8 – although their participation in subsequent steps for the conversion of different 

oxygenated products is undetermined. We therefore propose that MIL-100(Fe) consists of 

an array of nodes in which only a fraction contain active Fe(II) sites. The cause for lack 

of activity of some nodes remains to be determined, and the result provides a caution: just 

being crystalline and having well-defined bulk structures does not necessarily make MOFs 

materials with uniform sites. 

 

2.3.3. Reaction Kinetics and Mechanism.  

We sought insight into the mechanism of C3H8 activation with N2O by investigating 

the reaction kinetics. The site density of Fe(II) counted using NO titrations was used to 

normalize initial rates of reaction. Reaction orders were determined by measuring initial 
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reaction rates at various partial pressures of N2O and C3H8 in the feed mixtures (Figure 

2.8a-d). The data show reaction orders of 1 and 0 in N2O and C3H8 partial pressures, 

respectively, for both N2 and C3H6 formation, consistent with the rate-determining step 

being the reaction of N2O with Fe(II) and not C–H bond scission. Reactions at various 

temperatures (Figure 2.8e-f) were performed to extract an apparent activation enthalpy of 

79 ± 6 kJ mol-1, corresponding to the intrinsic activation enthalpy minus the heat of 

adsorption of N2O on the Fe(II) site in the MOF. Thus, we represent the reaction kinetics 

as follows: 

𝑟𝑖
[𝐹𝑒(𝐼𝐼)]

= 𝑘𝑖,𝑒𝑓𝑓𝑃𝑁2𝑂      𝑖: 𝑁2, 𝐶3𝐻6 

 
The ability of an Fe(II) site in the node of MIL-100(Fe) to activate C3H8 with N2O 

as an oxidant was assessed with DFT to propose a complete catalytic cycle (Figure 2.8a) 

for products directly originating from propane (constituting >80% of the total yield: 2-

propanol, propylene, and 1-propanol).§§ A cluster model of a single Fe-trimer node of 

MIL-100(Fe), A, (Figure 2.9b, inset)55 was used for these calculations, and spin-ladder 

computations of A predict that a high-spin state is preferred, in agreement with the 

Mössbauer spectra (Figure 2.6). EPR spectroscopy has been previously used to provide 

evidence that the Fe atoms in the nodes of MIL-100(Fe) are antiferromagnetic coupled.145 

When antiferromagnetic coupling of Fe(III) centers is considered in the “broken 

symmetry” solution (BS, 2S + 1 = 5), a further stabilization of 22 kJ mol-1
 over the fully 

coupled high-spin state (HS, 2S + 1 = 15) is predicted (Figure 2.10). More accurate 

energies for multireference systems are obtained using the BS solution, although the wave 

function is not a spin eigenfunction nor has the correct spin density.146 Because of 

difficulties following a reaction profile on a broken symmetry surface,55,146 we report the 

mechanisms obtained for HS (Figure 2.9). 

 
§§ See supporting information of Simons et al. J. Am. Chem. Soc. 2019, 141, 45, 18142-18151 for complete 

details of computational calculations, including xyz coordinates and computed thermodynamic parameters 

for geometrically optimized structures. 
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Figure 2.8. (a) Initial rate of N2 formation versus initial N2O pressure (393 K, 

PC3H8, t=0 = 2.5 kPa) with accompanying power law fit. (b) Initial rate of C 3H6  

formation versus initial N2O pressure with accompanying power law fit. (c) Initial 

rate of N2 formation versus initial C3H8 pressure (393 K, PN2O, t=0 = 35 kPa). (d) 

Initial rate of C3H6  formation versus initial C3H8  pressure. Arrhenius plots of rate 

constants for N2 (e) and C3H6 (f) at 378, 385.5, 393, 400.5, and 408 K with 

accompanying apparent activation enthalpies. 

 

The first step is the formation of Fe(IV)=O (B) in the reaction of N2O with Fe(II) 

(A) following physisorption of N2O on the node (AO, 30 kJ mol-1
 through the transition 

state TS1 (140 kJ mol-1; Figure 2.9b). This step leads to C–H abstraction from C3H8 

through transition state TS2 to form a propyl radical and a reduced Fe(III)-OH species (D). 

The carbon atom abstracted is the secondary carbon for 2-propanol and propylene 

formation (mechanisms (a) and (b) in Figure 2.8a), or the primary carbon for the 1-

propanol cycle (mechanism (c) in Figure 2.8a). For alcohol formation, the propyl radical 

directly rebounds to form a bound propanol species (E), which then desorbs to complete 
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the catalytic cycle. The propyl radical can alternatively undergo a second hydrogen 

abstraction to form propylene and water. The rate-limiting reaction of N2O with Fe(II) is 

consistent with first-order dependence of the rate on N2O partial pressure shown in Figure 

2.7a-b with reasonable agreement between the experimental (79 ± 6 kJ mol-1) and 

computed activation enthalpies relative to separated reactants: 110 and 95 kJ mol-1, for 

HS and BS spin states, respectively (Figure 2.10). This agreement further improves upon 

inclusion of van der Waals interactions between N2O and unrepresented MOF pore 

functionality in the minimal model (-10 kJ mol-1).108 The combination of lower energy of 

the cluster A for the BS solution and the closest agreement between computational and 

experimental activation enthalpies, therefore, leads us to propose that Fe(II) active sites 

are hosted within antiferromagnetically coupled clusters, and the magnetic coupling is 

partially responsible for the activity of MIL-100(Fe). 

The enthalpies obtained computationally for the reaction profiles reported in Figure 

2.9b are also consistent with the relative yields obtained experimentally for 2-propanol > 

propylene >> 1-propanol. After Fe(IV)=O formation, the HAA step C→D, from a primary 

carbon for 1-propanol formation and from a secondary carbon for 2-propanol (Figure 

2.9a), has the largest barrier. Propylene formation requires two HAA, from both a primary 

and a secondary carbon. The HAA from the secondary carbon of propane is favored both 

kinetically (25 kJ mol-1 vs 38 kJ mol-1) and thermodynamically (-33 kJ mol-1 vs +4 kJ mol-

1) over the primary carbon, suggesting that the first HAA for propylene will be from the 

secondary carbon. This concurs with the lower yields of 1-propanol with respect to 2-

propanol and propylene. The D → E step is almost barrierless for the three subsequent 

reactions with respect to energies; for enthalpies there is no barrier for 1-propanol and 

propylene formation, because the frequency dominated by hydrogenic motion is no longer 

part of the vibrational partition function. The product yield observed experimentally for 

2-propanol and propylene follows the rank of the reaction enthalpy associated to this last 

step (179 and 133 kJ mol-1). The last step of the reaction is release of the products with 

restoration of A. The desorption enthalpy of propylene is only 21 kJ mol-1, decidedly lower 

than that predicted for the desorption of the alcohols (80 kJ mol-1). 
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Figure 2.9. a) Catalytic cycles for propane conversion to (1) 2-propanol, (2) 

propylene, and (3) 1-propanol on Fe(II) sites in MIL-100(Fe) along with structure 

labels. b) Enthalpy diagrams for the oxidation of propane by Fe(II) in MIL -100(Fe) 

to 2-propanol (1), propylene (2) 1-propanol (3) as computed at the UM06-L/def2-

TZVP level of theory following the cycles reported  in Scheme 1. The enthalpies are 

reported taking separated reactants as zero. Inset: the optimized structure of the bare 

cluster (A). 
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Figure 2.10.  Reaction profile for the N2O activation step on the metal node of MIL-

100(Fe) calculated at the M06-L/def2-TZVP level on three different spin surfaces: 

2S+1 = 15 (High Spin (S=2)), 13 (Intermediate Spin (S=1)), and 5 (Broken Symmetry 

(S=2)). The wave function for structure B obtained in the broken symmetry 

solution(*) has a calculated S2 significantly different  than that of the corresponding 

AO and TS1 step, thus its energy is not fully comparable. The energy of the AO step 

with 2S +1 =15 has been used as zero of the en thalpy.  

 

Computed barriers for reactions of N2O with Fe(II) in numerous ligand 

environments and spin states39 shows that a high-spin state leads to a lower barrier over 

an intermediate or low spin state. Considering the Fe(II) site in the MIL-100(Fe) node to 

be in an intermediate spin (S = 1) state, the barrier associated with N2O activation relative 

to separated reagents is calculated to increase with respect to the high-spin (S = 2) case 

(146 for S = 1 vs. 110 kJ mol-1 for S = 2, Figure 2.10). This highlights that the ability of 

MIL-100(Fe) to stabilize high-spin (S = 2) Fe(II) sites, owing to a weak ligand field 

associated with surrounding O atoms in a square pyramidal environment, is vital for 

conferring reactivity to MIL-100(Fe) towards N2O at the temperatures studied (<408 K) 

and thus in activating light alkanes. 
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2.4. Conclusion 

In presence of the atomic oxidant N2O, MIL-100(Fe) activates light alkanes while 

retaining its bulk structural properties determined by N2 adsorption, XRD, and IR and 

Raman spectra. XAS and Mössbauer spectra recorded in concert with in situ chemical 

titrations provide evidence that activation of light alkanes occurs on high-spin (S = 2), 

square-pyramidal Fe(II) sites situated within the nodes of MIL-100(Fe). Kinetics 

experiments showed a first-order dependence of rate on N2O partial pressure, consistent 

with DFT calculations performed with a cluster model of the catalyst that identify 

activation of Fe(II) sites by reaction with N2O to be rate-determining, with good 

agreement between experimental and computational activation enthalpies. Improved 

agreement between the activation barriers, along with additional stabilization was found 

when considering antiferromagnetic coupling between the two spectator Fe(III) atoms 

within each cluster, suggesting that these coupled clusters may be responsible for catalyst 

efficacy at these temperatures. This result suggests that electronic effects imparted from 

atoms beyond the first coordination shell of the active site may be able to induce 

improvements in catalyst performance, potentially opening new avenues for tailoring 

active site reactivity. Therefore, this most comprehensive study up-to-date on propane 

oxidation with N2O catalyzed by a MOF, which shows that only a careful combination of 

catalysis, spectroscopy and theory can advance the understanding of MOF-based catalysis, 

not only provides a platform for comparison with other iron-containing catalysts, but 

opens the possibility of using MIL-100(Fe) as a platform for theory-assisted design of 

improved catalysts—taking advantage of the modularity of MOFs through modifications 

of the organic linkers and/or replacement of the metal ions in the nodes. 
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Chapter 3. Beyond Radical-Rebound: Methane oxidation to methanol 

catalyzed by iron species in metal–organic framework nodes 

 

This material has been adapted from work that has been accepted in the Journal of 

the American Chemical Society (DOI: 10.1021/jacs.1c04766) when this dissertation was 

submitted. Contributions of other authors is noted in the footnotes of the experimental and 

computational methods. 

 

3.1. Introduction 

 

Methane, the primary component of natural gas, has emerged as a transitional low-

carbon-intensity feedstock as the world evolves from its dependence on crude oil and coal 

to carbon-free energy carriers. Methanol, a high-energy-density liquid fuel, is formed by 

partial oxidation of methane, but industrial catalytic processes based on this conversion 

are still lacking because the strong, apolar C–H bonds in methane present formidable 

kinetic bottlenecks. Further, because the C–H bonds in methane are stronger than those in 

methanol, methanol formed from methane is readily over-oxidized to CO2.
2 Selective 

functionalization of C–H bonds occurs in enzymes, via complex electron-transfer and 

gating mechanisms involving reactive metal-oxo centers,23,107 and consequently 

researchers have worked for decades on molecular analogues of these enzymes, 

establishing that the conversion of Fe(II) sites to highly reactive Fe(IV)=O species is one 

motif capable of activating and functionalizing C–H bonds.73,147  

In attempts to mimic the chemistry of these sites in porous, crystalline supports, 

researchers have shown that Fe(II) sites in particular ion-exchange positions within 

zeolites form highly reactive α-oxygen species capable of oxidizing methane.77,79,111,112,148 

Solomon and coworkers determined that the α-oxygen species is a mononuclear Fe(IV)=O 

species formed by reaction of N2O with a strained, square-planar, mononuclear Fe(II) 

species.82,83 CH4 activation at ambient temperature was proposed to proceed by a radical-

rebound mechanism favored by the strained geometry of the active site and the high spin 
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state of the Fe species conferred by the weak ligand field provided by zeolite framework 

oxygen atoms.82 Other work has implicated diiron sites for methane oxidation using H2O2 

as the terminal oxidant,149 with secondary Cu sites working to prevent sequential oxidation 

pathways. Recently, these concepts have been extended38,39 to another class of crystalline, 

porous materials, metal organic frameworks,32,116,150 that proffer a distinct advantage over 

zeolite formulations by affixing active iron species in well-defined framework positions 

within an ultra-high surface area and thermally and chemically stable material. Initial 

postulates emerging from a computational study55 that indicate isolated Fe(II) centers in 

Fe3-μ3-oxo nodes, common building units in an expansive family of MOFs,91 in a weak 

ligand field imparted by carboxylate linker molecules, can form Fe(IV)=O moieties 

effective for subsequent C-H activation have been verified by Simons et al.108 using a 

combination of Mössbauer and X-ray absorption spectroscopy and chemical titrations.  

Reports characterizing these55 and other Fe-containing MOFs39,62,63 and zeolites82 

consistently invoke the radical rebound mechanism ascribed to homogeneous and 

enzymatic catalysts,24,71,94 or lack mechanistic hypotheses. Open questions pertain to the 

catalytic nature of Fe(II) sites that could facilitate the formation of vapor-phase CH3OH 

in these materials, and to mechanisms that protect the kinetically vulnerable methanol 

product. We now present evidence that MOF-supported systems containing similar Fe(II) 

sites form stabilized methoxy groups through dehydration of gaseous methanol formed 

via the radical rebound mechanism and show how to exploit this insight to offer a potential 

strategy for resisting over-oxidation using bifunctional, physical mixtures of H+ form 

zeolite with Fe(II) centred MOFs. 

We first disclose herein the MOF platform, PCN-250,91 containing Fe(II) sites 

situated in Fe3-μ3-oxo nodes, activates methane at temperatures < 398 K via a stepped 

reaction scheme. Methanol that remains adsorbed within the material after exposure to 

CH4 and the oxidant N2O and is quantified ex situ with 1H-NMR. We evince, using in situ 

infrared (IR) spectroscopy, that methanol is stabilized as Fe(III)-OCH3 groups on the 

MOF via dehydration on weak Brønsted acid sites (Fe(III)-OH) formed in situ. Pursuant 

to this, we prepared a composite catalyst formulation by adding a zeolite (MFI, Si/Al = 

11.5) in inter- and intra-pellet mixtures with the MOF, and observed monotonic increases 
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in methanol selectivity with increasing ratio and proximity of zeolitic H+ (H+
MFI) to MOF-

based Fe(II) sites (Fe(II)MOF). We ascribe this trend to a molecular entity stable in the 

vapor phase, likely methanol, which can diffuse out of the MOF particles to be dehydrated 

and protected within the zeolite. The observations show, for the first time, that gaseous 

methanol is a product of methane activation on supported Fe sites, providing vital 

evidence for the applicability of the radical-rebound mechanism on Fe sites supported in 

heterogeneous catalysts—while also demonstrating that this mechanism is insufficient to 

fully explain the reactivity of these systems. Further, the data demonstrate that 

incorporation of nearby catalyst particles with a complementary function to capture and 

protect methanol affords a potential strategy to mitigate over-oxidation of methane and 

potentially other reactants with strong C–H bonds. 

 

3.2. Experimental and Computational Methods 

 

3.2.1. Synthesis of MIL-100(Fe)* 

MIL-100(Fe) was synthesized by a reported procedure.123 In a typical synthesis, 

0.504 g of benzene-1,3,5-tricarboxylic acid (Sigma Aldrich) was dissolved in 7.13 g of 1 

M aqueous NaOH at room temperature. This solution was added dropwise to a clear 

solution of 0.68 g FeCl2·4 H2O (Sigma Aldrich) in 29.22 g of deionized water at ambient 

temperature with continuous stirring and held for 24 h. The resultant brown precipitate 

was collected after centrifugation at 4000 rpm for 3 min. To remove unconverted reagents, 

the product was washed three times with deionized water and once with ethanol. The 

sample was then dried in air overnight at ambient conditions. 

 

3.2.2. Synthesis of 3,3’,5,5’-azobenzenetetracarboxylic acid (ABTC) linker 

ABTC was synthesized by a previously reported procedure.151 NaOH (50 g, 1.25 

mol) was added to 250 cm3 of deionized water. 5-nitroisophthalic acid (19 g, 0.09 mol) 

was added and the slurry was allowed to stir at 333 K for 1 hour. An aqueous solution of 

 
* Synthesis of MIL-100(Fe) performed by Jenny G. Vitillo and Connie C. Lu at the University of Minnesota 
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glucose (100 g, 0.56 mol) in 150 cm3 deionized water was then added slowly to the slurry. 

The reaction immediately turned dark brown and was allowed to cool to room temperature 

before air was bubbled into the stirring solution for 16 hours. The reaction was then cooled 

with an ice bath and the sodium salt of ABTC was recovered by filtration. This solid was 

then dissolved in 200 cm3 of deionized water and acidified to approximately pH = 1 with 

concentrated HCl. A bright orange solid was isolated on a fine porosity glass frit, washed 

with deionized water, and dried under vacuum at 353 K. Yield: 11.7 g, 73%. 1H NMR 

(400 MHz, DMSO-d6) δ 13.63 (s, 4H), 8.62 (s, 6H). 

 

3.2.3. Synthesis of Fe3(μ3-O)(CH3CO2)6 cluster 

Fe3(μ3-O)(CH3CO2)6 was synthesized by a previously reported procedure.152 

Sodium acetate (25.43 g, 0.31 mol) was dissolved in 50 cm3 deionized water. 

Simulatenously, Fe(NO3)3·9H2O (8.08 g, 0.02 mol) was dissolved in 50 cm3 deonized 

water. The sodium acetate solution was added dropwise to the stirring Fe(NO3)3 solution. 

The reaction mixture was allowed to stir overnight at room temperature. The brown 

precipitate was collected on a medium porosity glass frit and washed with deionized water 

and EtOH. The product was then dried under vacuum at 353 K. 

 

3.2.4. Synthesis of PCN-250† 

PCN-250 was synthesized with modifications according to a previously reported 

procedure.91 ABTC ( 500 mg, 1.40 mmol), Fe3(μ3-O)(CH3CO2)6 (500 mg), acetic acid (50 

cm3) and DMF (100 cm3) were added to a 350 cm3 Ace Glass pressure flask. The mixture 

was sonicated for 10 minutes and then placed in an oven at 413 K for 16 hours.  The flask 

was removed from the oven and allowed to cool to room temperature before the red-brown 

crystalline material was separated on a medium porosity glass frit and washed with DMF. 

To activate the material, the PCN-250 was soaked in DMF (100 cm3) at 333 K for 2 days. 

It was then soaked in MeOH (100 cm3) at 333 K for 2 days. The MOF was then soaked in 

CH2Cl2 (100 cm3) at 313 K for 3 days. Throughout this entire process, the solvent was 

 
† Synthesis of PCN-250, including precursor molecules, was performed by Steven D. Prinslow and Connie 

C. Lu at the University of Minnesota 
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exchanged every 8 hours. Lastly, the material was washed with deionized water (5 x 50 

cm3) before being dried under vacuum at 423 K for 8 hours. 

 

3.2.5. Pelletization of MOF/Zeolite materials 

MIL-100(Fe) or PCN-250 powder was crushed (~ 500 psi) using a mechanical press, 

ground using an agate pestle and mortar, and sieved (180–400 μm diameter particles) into 

pellets prior to loading into the reactor. MFI (Zeolyst, Si/Al = 11.5) purchased in its 

ammonium-form, was converted to the proton-form by thermal treatment in flowing dry 

air (1.67 cm3 s–1; Zero grade, Matheson) at 823 K (0.0167 K s–1 ramp rate from RT) for 4 

h. Powders were then either pressed (~ 4000 psi), crushed and sieved (180-400 μm) into 

MFI particles, or mixed with PCN-250/MIL-100(Fe) prior to being pressed (~500 psi), 

crushed, and sieved (180-400 μm) into particles of intrapellet mixtures. 

 

3.2.6. Reactivity Experiments 

Reactivity experiments were performed in a recirculating batch reactor system. 

Pellets of PCN-250, MIL-100(Fe), and/or MFI were loaded into a vertically mounted 1/4” 

OD quartz reactor tube supported by plugs of quartz wool above and below the catalyst 

bed, held in place by a 1/16” K-type thermocouple (Omega Engineering) and a 1/8” quartz 

rod. The thermocouple provided the signal to a PID temperature controller (Watlow, EZ 

Zone) regulating the power to an electric furnace (National Electric Furnace, FA 120, 120 

V), with a copper block surrounding the reactor to minimize axial temperature gradients 

over the length of the bed (<1 K). 

The catalyst was pretreated under vacuum (< 3 Pa), heating at a rate of 0.033 K s-1 

to 513 K, holding for 10 h, and then cooling to reaction temperature (378-408 K). Helium 

(Matheson, UHP Enable 99.999%) was used to pressurize the reactor (~110 kPa), while 

the remainder of the recirculating batch system was filled with reactant gas mixture. Mass 

flow controllers (MKS Instruments) were calibrated using a volumetric soap-film flow 

meter and used to control the flow of helium (Matheson, UHP Enable 99.999%), argon 

(Matheson, Research Purity 99.9999%), nitrous oxide (Matheson, USP grade 99%), and 

methane (Matheson, Research Purity 99.999%). Nitric oxide (Matheson, CP grade 99%) 
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was injected into the reactor system through a dosing chamber (volume 0.1 cm3) via a 6-

way valve (VICI Valco) prior to exposure of the catalyst during in situ titration 

experiments only. On-line quantification of reactants, products, and the internal standard 

(Ar) was performed by gas chromatography (GC) (Agilent, 6890N) using a thermal 

conductivity detector, a flame ionization detector, and HP Plot Q (Agilent) and CP 

Molsieve 5 A (Agilent) columns in series.  The reactant gas mixture was recirculated at a 

rate of 1.167 cm3 s-1 with a recirculation pump (Metal Bellows, MB-21), with on-line GC 

samples taken to quantify reactant compositions—all facilitated by 4-way valves (VICI 

Valco) to control the exposure of the catalyst to the reactant mixture. The total volume of 

the reactor system was 68 cm3. To terminate the reaction, the reactor was cooled to 298 K 

as helium flowed through it at a rate of 0.83 cm3 s-1, and then the catalyst was removed 

and washed with D2O (Cambridge Isotopes) using acetonitrile as an internal standard. A 

microcentrifuge (operated at 6000 rpm) was used to separate the catalyst pellets from the 

solution. Desorbed products were quantified using 1H-NMR (Ascend 400, Bruker, 400 

MHz, 64 scans, td 2s). 

 

3.2.7. N2 Isotherms 

The surface area of MIL-100(Fe) samples before and after catalysis was obtained 

by measuring the N2 isotherm at 77 K using an ASAP 2020 surface area and porosity 

analyzer (Micrometrics). Samples were degassed at 423 K for 4 h prior to sample analysis, 

with surface areas determined by using the Brunauer–Emmett–Teller theory treated for 

microporous materials as given by Rouquerol et al.153 

 

3.2.8. Powder X-ray Diffraction Crystallography 

XRD patterns were collected in the 2-40° 2 range in the Bragg Brentano geometry 

using a laboratory diffractometer (Panalytical X’Pert Pro Multipurpose Diffractometer) 

with an X’Celerator detector (step size of 0.0167°, time per step 10 s). A Co anode (K 

,= 1.789 Å) operated at 45 kV and 40 mA was used as the radiation source. The samples 

in the form of loose powders were positioned in air on a silicon zero background inset 

allowed to rotate with 60 rpm frequency. For the diffracted beam, an antiscatter slit (AS 
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Slit 5.0 mm, X'Celerator) was adopted. An antiscatter slit (1/16°) and a divergence slit 

(1/32°) were adopted to avoid saturation of the detector in the 2-15° (2 range). The XRD 

pattern in the 10-40° range was recorded again with larger slits (the incident beam was 

collimated by an antiscatter slit (1°) and a divergence slit (0.5°)) to increase the resolution 

of the measurement. The simulated patterns where obtained from cif files previously 

reported for each structure91,154 and processed using Mercury software (Mercury 3.10.3, 

CCDC). 

 

3.2.9. Infrared (IR) spectroscopy 

Wafers of PCN-250 and MIL-100(Fe) (0.016-0.020g) were pressed (500 psi) and 

placed self-supported inside a quartz vacuum IR cell fitted with KBr windows (Sigma 

Aldrich). Spectra were recorded using a Nicolet 6700 spectrometer between 400-4000 cm-

1 at a resolution of 2 cm-1 and taking an average of 128 scans. For standard treatment 

protocol, the cell was then heated under vacuum (< 3 Pa) to 513 K (0.033 K s-1) for 10 h 

before being cooled to 393 K. For in situ reaction experiments, the wafer was then exposed 

to a flow of 0.667 cm3 s-1 of N2O (Matheson, USP grade 99%) and 0.167 cm3 s-1 of CH4 

(Matheson, Research Purity 99.999%) controlled by mass flow controllers (MKS 

Instruments). Alternatively, wafers were also exposed to doses of methanol (Sigma 

Aldrich, HPLC grade >99.9%) at 393 K, with spectra taken once the pressure inside the 

cell had stabilized after each dose. This experiment was also repeated after treating the 

PCN-250 wafers to a lower temperature (423 K) whereupon certain surface groups are 

retained. 

 

3.2.10. Kohn-Sham Density Functional Theory Calculations‡ 

DFT calculations were performed using the M06-L functional129 in its unrestricted 

formalism (U) in combination with the def2-TZVP basis sets,130,131 as implemented in the 

Gaussian 16 program.132 Previous investigations showed that this level of theory correctly 

 
‡ Computational calculations for methanol dehydration pathways were performed by Jenny G. Vitillo 

(University of Insubria, Italy). DFT calculations computing the vibrational spectrum of different surface 

species was performed by the author, Matthew C. Simons. 
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reproduces electronic properties of iron centers in MOFs,39 in particular the tri-iron-oxo-

centered cluster when benchmarked to multireference calculations.55  

The cluster used to model the reactivity of the Fe(III)-OH in PCN-250 consists of 

the inorganic subunit to the MOFs terminated by formate groups (Fe(III)2Fe(II)(μ3-

O)(HCOO)6). A similar model has been previously employed to successfully describe 

N2O reactivity55,108 and adsorption of small molecules.133 This model has been previously 

demonstrated to describe the methane reactivity on MIL-100(Fe) with similar accuracy to 

the one obtained using larger clusters.155 For the modelling of the IR frequencies, the 

cluster adopted to model the PCN-250 node consists of the iron-containing node 

terminated by acetate groups with fixed coordinates. A pruned grid was used in the 

ultrafine option in all calculations (99 radial points and 590 angular points per radial 

point). Geometry optimizations were carried out by means of the Berny optimization 

algorithm with analytical gradient. Gaussian 16 default convergence thresholds were set 

for optimization. No geometry or symmetry constraints have been used in the reactivity 

calculations, while in the IR study the position of the -CH3 groups was kept fix. All 

computed energy values were corrected for basis set superposition error (BSSE) following 

the a-posteriori method proposed by Boys and Bernardi134 as implemented in Gaussian 

16. The BSSE-corrected energy values are indicated by a c superscript and were obtained 

from the computed Y values as Yc = Y - BSSE. 

Unscaled harmonic frequencies were obtained analytically. Enthalpies and Gibbs 

free energies were calculated at 1 atm and 298 K using the scheme proposed by Moor et 

al.,135 whereby low-lying frequency modes (<50 cm-1) were replaced by a cut-off value 

(50 cm-1) in the calculation of the vibrational partition functions.136–139 

 

3.2.11. X-ray Absorption Spectroscopy (XAS)§ 

XAS measurements were made at beam line 9-3 at the Stanford Synchrotron 

Radiation Lightsource (SSRL). Beamline 9-3 is a side-station of a 20-pole, 2-Tesla, 

 
§ Experiments and data analysis of XAS measurements of PCN-250 were performed in concert with Melike 

Babucci and Bruce C Gates (University of California, Davis) and Adam S. Hoffman, Jiyun Hong, and Simon 

R. Bare (SSRL, SLAC National Accelerator Laboratory). 
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wiggler insertion device, with rhodium-coated optics for collimation and harmonic 

rejection, and focusing the X-ray beam. Photon energy selection is achieved with a 

double-crystal, liquid-nitrogen cooled Si(220), Φ = 0, monochromator. Spectra were 

collected in transmission mode using N2-filled ionization chambers. An iron foil reference 

was scanned simultaneously with the sample for energy calibration. Continuous extended 

X-ray absorption fine structure (EXAFS) spectra were measured at 393 K from 200 eV 

below the Fe K-edge (7112 eV) to k = 15.3 Å-1 (k is the wavenumber) in a period of 4 min, 

with three scans collected and averaged to improve the signal-to-noise ratio under all 

conditions.  

Approximately 5 mg of sample (mixed with approximately 10 mg of MCM-41 to 

achieve optimal sample absorption, approximately 2.5 absorption lengths at 50 eV above 

the Fe K-edge) was loaded into an in situ XAS cell.126 Continuous EXAFS data 

characterizing the as-synthesized MIL-127(Fe) were collected with the sample dried in 

flowing helium at 393 K. Continuous EXAFS spectra were collected to get in situ XANES 

data during treatment of the catalyst in flowing helium as the temperature was ramped 

from 393 to 513 K with a ramp rate of 0.083 K s-1 and a dwell of 1 h at 513 K. The catalyst 

was then cooled to 393 K to characterize the structure of the treated species by EXAFS 

spectroscopy. In situ XANES data were collected during the ramp with the sample in a 

flowing mixture of N2O + CH4 (molar ratio 4:1), followed by a dwell for 3 h at 393 K. 

EXAFS data were collected at 393 K with the sample in the N2O + CH4 mixture—with 

these data intended to characterize local structure around the Fe. Reproducibility of the 

data was tested as the same procedure was followed for characterizing as-synthesized and 

treated MIL-127(Fe).  

Athena and Artemis software, parts of the Demeter package,127 were used for 

analysis of the EXAFS data. Pre-processing of data included alignment, edge calibration, 

deglitching, normalization, background subtraction, and conversion of data into a chi file 

for data fitting was performed with Athena. The edge energy, determined by the first 

inflection point of the absorption edge of the reference iron foil, was calibrated to the 

reported Fe K-edge energy, 7112.0 eV.  
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The structure of the MIL-127(Fe) node was used (from a single-crystal X-ray 

diffraction pattern of the material91) to calculate the phase shifts and backscattering 

amplitudes representing the Fe–O1, Fe–C, Fe–Fe, and Fe–O2 single-scattering paths 

(Figure S8). Fitting was carried out considering k1-, k2-, and k3- weighting. The fitting 

ranges in both k space and R space (R is the scattering path distance from the absorbing 

Fe atom) in analysis of data characterizing the as-synthesized sample, treated sample, and 

post-catalytic reaction sample were determined by the data quality; the range in k was 2.6–

11.0 Å-1 and that in r was 1.0–4.0 Å. These values were used with the Nyquist theorem128 

to estimate the justified number of fitting parameters, which was not exceeded in the 

fitting. Standard procedures were used in the analysis of the XANES spectra.  

 

3.3. Results and discussion 

 

Following our report documenting the ability of high-spin (S = 2) Fe(II) sites in 

MIL-100(Fe) to activate C3H8,
108 via a Fe(IV)=O intermediate formed by reaction of these 

sites with N2O (Chapter 2), Hall and Bollini156 reported the stoichiometric formation of 

methanol from CH4 + N2O mixtures on these sites in MIL-100(Fe). This MOF contains 

Fe3-μ3-oxo nodes (Figure 3.1a) that incorporate a maximum of one Fe(II) site per node, 

which are connected by benzene-1,3,5-tricarboxylate linkers (Figure 3.1a, inset).  

In the work reported herein, we address the reactivity of this common Fe(II) site in 

MIL-100(Fe) by comparison to PCN-250 (Figure 3.1a, inset), a MOF that is formed with 

3,3′,5,5′-azobenzenetetracarboxylate linkers, before seeking to detail the function of these 

materials as it relates to the production and stabilization of the desired methanol product. 
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Figure 3.1. Depiction of the stepped reaction scheme employed in methane 

activation by Fe3-μ3-oxo-containing MOFs. (a) Molecular structure of the Fe 3-μ3-

oxo secondary building unit and depiction of how ligand occupancy changes upon 

thermal activation. Inset: Unit cells of PCN-250 and MIL-100(Fe) with the 

corresponding linkers (ABTC = 3,3′,5,5′ -azobenzenetetracarboxylate, BTC = 

benzene-1,3,5-tricarboxylate). (b) Schematic representation of how the radical -

rebound mechanism is proposed to activate methane on mononuclear Fe(II) centers 

exposed to mixtures of N2O + CH4.55 (c) Cumulative carbon selectivity of products 

observed upon exposure of MIL-100(Fe) (60 mg)/PCN-250 (27 mg) to 80 kPa N2O, 

10 kPa CH4 , and 10 kPa Ar at 393 K for 4 h and quantified on-line (for CO ,CO2) 

and ex situ (for CH3OH, CH3OCH3 , CH2O). 

 

3.3.1. Characterization and reactivity of PCN-250  

The common Fe3-μ3-oxo secondary building unit in PCN-250 and MIL-100(Fe) 

(Figure 3.1a) that hosts the Fe(II) site implies that each material should be able to activate 

methane using N2O as an oxidant in the same stepped reaction scheme that involves 

sequential (i) activation of the material in an in-vacuo thermal treatment at high 

temperatures to form Fe(II) centers (Figure 3.1a), (ii) contact of the activated material with 

mixtures of N2O + CH4 to induce C–H bond scission (Figure 3.1b), and (iii) ex situ 

extraction of methanol products with D2O (Figure 3.1c). Herein we provide evidence for 

the structure and reactivity of the MOF PCN-250 that heretofore has not been investigated 

for reactions with N2O + CH4, demonstrating key similarities to MIL-100(Fe), and some 

differences too. 

PCN-250 was synthesized following reports in the literature,91 with modifications 

made to the final workup procedure to fully desorb latent solvent molecules from the pores 

that were found to otherwise interfere with the reactivity. Bulk structural properties were 

confirmed by X-ray diffraction (XRD) crystallography (see appendix: Figure 7.12) and 
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N2 adsorption measurements (appendix: Figure 7.13), confirming the expected single-

phase crystallinity and porosity of the material. The formation of high-spin (S = 2) Fe(II) 

centers upon thermal treatment was confirmed ex situ with Mössbauer spectroscopy 

(appendix: Figure 7.14), with the data indicating that approximately 27% of the Fe species 

(appendix: Table 7.1) were reduced from Fe(III) to Fe(II); the corresponding value for the 

sample of MIL-100(Fe) used in these experiments was 18% (see appendix Figure 7.15, 

Table 7.2). Nitric oxide (NO) was used as a chemical titrant for unsaturated Fe(II) sites to 

supplement these results.144,157 IR spectra of PCN-250 whilst dosing increasing amounts 

of NO gas (Figure 7.16) yields adsorption bands from 1788-1804 cm-1, consistent with 

Fe(II)-NO adducts measured experimentally144 or computed with DFT157 and, thus, the 

formation of coordinatively unsaturated Fe(II) centers upon thermal activation. The loss 

of H2O molecules and -OH moieties (Figure 3.1a) to form open metal centers can be 

observed explicitly as broad adsorption bands (2400-3600 cm-1), signifying H2O 

agglomerates, and a νO-H band at 3682 cm-1, assigned to a Fe(III)-OH group vide infra, 

disappear during activation as temperature is increased to 523 K (Figure 7.17). 

In situ X-ray absorption spectroscopy was used to provide further evidence of 

changes in the oxidation state and coordination of Fe, both after the thermal activation and 

after reaction with N2O + CH4. A detailed account of the data collection and processing is 

provided in the supplementary information of the paper reporting this study. 

Shifts of the absorption edge energy to lower values in the X-ray absorption near 

edge structure (XANES) data after thermal activation in helium to 513 K was 

accompanied with a decrease in white-line intensity and an increase in the pre-edge peak 

intensity (Figure 3.2a). The edge energy is one indicator of the iron formal oxidation 

state,158 and has been used previously to quantify the interconversion of Fe(III) centers to 

Fe(II) in MIL-100(Fe) (Chapter 2, Figure 2.5).108 Comparing the edge energy of PCN-250 

with those of the reference compounds, we approximate from XANES that thermal 

activation converts 18–22%  of the Fe(III) sites to Fe(II) sites (see appendix: Figures 7.18-

7.20, in agreement with ex situ Mössbauer spectra (vide supra). The magnitude of the 

Fourier transform (FT) of the EXAFS spectrum at 2.03 Å (Figure 3.2b), associated with 

Fe-O coordination (Chapter 2, Figure 2.4) also decreases. After reaction with N2O + CH4 
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at 393 K, the absorption edge position shifted back to a higher value, and the magnitude 

of the FT at 2.04 Å increased, indicating that Fe(II) sites are consumed and converted back 

to Fe(III).142,158,159 Isosbestic points in the Fe K edge XANES spectra acquired during 

treatment and reaction with N2O + CH4 indicate that the changes in the structure of the Fe 

species were stoichiometrically simple. 

 

Figure 3.2. (a) Fe K-edge XANES, with inset showing the pre-edge peaks, and (b) 

EXAFS data (magnitude of  the Fourier transform (k2-weighted)) characterizing 

PCN-250 after various treatments: in flowing helium at 393 K (As-synthesized) and 

then at 513 K (Pretreated); and after reaction with N 2O + CH4  at 393 K (Post 

Reaction). 

 

Structural models of the Fe sites inferred from the EXAFS data characterizing the 

as-synthesized PCN-250 (see appendix: Table 7.3 and Figure 7.21) are consistent with the 

known structure of PCN-250 determined by XRD.91 Activation from 398-513 K led to a 

negligible change in the average Fe−O coordination number, from 5.8 ± 0.5 to 5.6 ± 0.5 

(Figure 3.2b, Table S4), consistent with axial -OH ligands being removed in the reduction 

of Fe(III) centers to open Fe(II) sites (Figure 3.1a). After reaction with N2O + CH4 at 393 

K, the average Fe−O coordination number had increased again, suggesting that the Fe 

species in the nodes were again coordinated to axial ligands in the positions where they 

had been originally. 

XANES, EXAFS, and Mössbauer data show that thermal activation in vacuo 

induces changes in the coordination and oxidation state of Fe in PCN-250, forming Fe 



56 

sites that are similar to Fe centers in αKG-dependent dioxygenases in geometry and spin-

state108,71 in an analogous manner to those situated in MIL-100(Fe).108 Exposure to N2O 

+ CH4 mixtures at 363−393 K in a recirculating batch reactor led to conversion of these 

compounds accompanied by the formation of gas-phase CO and CO2. CH3OH and other 

products (CH3OCH3, CH2O) remained adsorbed within the MOF, and are observed only 

after the material was washed with D2O ex situ and quantified with 1H NMR spectroscopy 

(Figure 3.1c). These results confirm recent work55,156 demonstrating that putative 

Fe(IV)=O species oxidizes CH4 to methanol and other products (CH3OCH3, CH2O, CO, 

CO2). A key difference between the two MOFs is in product selectivity, with MIL-100(Fe) 

displaying a higher selectivity for CH3OCH3 than PCN-250, seemingly at the expense of 

CH3OH. We posit the role of secondary species linked to the defective nature of the MIL-

100(Fe) sample (18% Fe(II) concentration compared to the 33% if every Fe3-μ3-oxo node 

is active) in effecting the formation of CH3OCH3 from CH3OH in additional steps. The 

existence of distinct secondary pathways converting CH3OH to CH3OCH3 is supported by 

experiments discussed in the next section, whereby capturing gaseous methanol with a 

protonic ZSM-5 zeolite decreases the selectivity to CH3OCH3 in MIL-100(Fe) systems. 

Batch reactor experiments with varied N2O partial pressures show that the N2 

formation and CH4 consumption reactions are first order in N2O but almost zero order in 

CH4 (see appendix: Figures 7.22-7.23), congruent with the postulate of an initial rate-

limiting reaction of N2O with the Fe(II) center  to form a highly reactive Fe(IV)=O species, 

as was reported for the N2O + C3H8  reaction on MIL-100(Fe).108 The non-zero-order 

dependence of the initial rate of CH4 conversion on CH4 partial pressure suggests there 

are regimes in which CH4 activation by an Fe(IV)=O group is kinetically significant for 

CH4 consumption, although DFT calculations predict a substantially higher intrinsic 

barrier for Fe(IV)=O formation (95 kJ mol-1) and CH4 activation (60 kJ mol-1).55 The 

reactivity of PCN-250 and MIL-100(Fe) can be compared explicitly through 

measurements of Arrhenius activation energy barriers for N2 production (Figure 3.3). 

Normalizing reaction rates by Fe(II) concentration collapses first order rate constants to 

within a factor of two for these materials, and varying temperatures results in similar 

values for activation energy barriers, 79.2 ± 7.6 kJ mol-1 and 79.1 ± 5.8 kJ mol-1, for the 
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reaction of N2O with Fe(II) on PCN-250 and MIL-100(Fe), respectively, in quantitative 

agreement with the computed barrier (85 kJ mol-1) for N2O activation over a single cluster 

model of the Fe3-μ3-oxo nodes.55,108 

 

 

Figure 3.3. 1s t Order (N2O) rate constant for N2 production normalized per Fe(II) 

active site for PCN-250/MIL-127(Fe) (closed diamonds) and MIL-100(Fe)108  (open 

diamonds). Reaction conditions: 363-393 K, 80 kPa N2O, 0.5-5 kPa CH4, 10 kPa Ar, 

balance He, 110 kPa total pressure, 27mg PCN-250. 

 

3.3.2. Mechanisms of CH3OH formation and stabilization 

Activation of methane to form methanol over this Fe(II) site is proposed, on the 

basis of DFT calculations,55,108 to occur via a radical-rebound mechanism, consistent with 

the proposed mechanism for C–H bond hydroxylation in enzymatic, homogeneous, and 

supported catalysts incorporating  metal-oxo sites. Nonetheless, reactions of N2O + CH4 

on PCN-250 and MIL-100(Fe) are characterized by significant selectivity to various over-

oxidation products (CH2O, CO, CO2) and other products (CH3OCH3). These observations 

are unsurprising as further CH3OH oxidation is both kinetically and thermodynamically 

favored (appendix: section 7.1), with the maximum yield of methanol formed determined 

by the relative susceptibilities of methanol and methane to be oxidized.2 The C–H bond 
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scission step is not readily accessible to experimental investigation, but DFT calculations 

(section 7.1) show that methanol reacts so readily with Fe(IV)=O that experimental 

measurement of the CH3OH yield is expected to be extremely difficult. Experimentally, 

however, methanol is observed as the major product after washing the material ex situ; 

gaseous CH3OH, predicted to be formed by the commonly invoked radical-rebound 

mechanism, was not observed, similar to other heterogeneous Fe-based 

systems.80,111,112,156,160 We thus posited that in binding methanol to the MOF, deleterious 

over-oxidation pathways are minimized, motivating us to further investigate this 

mechanism of CH3OH protection. 

We sought to identify the adsorbed methanol species under reaction conditions using 

in situ IR spectroscopy. Spectra of PCN-250 (Figure 3.4a) activated by heating to 513 K 

in vacuo show the exclusive presence of νCH bands belonging to the ABTC linker (3082–

3076 cm-1)—consistent with the removal of solvent molecules and axial ligands leading 

to the formation of open Fe(II)/Fe(III) sites (Figure 3.1a).108,120,121 After exposure of the 

activated sample to N2O + CH4 at 393 K, we observed the appearance of two sets of bands: 

νCH bands at 2904, 2876, and 2802 cm-1 and a νOH band at 3684 cm-1. The three νCH bands 

correlate to methanol quantified with 1H-NMR after washing the IR wafer with D2O (see 

appendix Figures 7.24-7.25), thus allowing us to assign these bands to specific C–H 

vibrational modes of a stabilized methanol-derived species.161 DFT calculations were used 

to aid the assignment of these bands by considering candidate adsorbed species on a 

single-cluster model of the Fe3-μ3-oxo nodes of PCN-250 and MIL-100(Fe) (appendix: 

Figure 7.28). Similar models have been used to accurately predict the apparent energy 

barriers for the rate limiting N2O+Fe(II) reaction step,55,108,155 while similar cluster models 

and level of theory have been used to accurately assign IR bands to surface groups on the 

Zr-based MOF NU-1000,43 scaling the computed vibrational frequencies by a factor of 

0.958 to ensure appropriate comparison with experimental data.162 The closest agreement 

between the models considered (Figure 3.4b) and experiment is given with a methoxy 

group, Fe(III)–OCH3 affixed to one Fe atom on the Fe3-μ3-oxo node. Each computed band 

is shifted by 20–25 cm-1 to higher wavenumbers relative to experiment, within the 

expected error for computations at this level of theory.43,162 
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Figure 3.4. a) IR spectra of PCN-250 (20mg) treated to 513 K in-vacuo before 

(black) and after (purple) exposure to a 4:1 flow of N 2O and CH4 at 393 K for 4h. 

b) DFT computed vibrational frequencies of different surface species  modelled on a 

single Fe3-μ3-oxo cluster (top to bottom: -OH, -OCH3, CH3OH, CH3OCH3, CH2O, 

ABTC linker). C) IR spectra of PCN-250 (20 mg, treated at temperatures up to 423 

K in- vacuo) at 393 K (black) and with added increments (1–2 μmol each) of CH3OH 

vapor (grey) until the pressure reached 450 Pa (blue). 
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In contrast, DFT calculations predict vibrational bands for physisorbed methanol at 

much higher wavenumbers, which we confirmed experimentally by dosing gaseous 

methanol onto PCN-250 (Figure 3.5), observing νCH bands at 2846 and 2958 cm-1, a νOH 

band at 3620 cm-1, and broad bands between 3200–3500 cm-1 assigned to hydrogen-

bonded agglomerates of CH3OH molecules that form as the partial pressure of methanol 

increases, altogether allowing us to exclude these species, as well as hypotheses that 

CH3OH dissociatively adsorbs on PCN-250 to form surface methoxy groups. Assignment 

of this stable species formed in situ is consistent with the lack of a νCO stretching band at 

1000–1020 cm-1, which was evident in both experimental and DFT models of physisorbed 

methanol (appendix: Figures 7.26-7.27). These experiments allow us to rule out the 

dissociative adsorption of methanol on the bare Fe3-μ3-oxo nodes to form covalently 

bound, and thus stabilized, surface species, suggesting an alternative mechanism is needed 

to protect the desired methanol product. 

 

Figure 3.5.  In situ FTIR spectra at high wavenumbers (2600-3800 cm -1) of PCN-

250 wafer treated to 513 K in vacuo, cooled to 393 K, and (top panel) increasing 

CH3OH vapor pressure, and (bottom panel) before/after exposure to N2O+CH4 for 

4h. 
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DFT calculations also led us to assign the νOH band observed in situ (3684 cm-1) to 

Fe(III)-OH groups affixed to the MOF nodes (Figure 3.4a-b). This group is a ligand 

present in the as-synthesized MOF and removed during activation in the autoreduction of 

Fe(III) species to form Fe(II) sites (Figure 3.1a), consistent with EXAFS results vide 

supra, but nonetheless appears to form again in situ. Assignment of both sets of bands to 

methoxy and hydroxyl groups on molecular Fe sites is consistent with assignments made 

for similar Fe-exchanged ZSM-5 zeolite materials.80,160  

The formation of this stable methoxy group from the reaction of CH4 + N2O with 

the Fe(II) centers opens a route to the production of methanol in high selectivity—

provided that a separate step is conducted to extract this species without over-oxidizing 

it—widely characteristic of selective oxidation on other metal-oxo species on solid 

supports.80,85,111 Significantly, the formation of this methoxy group is not consistent with 

the radical-rebound mechanism (Figure 3.1b), which predicts the formation of gaseous 

methanol only. We consequently hypothesize that the methoxy species forms through 

CH3OH molecules reacting with surface hydroxyl groups (νOH = 3684 cm-1) observed in 

situ, eliminating H2O. This pathway offers a potential route for the protection of gaseous 

methanol, otherwise unobserved but predicted by DFT calculations to be produced by the 

radical-rebound mechanism.55  

We proffer evidence for the plausibility of this reaction pathway first with IR 

spectroscopy. PCN-250 was heated in vacuo to 413 K, an intermediate temperature that 

removes physisorbed solvent molecules but not nascent Fe(III)-OH groups present in the 

as-synthesized MOF (Figure 3.4c). Then a small dose (0.05–1 μmol per mg of PCN-250) 

of gas-phase CH3OH (CH3OH(g)) was added (Figure 3.4c) at 393 K, leading to an 

immediate decrease in intensity of the νOH band and formation of the three νCH bands 

(2904, 2876, and 2802 cm-1) assigned to an Fe(III)-OCH3 moiety. This result provides 

evidence that Fe(III)-OH groups react with small (<40 Pa) pressures of CH3OH at reaction 

temperature (393 K) to form the stabilized Fe(III)-OCH3 species we observe in situ from 

reaction of N2O + CH4 over PCN-250. These changes continued upon further incremental 

addition of CH3OH(g) until the νOH band was mostly consumed, at which point bands 

attributable to methanol physisorbed on the MOF (Figure 3.5) become apparent.  
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DFT calculations were subsequently used to confirm the ability of this Fe(III)-OH 

group to eliminate H2O and stabilize CH3OH, interestingly indicating that the mechanism 

in PCN-250 is different than the one reported for other acidic supports, as zeolites163–166 

and polyoxometalates.167 In zeolites, single-step165,166 and two step dehydration 

mechanisms163 have been proposed that occur through concurrent or sequential 

protonation of methanol by the acid and subsequent C-O scission. A similar mechanism 

in PCN-250 would require the concerted (Figure 3.6a) or sequential breaking of the CH3–

OH and FeO–H bonds with the formation of the CH3–OFe bond. The activation enthalpy 

reported for zeolites is found to be dependent on the system (ranging from 180-230 kJ 

mol-1 in SAPO165 to 90 kJ mol-1 in MFI166 in a concerted mechanism,  and 80 kJ mol-1 in 

the two step mechanism in ZSM-22163). Computing the reaction profile for methanol 

dehydration via C-O scission (Figure 3.6b), using a Fe3-μ3-oxo cluster model previously 

employed,55,108,155 predicts an intrinsic activation enthalpy of 288 kJ mol-1, unfeasible 

regarding experiments showing methoxy formation at 393 K (Figure 3.4). Instead, the 

surface hydroxyl group could act to abstract an H atom from methanol to form water, and 

proceed via Fe-O scission (Figure 3.6a) through displacement of the nascent H2O 

molecule by a CH3O· species (solid line, Figure 3.6b) or by the methoxy group attaching 

to an adjacent Fe site on the node (dashed line in Figure 3.6b). Intrinsic activation 

enthalpies of 57 and 74 kJ mol-1 for methoxy formation via Fe-O scission are compatible 

with experimental results, vide supra, suggesting that CH3OH formally acts to dehydrate 

Fe(III)-OH groups, rather than the converse, over these Fe3-μ3-oxo MOFs to form a 

stabilized methoxy group. 

A conceivable alternative pathway to produce Fe–OCH3 groups would be that CH3 

radicals produced after the initial C–H bond scission event in the radical rebound 

mechanism do not rebound to the nascent Fe-OH group (Figure 3.1b). Instead, they diffuse 

and attach to another Fe(IV)=O active center. There is evidence of alkyl radicals produced 

by C–H scission dissociating from active centers in homogeneous metal-oxo 

complexes,168 and this reaction is enthalpically barrierless. However, we infer this route 

as unlikely to be relevant because of the low concentration of Fe(IV)=O present; the 

reaction kinetics indicate a rate-limiting reaction of N2O with Fe(II) sites to form 
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Fe(IV)=O intermediates, which are then quickly consumed in the subsequent C–H 

scission step. 

 

 

Figure 3.6. (a). Schematics for methanol dehydration via C–O and Fe–O scission 

pathways. (b) Reaction enthalpy profiles for C–O (blue) and Fe–O (violet) scission 

dehydration pathways calculated at the UM06-L/def2-TZVP level on the 2S + 1 = 

16 spin surface. The enthalpy of  the separated reactants (the Fe 3-μ3-oxo cluster and 

one methanol molecule) set the zero enthalpy. The optimized structure s of the Fe 

center, its first coordination sphere, and interacting species is shown for each step.  
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Finally, we sought further evidence that mechanistic steps that lie beyond the 

radical-rebound mechanism function to protect methanol from over-oxidation, in 

particular for (i) the formation of gaseous methanol from Fe(II) sites situated in the MOF 

and (ii) the ability of methanol produced within the MOF to diffuse from active Fe centers 

and undergo dehydration on nearby sites. We chose to probe these questions by adding a 

second material, the protonic form of an MFI zeolite (Si/Al = 11.5), in physical mixtures 

with particles of PCN-250 or MIL-100(Fe), to evidence the ability of gaseous methanol, 

if present, to diffuse from Fe(II) centers within MOF crystallites to zeolites and therein to 

undergo dehydration on the strong Brønsted acid site therein.166  

 

 

Figure 3.7. (a) Cumulative product selectivity (left ordinate) and N2 yield (right 

ordinate) for interpellet physical mixtures of PCN-250 and MFI (Si/Al = 11.5). (b) 

Cumulative product selectivity (left ordinate) and N 2 yield (right ordinate) for intra- 

and inter- pellet physical mixtures of PCN-250 and MFI (Si/Al = 11.5). Reaction 

conditions: 393 K, 80 kPa N 2O, 10 kPa CH4 , 10 kPa Ar, 4 h reaction time, 27-29mg 

PCN-250 and 0-200mg MFI (Si/Al = 11.5) as separate or mixed pellets (180-400 

μm). Products given in ascending order: CH 3OH, CH3OCH3, CH2O, CO, CO2, N2  

(open diamonds, error bars equal ± 2×Std.Dev.). Inset: Schematic showing 

configuration of MOF and zeolite in the fixed bed reactor.  
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In interpellet mixtures, holding the amount of PCN-250 (24 μmol Fe(II)MOF) and all 

other process parameters constant bar the amount of zeolite added to the fixed bed, we 

observed that the selectivity for methanol formation increases monotonically with 

increasing ratio of zeolite to MOF (Figure 3.7a). Constant values of the cumulative N2 

yield, a measure of the total number Fe(IV)=O groups created during reaction, across 

different physical mixtures confirm that adding a second functional material to the catalyst 

bed had no effect on the initial and rate-limiting reaction between Fe(II) sites and N2O 

within the MOF particles. This result demonstrates that the increase in methanol 

selectivity observed upon addition of the zeolite is reflective of an improved ability of 

these multifunctional formulations to protect methanol from over-oxidation, as fewer 

Fe(IV)=O equivalents were consumed in over-oxidation reactions. 

We confirmed that methanol was transported to zeolite particles by conducting 

equivalent experiments with interpellet mixtures of different size MOF and zeolite 

particles, separating them prior to ex situ extraction to show that methanol (and CH3OCH3) 

was released from the zeolite particles (Figure 3.8). Control experiments of N2O + CH4 

mixtures in the presence of the zeolite showed no activity, and no C1 oxygenate products 

were observed ex situ.  

Next, we tested the effect of increasing proximity of Fe(II)MOF sites to H+
MFI sites 

through the use of inter- and intrapellet mixtures at fixed ratios of MOF to zeolite (Figure 

3.7b), wherein intrapellet mixtures are formed from a physical mixture of the MOF and 

zeolite powders as a means to decrease the average Fe(II)MOF:H+
MFI distance. This results 

in a further increase in the yield and selectivity to methanol and DME (Figure 3.7b). The 

consequences of this are twofold. First, the increase in yield to methanol with closer 

proximity between Fe(II) centers and H+ sites intimates the influence of diffusion within 

catalyst pores and between particles on reaction rates and therefore selectivity as more 

methanol is protected. Consistent with this conclusion, the increase in DME selectivity 

that becomes apparent upon addition and proximity of H+
MFI demonstrate the ability of 

these bifunctional formulations to enhance select secondary pathways. Equivalent 

experiments were done with physical mixtures of MIL-100(Fe) and the zeolite (Figure 

3.9) wherein the same trends with increasing ratio and proximity of Fe(II)MOF to H+
MFI 
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hold. These results implicate the ability of CH3OH(g) molecules, not otherwise observed 

experimentally, to dissociate from the MOF-supported Fe(II) sites, exit the MOF particles, 

and transport to zeolitic H+ sites where they presumably dehydrate, and are thus protected 

from overoxidation. While physisorption of methanol, enhanced by H-bonding with 

protonic sites and the small pores of the zeolite, can be partially responsible for methanol 

protection, the increase in selectivity to CH3OCH3 when ZSM-5 is added in mixtures with 

PCN-250 (Figure 3.7) suggests methanol dehydration pathways within the zeolite are 

active under the conditions studied. Taken together, these results open future avenues of 

research whereby improved bifunctional formulations can be targeted to minimize or 

enhance undesired or desired secondary reaction pathways. 

 

 

Figure 3.8. a) Cumulative product selectivity (left ordinate) and N2 yield (right 

ordinate) for interpellet physical mixtures of PCN-250 and MFI (Si/Al = 11.5). 

Reaction conditions: 393 K, 80 kPa N2O, 10 kPa CH4, 10 kPa Ar, 4 h reaction time. 

27mg PCN-250 and 50mg MFI (Si/Al = 11.5) were used (PCN-250: 300-400μm, 

MFI: 180-250μm) and separated prior to quantification of products with D 2O/1H-

NMR (left data) compared to repeat experiment with par ticles of the same size (180-

400μm) and not separated  (right). Products given in ascending order (str ipes indicate 

product desorbed from zeolite): CH 3OH, CH3OCH3, CH2O, CO, CO2, N2 (open 

diamonds). 
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Figure 3.9. a) Cumulative product selectivity (left ordinate) and N2 yield (right 

ordinate) for interpellet physical mixtures of MIL-100(Fe) and MFI (Si/Al = 11.5) 

of increasing MFI amount. (b) Cumulative product selectivity (left ordinate) and N 2  

yield (right ordinate) for inter- and intrapellet physical mixtures of MIL-100(Fe) 

and MFI (Si/Al = 11.5). Reaction conditions: 393 K, 80 kPa N 2O, 10 kPa CH4, 10 

kPa Ar, 4 h reaction time, 60mg MIL-100(Fe) and 0-200mg MFI (Si/Al = 11.5) in 

the form of separate or mixed catalyst pellets (180-400 μm). Products given in  

ascending order: CH3OH, CH3OCH3, CH2O, CO, CO2, N2 (open diamonds). 

 

3.4. Conclusion 

 

In the Fe3-μ3-oxo nodes of PCN-250 and MIL-100(Fe), Fe(II) centers that bear 

similar coordination and spin state to those found in enzymatic and homogeneous systems 

effect CH4 activation with N2O as the oxidant. Prior DFT calculations suggest this 

activation occurs via the commonly cited radical-rebound mechanism, whereby the Fe(II) 

site reacts with N2O in the rate-limiting step to form an Fe(IV)=O species that in turn 

activates CH4 homolytically, producing CH3OH molecules that dissociate from the active 

center to close the catalytic cycle. Thermodynamic and kinetic factors that drive methanol 
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to rapidly over-oxidize led us to propose, on the basis of in situ IR spectroscopy and DFT 

calculations, that methanol is protected within the MOF under reaction conditions as a 

methoxy group affixed to the nodes, whose formation cannot be explained by the radical-

rebound mechanism. 

We present for the first time a plausible formation pathway for this stabilized species 

using IR spectroscopy to show that Fe(III)–OH groups observed in situ can dehydrate 

CH3OH(g) present in low, Pascal-level concentrations to form Fe(III)–OCH3 groups at 

reaction temperatures. A novel formulation consisting of physical mixtures of Fe-

containing MOFs with MFI zeolites incorporating Brønsted acid groups was found to 

increase the amount of methanol protected from over-oxidation, signalling first that 

CH3OH(g), otherwise unobserved, is indeed produced by reactions of N2O + CH4 on the 

MOF, supporting the proposal that the radical-rebound mechanism, commonly invoked 

for other systems and supported by DFT results, is indeed active in these systems. 

Moreover, these experiments show that CH3OH(g) produced in the MOF has the ability to 

diffuse from Fe(II) sites, out of the MOF particles and to zeolitic Brønsted acid groups, 

where it can be dehydrated and thereby protected. These observations unequivocally 

evince additional mechanistic steps beyond the radical-rebound mechanism act to protect 

product CH3OH. We envision that in these catalysts, gas-phase CH3OH produced via the 

radical rebound mechanism dissociates from the active center, whereupon it migrates 

either to a Fe(IV)=O group and reacts to form one of a number of over-oxidation products 

(CH2O, CO, CO2) or, alternatively, migrates to a Fe(III)–OH species, where it undergoes 

dehydration and is protected. The effects of both ratio and proximity of Fe(II)MOF:H+
MFI 

sites on the selectivity of methanol demonstrate that both chemical and physical rate 

processes govern selectivity, providing guidance for the design of new systems that should 

seek to improve  efficacy of dehydration over a particular site as well as proximity of this 

site to the Fe(II) center. Finally, these results provide a potential strategy for protecting 

the methanol during methane oxidation, where the desired product is both 

thermodynamically and kinetically driven to over-oxidize. 
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Chapter 4. Alternative Activation Pathways of C–H bonds over 

Fe(IV)=O moieties situated withing PCN-250 

 

4.1. Introduction 

 

Phenol is a commodity chemical (>12 million tonne per annum) that serves as a 

building block for polycarbonate, epoxy, and other resins.169 The major commercial 

production process for phenol is as a coproduct from a multi-step, cumene based pathway, 

wherein benzene and propylene react to form cumene, which in turn is oxidized to form 

acetone and phenol (Hock process).170–172 This process contains two key inefficiencies. 

First, multi-step processes entail higher costs due to the additional separation operations 

needed to isolate intermediates and products from a wider range of compounds. Second, 

the formation of phenol is supported by demand for acetone, tethering the economics of 

phenol to those of another commodity chemical. Other production strategies include the 

hydrolysis of chlorobenzene (Dow process) and a two-step oxidation of toluene via 

benzoic acid.170–172 While both processes produce phenol as the main product, they still 

have the drawbacks associated with multi-step processes. A single-step oxidation process 

would alleviate these deficiencies, shifting the challenge to selectively activating the 

aromatic C-H bonds in benzene. 

In addition to the activation of aliphatic C-H bond detailed in section 1.3, enzymes 

containing mononuclear Fe(IV)=O species also activate aromatic C-H bonds and other 

functional groups, albeit along different pathways.72,73,173 Arene-oxide intermediates, 

unexplained by the conventional radical-rebound mechanism invoked in aliphatic C-H 

activation, have been isolated from oxidation of various aromatic molecules,174 and small 

apparent kinetic isotope effects (0.8-1.2) measured from in vitro and in vivo studies with 

deuterated and non-deuterated samples of benzene, naphthalene, xylenes, and other 

aromatic compounds metabolized by cytochrome P450 enzymes,175 are inconsistent with 

the homolytic, rate-limiting C-H scission observed for aliphatic C-H bonds such as 

methane (see section 1.3).98 Direct addition and addition rearrangement pathways (Figure 
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4.1), which can potentially cross over, have been proposed for aromatic C-H activation in 

cytochrome P450 monoxygenase173,176 and non-heme enzymes,177,178 as well as their 

synthetic analogues. De Vissier et al.179 measured H/D KIEs of 0.88-0.92 for anthracene 

hydroxylation over two synthetic non heme Fe(IV)=O complexes, using DFT calculations 

to assign these values to a secondary isotope effect caused by changes in C-H 

hybridization upon the rate limiting electrophilic addition of the oxyl to an aromatic 

carbon. A similar electrophilic addition (addition rearrangement in Figure 4.1) mechanism 

was computed for benzene to phenol conversion over the mononuclear α-O/Fe(IV)=O site 

in the heterogeneous Fe-BEA system.180 The initial electrophilic attack and formation of 

the C-O bond is barrierless due to the highly reactive nature of the unstable and 

geometrically strained Fe(IV)=O species, thus explaining the small KIE (1.04-1.06)79 that 

is measured, as the rate limiting step corresponds to subsequent hydride shifts that occur 

in subsequent keto-tautomerization steps that liberate phenol from a bound phenolate 

intermediate.180  

 

 

Figure 4.1.  Proposed reaction pathways for aromatic C-H activation to phenols. 

Adapted with permission from Tomaszewski et al . Biochemistry 1975, 14, 2024–

2031.175 Copyright 1975 American Chemical Society.  
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Altogether, these prior investigations motivate the desire to explore the ability of the 

putative Fe(IV)=O species, described in chapters 2-3 for aliphatic C-H activation, in Fe-

based MOFs to perform alternative aromatic C-H activation, expanding the range of 

chemistry these materials can affect. This chapter details initial results of an ongoing study 

and includes notes on future areas of research in the concluding remarks. 

 

4.2. Experimental details 

 

Synthesis of 3,3’,5,5’-azobenzenetetracarboxylic acid (ABTC) linker. 

ABTC was synthesized by a previously reported procedure.151 NaOH (50 g, 1.25 

mol) was added to 250 cm3 of deionized water. 5-nitroisophthalic acid (19 g, 0.09 mol) 

was added and the slurry was allowed to stir at 333 K for 1 hour. An aqueous solution of 

glucose (100 g, 0.56 mol) in 150 cm3 deionized water was then added slowly to the slurry. 

The synthesis medium immediately turned dark brown and was allowed to cool to room 

temperature before air was bubbled into the stirring solution for 16 hours. The reaction 

was then cooled with an ice bath and the sodium salt of ABTC was recovered by filtration. 

This solid was then dissolved in 200 cm3 of deionized water and acidified to 

approximately pH = 1 with concentrated HCl. A bright orange solid was isolated on a fine 

porosity glass frit, washed with deionized water, and dried under vacuum at 353 K. Yield: 

11.7 g, 73%. 1H NMR (400 MHz, DMSO-d6) δ 13.63 (s, 4H), 8.62 (s, 6H). 

 

Synthesis of Fe3(μ3-O)(CH3CO2)6 cluster. 

Fe3(μ3-O)(CH3CO2)6 was synthesized by a previously reported procedure.152 

Sodium acetate (25.43 g, 0.31 mol) was dissolved in 50 cm3 deionized water. 

Simulatenously, Fe(NO3)3·9H2O (8.08 g, 0.02 mol) was dissolved in 50 cm3 deonized 

water. The sodium acetate solution was added dropwise to the stirring Fe(NO3)3 solution. 

The reaction mixture was allowed to stir overnight at room temperature. The brown 

precipitate was collected on a medium porosity glass frit and washed with deionized water 

and EtOH. The product was then dried under vacuum at 353 K. 
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Synthesis of PCN-250.* 

PCN-250 was synthesized with modifications according to a previously reported 

procedure.91 ABTC ( 500 mg, 1.40 mmol), Fe3(μ3-O)(CH3CO2)6 (500 mg), acetic acid (50 

cm3) and DMF (100 cm3) were added to a 350 cm3 Ace Glass pressure flask. The mixture 

was sonicated for 10 minutes and then placed in a static oven at 413 K for 16 hours.  The 

flask was removed from the oven and allowed to cool to ambient temperature before the 

red-brown crystalline material was separated on a medium porosity glass frit and washed 

with DMF. To activate the material, the PCN-250 was soaked in DMF (100 cm3) at 333 

K for 2 days. It was then soaked in MeOH (100 cm3) at 333 K for 2 days. The MOF was 

then soaked in CH2Cl2 (100 cm3) at 313 K for 3 days. Throughout this entire process, the 

solvent was exchanged every 8 hours. Lastly, the material was washed with deionized 

water (5 x 50 cm3) before being dried under vacuum at 423 K for 8 hours. To induce 

mesopores, the sample was washed with deionized water (50 cm3), left to stand for 10 

minutes, filtered with a buchner funnel, and the solid allowed to dry in the static laboratory 

air. 

 

N2 Isotherms.  

The surface area of MIL-100(Fe) samples before and after catalysis was obtained 

by measuring the N2 isotherm at 77 K using an ASAP 2020 surface area and porosity 

analyzer (Micrometrics). Samples were degassed at 423 K for 4 h prior to sample analysis, 

with surface areas determined by using the Brunauer–Emmett–Teller theory treated for 

microporous materials as given by Rouquerol et al.153 

 

Reaction Experiments. 

Reactivity experiments were performed in a recirculating batch reactor system. 

PCN-250 powder was crushed (~ 1000 psi) using a mechanical press, ground using an 

agate pestle and mortar, and sieved (180–400 μm diameter particles) into pellets prior to 

loading into a vertically mounted 1/4” OD quartz reactor tube supported by plugs of quartz 

 
* Synthesis of PCN-250, including precursor molecules, was performed by Steven D. Prinslow and Connie 

C. Lu at the University of Minnesota 
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wool above and below the catalyst bed, held in place by a 1/16” K-type thermocouple 

(Omega Engineering) and a 1/8” quartz rod. The thermocouple provided the signal to a 

PID temperature controller (Watlow, EZ Zone) regulating the power to an electric furnace 

(National Electric Furnace, FA 120, 120 V), with a copper block surrounding the reactor 

to minimize axial temperature gradients over the length of the bed (<1 K). 

The catalyst was pretreated under vacuum (< 3 Pa), heating at a rate of 0.033 K s-1 

to 513 K, holding for 10 h, and then cooling to reaction temperature (378-408 K). The 

remainder of the recirculating batch system was filled with reactant gas mixture. Mass 

flow controllers (MKS Instruments) were calibrated using a volumetric soap-film flow 

meter and used to control the flow of helium (Matheson, UHP Enable 99.999%), argon 

(Matheson, Research Purity 99.9999%), and nitrous oxide (Matheson, USP grade 99%). 

Liquid reagents benzene (Sigma Aldrich, HPLC grade >= 99.9%) and toluene (Sigma 

Aldrich, HPLC plus, >= 99.9%) were added into the feed stream as required using 0.25 

cm3 syringes (SGE Analytical Science) through 1/16” Teflon tubing controlled using a 

syringe pump (KDS Scientific, KDS-100). On-line quantification of reactants, products, 

and the internal standard (Ar) was performed by gas chromatography (GC) (Agilent, 

6890N) using a thermal conductivity detector, a flame ionization detector, and HP Plot Q 

(Agilent) and CP Molsieve 5 A (Agilent) columns in series.  The reactant gas mixture was 

recirculated at a rate of 1.167 cm3 s-1 with a recirculation pump (Metal Bellows, MB-21), 

with on-line GC samples taken to quantify gas composition—all facilitated by 4-way 

valves (VICI Valco) to control the exposure of the catalyst to the reactant mixture. The 

total volume of the reactor system was 68 cm3. To terminate the reaction, the reactor was 

cooled to 298 K as helium flowed through it at a rate of 0.83 cm3 s-1; the catalyst was then 

removed and washed with D2O (Cambridge Isotopes), with dilute acetonitrile (in D2O) 

added as an internal standard. A microcentrifuge (operated at 6000 rpm) was used to 

separate the catalyst pellets from the extractant solution. 

 

NMR Spectroscopy. 

Compounds extracted post-reaction were quantified using 1H-NMR (Ascend 400, 

Bruker, 400 MHz, 64 scans, td 20s). These were compared with dilute reference 
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compounds (in D2O): benzene (Sigma Aldrich, HPLC grade >= 99.9%), phenol (Sigma 

Aldrich, purified by redistillation, >= 99%), toluene (Sigma Aldrich, HPLC plus, >= 

99.9%), benzyl alcohol (Sigma Aldrich, ReagentPlus >= 99%), benzaldehyde (Sigma 

Aldrich, ReagentPlus >= 99%), benzoic acid (Sigma Aldrich, ACS reagent >= 99.5%), o-

cresol (Sigma Aldrich, ReagentPlus >= 99%), p-cresol (Sigma Aldrich, puriss >= 99.0%). 

NMR experiments were conducted at the NMR laboratory in the Department of Chemistry 

at University of Minnesota. 

 

4.3. Benzene oxidation 

 

To discern the ability of MOF-based, non-heme Fe(IV)=O centers to activate 

aromatic C-H bonds, chemistry that can be perform over other heme and non-heme 

mononuclear Fe(IV)=O species, experiments cofeeding N2O+C6H6 were performed at 393 

K in analogous manner to those when studying oxidation of aliphatic C-H bonds (Chapters 

2-3). Samples of single-phase PCN-250, which exhibit type I adsorption isotherms (Figure 

4.2a) indicative of an exclusive microporous structure, exposed to mixtures of N2O+C6H6 

elute very low yields of phenol product (Figure 4.3). This material was shown to be active 

for CH4 oxidation (Chapter 3), suggesting the lower yields are due to difficulties activating 

C6H6. The Fe(IV)=O species could have been ineffective toward aromatic C-H activation, 

however we note that the kinetic diameter of benzene (0.585 nm) is similar to the pore 

size distribution of PCN-250 (0.59, 0.68 and 0.93 nm), suggesting physical transport of 

benzene to active centers may be inhibiting reactivity.  

We tested this hypothesis by purposefully inducing mesoporosity into the material 

by washing with H2O and drying in static air instead of heating under vacuum. We noted 

this phenomena from changes implemented to the synthesis protocol in the study detailed 

in Chapter 3; washing the material with H2O removes latent solvent molecules leftover 

from synthesis, but if the material is left to dry in ambient air, the H2O molecules 

saturating the pores of PCN-250 induce a partial collapse in the framework. This results 

in the formation of mesopores as evidenced by type IV N2 adsorption isotherms (Figure 
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4.2b). Exposing this mesoporous sample (meso-PCN-250) to mixtures of N2O+C6H6 at 

393 K for 4 h led to a higher, albeit still sub-stoichiometric, yield of C6H5OH (Figure 4.3). 

 

 

Figure 4.2.  N2 isotherms (77 K) for (a) PCN-250 and (b) meso-PCN-250. Filled and 

open circles correspond to adsorption and desorption isotherms respectively.  

 

Both experiments, as well as a reference experiment exposing meso-PCN-250 

samples to N2O+CH4 mixtures (Figure 4.3, right), show little change in the cumulative N2 

yield, suggesting that the reaction of Fe(II) centers with N2O is independent of substrate 

identity. On-line measurements of the composition of the gas phase during experiments 

(Figure 4.4) show that most benzene is immediately adsorbed within the MOF upon initial 

exposure at t = 0, evidence for strong adsorption interactions between the framework and 

substrate. This is to be expected, not only considering the pore size distribution of PCN-

250 relative to the size of benzene molecules, but also considering π-π stacking 

interactions between aromatic adsorbates and the organic linker molecules, such as 

3,3’,5,5’-azobenzenetetracarboxylic acid (ABTC) for PCN-250. The adsorption of C6H6 

in PCN-250 should be a focus of future research, particularly concerning mass-transport 

limitations that will prohibit measurement of reaction kinetics, but these preliminary 

results appear to suggest that mesoporous channels imparted into this nominally 

microporous MOF enhance the reactivity towards larger, aromatic substrates. 
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Figure 4.3.  Product distribution of PCN-250 and meso-PCN-250 samples exposed 

to N2O+substrate mixtures, with yields of oxidized products plotted in stacked 

columns along the left ordinate, N 2 yields plots on right ordinate. Left and center 

bars correspond to 30 mg of PCN-250 and meso-PCN-250, treated to 513 K in vacuo, 

cooled to 393 K, exposed to reagent mixture (80 kPa N2O, 1 kPa C6H6, 10 kPa Ar, 

9 kPa He) for 4 h, washed with D2O and quantified with 1H NMR (Oxidized products 

shown in ascending order: C6H5OH, CO2) . Right bar corresponds to 30 mg of meso-

PCN-250, treated to 513 K in vacuo, cooled to 393 K, exposed to reagent mixture 

(80 kPa N2O, 10 kPa CH4, 10 kPa Ar) for 4 h, washed with D 2O and quantified with 
1H NMR (Oxidized products shown in ascending order: CH3OH, CH2O, CO, CO2). 
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Figure 4.4.  Partial pressure (left ordinate) of gaseous components against time 

during batch experiment (30mg meso-PCN-250 initial 1.1 kPa C6H6, 80 kPa N2O, 10 

kPa Ar, 9 kPa He, 393 K). Data points at t = 0 h correspond  to concentrations before 

exposure of the reagent mixture to the MOF. Open circles: C 6H6, open diamonds: 

N2.  

 

4.4. Toluene oxidation 

 

Pursuant to showing evidence that the putative Fe(IV)=O species situated in the Fe3-

μ3-oxo nodes of PCN-250 can activate aromatic, as well as aliphatic (Chapters 2-3), C-H 

bonds, we sought to gauge the relative ability of this site to react along each of these 

pathways. Toluene was used as a probe molecule, wherein activation of its 

monosubstituted methyl side group forms oxidized alcohol, aldehyde, and acid functional 

groups, while activation of the aromatic C-H bonds will form cresol products, with the 

selectivity toward different o-/m-/p- substituted isomers a function of steric and electronic 

effects imparted by the active site structure and the ability of the methyl side group to 

stabilize different radical intermediates. 
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Figure 4.5. 1H NMR spectra  of (i) Benzoic acid (reference), (ii)  Benzaldehyde 

(reference), (iii) Benzyl alcohol  (reference), (iv) products obtained following 

reaction of 30 mg of meso-PCN-250 with initial 80 kPa N2O, 1 kPa C6H5CH3, 10 

kPa Ar, 9 kPa He at 393 K for 4 h, washing the MOF with D2O to remove bound 

product molecule, (v) toluene (reference), (vi) o -cresol (reference), and (vii) p-

cresol (reference). 

 

Exploratory results (Figure 4.5) with 1 kPa of toluene in the initial reagent mixture 

show exclusive formation of products by oxidation of the methyl side group (i.e. activation 

of aliphatic C-H bonds). Significant yields of both benzyl alcohol and benzylaldehyde are 

observed, suggesting this system may have less ability to protect the singly oxidized 

product from further reaction, in contrast to C3H8 (Chapter 2) and CH4 (Chapter 3) that 

show >70% selectivity to the primary products formed by direct oxidation. One possible 

explanation that warrants further investigation would be the ability of benzyl alcohol to 

form stabilized surface intermediates, ss CH3OH was shown to form surface CH3O- 

groups that resist over-oxidation. No benzoic acid formation was observed despite 

significant selectivity and yield to benzaldehyde, suggesting the formation of the 

carboxylic acid may be inhibited in this system. Examining product selectivity profiles 

against conversion is required to confirm this hypothesis. Finally, no cresol or other 
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compounds formed by aromatic C-H activation pathways were observed, suggesting the 

Fe(IV)=O group situated in PCN-250 is more reactive towards aliphatic C-H bonds, which 

is discussed further vide infra. 

 

4.5. Discussion and future work 

 

Yields of phenol from reactions of benzene and N2O over PCN-250 in analogous 

stepped reaction scheme to N2O+CH4 provide evidence that the non-heme, MOF-

supported, putative Fe(IV)=O sites are capable of aromatic C-H activation. Significant 

yield to phenol is only observed in PCN-250 materials with auxiliary mesopores formed 

upon a supplementary work-up step in the synthesis when the material is dried in lab air. 

Vacuum treatment post-synthesis (as for PCN-250 samples studied in Chapters 3) results 

in the expected microporous material that is active for CH4, but not C6H6, oxidation. On-

line GC data show benzene is adsorbed strongly within these materials, the kinetic 

diameters of C6H6 and C6H5OH are similar in magnitude to micropore diameters of PCN-

250. These results suggest an inhibitory role of mass-transport effects or pore blockage in 

these systems, motivating future efforts to synthesize MOF materials with expanded pore 

structures, potentially by combining larger organic linker molecules with the same Fe3-

μ3-oxo node. 

While reactions with benzene show the MOF-based Fe(IV)=O species activates 

aromatic C-H bonds, in reactions with toluene these systems appear to react exclusively 

with aliphatic C-H bonds. While the aliphatic C-H bond in toluene has a lower bond 

dissociation energy than aromatic C-H groups (90 vs 113 kcal mol-1), we expect this metric 

is no longer appropriate for describing the relative propensity of toluene to react along 

these pathways as the activation of aromatic C-H bonds is expected to proceed via an 

electrophilic addition or direct addition pathway (Figure 4.1) that does not contain 

homolytic C-H scission in the rate-limiting step.  

DFT calculations and experimental measurements of kinetic isotope effects are 

needed to identify the pathway for aromatic C-H activation. If aromatic C-H activation 

proceeds via the expected electronegative addition pathway, this route could be enhanced 
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by increasing the electronegativity of the reactive oxygen. Snyder et al.180 attributed the 

barrierless electronegative addition of the α-O/Fe(IV)=O species to the aromatic ring of 

benzene in Fe-BEA to the highly covalent nature of the Fe=O bond (dFe(IV)=O,EXAFS = 1.63 

Å, dFe(IV)=O,DFT = 1.59 Å),83 thus increasing the electron density on the reactive oxygen. 

The Fe-ZSM-5 system, expected to contain the same α-O site seemingly attuned for 

electronegative addition, displays a high (2.5:1) selectivity to cresol products (o-:m-:p- = 

1:1:2.5) over benzyl alcohol at ambient temperature,78 demonstrating that the nominally 

stronger aromatic C-H bonds can be preferentially activated over weaker aliphatic groups 

with careful tuning of the electronic properties of a common Fe(IV)=O active site. From 

initial experiments detailed in section 4.4, the Fe(IV)=O group in PCN-250 shows no 

reactivity to the aromatic C-H bonds of toluene, suggesting that the Fe(IV)=O species may 

contain a lower degree of covalency, exhibited in a longer Fe=O bond and a lower 

vibrational frequency than the α-O species in Fe-BEA (νFe(IV)=O = 885 cm-1).83 Accurate 

spectroscopic characterization of the Fe(IV)=O in MIL-100(Fe) and PCN-250 should be 

obtained, plausibily using in situ raman spectroscopy, although efforts thus far have 

proven difficult due to problems isolating this putative species.  

DFT calculations by Vitillo et al.55 report the electronic structure of the Fe(IV)=O 

species within the Fe3-μ3-oxo cluster, alongside heterobimetallic formulations whereupon 

Fe atoms were replaced with Al or Cr. Only small changes in the electronic character of 

the Fe(IV)=O were predicted, however, with the dFe(IV)=O computed to lie in the range 

1.615–1.617Å and partial charge of the oxyl atom to be largely unchanged (qoxo = -0.23 – 

-0.24) upon metal substitution. This suggests that heterobimetallic formulations, which 

were computed to decrease the barrier for Fe(IV)=O formation, are unlikely to effect the 

reactivity of the Fe(IV)=O group for electronegative addition to aromatic compounds. The 

highly reactive and electronegative α-O species in Fe-BEA/Fe-ZSM-5 derives its 

properties from the unusual, strained and square planar Fe(II) state prior to reaction with 

N2O to form another geometrically strained Fe(IV)=O species. It may be prudent, 

therefore, that research aiming to formulate a MOF-based catalyst for selective production 

of cresols from toluene, or otherwise preferential aromatic vs aliphatic C-H activation, 

focuses on isolating active Fe sites in different geometrical structures. Fe-MOF-5, created 
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through substitution of Fe atoms into the Zn framework post-synthesis, contains trigonal 

pyramidal Fe(II) species,181,182 while nominally square planar Fe(II) sites have been 

synthesized in Fe-exchanged forms of the HKUST-1 MOF.183 Both these and other 

framework and extraframework Fe species can situate Fe(II) sites in different ligand fields 

and electronic structures, conceivably altering the reactivity to aromatic substrates. 
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Chapter 5. C–H Bond activation on bimetallic two-atom Co-M oxide 

clusters deposited on Zr-based MOF nodes: Effects of doping at the 

molecular level 

 

This material has been adapted from a previously published work.184 Contributions of 

other authors is noted in the footnotes of the experimental and computational methods. 

 

5.1. Introduction 

 

The direct upgrading of alkanes to fuels and chemical precursors has received 

significant attention recently due to the emergence of shale gas and affiliated natural gas 

liquids that are predominantly comprised of these commercially low value molecules. The 

catalytic activation of apolar carbon-hydrogen -bonds is typically the most energetically-

demanding step in upgrading these molecules.185 

The kinetically relevant C–H scission corresponds to dissociative adsorption on a 

solid surface in heterogeneous catalytic systems. Metal-oxides are catalytically active 

towards breaking the C–H bond in alkanes and functionalizing them, although the 

conversion or selectivity is too low in many cases to be commercially relevant.18,186,187  

Efforts have been made to study mixed metal, or doped, oxide catalysts to improve 

performance, thus far focusing on bulk mixed oxides.17,18,188 Computational studies 

provide clear utility in the ability to test many different theoretical models that investigate 

specific concepts that can be used to understand the behavior of the catalyst, and generate 

chemical and electronic descriptors that correlate strongly with key reaction barriers, such 

as the initial C-H bond activation energy, in order to furnish target materials for synthesis. 

Selected studies have reported correlations between C-H bond activation activity on metal 

oxide surfaces and descriptors such as the hydrogenation energy,189–192 localized spin,56 

and M-O and O-H bond strengths.193 We extend such work here to the consideration of 

descriptors correlating with C-H bond activation activity for a variety of two-atom, 

heterobimetallic oxide clusters. 
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Calculations thus far have focused on studying the effects of doping bulk metal 

oxides for C–H functionalization,18 but small metal oxide clusters also catalyze similar 

pathways and exhibit unique properties, whereupon the addition/subtraction of one atom 

can significantly affect rates or selectivity of alkane activation.188,194–196 The node-based 

structure of metal–organic frameworks (MOFs) enables the synthesis of site-isolated small 

metal-oxide clusters.116 Limited research has been conducted so far on reactions 

functionalizing C–H bonds on MOFs39,56,197. In this paper, we consider NU-1000198, a 

zirconia-based MOF for which a range of methods117 have been used to deposit 

monometallic (Ni48, Co46, Cu61,199, Zn200) or heterobimetallic49,51,201 oxide clusters onto 

the zirconia node. The potential for depositing sub-nanometer metal clusters of varying 

metal composition introduces the possibility of tuning the catalytic activity in these 

materials. 

Li and coworkers46 demonstrated that deposition of cobalt oxide clusters on NU-

1000 forms a material that displays high selectivity (>90%; at <2% conversion) at low 

temperatures (<503.15 K) for the oxidative dehydrogenation of propane to propene. We 

employ cluster-based DFT calculations to assess enthalpic barriers for propane ODH on a 

dicobalt cluster supported on NU-1000 and, based on these results, we assess the relative 

reactivity of a library of Co-M clusters. The reaction was found to occur through 

homolytic C-H bond scission, similar to the studies of propane ODH on vanadia,202 

although other systems have been known to split the C-H bond heterolytically.203 The 

electronic structure of the reactant complexes for the different systems, including the 

dicobalt system, was characterized by multireference calculations to validate the choice 

of the spin state followed by DFT. The introduction of dopant metals is shown to 

significantly affect the activation energy relative to the dicobalt case, and correlate across 

all dopants with descriptors including localized spin density and charge on the reactive 

oxygen atom, and the enthalpy of hydrogenation, consistent with previous studies189–191 

and concepts developed for bulk metal oxides.17,18 These calculations proffer target 

compositions and structures for improved alkane ODH metal-oxide catalysts. 
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5.2. Computational Methods* 

 

DFT calculations were performed using the M06-L local density functional129 and 

the Gaussian 09204 software package. The def2-SVP basis set was used for H, C, and O 

atoms and the def2-TZVPP basis set130,131 used for the transition metal atoms (Co, Zr, Ti, 

Mn, Fe, Ni, Cu, Mo, Ag). In addition, the SDD pseudopotential205 was used to represent 

the core electrons in Zr, Mo, and Ag. Numerical integrations were performed using an 

ultrafine grid and the thermochemical quantities were calculated at 503.15 K. The nature 

of all stationary points and transition states was confirmed through the analytic 

computation of the vibrational frequencies. Enthalpies and Gibbs free energies were 

calculated at 1 atm and 298 K using the scheme proposed by Moor et al.,135 whereby low-

lying frequency modes (<50 cm-1) were replaced by a cut-off value (50 cm-1) in the 

calculation of the vibrational partition functions.136–139 Geometry optimizations were 

performed for each of the different bimetallic systems for a range of spin states to 

determine the most stable spin state. Hirshfeld charges and spin densities206 and CM5 

charges207 were computed on the optimized structures.  

Single point energy calculations were also performed using the PBE functional208,209 

with D3210 dispersion, B3LYP functional211 with D3 dispersion,210 and the M06 

functional38 to assess the sensitivity of the electronic structure to the choice of functional. 

The trends between energy barriers and descriptors reported using the M06-L functional 

agreed with those calculated using the PBE-D3, B3LYP-D3, and M06 functionals. 

Multireference calculations were done at the complete active space self-consistent field 

(CASSCF) and restricted active space self-consistent field (RASSCF) levels of theory, 

followed by second order perturbation theory (CASPT2/RASPT2) calculations. 

Complete details of methods, results, and xyz coordinates of optimized geometries 

for DFT and multireference calculations are given in the supporting information of the 

corresponding manuscript.184  

 
*DFT cluster calculations of the doped systems were performed by the author, Matthew. C. Simons, based 

on initial calculations on Co-Co systems by Manuel. A. Ortuño and Varinia. Bernales. Carlo. A. Gaggioli 

performed the multi-reference calculations. 
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5.3. Results and Discussion 

 

Pursuant to the report by Li and coworkers46 a cluster model was chosen to represent 

the zirconium node on NU-1000 and the deposited Co-M oxide (Figure 5.1). The cluster-

based model of the node was based on previously reported periodic DFT calculations41 on 

NU-1000, with the linkers terminated by acetate groups, which were frozen to simulate 

the structural rigidity of the overall framework. Initial C–H bond activation is noted to be 

the most energetically-demanding step in the propane ODH catalytic cycle on a dicobalt 

cluster (Figure 5.2). In accordance to these results, two-atom bimetallic Co-M oxide 

clusters were selected due to their computational convenience and potential amenability 

for synthesis, and the corresponding energy barriers for the first hydrogen abstraction step 

(Structures 0-3 in Figure 5.2) were computed. Starting from a dicobalt cluster, neutral 

models were generated by substituting one Co atom by one atom of Mo, Ti, Mn, Fe, Ni, 

Cu, Zn, and Ag. Figure 5.3a shows the CM5 charges on the two metal atoms increasing 

(i.e., becoming more positive) linearly with a decrease (i.e., becoming more negative) in 

the CM5 charge across the six adjacent oxygen atoms in the Co-M oxide cluster, showing 

that the effect of the dopant is to transfer electron density onto the oxygen atoms.  

 

 

Figure 5.1. Representation of the cluster model used for this study, containing a 

single node of NU1000 and the Co-M oxide. 

 

DFT calculations predicted that the lowest energy spin state of the reactant is in each 

case the highest spin state, except for Co-Mn for which it is the second highest. 
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Multireference calculations† demonstrate that the spin states are usually within 1-3 kcal 

mol-1 of one another. Therefore, the choice of following the high spin state in DFT, which 

is typically well described by a single determinant, when looking for descriptors of 

reactivity is apposite. 

 

Figure 5.2.  Proposed catalytic cycle for the ODH of propane on an activated 

bimetallic dicobalt cluster supported on NU-1000 (structure 0). 

 

The activation enthalpy was calculated from the difference in enthalpy between the 

C–H abstraction transition-state structure and that of the reactant (Figure 5.2). The barrier 

for C–H activation varies considerably (56.9 to 9.3 kcal mol-1) across the different Co-M 

systems compared to a barrier of 16.7 kcal mol-1 for the Co-Co system. A periodic trend 

in activation enthalpy is also noted for the late 3d dopant systems with barriers ranging 

from 28.5 for Co-Mn to 9.3 kcal mol–1 for Co-Zn; this periodic decrease likely reflects 

differences in the delocalization of electrons relative to the homogeneous dicobalt case as 

discussed below. 

 
† See supporting information of Simons et al. ACS Catal. 2018, 8, 4, 2864–2869 for methods and results of 

multireference calculations. 
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Figure 5.3. A) Plot of the sum of CM5 charge over the two metal cations (Co, M) 

against the sum of CM5 charge over the six adjacent oxygen atoms. B) Plot of the 

C-H bond activation enthalpy against the Hirshfeld spin on the abstracting oxygen 

atom in the reactant state. Regression line y = 57.62 – 81.14x, R2  = 0.84. C) Plot of 

the C-H bond activation enthalpy against the CM5 charge on the abstracting oxygen 

atom in the reactant state. Regression line y = -142.31 – 295.27x, R2 = 0.79.  

 

The hydrogen abstraction step studied occurs through homolytic scission of a C-H 

bond in propane, confirmed by examining the spin density on the secondary carbon in the 

resulting propyl radical in the final step. The location of the electron transferred to the 

cluster system as part of the hydrogen atom was determined by inspecting the differences 

in localized spin and charge on atoms in the cluster between the reactant and product 

states, i.e., Structures 1 and 3 in Figure 5.2. In all cases, the electron is delocalized over 

multiple atoms. For the systems with the highest activation enthalpy (Co-Mo and Co-Ti), 

the electron mainly delocalizes over the two metal cations. With decreasing activation 

enthalpy, the electron was found to increasingly localize over the six adjacent oxygen 

atoms to the metal cations, whilst in the systems with the lowest activation energy; Cu, 

Zn, and Ag; the electron delocalizes almost exclusively over the oxide. The location of 
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the electron during hydrogen transfer detailed above was reproduced by single point 

calculations using the PBE-D3, B3LYP-D3 and M06 functionals.‡ 

The activation enthalpy decreases with increasing Hirshfeld spin density located on 

the bridging oxygen in the preceding intermediate (Figure 5.3b). An increase in spin 

density is reflective of an increase in the radical (hole-like) character of the bridging 

oxygen, which correspondingly reduces the barrier for homolytic C–H cleavage. Figure 

5.3c shows a similar trend with increasing (more positive) CM5 charge on the bridging 

oxygen atom (Co-O-M) in the cluster correlating with a decrease in the activation 

enthalpy. This is in analogy to the rules governing Lewis acid-base pair interactions on 

oxide surfaces explicated by Metiu et al.,4 in which an increase in Lewis acidity of the 

oxide, reflected in its ability to accept electronic charge, results in more energetically 

favorable dissociative adsorption of alkanes, but in this case the addition of single-electron 

hole character renders the process homolytic. This increased ability in accepting electronic 

charge is reflected in the more positive CM5 charge on the oxygen, and the more favorable 

adsorption causes a decrease in the activation barrier due to the system following 

Brønsted-Evans-Polanyi principle (Figure 5.4). Similar correlations exist when plotting 

the activation barrier against the sum of the spin density or charge over the two bridging 

oxygen atoms and over the six oxygen atoms adjacent to the Co-M atoms. The trend of 

the bridging oxygen spin density and charge in the reactant cluster was also observed in 

multireference calculations. Nonetheless, whilst the correlation between the activation 

enthalpy and localized spin on the oxide atoms is statistically stronger than the correlation 

with the CM5 charge, the charge is the more suitable descriptor. This is consistent with 

the multireference calculations showing the spin states to be close in energy, with the spin 

density more dependent on the spin state than the localized charge. The trends in spin 

density and charge on the oxygen in structure 1 were reproduced by single point 

calculations using the PBE-D3, B3LYP-D3 and M06 functionals (Table 5.1).§  

 
‡ See supporting information of Simons et al. ACS Catal. 2018, 8, 4, 2864–2869 for full description of 

electron densities and charges across constituent atoms in the Co-M cluster models. 
§ See supporting information of Simons et al. ACS Catal. 2018, 8, 4, 2864–2869 for full description of 

electron densities and charges across constituent atoms in the Co-M cluster models for both DFT and 

multireference methods. 
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Table 5.1. Hirshfeld spin density and CM5 charges localized on the abstracting 

oxygen in the reactant state (structure 1) with different functional methods. 
Co-M 2S+1 M06-L M06 PBE-D3 B3LYP-D3 

spin CM5 spin CM5 spin CM5 spin CM5 

Mo 6 0.12 -0.62 0.11 -0.63 0.14 -0.58 0.13 -0.62 

Ti 4 0.07 -0.67 0.06 -0.68 0.08 -0.62 0.06 -0.67 

Mn 9 0.25 -0.60 0.22 -0.61 0.29 -0.55 0.26 -0.60 

Fe 10 0.44 -0.57 0.41 -0.59 0.48 -0.52 0.44 -0.57 

Co 9 0.45 -0.55 0.42 -0.56 0.48 -0.50 0.43 -0.55 

Ni 8 0.50 -0.55 0.50 -0.55 0.52 -0.50 0.49 -0.55 

Cu 7 0.59 -0.53 0.59 -0.53 0.60 -0.49 0.60 -0.52 

Zn 6 0.53 -0.52 0.53 -0.52 0.53 -0.48 0.54 -0.51 

Ag 7 0.65 -0.50 0.64 -0.51 0.64 -0.46 0.64 -0.50 

 

The dopant systems under study also follow Hammond’s postulate. A decrease in 

the activation enthalpy also correlates with a decrease in the C–H bond length in the 

transition state geometry while the nascent O–H bond is noted to lengthen, consistent with 

lower activation enthalpies being associated with earlier transition-state structures.  

 

 

Figure 5.4.  Plot of the C–H bond activation energy on Co-M oxide clusters against 

enthalpy of hydrogenation of the cluster. Linear regression line y = 9.56 + 0.80x, 

R2 = 0.996. 
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5.4. Conclusion 

In summary, DFT cluster calculations for the C–H bond activation of propane on 

two-atom Co-M oxide clusters supported on NU-1000 show that the barrier varies from 

56.9 to 9.3 kcal mol-1 depending on the identity of the dopant in this study. These changes 

correlate with descriptors such as the spin density and charge localized on the abstracting 

oxygen in the reactant state, and the enthalpy of hydrogenation. The correlation with spin 

density is consistent with the notion that increasing radical character on the oxygen 

increases the proclivity towards abstracting the hydrogen via homolytic scission, and the 

correlation with charge is consistent with concepts developed on doping bulk oxides for 

the adsorption of alkanes. In conclusion, doping at the single-atom level is shown to 

predictably alter the ability to break C-H bonds, providing target compounds for the 

synthesis of improved catalysts. 
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(71)  Krebs, C.; Galonić Fujimori, D.; Walsh, C. T.; Bollinger, J. M. Non-Heme Fe(IV)–

Oxo Intermediates. Accounts of Chemical Research, 2007, 40 (7), 484–492. 

(72)  Oloo, W. N.; Que, Jr., L. Bioinspired Nonheme Iron Catalysts for C-H and C=C 

Bond Oxidation: Insights into the Nature of the Metal-Based Oxidants. Accounts of 

Chemical Research, 2015, 48 (9), 2612–2621. 

(73)  Que, Jr., L.; Puri, M. The Amazing High-Valent Nonheme Iron-Oxo Landscape. 

Bulletin of Japan Society of Coordination Chemistry, 2016, 67, 10–18. 

(74)  Goudarzi, S.; Iyer, S. R.; Babicz, J. T.; Yan, J. J.; Peters, G. H. J.; Christensen, H. 

E. M.; Hedman, B.; Hodgson, K. O.; Solomon, E. I. Evaluation of a Concerted vs. 

Sequential Oxygen Activation Mechanism in α-Ketoglutarate–Dependent 

Nonheme Ferrous Enzymes. Proceedings of the National Academy of Sciences of 

the United States of America, 2020, 117 (10), 5152–5159. 

(75)  Sobolev, V. I.; Panov, G. I.; Kharitonov, A. S.; Romannikov, V. N.; Volodin, A. 

M.; Ione, K. G. Catalytic Properties of ZSM-5 Zeolites in N2O Decomposition: The 

Role of Iron. Journal of Catalysis, 1993, 139 (2), 435–443. 

(76)  Sobolev, V. I.; Dubkov, K. A.; Panna, O. V.; Panov, G. I. Selective Oxidation of 

Methane to Methanol on a FeZSM-5 Surface. Catalysis Today, 1995, 24 (3), 251–

252. 

(77)  Dubkov, K. A.; Sobolev, V. I.; Panov, G. I. Low-Temperature Oxidation of 

Methane to Methanol on FeZSM-5 Zeolite. Kinetics and catalysis, 1998, 39 (1), 

72–79. 

(78)  Rodkin, M. A.; Sobolev, V. I.; Dubkov, K. A.; Watkins, N. H.; Panov, G. I. Room-

Temperature Oxidation of Hydrocarbons over FeZSM-5 Zeolite. Studies in Surface 

Science and Catalysis, 2000, 130 A, 875–880. 

(79)  Dubkov, K. A.; Sobolev, V. I.; Talsi, E. P.; Rodkin, M. A.; Watkins, N. H.; 

Shteinman, A. A.; Panov, G. I. Kinetic Isotope Effects and Mechanism of 

Biomimetic Oxidation of Methane and Benzene on FeZSM-5 Zeolite. Journal of 

Molecular Catalysis A: Chemical, 1997, 123 (2–3), 155–161. 

(80)  Starokon, E. V.; Parfenov, M. V.; Pirutko, L. V.; Abornev, S. I.; Panov, G. I. Room-

Temperature Oxidation of Methane by α-Oxygen and Extraction of Products from 

the FeZSM-5 Surface. Journal of Physical Chemistry C, 2011, 115 (5), 2155–2161. 



97 

(81)  Dubkov, K. A.; Ovanesyan, N. S.; Shteinman, A. A.; Starokon, E. V.; Panov, G. I. 

Evolution of Iron States and Formation of α-Sites upon Activation of FeZSM-5 

Zeolites. Journal of Catalysis, 2002, 207 (2), 341–352. 

(82)  Snyder, B. E. R.; Vanelderen, P.; Bols, M. L.; Hallaert, S. D.; Böttger, L. H.; Ungur, 

L.; Pierloot, K.; Schoonheydt, R. A.; Sels, B. F.; Solomon, E. I. The Active Site of 

Low-Temperature Methane Hydroxylation in Iron-Containing Zeolites. Nature, 

2016, 536 (7616), 317–321. 

(83)  Snyder, B. E. R.; Böttger, L. H.; Bols, M. L.; Yan, J. J.; Rhoda, H. M.; Jacobs, A. 

B.; Hu, M. Y.; Zhao, J.; Alp, E. E.; Hedman, B.; Hodgson, K. O.; Schoonheydt, R. 

A.; Sels, B. F.; Solomon, E. I. Structural Characterization of a Non-Heme Iron 

Active Site in Zeolites That Hydroxylates Methane. Proceedings of the National 

Academy of Sciences, 2018, 115 (18), 4565–4570. 

(84)  Groothaert, M. H.; Smeets, P. J.; Sels, B. F.; Jacobs, P. A.; Schoonheydt, R. A. 

Selective Oxidation of Methane by the Bis(μ-Oxo)Dicopper Core Stabilized on 

ZSM-5 and Mordenite Zeolites. Journal of the American Chemical Society, 2005, 

127 (5), 1394–1395. 

(85)  Alayon, E. M. C.; Nachtegaal, M.; Ranocchiari, M.; van Bokhoven, J. A. Catalytic 

Conversion of Methane to Methanol over Cu–Mordenite. Chemical 

Communications, 2012, 48 (3), 404–406. 

(86)  Woertink, J. S.; Smeets, P. J.; Groothaert, M. H.; Vance, M. A.; Sels, B. F.; 

Schoonheydt, R. A.; Solomon, E. I. A [Cu2O]2+ Core in Cu-ZSM-5, the Active Site 

in the Oxidation of Methane to Methanol. Proceedings of the National Academy of 

Sciences, 2009, 106 (45), 18908–18913. 

(87)  Vanelderen, P.; Snyder, B. E. R.; Tsai, M. L.; Hadt, R. G.; Vancauwenbergh, J.; 

Coussens, O.; Schoonheydt, R. A.; Sels, B. F.; Solomon, E. I. Spectroscopic 

Definition of the Copper Active Sites in Mordenite: Selective Methane Oxidation. 

Journal of the American Chemical Society, 2015, 137 (19), 6383–6392. 

(88)  Grundner, S.; Markovits, M. A. C.; Li, G.; Tromp, M.; Pidko, E. A.; Hensen, E. J. 

M.; Jentys, A.; Sanchez-Sanchez, M.; Lercher, J. A. Single-Site Trinuclear Copper 

Oxygen Clusters in Mordenite for Selective Conversion of Methane to Methanol. 

Nature Communications, 2015, 6 (5), 7546. 

(89)  Baek, J.; Rungtaweevoranit, B.; Pei, X.; Park, M.; Fakra, S. C.; Liu, Y. S.; Matheu, 

R.; Alshmimri, S. A.; Alshehri, S.; Trickett, C. A.; Somorjai, G. A.; Yaghi, O. M. 

Bioinspired Metal-Organic Framework Catalysts for Selective Methane Oxidation 

to Methanol. Journal of the American Chemical Society, 2018, 140 (51), 18208–

18216. 

(90)  Horcajada, P.; Surblé, S.; Serre, C.; Hong, D.-Y.; Seo, Y.-K.; Chang, J.-S.; 

Grenèche, J.-M.; Margiolaki, I.; Férey, G. Synthesis and Catalytic Properties of 

MIL-100(Fe), an Iron(III) Carboxylate with Large Pores. Chem. Commun., 2007, 

27, 2820–2822. 

(91)  Feng, D.; Wang, K.; Wei, Z.; Chen, Y. P.; Simon, C. M.; Arvapally, R. K.; Martin, 

R. L.; Bosch, M.; Liu, T. F.; Fordham, S.; Yuan, D.; Omary, M. A.; Haranczyk, 

M.; Smit, B.; Zhou, H. C. Kinetically Tuned Dimensional Augmentation as a 

Versatile Synthetic Route towards Robust Metal-Organic Frameworks. Nature 



98 

Communications, 2014, 5 (1), 5723. 

(92)  Bozbag, S. E.; Šot, P.; Nachtegaal, M.; Bokhoven, J. A. Van; Mesters, C. Direct 

Stepwise Oxidation of Methane to Methanol. ACS Catalysis, 2018, 8, 5721–5731. 

(93)  Lange, J. P.; Sushkevich, V. L.; Knorpp, A. J.; Van Bokhoven, J. A. Methane-to-

Methanol via Chemical Looping: Economic Potential and Guidance for Future 

Research. Industrial and Engineering Chemistry Research, 2019, 58, 8674–8680. 

(94)  He, X.; Ortiz De Montellano, P. R. Radical Rebound Mechanism in Cytochrome 

P-450-Catalyzed Hydroxylation of the Multifaceted Radical Clocks Alpha- and 

Beta-Thujone. Journal of Biological Chemistry, 2004, 279 (38), 39479–39484. 

(95)  Olivos-Suarez, A. I.; Szécsényi, À.; Hensen, E. J. M.; Ruiz-Martinez, J.; Pidko, E. 

A.; Gascon, J. Strategies for the Direct Catalytic Valorization of Methane Using 

Heterogeneous Catalysis: Challenges and Opportunities. ACS Catalysis, 2016, 6 

(5), 2965–2981. 

(96)  Huang, X.; Groves, J. T. Beyond Ferryl-Mediated Hydroxylation: 40 Years of the 

Rebound Mechanism and C–H Activation. JBIC Journal of Biological Inorganic 

Chemistry, 2017, 22, 185–207. 

(97)  Deighton, N.; Podmore, I. D.; Symons, M. C. R.; Wilkins, P. C.; Dalton, H. 

Substrate Radical Intermediates Are Involved in the Soluble Methane 

Monooxygenase Catalysed Oxidations of Methane, Methanol and Acetonitrile. 

Journal of the Chemical Society, Chemical Communications, 1991, No. 16, 1086. 

(98)  Nesheim, J. C.; Lipscomb, J. D. Large Kinetic Isotope Effects in Methane 

Oxidation Catalyzed by Methane Monooxygenase: Evidence for C-H Bond 

Cleavage in a Reaction Cycle Intermediate. Biochemistry, 1996, 35 (31), 10240–

10247. 

(99)  Merkx, M.; Kopp, D. A.; Sazinsky, M. H.; Blazyk, J. L.; Müller, J.; Lippard, S. J. 

Dioxygen Activation and Methane Hydroxylation by Soluble Methane 

Monooxygenase: A Tale of Two Irons and Three Proteins. Angewandte Chemie 

International Edition, 2001, 40 (15), 2782–2807. 

(100)  Li, G.; Vassilev, P.; Sanchez-Sanchez, M.; Lercher, J. A.; Hensen, E. J. M.; Pidko, 

E. A. Stability and Reactivity of Copper Oxo-Clusters in ZSM-5 Zeolite for 

Selective Methane Oxidation to Methanol. Journal of Catalysis, 2016, 338, 305–

312. 

(101)  Mahyuddin, M. H.; Shiota, Y.; Staykov, A.; Yoshizawa, K. Theoretical Overview 

of Methane Hydroxylation by Copper–Oxygen Species in Enzymatic and Zeolitic 

Catalysts. Accounts of Chemical Research, 2018, 51 (10), 2382–2390. 

(102)  Dinh, K. T.; Sullivan, M. M.; Narsimhan, K.; Serna, P.; Meyer, R. J.; Dincă, M.; 

Román-Leshkov, Y. Continuous Partial Oxidation of Methane to Methanol 

Catalyzed by Diffusion-Paired Copper Dimers in Copper-Exchanged Zeolites. 

Journal of the American Chemical Society, 2019, 141 (29), 11641–11650. 

(103)  Mars, P.; van Krevelen, D. W. Oxidations Carried out by Means of Vanadium 

Oxide Catalysts. Chemical Engineering Science, 1954, 3, 41–59. 

(104)  Védrine, J. C.; Fechete, I. Heterogeneous Partial Oxidation Catalysis on Metal 

Oxides. Comptes Rendus Chimie, 2016, 19, 1203–1225. 

(105)  Gärtner, C. A.; VanVeen, A. C.; Lercher, J. A. Oxidative Dehydrogenation of 



99 

Ethane: Common Principles and Mechanistic Aspects. ChemCatChem, 2013, 5 

(11), 3196–3217. 

(106)  Zboray, M.; Bell, A. T.; Iglesia, E. Role of C-H Bond Strength in the Rate and 

Selectivity of Oxidative Dehydrogenation of Alkanes. Journal of Physical 

Chemistry C, 2009, 113 (28), 12380–12386. 

(107)  Dinh, K. T.; Sullivan, M. M.; Serna, P.; Meyer, R. J.; Dincǎ, M.; Román-Leshkov, 

Y. Viewpoint on the Partial Oxidation of Methane to Methanol Using Cu- and Fe-

Exchanged Zeolites. ACS Catalysis, 2018, 8 (9), 8306–8313. 

(108)  Simons, M. C.; Vitillo, J. G.; Babucci, M.; Hoffman, A. S.; Boubnov, A.; Beauvais, 

M. L.; Chen, Z.; Cramer, C. J.; Chapman, K. W.; Bare, S. R.; Gates, B. C.; Lu, C. 

C.; Gagliardi, L.; Bhan, A. Structure, Dynamics, and Reactivity for Light Alkane 

Oxidation of Fe(II) Sites Situated in the Nodes of a Metal-Organic Framework. 

Journal of the American Chemical Society, 2019, 141 (45), 18142–18151. 

(109)  Tinberg, C. E.; Lippard, S. J. Dioxygen Activation in Soluble Methane 

Monooxygenase. Accounts of Chemical Research, 2011, 44 (4), 280–288. 

(110)  Biswas, A. N.; Puri, M.; Meier, K. K.; Oloo, W. N.; Rohde, G. T.; Bominaar, E. L.; 

Münck, E.; Que, L. Modeling TauD- J: A High-Spin Nonheme Oxoiron(IV) 

Complex with High Reactivity toward C-H Bonds. Journal of the American 

Chemical Society, 2015, 137 (7), 2428–2431. 

(111)  Starokon, E. V.; Parfenov, M. V.; Arzumanov, S. S.; Pirutko, L. V.; Stepanov, A. 

G.; Panov, G. I. Oxidation of Methane to Methanol on the Surface of FeZSM-5 

Zeolite. Journal of Catalysis, 2013, 300, 47–54. 

(112)  Parfenov, M. V.; Starokon, E. V.; Pirutko, L. V.; Panov, G. I. Quasicatalytic and 

Catalytic Oxidation of Methane to Methanol by Nitrous Oxide over FeZSM-5 

Zeolite. Journal of Catalysis, 2014, 318, 14–21. 

(113)  Bols, M. L.; Hallaert, S. D.; Snyder, B. E. R.; Devos, J.; Plessers, D.; Rhoda, H. 

M.; Dusselier, M.; Schoonheydt, R. A.; Pierloot, K.; Solomon, E. I.; Sels, B. F. 

Spectroscopic Identification of the α-Fe/α-O Active Site in Fe-CHA Zeolite for the 

Low-Temperature Activation of the Methane C-H Bond. Journal of the American 

Chemical Society, 2018, 140 (38), 12021–12032. 

(114)  Wang, C.; An, B.; Lin, W. Metal-Organic Frameworks in Solid-Gas Phase 

Catalysis. ACS Catalysis, 2019, 9 (1), 130–146. 

(115)  Hall, J. N.; Bollini, P. Structure, Characterization, and Catalytic Properties of Open-

Metal Sites in Metal Organic Frameworks. Reaction Chemistry & Engineering, 

2019, 4 (2), 207–222. 

(116)  Rogge, S. M. J.; Bavykina, A.; Hajek, J.; Garcia, H.; Olivos-Suarez, A. I.; 

Sepúlveda-Escribano, A.; Vimont, A.; Clet, G.; Bazin, P.; Kapteijn, F.; Daturi, M.; 

Ramos-Fernandez, E. V; Llabrés i Xamena, F. X.; Van Speybroeck, V.; Gascon, J. 

Metal–Organic and Covalent Organic Frameworks as Single-Site Catalysts. 

Chemical Society Reviews, 2017, 46 (11), 3134–3184. 

(117)  Islamoglu, T.; Goswami, S.; Li, Z.; Howarth, A. J.; Farha, O. K.; Hupp, J. T. 

Postsynthetic Tuning of Metal-Organic Frameworks for Targeted Applications. 

Accounts of Chemical Research, 2017, 50 (4), 805–813. 

(118)  Osadchii, D. Y.; Olivos-Suarez, A. I.; Gnes Szécsényi, A. ́; Szécsényi, S.; Li, G.; 
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7. Appendix 

 

7.1. Intrinsic Limits in Yield/Selectivity in sequential reactions (CH4) 

 

Figure 7.1.  Plot depicting change in Gibbs free energy (blue) for sequential 

oxidation of CH4 (scheme depicted at top of plot) alongside C-H bond dissociation 

energy (red) for compounds of increasing carbon oxidation number.  

 

 

Figure 7.2. Plot of maximum yield (selectivity  conversion) of desired product B 

for sequential reaction scheme 𝐴
𝑘1
→𝐵

𝑘2
→𝐶 (i.e. 𝐶𝐻 

𝑘1
→𝐶𝐻3𝑂𝐻

𝑘2
→… → 𝐶𝑂2) as used by 

Labinger.2 Reprinted from Journal of Molecular Catalys is A: Chemical, 220/1 

Copyright (2004), with permission from Elsevier. Section to the right of vertical 

line marks regions where desired intermediate B is more easily consumed than 

reactant A. 
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Using the DFT calculations reported by Vitillo et al.55 we are able to obtain an 

estimate of the ratio of the rate constants for methane and methanol consumption over the 

Fe(IV)=O species from the computed ΔG‡ values of the C-H activation step. These are 

reported to be 74.2 kJ mol-1 and 31.2 kJ mol-1 respectively, and result in an R value of 

approximately 500,000 at 393 K, demonstrating that quantitative yields of gaseous 

methanol would be almost impossible to observe experimentally in this reaction over this 

active center, thus requiring some mechanism for stabilizing and protecting the desired 

methanol product. 
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7.2. Reactor flow diagram 

 

 

Figure 7.3. 2D flow diagram of main recirculating batch reactor unit. Lines equal 

gas lines and symbols represent different components (valves, controllers, etc.). 

Components not labelled in diagram are given in key (inset).  
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7.3. Supplementary data on MIl-100(Fe) 

 

7.3.1. Raman and IR spectroscopy of as-synthesized MIL-100(Fe) 

 

Figure 7.4.  Raman spectra of MIL-100(Fe) as-synthesized (grey), alongside 

reference spectra of MIL-100(Fe).140 Both spectra normalized by maximum counts 

(peak at 1000 cm -1). 

 

 

Figure 7.5.  IR spectra of MIL-100(Fe) in vacuo (< 2 Pa) and heated to 473 K (light 

to dark grey). 

  

 

As-synthesized 

Reference 
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7.3.2. Reactivity of MIL-100(Fe) to N2O/C3H8 sequentially 

Using a recirculating batch reactor (Experimental methods, main text), MIL-

100(Fe) was exposed to N2O at 393 K (Figure S3). Quantitative yields of N2 were 

observed, indicating that N2O is oxidizing species as a two electron oxygen donor. 

However, after flushing the reactor system with He, when MIL-100(Fe) was exposed to 

C3H8 no carbon products were observed (Figure S4). MIL-100(Fe) exposed to N2O and 

C3H8 concurrently (Figure S5), on the other hand, resulted in formation of N2 at the same 

initial rates as shown in Figure S3, with C3H6 observed as an additional product. This 

observation is evidence for the fleeting or unstable nature of the oxidized Fe intermediate 

(Fe(IV)=O),38 possibly due to a competing reaction pathway with an as yet unidentified 

species.  

 

Figure 7.6. Yield of nitrogen (circles) and carbon dioxide (triangles) when 45 mg 

of MIL-100(Fe) is exposed to 20 kPa of N2O at 393 K (PT ota l , t=0 114 kPa). 
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Figure 7.7. Yield of propylene (diamonds) and carbon dioxide (triangles) when 45 

mg of MIL-100(Fe) that has been exposed to 20 kPa of N 2O at 393 K for 5.4 h 

(Figure S3.1) is exposed to 2.5 kPa Propane at 393 K (PTota l  , t=0 114 kPa). 

 

 

Figure 7.8.  Yield of nitrogen (circles), propylene (diamonds), and carbon dioxide 

(triangles) when 45 mg of MIL-100(Fe) is exposed to 20 kPa N 2O and 2.5 kPa C3H8  

at 393 K (PTota l , t=0 114 kPa). 
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7.3.3. Reactivity of MIL-100(Fe) to N2O/C2H6 

Using a recirculating batch reactor (Experimental methods, main text), MIL-

100(Fe) was exposed to N2O and C2H6 at 363 K (Figure S6). Quantitative yields of N2 

and C2H4 were observed, along with ethanol and acetic acid when MIL-100(Fe) was 

washed with H2O after reaction (Figure S7). This observation demonstrates the ability of 

the proposed Fe(IV)=O site to activate C2H6.  

 

Figure 7.9. Yield of nitrogen (circles), ethylene (diamonds) and carbon dioxide 

(triangles) when 54 mg of MIL-100(Fe) is exposed to 10 kPa of N 2O and 10 kPa of 

C2H6 at 363 K (PTota l  , t=0  114 kPa). 

 

Figure 7.10.  Final yield (in ascending order) of ethylene, ethanol, and acetic acid 

after washing the catalyst in Figure 7.9 with H2O to quantify oxygenated products.  
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7.3.4. Ex situ NO adsorption on MIL-100(Fe) 

IR spectroscopy was used to probe Fe speciation using NO as a probe molecule. 

After treating the wafer of MIL-100(Fe) at 523 K in vacuo for 10 h (identical conditions 

to those used in reactivity studies), calibrated doses of NO were added to the IR cell at 

393 K. This resulted in the formation of two bands at 1820 and 1807 cm-1, indicative of 

Fe-mononitrosyls.144 NO was observed to bind irreversibly even at reaction temperatures 

(393 K) demonstrating its potential for use as a titrant molecule in situ.  

 

Figure 7.11. IR spectra of MIL-100(Fe) taken at 393 K after pretreatment at 523 K 

in vacuo for 10 h (black curve- baseline) whilst dosing calibrated amounts of NO 

onto the sample, irreversibly adsorbing onto the MOF up to 5 kPa, giving 

characteristic Fe(II)-NO bands at 1820 and 1807 cm -1. 

 

  

1 
NO(g) 

Dosed 
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7.4. Supplementary PCN-250/MIL-127(Fe) data 

 

7.4.1. X-ray Diffraction data of PCN-250 

 

Figure 7.12. PXRD patterns of PCN-250 materials. In descending order: PCN-250 

as-synthesized, after pelletization, and reference patterns for  three PCN-250 phases 

(PCN-250, PCN-250’, PCN-250’’) .154  

 

PXRD diffraction patterns confirm the single phase crystallinity of the synthesized 

material. PCN-250 can adopt three different phases, largely dependent on the mechanical 

pressure applied, that cause small distortions in the unit cell.154 Figure 7.12 shows that the 

synthesized material contains the regular, cubic PCN-250 phase, while the pelletized MOF 

is predominantly formed of the monoclinic PCN-250’ phase. 
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7.4.2. N2 Isotherms of PCN-250 

 

  

Figure 7.13.  N2 Isotherms of PCN-250 taken before (left – Surface Area (BET) = 

1447.86 m2 g -1) and after (right – Surface Area (BET) =1432.30 m 2 g -1) treatment to 

513 K in vacuo, exposure to 80 kPa N 2O + 10 kPa CH4  at 393 K for 24 h, followed 

by washing with D2O ex situ. Samples degassed to 513 K, isotherms collected at 77 

K. 

 

  



118 

7.4.3. Mössbauer and IR spectra of PCN-250/MIL-100(Fe) 

 

 

Figure 7.14. Mössbauer spectra of PCN-250 material treated to 513 K in vacuum, 

and transferred to spectrometer without exposure to atmosphere. Spectra taken at 

18-20 K. Open circles – Raw Data, Dotted line – Lorentzian doublet assigned to an 

Fe(III) species (δ = 0.53, ΔEQ  = 0.45), Dashed line – Lorentzian doublet assigned to 

an Fe(II) species (δ = 1.18, ΔEQ = 2.01), Solid line – sum of two curves for identified 

Fe species. 

 

Figure 7.15. Mössbauer spectra of MIL-100(Fe) used in study detailed in Chapter 

3. Sample treated to 513 K in vacuum, and transferred to spectrometer without 

exposure to atmosphere. Spectra taken at 18-20 K. Open circles – Raw Data, Dotted 

line – Lorentzian doublet assigned to an Fe( III) species (δ = 0.48, ΔEQ = 0.67),  

Dashed line – Lorentzian doublet assigned to an Fe(II) species (δ = 1.45, ΔE Q = 

2.29), grey line – sextet assigned to an Fe impurity (δ = 0.47, ΔE Q = 0, BF = 50), 

Solid line – fit to raw data curves for identified Fe species. 
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Table 7.1. Fitted Mössbauer parameters for the two species identified in PCN -250 

after treatment in vacuum and 513 K.   
Isomer Shift (δ) 

/ mm s-1 

Quadrupole Splitting (ΔEQ)  

/ mm s-1 

Width  

/ mm s-1 

Abundance 

/ % 

Fe(II) 1.18 2.01 0.45 27.30 

Fe(III) 0.53 0.45 0.50 72.70 

 

Table 7.2. Fitted Mössbauer parameters for the three species identified in MIL-

100(Fe) after treatment in vacuum and 513 K.   
Isomer Shift 

(δ) 

/ mm s-1 

Quadrupole 

Splitting (ΔEQ)  

/ mm s-1 

Hyperfine 

Field (Bhf) 

/ T 

Width  

/ mm s-1 

Abundance 

/ % 

Bhf STD 

/ T 

Fe(II) 1.45 2.29 - 0.7 18.43 - 

Fe(III) 0.48 0.67 - 0.55 69.52 - 

Fe Impurity 0.47 0 50 0.31 12.05 5.26 

 

 

Figure 7.16. FTIR spectra (1700-1900 cm -1) of PCN-250 wafer while dosing nitric 

oxide (NO) at 298 K that has been treated prior to 513 K in vacuo.  
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Figure 7.17. FTIR spectra (800-4000 cm -1) of a PCN-250 wafer in vacuo whilst 

increasing temperature (1 K min -1, dwell at 323, 373, 423, 473, 523 K for 5 min to 

collect spectra). 
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7.4.4. XANES analysis: Degree of Reduction of Fe 

  

The second derivative of normalized absorbance (defined by absorption edge 

energy, the second inflection point in the normalized derivative spectrum) of each 

reference iron compound and PCN-250/MIL-127(Fe) is given in Figure 7.18, and depend 

on the percentages of Fe(III) species. The absorption edge energies of the reference iron 

compounds are as follows: α-Fe2O3 (100% Fe(III)): 7127.5 eV;  Fe3O4 (67% Fe(III) and 

33% Fe(II)): 7123.3 eV; and FeO (100% Fe(II)): 7122.9 eV. The absorption edge energy 

of the as-synthesized PCN-250 (7125.5 eV, Figure 7.18b) is similar to that of Fe(III) 

present in an octahedral species. The absorption edge energies of the reference iron 

compounds at a normalized intensity of 0.9 are as follows: α-Fe2O3 (100% Fe(III)): 7127.2 

eV;  Fe3O4 (67% Fe(III) and 33% Fe(II)): 7125.1 eV; and FeO (100% Fe(II)): 7122.6 eV 

(FeO data from IXAS database). 

Foran and coworkers212 characterized several reference oxidic iron compounds, 

indicating a strong correlation between the absorption edge energy at a normalized 

intensity of 0.9 and their corresponding Fe(III) content. On the basis of this approach, we 

used the percentage of iron species in the reference iron compounds and their 

corresponding absorption edge energy at a normalized intensity of 0.9 to determine by 

fitting a linear equation (y = 0.0451x + 7122.5) in Figure 7.19 (where the terms are 

defined). The percentage of reduction of Fe(III) species to Fe(II) upon treatment of PCN-

250 in flowing helium at 513 K was thus estimated on the basis of the edge energy 

positions of the reference iron compounds. The results given in Figure 7.19 indicate that 

the as-synthesized PCN-250 (dried in flowing helium at 393 K) had 97% of the iron 

present in Fe(III). After treatment, 18% of the Fe(III) species in PCN-250 were thus 

estimated to have been reduced to Fe(II); and a mixture of Fe(II) (21%) and Fe(III) (79%) 

species were inferred to have been present in the treated sample (the edge energy of treated 

PCN-250  was estimated as 7126.9 eV (Figure 7.19), and the edge energy of treated PCN-

250 at a normalization intensity of 0.9 was 7124.6 eV (Figure 7.18b). After reaction in 

flowing N2O + CH4, the Fe(III) content in the MOF was thus inferred to have increased 

to 92%.  



122 

Further analysis of XANES spectra characterizing as-synthesized PCN-250 

indicates that a shoulder at 7111.7 eV appeared in the first derivative of normalized 

absorbance (Figure 7.18c) after treatment of the sample, followed by a decrease in the 

intensity after catalytic reaction. This shoulder feature, together with the appearance of a 

new peak at 7118 eV further demonstrate the non-negligible Fe2+ ions concentration after 

treatment Figure 7.18c-d).213 

  

  
Figure 7.18. Second derivative of normalized absorbance and corresponding 

absorption edge energies defined by the second inflection point in the normalized 

derivative spectrum of (A) reference iron compounds (FeO, Fe 3O4, and α-Fe2O3 (FeO 

data from IXAS database)) and (B) PCN-250/MIL-127(Fe) after various treatments: 

in flowing helium at 393 K; treated in flowing helium at 513 K; and post -catalytic 

reaction in N2O + CH4 flowing at 393 K. First derivative of normalized absorbance 

and corresponding absorption edge energies defined by the second inflection point 

in the normalized derivative spectrum of (A) reference iron compounds in the region 

of 7110–7115 eV (C) and 7115–7140 eV (D).  
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Figure 7.19.  Change in absorption edge energies of materials with Fe3+ contents at 

a normalized intensity of 0.9: Reference iron compounds (FeO, Fe 3O4, and α-Fe2O3  

(FeO data from IXAS database)) and PCN-250/MIL-127(Fe) after various treatment 

conditions: as-synthesized, in flowing helium at 393 K, treated in flowing helium at 

513 K, and post-catalytic reaction in N2O + CH4 flowing at 393 K. A linear fit was 

used to represent a correlation between the edge energy and Fe(III) percentage based 

on the edge positions of Fe(II) and Fe(III) (the plot was obtained on the basis of the 

absorption edge values and Fe(III) contents of reference iron compounds (Figure 

7.16). The plot indicates a 18% reduction of Fe(III) species in MIL-127(Fe) into 

Fe(II) as a result of treatment of the sample in  in N 2O + CH4 flowing at 393 K. Iron 

contents and edge energies of reference iron compounds agree well with data 

characterizing several other reference compounds investigated before. 212  

 

In another approach, the correlation between the absorption edge energy at a 

normalized intensity of 0.9 as a function of Fe3+ percentage of known minerals in the work 

of Foran group212 was used to determine the Fe3+ percentage of PCN-250 at various 

conditions. Reference iron compounds used in the work of Foran group212 are synthetic 

garnets of the almandine–skiagite (Fe3Al2Si3O12–Fe3Fe2Si3O12), andradite–skiagite 

(Ca3Fe2Si3O12–Fe3Fe2Si3O12), Fe–knorringite–skiagite (Fe3Cr2Si3O12–Fe3Fe2Si3O12), and 

andradite–grossular (Ca3Fe2Si3O12–Ca3Al2Si3O12) solid solutions. Figure 7.20 

demonstrate Fe3+ content of the reference iron minerals from Foran group212 and estimated 
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Fe3+ content of PCN-250 after various treatments on the basis of absorption edge energy 

of reference iron compounds at normalized intensity of 0.9. The percentage of reduction 

of Fe(III) species to Fe(II) upon treatment of PCN-250 in flowing helium at 513 K was 

estimated as 22% (from 89% Fe3+ to 67% Fe3+). As a result of treatment of the sample in 

N2O + CH4 flowing at 393 K, Fe3+ content of the sample increased back to 80%. Results 

show that both approaches provide similar information on the degree of reduction of iron 

species in the PCN-250. 

 

 
 
Figure 7.20.  Change in absorption edge energies of materials with Fe 3+ contents at 

a normalized intensity of 0.9: Reference iron compounds (black square symbols ) and 

PCN-250/MIL-127(Fe) after various treatment conditions (triangles): as-

synthesized, in flowing helium at 393 K, treated in flowing helium at 513 K, and 

post-catalytic reaction in N2O + CH4 flowing at 393 K. Reference iron data (black 

square symbols) indicating the correlation between the absorption ed ge energy at a 

normalized intensity of 0.9 and Fe 3+ percentage were taken from the work of Foran 

group.212 Reference iron compounds used in the work of Foran group 212 are synthetic 

garnets of the almandine–skiagite (Fe3Al2Si3O12–Fe3Fe2Si3O12), andradite–skiagite 

(Ca3Fe2Si3O12–Fe3Fe2Si3O12), Fe–knorringite–skiagite (Fe3Cr2Si3O12–

Fe3Fe2Si3O12), and andradite–grossular (Ca3Fe2Si3O12–Ca3Al2Si3O12) solid 

solutions. Fe3+ varied systematically in these reference iron  compounds from 0 to 1. 

The plot indicates a 22% reduction of Fe(III) species in MIL -127(Fe) into Fe(II) as 

a result of treatment of the sample in  in N 2O + CH4  flowing at 393 K.  
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Table 7.3. Summary of EXAFS parameters characterizing PCN-250 after treatments 

under various conditions. The range in k was 2.6–10.8 Å -1, and the range in R was 

1.0–4.0 Å. 

Sample Shell Na R (Å) Δσ2× (Å2) ΔE0 (eV) 

PCN-250b 

in flowing helium at 

393 K 

Fe–O1 5.8 ± 0.5 2.03 ± 0.02 0.012 ± 0.004 

8.70 ± 0.50 
Fe–C 4.2 ± 0.4 2.91 ± 0.03 0.014 ± 0.002 

Fe–Fe 1.6 ± 0.5 3.40 ± 0.02 0.014 ± 0.004 

Fe–O2 4.0 ± 0.3 3.60 ± 0.05 0.011 ± 0.001 

PCN-250 treated in 

flowing helium at 

513 K 

Fe–O1 5.6 ± 0.5 2.04 ± 0.03 0.012 ± 0.003 

8.62 ± 1.20 
Fe–C 4.0 ± 0.4 2.94 ± 0.06 0.014 ± 0.005 

Fe–Fe 2.0 ± 0.2 3.32 ± 0.10 0.015 ± 0.003 

Fe–O2 3.8 ± 0.5 3.57 ± 0.02 0.012 ± 0.007 

PCN-250 

after exposure to 

catalytically reacting 

N2O + CH4 flowing 

at 393 K 

Fe–O1 6.2 ± 0.4 2.05 ± 0.04 0.012 ± 0.001 

9.0 ± 0.80 
Fe–C 4.1 ± 0.4 2.93 ± 0.05 0.015 ± 0.005 

Fe–Fe 1.8 ± 0.3 3.34 ± 0.08 0.015 ± 0.004 

Fe–O2 3.9 ± 0.4 3.58 ± 0.03 0.011 ± 0.003 

aNotation: N, coordination number; R, scattering path length between the absorber and the 

backscattering atom; Δσ2, mean square relative displacement (Debye-Waller factor); ΔE0, inner 

potential correction. O1 denotes single scattering Fe−O1, O2 denotes single scattering Fe−O2 (see 

supplementary information of corresponding manuscript and Figure 7.19). bFor comparison, 

coordination numbers and distances characterizing known structure91 of PCN-250 are the 

following: Fe–O1 (N : 6.0, R: 2.01 Å), Fe–C (N : 4.0, R: 2.88 Å), Fe–Fe (N : 2.0, R: 3.42 Å), Fe–

O2 (N : 4.0, R: 3.55 Å). 
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Figure 7.21.  Scattering paths of the photoelectron for the EXAFS analysis. (A) 

single scattering Fe–O1; (B) single scattering Fe–C; (C) single scattering Fe–Fe; and 

(D) single scattering Fe–O2.  

  

43

A B

C D



127 

7.4.5. Measurements of reaction kinetics of PCN-250 to N2O+CH4 

 

 

Figure 7.22. Initial rates of reaction for N2 formation (diamonds), CH4 consumption 

(squares), and CO2 formation (triangle) as function of N 2O partial pressure over 

PCN-250. Reaction conditions: 378 K, 20-80 kPa N2O, 0.5 kPa CH4, 10 kPa Ar, 

balance He, 110 kPa total pressure, 27mg PCN-250. 
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Figure 7.23. Initial rates of reaction for N2 formation (diamonds) and CH4  

consumption (squares) as function of CH4  partial pressure over PCN-250 at 378 K 

(top) and 393 K (bottom). Reaction conditions: 378, 393 K, 80 kPa N 2O, 0.3-5.2 kPa 

CH4, 10 kPa Ar, balance He, 110 kPa total pressure, 27mg PCN -250. 
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7.4.6. IR data of PCN-250 

 

Figure 7.24. Figure showing correlations between area of three ν CH bands, 

normalized by area of C-H band (3076-3082 cm -1) corresponding to ABTC linkers, 

associated with surface methoxy group against the yield of methanol (left), 

formaldehyde (center), and dimethyl ether (right) obtained exposing wafers of PCN-

250 to flow of N2O+CH4 for 1-5 h at 393 K.  

 

 

Figure 7.25. Schematic showing three relevant C-H vibrational bands for methanol, 

the same modes of which are used to assign C-H bands for the surface methoxy 

group shown in Figure 3.4.  
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Figure 7.26. In situ FTIR spectra at low wavenumbers (600-1400 cm -1) of PCN-250 

wafer while increasing CH 3OH vapor pressure at 393 K (top panel), before/after 

exposure to N2O+CH4 at 393 K (middle panel), and DFT computed spectra of the 

different model compounds (bottom panel).   
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Figure 7.27. In situ FTIR spectra at low wavenumbers (800-1200 cm -1) of PCN-250 

wafer while increasing CH3OH vapor pressure at 393 K that has been treated prior 

to 513 K (left) and 453 K (right). Figures correspond to low wavenumber section of 

Figure 3.4c and Figure 7.24 respectively. 
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7.4.6. DFT computation of IR spectra of PCN-250 

 

DFT calculations were performed using the M06-L functional129 in its unrestricted 

formalism (U) in combination with the def2-TZVP basis sets,130,131 using an ultrafine grid 

as implemented in the Gaussian 16 program.204 Previous investigations showed that this 

level of theory correctly reproduces electronic properties of iron centers in MOFs,39 in 

particular the tri-iron-oxo-centered cluster when benchmarked to multireference 

calculations.55 

The cluster adopted to model the Fe3-μ3-oxo nodes of PCN-250/MIL-100(Fe) is 

shown in Figure 7.24, and consists of a single node terminated with formate groups that 

are fixed in position during geometry optimization and frequency calculations to mimic 

the structural rigidity of the wider framework. Unscaled harmonic frequencies were 

obtained analytically. Enthalpies and Gibbs free energies were calculated at 1 atm and 298 

K using the scheme proposed by Moor et al.,135 whereby low-lying frequency modes (<50 

cm-1) were replaced by a cut-off value (50 cm-1) in the calculation of the vibrational 

partition functions.136–139 Frequencies were then scaled by a factor of 0.958, obtained for 

the M06-L functional at a similar basis set size162 and previously shown to obtain close 

agreement between experiment and theory for surface species bound to the Zr-based nodes 

of NU-1000.43  

The physisorbed molecules (Figure 7.24c) on Fe(II) sites were modelled by 

geometry optimization of these molecules in proximity to the Fe(II) sites in the bare cluster 

model (Figure 7.24a). To consider the adsorption of these molecules onto Fe(III) sites, an 

additional -OH group was added to a single Fe atom on the bare cluster, essentially 

forming the hydroxyl model (Figure 7.24b), to fix the oxidation of the Fe atoms at +3, 

before geometry optimization of different molecules in close proximity to these sites 

(Figure 7.24d). 
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(a) Cluster model of Fe3-μ3-oxo node 

 

 

 

 

 

(b) Covalently bonded surface species 

 

    Fe(III)-OH         Fe(III)-OCH3 

 

(c) Physisorbed species to Fe(II) center 

 

Fe(II)-(CH3OH)   Fe(II)-(CH3OCH3)   Fe(II)-(CH2O) 

 

(d) Physisorbed species to Fe(III) center 

 

Fe(III)-(CH3OH)   Fe(III)-(CH3OCH3)   Fe(III)-(CH2O) 

Figure 7.28.  Diagram showing molecular structure of the Fe3-μ3-oxo cluster model 

used to model the nodes of PCN-250/MIL-100(Fe) (left) and accompanying 

depictions of the different species considered in this study adsorbed onto the surface 

of the cluster model. 

 


